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FOREWORD 

Because i t presents information of general interest, 

this thesis report, which has had only limited distribution, 

Is being issued as a Project Whirlwind R-series report. 

Any new data-storage development which suggests promise 

of increased re l iabi l i ty and decreased bulk i s of immediate 

interest to the builders of a large scale digital computer such 

as Whirlwind- The use of rectangular-loop magnetic cores in a 

multi-dimensional storage scheme, as suggested by Jay W. Forrester, 

Director of Project Whirlwind, holds such promise. This investi

gation was, therefore, undertaken. 

Kr- Forrester supervised the thesis work. Invaluable 

aid was received from members of the mathematics, logical-design, 

electronic-circuits, drafting, reports, and clerical sections of 

the organization-. The author i s also 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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AB8IBACT 

A snail, toroidal. farrvnacnetic core whoea B-H 

characteristic i t properly " reotaa*ttlar" In shape star be nade 

to operate to that l te flux polarity rereroee only when the 

rifht coablnation of two or throe nacnetlting 00lie are 

oolncidentally excited* The oore aay then be need ae a 

30 incident-current binary ateoory deric* which night to nsseabltdo 

with aany others, into a two- or three-dlaen si onel nonary eyttea. 

•election within each a sytten would to aooonpliafced by naant ef 

physloal-llne evltohius alone the two or three space coordinate • 

the response tinea of reota&gnlar~loop ceres are foord 

to Tary orer an extrenely large ranee. f«> '• fire* approximation,, 

eddy-current shielding account* for these response tineo, which 

ranee froa ter*hs of a second for tone netallie cores to leet 

than a Microsecond for sons fsrritlo cores* 

Information^retention ratiot and signal ratios are 

defined and are used to aetees the ability of a oore to operate 

as a coincident-current neaory unit., A, test setup which nakes 

i t pooslbls to obtain thess ratior for different sets of operating 

conditions i s devised end used on * nunber of cores,, Selected 

results are presented and discussed relative to the pertinent 

hysterealsOoop shapes. 
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Ska prohlaa i« hrockatad on tha one hand tgr a satallta 

oora (allagianar Indian* a MTS U382) which baa exoallant signal 

rat lot and a. 20~nloroaaoond« reaponaa tlna, find on tha othar hand* 

by a farritio oora (Famnio 3U-A F109 boO.) which haa only fair 

ulcnal ratios and a 1/2-nlccoaeoeni raspcnoa tl»a« 

Further daralopacnt work should ha aiaad In two 

dlraotlonat toward iaprorln* aatarlala to r«duea old/ o^rrenta 

and lnoraaaa hjrateraala-leap root angularity, and toward uncovering 

and wiring tha prohlaa a asaoolatad with aaa<ahllng largt nunbara 

of thaaa oorea Into a hlgfc-apaad aaanrr arstan. 
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nffBOOPCTIOK 

a. Background 

Data storage i t one of the Amotions In aodem oonputw, 

control, and communications system*. It i s a major function la 

electronic digital computers, whose designs hara developed, to a 

significant degree, around tha limitations aud potentialities of 

oho t«c storage media, 

Tha storage medium now bains incorporated Into tha 

computer at Frojeot Whirlwind ia a eathoda-raar type of electrostatic 

atoraga tab*, Tha data ara in tha form of binary digits %hloh ar* 

stored at spots of electric charga on a plana disleotrio surface 

within tha tuhsc X particular spot i s "selected" by silting tha 

oathoda raart two apace coordinates in the f o n of vortical and 

horizontal deflection Yoltegss deteraine the position of tha spot. 

•Writing" or "reading" the spot i s a second etap accompli shad ly 

bringing the tuba alanants up to tha proper voltage levels and 

turning on the oathoda ray0 

This type of tubs uses only two spans coordinate* in tha 

sal sot ion step of tha data storage process. Tha extension to three 

or acre space coordinates would result in a reduction of both the 

•tgxage medium bulk end tat* number of subdivisions along each 

coordinate axis for a given otorac® capacity,, 

1, Superscripts refer to numbered lteme in the bibliography* 

1 
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<> 

Position along a coordinate axle i t detezalned, ia the 

cathode-ray type of storage tubs, by ths lsrsl of a daflaotioa 

voltage,, A more disorsto determination of coordinate position in 

a atorage aedlum would bs obtainablo by ths sal action of oas of a 

camber cf physical linao. 

heeea- Ji toward dowel epnant of a thru iHaansloncl 

storage sob a— wherein disoroto space-coordinates are osod ia the 
2 

ealsotioa process woo under way at Project Whirlwind early ia 19W7. 

One of the nedia Investigated was the lew-pressure. gae glew-dlecfenrga 

tube. I t . however, proved infoaaible for ;*uetieal reasons. 

Work started aoda In tha sprint of 191*?. the development 

9f snail ferreaaanstle ooree with reotanfolar hysteresis loops 

reopened interest ia the problon. I t seemed possible that suttable 

ooree onuld be aoseabled Into a thrn dlosasional storage array, 

with a solsetlon scheme involving thro* slagle-pole l ine-ad toning 

as eh an tees, this tfasels i s port of that work; i t i s oonoernod 

prlaarily with the individual oore. 

the following eeotions of title chapter explain the elements 

of thle throe illasnoUnol etorage sohsme sod lndioate some of the 

general requirement* em the core, fhe detailed disoussloa of the 

individual sore starts ia Ohapter II. 

i . ^trtT Qrr»tt?n tf %>T laJtsJaMl ftn 

Briefly* * small oore made of a •hard* aagnetio material 

may be magnetise*) ia «ne direction or tfts other, awi left that vay. 

this hi-stability, l ike that of a two-pooltlom relay, may be used 
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to espreaa the two digi ts of the binary system, ZXHQ or OKB. a 

number nay oa stored, or written, by sending a currant pulae throu^i 

a magnetizing 0011 on the core. Reversing the polarity of thle 

current reraraea the oore's magnetization. 

She binary number In the core, represented by the oore's 

flux direction, aay be sensed, or read* by observing the voltage 

induoed in a sensing onil when the aa/netlslng ooil oarriea a 

current pulee of fixed arbitrary polarity and magnetising anplltuda. 

Relatively large signal voltages wi l l be Induoed i f the core flux 

direction i s reversed by the read pulee, email ones i f i t i s not. 

This baale scheme i s approximately the one investigated by the 

Computation Laboratory of Harvard University -

a oore with a euffloiently rectangular hysteresis loop may 

be uaed la the following echena for u t i l i s i n g l ine- awl toning along 

space coordinates in the •election etep of the storage prooees. 

Figure 1(a) la a eohematlo representation of such a core. Windings 

A and B are magnetising, or •electing, oollst S la a sensing c o l l . 

Assume that a hysteresis loop of the core l e as shown in Figure Kb) , 

and that, at the start , the operating point la at the lower stable 

position -flR. 

The application of a magnetising force of amplitude K^/2 

moves the operating point to x, resulting in a vary email ohange in 

flux denelty B; return to H • 0, which occurs at the end of the H^/2 

pulse, moves the operating point to -By* a point not far removed 

from -BB . 
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TOROIDAL-SHAPED CORE 
OF RECTANGULAR-LOOP 
FERROMAGNETIC MATERIAL. 

(a) A TWO-CURRENT-COINCIDENCE MEMORY UNIT 

(b) PATHS OF OPERATION OF A MAGNETIC MEMORY UNIT 

FIG. 1 < 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



Report R-192 

the rasult for the application and raaoTal of tha full £L 

Is qui to different, tho operating point novas to y. and than to B̂̂ * 

tha ooro rereraas l to uagnotlsatlon upon application of Ĥ ; In tho 

proooos thora la a lares change of flax danelty B, with a correspondingly 

largo poloo Induced In tha signal coll. 

If tho onrronto 1^ and l j ara nada oqaal and of such an 

•aplitude that they oorroapond to raluaa of magnetising foroo equal 

to H /̂2 aaoti, than tha aagnetlsation of tha oora can bo changed from 

•1^ to +9^ only tqr tha addition, or coincidence, of 1^ and lg. Iha 

dovelopaiant of a relatively largo signal pnlaa would, therefore,, 

dapond on suoh oelnoldanoa. leverslng tha current dlraotlon rereraas 

tho prooodurt. 

(Zt lo apparent that forna of nolaa and instability result 

fron tha aiaor hysteresis loops travelled when aagaetlslug foroas 

loss than Ĥ  ara applied and removed* Theee and other faotoro eake 

daslrabla a vary high degree of hyetereeie-loop reetangularlty and n 

relatively high eearolrlty In tha ooro notorial, feaaUstatlo 

operation has baan aojuned; obviously* tha frequency with which 

operations nay occur will be Halted by loosaa, eddy-current shleldlnf, 

and other factor a. Latar chap tore discuss ooae of these problsns in 

de ta i . ) 
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One slaple criterion for the ahapa of the B-E loop nay be 

Wired fron too ldaallaad loop dram in Fiflire 2, If the ralnec of 

3 for vhloh tha loop torn a a abarp oornar Into a new region ara cellad 

H. and Hg aa ehown, than coincident-cm-rent operation la aeaured vhen 

the following hold truej 

Hn>H2 (I) 

Vv w 

Xheee nay be combined to giro the coincident-current orlterioni 

2H1>HM>M2> (3) 

«• fcaTj •*<> Ihreo-Plaonelonal ttoraga 

If nov» far example, nine of theee oorea ara arranged 

la a tvo-dlncnalonal array ae la figure 3. and currante of magnitude 

lyj2 ara oaaaad to flow la eeleoted llcae y2
 a n a *x •* ehomn« o o r* * 

la the only core In the array which haa the full aagnetlilng foroa 

Ĥ  lapreeoed. Ooraa 0, X, C and I have H /̂2 imp re teed; the roe* 

hare no lapraaead majpetialn** foroa The only oora« therefore,* whoee 

eagneti nation can ba elgnlfioantly affooted la the one at the Junction 

of the eelected llnaa. The output eigne! w be taken, after 

auitable mlslaf, free the colli narked 9 tfclch are all oonneoted In 

coi 
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A TWO-DIMENSIONAL ARRAY OF CORES 
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2ha extension to throe dinensione nay bo accomplished by 

stacking two-dlnenslonal arrays, l ike the one of Figure 3* *» back 

cf each other, with respective x and y l ines oonneoted in connon. 

In th is arrsngeaont the aoleotlon of l inos x^_ and y energises A 

vertical plane and a horizontal plane In the array ao shown In 

figure h. 

This results in the selection of a l ino x. y alo&3 which 

a l l cores have fo i l Baffietising force impressed, the rest of the 

cores in tho Xj and yB pianos hare only half-nagnetir.ing force 

iaprssaed; cores oat of those pianos hare none. 

All that lo necessary now la to hero a third set of 

b&gnstislng (selecting} windings on tho cores, connected together 

in each s plane( and so wound, for each oore, as to result In a 

aagaetislng force equal to -H^/2 for an applied current of -I*./2* 

The application of oR^/2 to each s plane except, soy* a^ wil l result 

In aagnstising forces of only fc^/2 lo f t on each oore In tho lino 

xiTu» "accept for tho oore at the junction of th i s l ino and tho s^ 

plane, oore J y , * ^ which Is tho selected oore. 

for the Whirlwind Z oonputer, tho s pianos night well 

represent the 16 digits of the nunbei on the number hue, while two 

32-positlon switches control the x and y coordinates for selecting 

the desired register (or word) froa the lOsU-registsr storage array. 
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A THREE-DIMENSIONAL SELECTION SCHEME 

(POINT X ^ m £ 
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°* Mtaok on the Problem 

At the start, and during tone of the earlier stages of the 

work* 1% became apparent that two ooursae of attack on the problea 

vera possible. One inrolved doing a great deal of detailed, rigorous 

reaearoh of a theoretical nature, and amassing experimental data on 

some rmif limited portion of the problea. the other involved keeping 

analysis and date-taking at a aiaimum, end consisted of a quick 

development program designed to deaonstrsvte ths practicability of the 

oonoept and to give a surrey of available materials. 

fhe deolsion nade leaned, in general, in the latter 

direotion. It was felt that a greater contribution to the art van 

to be nade by obtaining an sari/, thou/* rough, aesssanent of the 

potentialitiee of Magnetic oores for use in this three-ilBenslonal 

•toraf• sohene. Accordingly, ths development of core-testing 

equipment to f i l l thsse needs was paehed herd, as was ths obtaining 

and prooessing of sample ooros. Son* time had to be spent on anal/sis 

sf ths eddy-current shielding problea in order to proceed intelligently 

with the derelopaent work, and this was done. 

the development work culminated la the test operation of 

two different eores which bracket ths response-tins end information* 

retention parts of the problea very vei l . She rssults give a rather 

•irsaatle demonstration sf ths feasibility sf ths three-dimensional 

laagnetlo-sterags scheme, at leaet insofar as the individual units ars 

jonoemed, arid are considered to Justify the oourss taken. 

sJSPJojpr 
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CKjtflKR IX 

COKE RKSPOKSK JIKSS 

*• tMHP JMMlM SMMMi jy»H o f tto*»«**c Material! 

O&o aajpetio state of a sample of ferromagnetic material 

l o a function of time aa measured from tho start of ooao excitation, 

factor* outer in* into the function include losses , aging and Ilka 

phsnonona, and eddy-current shielding. 

Losses in the materiel* as well as in the driving 

circuitry, affect the shape of a plot of applied magnetizing force 

(H ) versus time. A discussion of the response of a magnetic core 

as indicated by magnetising foroe (H) or flux density (B) at points 

in the materiel Bay postulate a given H function end* consequently, 
e 

aay sidestep the question of losses . This i s dona here. H i s 

applied as a "rectanfular* pulse vith a rise tine l e s s than 1/2 

aicro second} for most of the materials tooted thie may be considered 

a otop function 
a 

long- and short-term aging phenomena, "residual losses"• 

and dimensional resonances'' are ignored. It i s assumed tliat these 

eve not f i r s t order effecta during the time intervals used, end that 

the magnetic moment at a paint in a material responds immediately to 

s change in H at that point. Experimental results Indicate that 

the BO are reasonable assumptions for a f irs t approximation to the 

l'ohavlor of the cores tested. 

18 
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3, Eddy-Ourrent Shielding in d i n tape 

Whan eddy-current shielding la the only sigeifleant Later 

in the response tin* of a aagaetic aaterial, the formulas goveraing H 

end B at points in the material, for a step-function of externally 

applied H, nay be derived from Maxwell'• Equations. (See Appendix.) 

Xf dieplaeenent current* nay be disregarded and " seal-infinite-plate" 

geometry i t assunsd for the natsrlal (both of which nay be done for a 

thin netalllo tape or ribbon) one resultant eet of formulas 1st 

& - ' » • • • 

B - ftM). 

where or la the conductivity 

of the material! 

(U) 

(5) 

snen B i n multivalued and non-linear funotion of H, 

the problem of solving the equations la beyond present-day techniques. 

If the nultl-valuednees of the functions may be disregarded (as in the 

oaae where half of one partlcnlar loop in the B-H plane i s beinf 

travelled) the solution is acre easily accomplished. She single-valued 

linear oaee i s dlsoussed first* followed by the slrgle-Talued non-linear 

oaee. 

Theoretical dieoassion i s confined to the thin-tape shape 

beemuee all of the presently useable metallic cores are wound of 

thin tape* the ferritlo cores which hare square or rectangular erase 

section* hare extremely high resistivities and rather low 

permeabilities so that eddy currents ars almoet negligible in them* 
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and finally, the qualitative concepts, vhich derive easily for thin 

tape9 hold in a general way for all shapee. 

1 the linear Oaeo 

When tin), above, la not only single-valued but aleo linear, 

ve aar define a constant, called the P*sneafcility5/n I B/H. and the 

solution for R becoaes (see Appendix for derivation): 

w 2 t 
,—- -n £ 

J- - 1 - 1 ^> J eln *^r e , for odd n, (6) 
o - l 

5 * 
(7) 

•herei a i s the thlokaosi of the ribbon* or tap at x is neaeured fron 

the eorfaoe of the tape into the aatertel; H# ie the aagnltude of the 

applied • tap-function of Hj the aatarial vaa uhnagnotleod at the start., 

figure 5 ehove H/H# plotted m i l t /r for four values of x, 

1% i t interesting to note that the carve* leave the origin with aero 

•lope, with the trivial exception of the curve for x - 0 

In Figure b„ H/H# l e plotted versus x for varloui value* 

of t /r • tinoe ve as sane that the flux density, B, l i linearly 

proportional to H, theee eurvee obov the growth of h/1 a« a function 

<*f tine throvtgbout the natorlal. fhe flux* •> i* proportional to 
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• 

/ £ dx, or th« area under each curve, A plot of th«M areas versus 

t/7' i« shown in Figure 7a; thlo plot aay alto lie arrived at by properly 

weighting and tuning the curves in Figure 5. Vote that near tho oriein 

the effeott of the outalde portiont of the aattrial (tuall x values) 

predominate* and the ourrt reaches i t s aaxlaua tlope for extremely 

avail valuta of t/7 to that, for all practical purposes, i t may be 

aeauaed to leave the origin with aaxiaua (tot finite) elope. She slope 

i t plotted in Figure 7»S it i s linearly proportional to d^/dt, 00 that 

i t show the shape of the voltage pulis, e , which appears aorott a 

anting coil wound on the core, the pultt hat i t t aaxlaua aaplltudt at, 

or very near, U»« origin and falls off from there on out. 2he pulse 
aaplitodc i s negligible by the tiao t • JX 

2. the non-Linear Oaf 

When the function f(H), 04. (2)» i s single-valued but not 

linear* equetione (*0 end (£>) ooaibine to givti 

S -o-2jf - o„ (8) 

Bit function ftK) i t coanonlv deaorlbed by drawing the 

pertinent portion of the pertinent hysteresis loop for the material* 

such a curve i t thowa in Figure 8 for one of the aore satisfactory 

experimental oor#»s, It i s obviously highly non-linear and not easily 

deaorlbed by any aiaple analytical expreitloa. Xhit i t unfortunate, 

fur equation (t) beooaet ttparable when f(K) la a reaaonably tiaplo 

^ IH/wer of H, euoh ae 
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Sha problea, howerer, doea land itaalf to a numerical analysis. 

On* vaa started using tha diffaranoa equation. 

«">*. » • - . ' «">„.» * ^ i " W , -*».. * •»->•>• <» 

vhlch follova fro* equation (U) in a straightforward manner. Tha 
function f(H) vaa approximated by thraa etraight linea flttad to a 

oarre lika that of Figaro 8, tod oaloalatioao aada on a deax 

calculator. 9ia work proved to be very tadioaa and tlaa-coaauain*, and 

vaa abandoned bafora any oonclut.re raaulta were reached, the problem 

will ba prepared* instead, for eolation by the Whirlwind I computer, 

•> end the raaults will be aTallable ohortly after this thesis ia written, 

The nead for a oulolc and reu/tfi qualitative eolation remained, and tha 

following approximations suggested thenselYee, 

Assume that the aatarlal atarts from a steady-state condition 

at tha point -BH, and, for an applied magnetiaing step function of 

amplitude H#e follova along an Idaallsad path in the B-H plana as drawn 

ia Figure 9a. All of tha material reaches tha point Hj iaaediately and 

than enters the high-permeability region. Since wo are only interested 

in flux changes, or the transient part of the solution, the problem aay 

ba eiaplifled ellghtly by changing the initial oondltlone to M - M - 0, 

and considering that the path travelled i s the one dram in Figure 9b,, 

ieferrlng now to Figure 6, i t is assumed that the linear analysis applies, 

A,^ approximately, to the portion of each curve that i s to the right of the 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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H - H. 
intersection of tho curve and the saturation-line H • 3 XH 0 f 

tho cross section above and to the left of that intereeotlon la .meuaed 
fc*f«*i«ojJ 

to he oonpletely saturated. Since the ineeeaoataa purneabillty ia very 

nuoh higher (tor a factor Mr in many practical oaaee) for the region 

below tho saturation line than for the region abore, only the squares 

below that line are counted as contributing toward the growth of the 

flux, pa The aaxlnua (steady atate) flux, p , nay be taken aa the 

total area under the saturatloiwline. 

Also, the laok of any changing flux to the left of the curve 

and saturation-line intereeotlon aeane that the effective thickness, a, 

of the material has been reduced, accordingly, to •_. Sinoe the equara 

of the thickness enters into the quantity t /T in the linear analysis, 

one approximation includes reducing the successive Increments of %/'> 

by the factor (•*) . The resultant aeta of ourvee of r and 2. j& are 

drawn in figures 10 and 11. 

further speculation on this approximation brings up the point 

that the effective thloknees of the Material la reduced by aatoratlon 

only Insofar aa oontrlbutlon to the changing flux ia oonoerned, but not 

lnaofar aa the oro as-sectional area available to the flow of eddy 

currents ia oonoerned. This would seen to call for reducing successive 
a, 

i inorenenta by the factor f j - ) rather than by the square of that ratio. 

The quantities * - and K 4f have been plotted for this second approximation 

l i figures 12 and 13. A* will be eeen later in this chapter (eee 

figures 17, If. 20A, 20B) the shapes of the | | curves, for either 
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approxlaation, baar a fair reseablanee to tha output pulses obtained 

experlaantally. 

further theoretical Judgment regarding tha value and 

validity of tha approxLaatioaa requires daepar analysise particularly 

tha raaulta of tha nuaerleal aolutiona at tha computer will parfom 

than. 

C= Inorlaentel aoeulta and Ooamariaoni 

Kjperiaeatal datamination of tha static aaenetle state 

of a oora i t not conveniently obtained. A dynaalc piotura of tha 

changea occurring in a oora i s easily recorded* however, aa a 

family of ourraa showing tha rata of change of flux* 4? , versus 

tiae, t, for appliad stsp functions of H at varying amplitudes, H , 

Xhtaa ourraa arat In fact, tha voltage pulsaa induoad In a winding 

on tha oora, and aay ba viewed on a oathoda ray oaollloaoopa or 

synchro acopa. froa auoh families, aore particular plaoas of data 

aay ba axtraotad for plotting othar curvae; e.g., reaponee tlaee 

(pulaa lengths) versus H# amplitudes. 

H#, inoldantally, la takan to ba tha appliad aagnetoaotlve 

foroa diTidad by tha aaan olrcuafaranoa of tha toroidal oora. Tha 

ratio of outer to lunar dlaaatara vaa cloaa enough to 1 to warrant tha 

eaeuaptlon that ataady-»tat» H# vaa oonatant throughout aach aatalllo oora. 

/or x>r«s with an axtraaaly vida rang* of raaponaa tlaee, and 

wfcara quantitativa ooaparlaoaa can ba aada between dlffaraat thlckaaaaaa 

of tha aaa« oora material, tha data la often preaentad la tha font of 
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curtee of response times (pulse lengths) versus R0 amplitudes. Thi.j ia 

tow larval/ of the Seltamax oores. For some of tho "footer* netal.Mo 

oorea and tho forrlt lo cores, families of-pulse shapes are shown ami 

other data extraoted vhere necessary. 

Testing was done almost exclusively on oores which hare 

rectangular hysteresis loops. 

1. Slow Metallic Cores 

The tape-wound Deltaunx oores, as supplied by Allegheny 

Ludlum 8teal Oorp. or i t s subsidiary, Arnold Engineering Oorp«. are rery 
4iMs*ea4|J 

alow oores, largely because of their phenomenally hirfi maximum yacc — UI'JJU-

peraeability, / u j l . From rigor* l 4 * , / ^ , which i s given by the slope of 

the saturs.lon hysteresis loop AS i t crosses the H axis, May be obtained 

aa approximately 1.3 x 10 gaueses/ewsted. Using eq. ( . ) , for a-nil 

thick tape, with a reelstlTity of about 35 x 10" ohavaeters, the 

oaloulated value for one "time constant",7", i s 1.2 Billiseconds, From 

Figure 7b, the t lae to the end of the ^ | pulse for the linear oaae 

ehould be about IT-A g.U all l lseoonds. 

For the actual aaturable material ( see Figure 1U) the above 

reasoning indioatee that aa the amplitude of the applied H approaco.ee 

H » 0.0?t; oersted, the time, t , to the end of the output pulse should 

approach 8 milliseconds. The curve drawn for the experimentally token 

data (see curve marked 2-mll Deltamax on figure 15) extrapolatee to beyond 
10[) mlUleeoondo for H • 0.075 oersted. The correlation here i e bad due 

e 
in part to unavoidable inaccuracies in the data, and the fact that 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

http://approaco.ee


> 

<0 
5 
o 
OD 

I 
< 

m , ..__^^r^....-,.. - 3 5^ 

2 0 1 

OE 

5 1 

RSTE 

0 . 

SCALE CHANGE 6X 

OS ( 

5 < 

-H) 

i 

THE 

1 ! 1 1 1 1 1 
nri TAMA v u 

3 

ARr 

> 

JOLD 

i c 
lo 

- Id. 
- I*T 

to 

l/"l 

- fl 

_ c 

- A 

- 9 
C 

0 ( 

- - c 

. 4 

. c 
D 

~ O 

• 1 0 

• \c 

I 14 

• 16 

ENC 

(B
) 

.S
E

S
 

-G
A

U
S

 
K

IL
O

 
) 

d> 

K
IL

O
-G

A
U

S
S

E
S

 (
 

• 

•4 
H| 

ilNE 

| 
' 

ERIN 

CHICAGO, ILLINOIS 

1 1 1 1 

H 2 

He 

j 2 

S C( 

OERSTEDS (H) 

1 A 

). 

i .e 

l 

i 10 1.5 2.0 

SCALE CHANG \ 3x 

-

PIG. 1 4 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



36 

1—tr^q^^NH^'; 111 n11:: ; 1 ̂  ? • ijn^TTR111^ ;i 1;..,1: Î LH I ^1H:?TF 
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interlaminar conduction nay not be negligible on these early sawolea. 

Xt la also l ike ly that assumptions mentioned in the third paragraph 

of this chapter are poorly fu l f i l l ed In many cases. 

The fourth curve in Figure 15 i s for a 2-mil Deltamax core 

which was processed ao aa to raise i ta coercive force, H , to about 

O.23 oersted, (See figure l 6 ) . I t also has a lower maximum 

-*n ornamental permeability; jn*. » 0,7 x 10 gausses/oersted, about half 

that for regular Deltamax. Aa H - r K2 «* 0.3 oersted, the response 

time of this core should approach about k milliseconds; i t appears to 

approach about 100 milliseconds, giving as bad a correlation with 

linear theory aa the other Deltamax cores above. 

Correlation with the non-linear approximation of Figures 11 

and 13, for H /H • H2/H » 0 .1 , I s fair . The response times of the 

three oorea, expressed aa t / T , where T la calculated from the physical 

obaracteriatics of each arterial using eq. (7 ) . average to 0.18 for 

the above Hg/H ratio. The same pulses from Figurea 11 and 13 end at 

t / r values of 0.11 and 0.20 respectively, the correlation gate 

poorer aa Hg/H gate mailer. 

Relative comparisons made between the experimentally taken 

curves of different oorea yield good reeulte. according to tha linear 

theory, T goea me the square of the tape thlokneaa. For a given He, 

therefore, the three regular Deltamax curves of Figure 15 should be 

spaced from each other, along the t axis, by a factor of 2 , or k> 
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Shis toes not hold vail for the ourrea through moot of the range 9hovn9 

tat does begin to hold hotter at the carves cone in toward U»t vh&re 

the B-H patha approach oloaer to l inearity . For eaaeaple, at H n 0.2 
o 

oereted. t l a about 10 ailliaeoonda for the 2-mil ourre and about 3.5 

aill leeoonds for the 1-ail ourre. Thia factor of about 3 daoreaaea to 

leaa than 2 for higher R raluea, and appaara to increase (poaaiblj to 

U) for lover H# reluee. 

the ourre for oore MIS W15O Bar be compared with the 2~«il 

ourre for Doltamax by ooaparlag roaponaa tinea, t , for a—11 equal 

inerenente of H above reepeotire R.£ reluee. The aVU Deltamax, for 

H# - % • 0.12$ - 0.2 aerated k u a t of 10 aillieeconde; oore MTS 

UU50, for H# - H2 • 0.12$ - O.U15 oeratad haa a t of about 5 ailliaeoonda. 

thia factor of 2 la Terr oloae to the ratio of t h e a t - raluos for the 

two aateriala. (ace again, ooaparlson inrolring linear theory la good 

for low Ĥ  raluea, and poor for high onee vhere departure fros 

l inear i tr la oxtrana. 

figures 17 and 18 are photographe of aoope tracea shoving tn* 

growth of output pulaea aa a function of H# aaplltudaa for a i - a i l 

Oeltaaax oore and oore MXS UU50 there la seae qualitatire reaeaiblance 

between tho ahapee Of tho pradleted pulaea of rigurea 11 and 13 and 

theae photogrephe. 
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1>«! 

2 *»•* *f^m« <*m 
I t i« important to recal l , at this point* that when a uore 

i t ttted in the coincident-current scheme i t i e witched by aajcnetlzinc 

foroee which are always less than ZiL (see eq. 3, Chapter I ) . She 

data in this section extend appreciably beyond 2Ĥ » hut eaphaeia i e 

often la id on the ronton up to that point. 

the ooree discussed in the previous section are not euitahle 

for use as 00inoident-current aeaory units beeauee their response 

t la s s . for H lees than 2H-, are of the order of • i l l ieeoonde. If 

eddy-current shielding as discoessd, i s th* important tine consuming 

effect , then the equivalent tine constant, T , of the aaterial i s a 

useful criterion and aay be reduced* in a aeta l l lo core* by reducing 

tape thloknees, by Increasing aaterial resistivity* or by reducing 

permeability. Unfortunately, i t i s not practically feasible at present 

to reduce thicknesses to auoh below 1-ail or to lnereoee re s t s t l r i t l s s 

very auoh above SO or 100 microhm oa in the rectan*ular-loop aeta l l lo 

aateriala. Ooree are available* however* with eubetantlally lover 
et|<fo«t»T»a,, 

valuee of maximum iasesasatal permeability. F l i V 19 shows a 

hi<*vly-rectangular hysteresis loop* for core MIS U3S2, whose 

kmSSmSSU r fcelUr Is about 0.125 • 10b icauseee/oersted. This 

ralue i s lower than that for Del tan ax by a factor of about 0 .1 . 

When the coincident-current limitation* a , < 2)^, i s 

considered i t beooaes apparent that core MTS 1*382 should be faster 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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Khan a L-mll Dolt an ax core by yet another factor when i t io used In 

the propoood scheme. Jron the hysteresis loop of Figure 19: 

H • 2JL a» 2„3 oersteds. 
max 

Ha •* H2 at 1.6 oersteds, and 

I J H « 1.6/2.3 ~ 0 . 5 . 
nax 

whereas, for Daltaaas 

H /H » 0.075/0.08 ** 0.9U. 
aex 

A jganoe at the theoretical approximations to the growth of 

flax with tine for Y*TIOUS values of *J*9 (Figures IO-I3) lndioates 

that steady state le reached much sooner at lower values of H /̂H .̂ A 

Tory rotta* extrapolation on Figure 10 lndioates that steady state i s 

raaohed aft t / r » 0 . 6 for *JH% * 0.5. whereas for H#/H# • O.9U steady 

state ie probably not raaohed until t / r > ^ 

we would expect, therefore, that 00re NTS 1*382 would be 

about tan times as faet as l-nil D»lt*aax under linear condition*, 

and perhaps one hundred tines as fast when used under non-linear 

conditions for H values in the wioinltr of 2 ^ per respective core. 

fron the experimental 1-mll ourra of Figure I S the response time 

for R# • 0.0tf oersted is of the order of tana of milliseconds. From 

Figure 20, for i # • 2.3 oereteds. the experimental response tin* for 

oore NT4 U3K la about 0.7 milliseconds, fhe factor i s of the order 

of a hundred,as expected. 
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7igure 21 above photograph a of a family of output pulaaa for 

thie oora. Shore l a good reeamblanoe In general ahape to tha ourvea 

of rigurea 11 and 13. 

AH of tha prevloue calculations and conparlaone hare baen 

baaed on tha aaaonptlon that a material travail ad alone l t a so-called 

aaturation hyatereeie loop and that, tharafora, the function, f(K), 

wae el ngl a-valued, and valuee of n . . could ba taken from thoae loopa 

aa ehown la r i m " iU, l6 , and 19. Beoauea of the need to aalatala 

olaglo»»valuednooo when attempting to obtain reeponae-tlme oorralatloaa 

batwaea theory and experiment, aoat of tha data wae tattoo for a 

aatarial travelling along l t a aaturation loop. Xhla wae done by 

applying aaymaetrloal aagnatlalaf foroao aa ehown on the aaall aketehee 

on rigurea 15 and c'O, where H wae kept oonatant at a value auff lclent 

to saturate tha oora. 

Actually, oorao wil l not be worked on aaturation loopa In 

the propoaod eohene, and It la Important to aoe how roapaaaa tlmoa 

chance whan symmetrical excitation la s p i l e d and varied. Data taken 

under theaa condltlona for core Kr& 1*3*2 era plotted aa the daahad l ine 

la figure 20, and are photographically l l luetrated la Figure 22. the 

reduction In reeponae tine* la very large, fhe earn* type of data waa 

taken for Deltanax oorea, and l a plotted eeparately In rigure 23* 

laaponaa tlmoa are lowered again, bat not a* dmatleally. 

Ao la Indloated by additional evidence in the next chapter, 

the reduetloa la due largely to the reduction i n i u aa inner loopa 

are travail**! in the K.K plana. There l e alao aoae redactloa l a 
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retained flux density end in coercive-force values, *hieh would aloo 

act to reduce response tiaee for fixed B# values. 

Relative oorrelatione of the above type exist between the 

already-mentioned • e t a l l l e cores end others tested. Two which f a l l 

under this section's classification arm KM 6U6U and KM 4370, both 

prepared by Alleghany i4idlua Steel Corp. 

3« ferri^lc Cores 

Cores aade of the magnetic fsrrltes proniee a major reduction 

la response tinea* mainly doe to their high resist ivi t ies* end 

eeoonlarilr due to their low permeabilities* low saturation fl AX 

densities* find high ooeroivltlee. 

Th*> following values indicate how different the eh<*racterl Uct 

of ferr l t io oores 0107 be from aetal l lo ones. They are fsrfsrranlo 3t»-A 

a produot of the General Ceramic* and Steatite Corp. The oosiparleen 

i s made against regular DsltssiaX end i s quite exti 

Material 

Max. Isnranawloe permeability* 

Mff gausses/oersted 

Coercive force* U0* oersteds 

Saturation flux density* B 

gaussus 

Tolume resistivity at rooa 
tesp., ^ . ohej.cn 

Deltanax 

1«3 x 10$ 

O.06 

1.6 x 10U 

under 1<T 

yerraaic ?U-A 

about 103 

3.5 

1.3 x 103 

10? 

»9 
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* 

figure 2Ua, below, in a photograph of scope trace* Showing 

tho output puis** froa a email Ferrenlc 3U-A FI09 toroidal ooro with 

a near-square oroae-aeetlon of about 0»fcVinoh on edge. The applied 

Ha vae aayra.etrical, to that the puleee ahown reoulted froa returning 

alone a path r*ry aloe* to the saturation loop. 

*l«ur* 2Ub ehowe the reduction in reeponee tin** resulting 

froa eyaaetrloal excitation, ao dloouoced for metallic ooro*. 

figure 2Uc, when oonpared with Figure 24a, ehowe tho 

reduction in reeponee t laee reeultlng froa reducing the radial 

thickneee of a Ferranio 3»4-A F109 torold to about \ I t* original 

•alua>o 

In the three figures a very reduced ronae of reeponee-tin* 

•aluee la erident. Ihle redaction l e largely du* to the now f inite 

rlae t ine of the X function; the no longer negligible rlae tin* 

off actively pute a lower l i a l t on the reeponee tine* of the ferrlt ie 

cere* for H # » Hg. Xhe fact that the toroide huv* relatively large 

radial thlokneeoes aleo contrlbntee to thle effect , and *»eduoee the 

accuracy of any reaponee-tln* correlations. 

The reelatlvity of the ferriealc ooro l e about tiaea 

that of Oaltenaz. It l e eufflolently high eo that uaoroeooplo 

eddy current a hare been reduced to a negligible value and reeponee 

tinea are of the aaae order of aagnltud* ae the rlee and f a l l tinea 

• f the B pmleee and of the associated circuitry. Xt l e aleo poeelbl* 

that dloplat enent our rente end real dual voaeea are eignlflcant 

Hal t ing factors In thle area. 
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(FOR THREE H e A M P L I T U D E S ) 

FOR FERRAMIC 3 4 - A F I 0 9 

UNDER A S Y M M E T R I C A L EXCI

TATION. 

(b) FAMILY OF OUTPUT PULSES 

(FOR THREE H e AM P L ITUDES) 

FOR FERRAMIC 3 4 - A F I 0 9 

UNDER SYMMETRICAL EXCI 

TATION. 
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(c) FAMILY OF OUTPUT PULSES 

(FOR FOUR H e A M P L I T U D E S ) 

FOR FERRAMIC 34-A F I 0 9 ; WITH 

RADIAL THICKNESS HALVED, UN

DER ASYMMETRICAL EXCITATION. 

FIG. 24 
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GHAPTXR III 

iHroBuJioM-RarmrioH Mm SIGNAL RATIOS 

The operation of a magnetic eora «a daaorlbad in Section i 

of Ohaptar X ralaaa special problems with respect to stabil i ty of. 

oparatlon and what would commonly ba called aign&U to-noise ratio a. 

In the f irat taction of tola chapter, these problems are diaouseed, 

and important ratios and oritaria are set up and defined. Shore 

follows a brief look at the taat setup uaed for obtaining the 

experimental results. These results, presented in the form of 

photographs and numerical values, are then discussed and related to 

hysteresis-loop shapes. 

A. Definitions and Requirement a 

Much of the discussion below revolTes around the 

voltage output pulse* from a core for different situations and 

different oore- information states . The measure of these output 

pulses ma/ ba takan aa their areas, paak amplitudes, or amplitudes 

at chosen point a in t ins. Unless otharvlaa stated,, the pulaa araaa 

are taken to ba the quantities under disouasion. Polari t ies are 

often disregarded; i t la assumed that* In the final arsten, the 

sensing device ma/ be equal1/ sensitive to signals of either 

polarity. 

Seferanoe should ba made to figures'' ^Chapter Z) 

throughout this section. 

90 
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1 . Information Batantion 

This phrase i s used to refer to the abil ity of a corn 

to maintain a f lux direction and magnitude, representing a 2£R0 

or a OK, in J&e face of excitation Jjy. non-selecting (H^/2) pulses. 

rigor* £» shows how, after putting the oore into state -Bfi with a 

fu l l Ĥ  pulse, a pulaa of H^/2 moves the oore to a nev state, -By. 

Additional applications of R^/2 pulses tsnd to ran the state of the 

oore further up along the B axis , disturbing the information in the 

oore, or, perhaps, destroying that information. An intuitlTS 

inference to be drawn from figure i b i s that disturbance of the state 

of a oore i s reduced when the portion of the B-H loop between 

H - -B^/2 and B » '*tt
K/2 approaches the horizontal,, The degree to 

union that portion of the loop i s horizontal i s one of the measures 

of what i s called loop rectangularitjr. 

The stats of a oore i s manifested by the sice and shape 

of the voltage pulse out of a sensing ooil in response to the read 

pulse of H. Change in amplitude or area of this output pulse as a 

function of the number of intervening non-selecting (H^/2) pulses 

i s , them, an Indication of the sensit ivity of a oore to disturbance. 

If a 0MB, as written by a -H^ write-OM pulse, i s at 

-BH, and -siBO, as written by a -H^ vrlte.4XB0 pulse, i s at +Ba, 

thsn reading may be aocompllshed by applying a +n^ road pulse, and 

the result i s a large output vol tags pulse for a OKb and a small 

output pulse for a 4 3 0 . 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



Report R-1SI2 

Von-••looting road or vrlte-ZERO pulses will tend to run a 

OKB position uj> alone the 3 axis thus reducing the response to a root 

pulse later; they will not, however, significantly affect the &£K0 

position. On the other hand, non-selecting write-ONS pulses wil l tend 

to run a ZXBO position down along the B axle thus increasing the 

response to a read pulse later; they will not, however, significantly 

affect the CMC position. 

a. OBB-Betontlon 

An "undisturbed OKX" i s defined as the information 

state of a oore after a GsTX has been written and before any other 

pulses of H hare been applied. A "disturbed OMK" i s the state of a 

oore when a vvxj large number of non-selecting (*L/2) read or write-

AM» pulses have followed the write-OV* pulse. 

the "on.retention ratio" i s defined as the ratio of 

output signal* for the two ease at 

JL approaohes 1 in Talus for the ideal case and i s 

l e s s than 1 in praotioe. 

b. ZBBO-Retontlon 

An "undisturbed OBtf i s defined as the information 

state of a oore after a ZOO has been written end before any other 

pulsee of I hare been applied. A "disturbed ZB«0* i s ths state of 
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a oora whan a Tar/ large nurbor of non-selecting (.4^/2) wrlte-OWi 

pulses hare followed tha write-iiKRD pulaa. She Z>iflO-ret<mtion ratio 

i s dafinad aa tha ratio of output signals for tha two canes: 

Disturbed &EBD = ZERO-retention ratio, Rn. 
Undiaturbad ZERO " u 

I t approaches 1 in value for the ideal oaae and l a 

greater than 1 in practice. 

2 . Signal Ratios 

A. number of signal ratios may be made from the above-

aentloned four basic quantities. She most meaningful one i s tha 

•disturbed-signal ratio", thick la defined aa tha ratio of output 

signals for a disturbed OOTS and a disturbed 2KR0, aa follows* 

Disturbed OMK - nitturted-«l«*ml ratio. 8D. 
Dieturbed iXX> " 

Since disturbance generally reducea the output signal 

from a core with a OKU, and raise* the output signal from a com 

with a 4BH0, the 8^ ratio la a really cr i t ical criterion of a 

core's performance. S„ approaches infinity in the ideal oaae* 

and approaches or f a l l s below 1 for the unsatisfactory case. In 

practice i t should be much greater than 1 i f reasonable discrimination 

between the binary digi ts i s to be obtained. 
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Another typo of voltage output fro* a oore occur a when 

i t receives a non-selecting (K^/2) pulse. This signal i s , l ik* 

noise, undesirables the word noise i s reserved* however, for signals 

which are more commonly described by that nanea such as those 

resulting from inductive or capaoitlve pick up* etc. the f i r s t -

mentioned signals will be called non-selecting (abbreviated N~S) 

signals. 

She largest N-o signal from a oore should occur in 

response to the f irs t non-selecting (H
K/2) pulse of a polarity which 

tends to reduce the magnitude of the retained f lux. If the core 

holds a COTE this would be a non-selecting read or write-/^HO pulse 

(•yz). 

The ratio of a disturbed-OKI signal to an H-S signal is 

defined as follows: 

Disturbed, an - ^g i l f B a l Jm%1#i s 

»-8 signal " M 

This ratio* l ike 3~, approaches infinity Ideally, should 

be such greater than 1 for satisfactory operation* and i s an 

Important criterion of 00incident-current oore performance. 

The garden variety of noise i s not considered here; i t 

wil l be one of the major problems involved in the development of 

assemblies of these cores into large-scale memories. 
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fie Teat 8»tup 

A single-pulse, or push-button, type of arrangement v&t 

f irat ueed In the experimental work. Zt was abandoned in favor of 

an automatic teat eetup which can put a repetitive pattern of H 

puleee on a core to simulate, approximately, aome of the conditione 

under which the core ni*ht operate in practice. This eetup makes 

i t Tory eaey to adjust the elgnlflcant H amplltudea during operation 

and to aee and record the output pulaea from a teat core for different 

operating modee. 

Frevloua oonalderation* lead directly to the pulse patterna 

dealrad for the teat lag. fheae are shown in Figure 25. the sequence 

of events for each mode of operation a* b, c, or d, may be followed 

with the aid of Fljsire !*(Chapter 1) . 

The block diagram of Figure 2b* and the circuit schematic 

for the Core-Testing Fulae Amplifier (Figure 27) show the equipment 

arrangement and circuitry ueed to produoo the above pulse patterna of 

magnetising force. 

the setup la very f lexible and la made up largely of blocks 

of project teat equipment. Repetition rate may be varied by varying 

the free-running frequency of the hi«h-frequency multivibrator In the 

MT Frequency Divider. All pulaea are equal la duration; the duration 

may be varied by adjusting the delay In tine between the pulae Into 

and the pulae out of 0 A D (Gate and Balmy) Unit 2 . fulee amplltudea 

mre adjusted by front panel control* on the Co re-Teat lag Fulee 

Amplifier. The modes of operation end the number of inserted non-

selecting pulses are determined by the condition of the two svitehee. 
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9* 1 and SW 2, and tho dividing ratio of HI- to ift. frequency pulues 

out of the HY Frequency Divider, ao detailed below. 

With the syne input of the synchroscope connect«d to roc«lve 

tho gate output of 0 A D Unit 1, aa shown, i t swoops once for srerjr 

pulse, regard!eee of operating node. All output pulses start, therefore, 

at the erne point on tho soope screen (a point determined by the delay 

tine of the pulse out of 0 A D Unit 1), and the viewed traces aro 

superiaposod. Scope leads nay bo connected to the sensing coil on a 

core for vi ovine: output pulses, or aero so tho 50 A , 20 w, series 

resistor which i s ooaaon to the two aagnetiilag windings, for viewing 

the current pulses. 

10 produce operating node a trigure 2$), the MV frequency 

Divider (Figure 26) la adjusted to divide by 2, so that the repetition 

rate for "LO" frequency pulses i s half that for "HI"; node b i s 

produced by dividing by any integer larger than 2. Opening switch 

SW 2 and dividing by 2 results in nods o. Mods d ney be obtained by 

opening su l and dividing by an integer greater than 2; the pattern 

will, however, by upside down snd aust be Interpreted that way unless 

the trouble i s taken to reverse either the aagoetising coil leads or 

the soope leads as was dons in obtaining sone of the disturbed-aero 

photographs of the next section. 

0. Igoriaonyfl J I U 

Few cores were found which could operate successfully in 

the 00incident-current scheme. Of the aetallle onse„ core MXS k}S2 

(first mentioned in the previous chapter) was the best on all counts* 
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1. Core g g | U3C 

The test results for thie core ara summarised in the 

photographs of Figure 26 and the table of Figure 29. 

Figure 28 la worth a conalderahla anount of study. The 

three oolumns of photographs are for three arbitrary values of h^j 

the center column v u taken with the magnitude of Ĥ  clone to the 

optimum value; the two aide column• show the changes occurring for 

amaller and larger value*. In the top row are shown the voltage 

dropa across the eeriee reeiator eoamon to both magnetising coi l s ; 

the eeele la calibrated in oersteds since the voltage drop* multiplied 

by a known oonstant, glvee the magnetising force, H{ thee* pictures, 

although taken for mode b, indicate the magnitudes of Ĥ  and B^J2 tor 

the entire ooluan* 

Xhe next four rowa show the voltage pulse* appearing on the 

core's eenalng coil ao the core reacts to the pulses of H. 

Some J i t ter in the H* frequency Divider between division by 

2 and division by 3 made i t possible to see the undisturbed-GMK output 

traoe and the once-disturbed-OUS output trace simultaneously. Shis i s 

labeled mode ab and la shown in the second row of the figure. The 

three positive traces (etarting with the largest one) represent outputs 

from an undisturbed OMC, a once-disturbed QUE, and one non-selecting 

read pulse, reepeetively. The negative traoe results from the write

offs act. 
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The third row shovs acd* b<> The heavy canter trace 

results froa a largo nuaber of consecutive non-selecting road puXqoa; 

tho finer trace Juat above i t i o froa the very- firat of those. 2ho 

positive outside trace represents the diaturbed-QHiS output* and the 

negativa trace* as before, i s froa the vrlte-CNB act. 

Bow h, mole 0, shows only ons trace for the undleturbed 

node d, row % ehova three t n c * i . Oie negative trace 

represents the disturbed £ERO; the heavy pos i t ive trace results froa 

the non°eal acting vrite>anc pulses; the faint positivs trace results 

froa tha firat one of the non- eel acting vrite-QNE pulaeae 

The f i ra t table in Figure 29 shove approximate information 

retentioo and elgnal ratioa ae obtained froa the photographs. The 

reeulta for ooluaas 1 and 2 (H^ " optlaua) are aoat acceptable. 

Increasing Ĥ  to tha optlausi value results aainly in a reduced raaponoe 

time and higher sicca! output levels . The lacrosse to coluan 3 

( 1 ^ > optlaua) reduces the rasponae tlae and raises output l eve l s again, 

b a t i t also reeulta in drastically reduced signal ratios, particularly Sg 

Reference to the hyotereals loop (Figure 19) for th is 

core aliows that the H /̂2 value (1.5 oersteds) of coluan 3 exceed* the 

• c l u e (1,2 oersteds) of figure 19, and la about equal to the H of 
o 

t h e aatarial. In coluan 2, however, tt^/2 <w 1,2 & n , giving 

satisfactory operation. 
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Comparison of 7igare 19 with the family of B-H charaotr i sUcs 

photographed In Figaro 30a shows th&t tlie oore retains i t s recta'^jslarity 

vail as H excursions are reduced, until some point i s reached belov which 

the loops collapse almost entirely. The predominant characteristics of 

the loop collepee are the large reductions in retained flux density, Bg. 

These redact Ion • are greater „ percentage-wise, than the conconitant 

reductions in eoerolTe force, He Although the mmmktmm permeabilities 

decrease too, the orerall effect i s to nalnt-Jji a loop shape on which the 

coincident-current criterion, H^/2 < BL holds until the loops be^in to 

eollapee entirely. Also held vei l l e the flatness of the near-hori zontai. 

portions of th* loops, thus retaining favorable 1US signal ratios (SB#)» 

2 . Oore F e r r i c V*-A gOg. (bt«?t) 

This i s the best ferr i t le oore tested and has reaoonably 

acceptable retention and signal ratios plus an extremely short response 

time. I t i s , however, rather sensitive to the Ĥ  amplitudes applied, 

and allows less deviation from the optlana H. than does the aeta l l lo 

oore previously discussed. 

Figure 31 has photographs of the magnetising pulses and 

the output pulsee for the three important modee of operation. Scope 

leads were reversed when talcing the photos of the M pulses and the 

mode d output pulses, eo that all pertinent traces ayjpear as positive 

ones. Otherwise interpretation i s the same as for Figure i'5. 
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METALLIC CORE MTS 438? 

H R R A M I C 34, TYPE A 

(b) SATURATION HYSTERESIS LOOP FOR 
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PUBLISHED BY THE MANUFACTURER 
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The resultant inportant rattan are tabulated in Figaro 29 

uaxt to those for core lt?S U332. The ferritic core has a respot.co 

tiae about one-fortieth that for the notallic ooro, Vat i t haa 

appreciably poorer retention and signal ratios. 

She response tine improvement i t largely due to the 

terrifio reduction in eddy currants. She relatively poor signal 

ratios are due largely to a lover degree of hysteresis-loop 

reotaagularlty; a oopy of a bystereels loop for Ferr.mie 3h-A is shown 

in Figure 30b. 

Beth the responee-tlme values and the signal ratios at an 

<*ptlmom point in time jould probably be Improved somewhat by 

deoreaslnr the rlea tines of the pulses of H. 

an interesting demonstration of the effect if different 

degrees of hystereels-loop ireatangularity upon a core's performance 

nay be had. by rigging a negatively magnetootrlative oore with a 

compression drawstrap and oheoking i t s performance, and i t s B»H 

oharaoteristloso under varying degrees of compression. 

Shis was done with a toroidal sample of rerroxoube IV as 

supplied by the North American Philips Go. She photographs of 

Figure 32 show that core's performance when under a good amunt of 

compression and when under none. She emergence of a fair degree of 

loop reotangulnritgr under oore compression Bay be seen in the upper 

iw> photographe. 
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Along with the appearanco of loop rectatgalarity under 

tension i s the abil i ty of the core to perfom, «Hih rec-son 

rotontion and signal ratios* in the 00incident-current scheme. Sho 

oore, when under no compression, has completely unacceptable ratios, 

*• shown in the second column of the figure. 

The response tine of the core increases by a factor of 

about 10 whoa under compression. This i s very routfily equal to the 

increase in the — I — I—W—lelF permeability tyl*) with 

compression, as appro ylmated from the middle loops of the two B-H 

characteristics shown. This i s further evidence in support of some 

of the discussion in the preceding chapter. 

Life-sice photographs of the cores are displayed on the 

next two pages. Figure 33 -shows pictures of the following: 

oore NTS UU*>0, cased and wound (top l s f t ) ; a email.else,oaeed, sample 

oore which b*s characteristics l ike NT. U}S2 (top center); the 

Ferrezoube XV oore with compression drewetrep and windings (top right) 

a recular Deltamax oore, eased and wound (bottom l e f t ) ; a 1-mil 

Deltemax core out of l t e case (bottom right). Figure }k shows cores 

NT* U3*2 ( l e f t ) and Ferramio 3^-A F109 (b .o . ) (r ight) . Both oores 

are wound and mounted on a male plug of the Core-Testing **ulse 

Amplifier ae used during the t e s t s . 
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LIFE-SIZE PHOTOGRAPHS OF SOME OF THE CORES 
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LIFE-SIZE PHOTOGRAPHS OF GORES MTS 4382 AND 
FERRAMIC 34A FI09(b.o.) AS MOUNTED ON CORE TESTING 

PLUGS READY FOR USE IN THE TEST SETUP 
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CHAFSIR IV 

COKOWSIOK 

* 

Tho preceding two chapters have dwelt on tvo phases of tho 

problem of operating magnetic ooroo in a 00incident-current ueraory 

scheme which would bo adaptable to a lino-twitching type of ooleotion 

along two or three space ooordinatoo. 

Zho boot rotponoo tinea presently attainable run to about 

20 alerosAOonds for Metallic coree and about 1/2 aloroeeoond for 

ferrit ic 00ret. Xhe latter tine i s >»ore than low enough by tho hl#x-

speed-aeaory standards of Whirlwind Z. Soae decrease in response 

tines i s possible if the radial thickness of the ferrit ic toxoids 

i s reduced* further iapreyenent nay be attainable by changing 

aaterial characteristic* euoh as the roluae resistivity., 

Tho ^ n i c r o seconds response tine of the boot neta l l lo 

core l e too great for hirh-spesd ncnory applioation in Whirlwind 1,, 

but Is probably reasonable for tateraediate applications and for 

slower computers. Tory slgnlfleant deereasee in this core's response 

tine are possible by reducing taps thickness (the Allegheny Ludlua 

Steel Oorp. i s working toward l /*uail t ^ e . t h i s should reduco 

response tl»4t to wall below 5 microseconds), increasing naterial 

res is t iv i ty , and reducing the retained flux density. 

74 
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Cora KTS U3S2 ha* prcbcbly as good A set of &aforaatics> 

i*etsntloa end signal ratios no will V needed is a coincident-uv 

cohaas which involve* no more than three currents. She area ratios 

are extremely good, and the optiaua-polr.t-in-time ratios are 

practically perfect. These are all the result of a B-H oharaeteristio 

which combines sharp corners, abrupt saturation, and the fact that H 

and H2 are olese to eaoh other yet relatively far froa the origin, so 

that i t is easy to fitd an \ which fu l f i l l s the criterion, H 4 < £ H% 

0. Pore B-H Characteristics 

She operation of a core as a coincident-current aenory 

unit requires a hl#h degree of byetereelo-loop rectangularlty. XI 

aleo requires that the hysteresis loopn of the core collapse toward 

the origin, for decreasing excursions of H, in a certain way. 

Future data on Magnetic cores for this type of application should be 

in the for* of families of B-H ourvsa, or hystereela loops, taken for 

aynaetricel excitation Taluae wnleh range froa zero to near saturation, 

with emphasis on the region about Hg. A family of such curves, 

supplencntsd by physical data regarding dUensions, resistivity. 

Curie temperature, e t c , will convey about all the information 

needed in order to asssss the core's suitability, there is quite a 

resemblance between such data and wore commonly oeen vacuum.tube 

data. 
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D« 1'1 r<!ollioaiioa>' Connldorntlons 

There are tone phases of the problem which hare tscn 

oaitfcsd or only ll#*tj.y mentioned so far.. 

One of th«se i s the fact that reading the coro°s lnforc:s.tion 

i s the eons as writing a iero into i t . The core, in other wcrda, i s 

cleared upon being read. This i s not a major impediment to the scheme's 

ueefulneso in a large-scale computer; i t i s not too difficult to re

write information extracted from a memory register. Thought should be 

given, however, to means of oireumventlng th is problem. 

The energy irreversibly put into a core during the switching 

prooess i s ouite •lRnifleant. The required power may be a problem to 

supply and to dissipate me heat from the 00res. 

The average power into oore nTd kySZ during the 20 micro seconds 

switching time i s of the order of 10 watts. If the oore i s operated 

at a 50j& duty cycle (a reversal every Uo microeeconde) i t has to 

dissipate about 5 watts without experiencing a dangerous temperature 

r i s e . Since th is core l i fa ir ly large (ese Figure }U) and has a hl/h 

Ourie temperature, i t can probably operate under these conditions fa ir ly 

well , and the problem may only bo that of removing the oombinsd heat 

generated in an aseembly of suoh oores. Under the seme duty cycle of 

J>0£ (a rsrersal every nloroesoond) oore Ferramlc 3U-A 7109 (b.o.) may 

have to dissipate about 10 watts. This core i s already rather email, 

and i t has a relatively low Ourie temperature (280°C). Unless speoial 

precautions are taken, this oore'e temperature may rise , during operation, 

to a point where i t s bystemmmla-loop shape i s adversely affected. 
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The energy into the core l e in the form of a current pulse 

r.cainet the induced back e.a.f . Production of the proper curr?>-A. 

pulsee for a large lumber* of cores aey be a eerioue problem, parjlaalarly 

i f the current magnitudes are kept hl'jh *JX order to reduce the number of 

turns needed on each magnetising or selecting winding. 

the signal-ratio problem nay be acute la a large assembly 

of cores. Whether undesired signals (K..S signals and ^KRO's) wiU 

add or cancel each other will depend on the sensing circuit arrangements. 

She timing of the seleoting pulses also enters into whether ov not K- S 

signals become objectionable. 

There i s a large* thin t spike at the beginning of eaoh 

output pulse from thos* cores which have response tlae* longer than 

about 5 microseconds. This splkm may also be seen as the start of 

eaoh J 31 pul se on the theoretical approximations of Figures 11 and 13, 

where the H pulses are considered to be atop functions. Where U pulses 

have rise times which are negligible fraction* of the core response 

time* the spikes appear. I t i s obvious* then( that the actual shape 

of these magnetising pulses Is a cr i t ica l faator which needs to be 

determined for each situation; and the spikes ma/ be reduced, mm 

desired* at the expense of some slight Increase* in response tiaec> 

Inductive pickup may become a rem! headache end the proper 

use of unilateral impedance elements* careful relative placement of 

cores, and other precautions may be necessary. 
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78 

Thet.8 and other miscellaneous considerations require 

further study and experiment.. Par t icular ly noeded is the e£« 

peridental operatlor. of a feif coro3 in a two-dimensional p i lo t 
t 

assenDly. TMB work will begin at Project Whirlwind in the near fu

ture . 

William H, Papian 

Approved 
Jay W./forrester 

WNP;ap 
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APPENDIX 

DERIVATION: H inside a thin ri'bbon as a function of x and t. 

Thin ribbon of 
thickness a, infinite 
in z directions, 
"semi-infinite- in y 
directions; conductivity 
O"; step function of H, 
of aaplit lie Hfe, applied 

at t = Oj L = H = 0 at 
t = O(-). 

Maxwell's equations: 

r v x i = _ 4f • ™ - * • 4f 

currents: 
Due to the assuned geometry, and disregarding displacement 

I x x d i 9 y * 

H = H - i - * D _dH _ ^ H
Z 

leaving: 

ex " a t and 3x i . 
y 

Substituting *. - A * 

C\J 

O 

fO 
I 

< 

gives: 

a x - O - y s and V 
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Differentiating the second equation w/r t i -:, manipulating, 
combining, and dropping 3ubocripts results in: 

^ - 0- M - 0 (1) 
^ 2 d t 

When 3 is a 3ingle-"allied, l inear , function of H, we may 
define a constant, called the peraeaMlity, as: 

_ B 
> 5 H • 

in which case eq. 1 becomes: 

The solution for this equation *"ollow3 a s i n i l a r one that 
-.tarts on page 189 of reference 8* 

Boundary md i n i t i a l conditions a r e : 

H(0,t) = H(a, t) = H ; H(x,0) - 0 . 

Say that: 

H » H, + R_ • Stead;/ state sol'n + transient sol'n. 

£_ satisfies one particular sol'u of eq. 2: 

"S " He 
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To find the transient part ef the s o l ' n v set up new 
boundary oonditleast 

H, ( 0 , t ) - * ( 0 f t ) - Hg = He - Ha m 0 t (3) 

HT ( a , t ) - H(a , t ) - Hg - H# - He - 0 . (4) 

Another part icular s e l ' n of eq. 2 1st 

H = (c , s in bz • c . ces bx) • 

Substi tut ing eq. 3 into eq. 5: 

. iii 

HT ( 0 , t ) = (eg s i n 0 * o ^ c o e 0) • °" , i 

/ . °A - 0 , "4 

.£* 

.i!i 

so that: 

HT • 

-

y 0. .In m x . °-»3 » 
< i n a 

n - 0 

• 

(5) 

Hf = eg sin bx e °"^ (6) 

Substituting eq» 4 into eq. 6: 

Hj ( a . t ) - eg s i n ba • CTfi - 0 

.*. slm ba - 0 , and b « * ? , 

<7) 
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Hew i n i t i a l conditions are: 

H ? (x ,0 ) = H (x.O) - Eg » 0 - He = - x 0 . 

S u b s t i t u t i n g these in to eq. 7: 

* 0 

H? (x.O) - 2 Cn Bla f X = " V 
n • 0 

2H 4 H 
• Q = - — * (1 - cos nn) = - ——* , for odd n, 

n HIT nn 

So t h a t ! 

o« 
2 2 

Ti t 

Audi 

T 1 an a 
n = 1 

-4& 
n = 1 
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