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SU"1.\1AR\ 
The elements a nd organi1a twn of an c~r,·1 11 11 l· 111,tl 11i.1!( 11c11• ,,,u age 

system are de<;cri bc<l . .A ro1a1ing " heel 1, u, ,·d ,,, ~i1 ..: lugh 1ransfcr 
sp:cds and relatively short a~s ti me t<' d;it .1 "hh.: h a1 c· tran,fcrn:d 
directly to the high -~pecd cathode-ray 1 u ~.: -io1 l· ''t a J 1g1tal '""1pu1c1 . 
The whoel is run in synchronism with the f11nd amcn1 al frc4ucncy of 
the computer under the con trol of a seno mcxhani m. A pl.11l·J 
layer of pure nickel is used as the recording medium. A " " ' · 
11npcdance type of head combioed with a nc" 111cthod of d1i;11 .1I 
representation have been employed for the st orag.: of dat<1. · 

A complete storage system of this type with . a c.ipacit) o f ) 1lOO 
numbers, each of 40 binary digits, has been im:orporatl'J 111 th..: 
Manchester University computer. 

(I) l!'.7RODUCTION 
The magnetic s torage system here described was dl')lgned as 

an integral pa rt of a particular computing machine. al tho ugh 
in modified form it bas proved of more general utility. It is 
thought better to describe what ha! been done in connection 
with the computing machine, and explain why it was done. 
rather than to attempt any more general treatmeht. There are 
two reasons for this view ; first, that since the equipment was 
designed to fiU a specific urgent need , some aspects 0f the 
problem have not been pursued with the relentlessness that 
would be appropriate to a purely academic investigation; 
secondly, that the possible modification~ and alternatives to 
suit other particular circumstances arc legion and their full 
<li9CUssion would greatly lengthen the paper. 

(2) THE FUNCTION OF A STORE IN A COMPllTIJ'IOG 
MACHINE 

(2.1) Tiie Coacept of an Intermediate Store 

In the computing machine proper. ' and many o thers of iL~ 
class,• calculations arc performed by transf~rring num bers to 
and fro between a rapid-access store and a computing unit in a 
manner set out in a table of instructions. The main require
ment of the rapid-access store is tha t access to a part icular piece 
of information contained therein shall be possible in a time 
comparable with the time taken to perform an elementary com
putation, such as i~ called for by a si ngle instruction . There is 
no theoretical objecti0n to supplying the whole storage capacity 
of the machine in thi s form. The practical objection lie in the 
fa.ct that available rapid-access stores are somewhat complicated. 
e)(pensive, and suffer from the defect that a failure of power 
su pply results in a loss of stored information . 

The alternative to a rapid-access store of the full c.apacity 
appropriate to the type of problem to be solved is a smaller 
rapid-ac(.'CSS tore, backed by a slower-access store of greater 
capacity. The rapid-access store can be re loaded a t a ppropria te 
inter' Is from the slower-ac.ce store, and an opposi te tran fer 

of informatio n can comey computed re! ults from the rapid
accc~' ~ture to the slow store . The essential difference between 
hi gh- and lo'l--SJX'Cd stores, which makes such an a rrangement 
att rac1 1\c. is tha t, , '"hc:n accc 'i time requirements have !J«n 
rL'\Juced for the backing 'to1e, the rnct hod of storage actunllv 
employcd may be sckctcJ from a larger range. J u~t as ~ 
time for the rap1d -aLCe~S SIOrC: Should be Comparable With the 
time of an elemcntitr)' Cl>m puta tion . so access time to the 
backing store sho uld bc comparable with the ave rage time taken 
to use up a ~ingle lvading of the rapid-accc s store. Thu a n 
infini te a~ray of al terna tives pre-;cnt s irseJf, ranging from a very 
la rge ra ~td-acces s store coupled to a slow-access store wi th Jong 
access t1111e , lh "n It' a very small rapid-access sto re coupled to 
a slow-acsess ~ t ore with rel:lti vely short access time. Further
mQre, there is no reason why the low-access store should n t 
in turn be backed up by an even s lower-access store, such as 
punched curds or pa per tape, or even pencil and paper, books 
of tables and a keyboard . It i~ therefore appropriate to label 
the fir~t back111g lootagc of storage ;is ''i ntermediate," forming a 
balann: hct\\CCO the high -~pecd ra pid-access nucleus storage of 
the mac:hml· and the slow- peed slow~access type of storage, such 
as punched t.ipe . 

T he objecti ve in the present case was to find a sound engineer
ing balance between the rather complex hjgh-specd store and' the 
complexity of the intermediate store. Since a small high-speed 
rap1d-acc:ess tore re4uire rapid access to tbc intermediate store 
the. e t\\ O factor are mutually opposed, and, as is usually t~ 
case in practica l engineering. the compromise adopted was 
determined by the practic,al ci rcumstanc.es and the read ily 
available materials. It is therefore necessary at this stage to 
outline the storage requ irements of the desired intermediate 
~~. . 

(2 . 2) Represenbltlon or Numbers and Instructions 
The numbers in the high-!peed store are reprcscnte<f in binary 

form; each number has 40 digits and each digit, 0 or 1, is repre
sented externally to the store by the presence or absence of a 
\ Oltagc pulse. The individual digits of a number occur serially 
in time o n a si ngle wire, the least significant digit occurring first . 
The time interval between digits gf successively high significance 
is 10 microsec and is determined by a train of clock pul9es, 
usually called dash pulses, derived from a crystal oscillator . The 
interval between successive 40-digit numbers is marked by a 
5-pulse (50-microscc) gap defined by_ the black-out wai·eform (so 
called because in the high-speed store the cathode-ray tube 
beam is .. blacked out"' du ring this .period ) and consisting of five 
successive "zero" pulses. Thi configuration of digit spacing is 
illustrated in Fig. I . lnstructi0ns arc represented in exactly the 
same way as numbers, two being contained in one 40-digit 
sequence: they require no separate discussion here. 

( 2.3) The Rapid-Access High-Speed Store 

• S« Refet•n=. The rapid -access store is made up of units , each comprising 
------ -- -- - -- o ne c-.i th0de-ray tube a nd it associated amplifier and gate. A 

Or Witham< is Pro1fr...,, of El0<1ricat En1Pnccrin11, ond Dr. Kilburn •nd Mr. 
1 n"mu art on t he El.-..-i ncal En~ inec:rin10trarunen1, a1 the Univcr.,1y .. r Maoch«1<r unit stores 64 numbers, or 128 instructions, or a mixture . 
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. ··uuuuu 
Rl&ek ·out ...... veform ~-----

~ r, -·f - -40 --- --=-L 
Binary numhe1 

uu--u--···u-u--
0000 11 1 1 00 1 o 1 0 100 

l'il( . I . H.c prc<;entation of a binary number. 

·\ s~cX.iatcd wi th a set of . uch uni ts there :ire the necessary time
base units a nd waveform genera to rs . These are of such com
plexit y that it would be uneconomica l, even if practicable. to 
operate with a single-unit rapid-acces~ tore. When used in 
wnj unction with an intermediate store, a convenient arrangement 
is to reload the rapid-access store one whole unit at a time. On 
the assumption that access will be necessary to each wo rd in a 
unit at least o nce during it s "life" in the rapid-access store, a 
reasonable access time for the i,ntennediate store would be 
64 times that of the rapid-access store where the unit il.C of 
tran fer is 0ne word cif 40 digits; the access time is therefore 
450 microsec. The rapid-access store contains words repre
sented in serial fonn. and access to these words can be had only 
<1ne at a time : therefore the fastest method of reloading a unit 
ol 64 words is to do it serially, one word following another, 
separated o nly by the black-0ut period . It will therefore be 
advantageous to have output from the intermediate store in 
serial blocks of 64 words . If this output can be arranged to 
operate in the comruter time scale (i .e .. JO microsec per digit 
with the digit intervals properly phased relative to the clock 
pulses), then direct connection t>etween output of (or input to) 
the intermediate store and the input to (or output from) the 
rapid-acces~ store will be possible. Furthermore, if corrc
srn ndence in time between word I in the rapid-access store and 
" "rd I in the intermediate store can be maintained. no other 
1dcntificati,1n nf words "ithin a block of 64 (called a .. track" for 
r,·, 1 ~ons tha t will be appare nt later) "ill be necessary ; it will be 
ncces~ary only to identify or label the blocks of 64 as track I , 
~ . .1. etc., in the intermediate store. The various units in the 
rapid -acce store. tn which any track may be routed at will. 
may be designated unit I. 2. 3, etc .. provided that it is under
~! Pl1d that then~ will be many more tracks than units, and that 
any track may be routed to any unit. 

It is wo rth ~tressing here that any system which is not run in 
s~ 11.:hronism with the digit frequency of the remainder of the 
machine will require an additional storage means, probably a 
··,1a ti isor,' · which can accept information at one rate and 
t1,rn~rn it it at a different rate. Also, if .. word sym.:hronism·· and 
··t ra<.:k-unit .. synchronism a re not employed, some system of 
11.kntifyi ng digit~ in a word , and words in a block , will be 
r.:quircd . 

( l . 4) Sun cy of Possible Intermediate Stores 

A sto re of unlimit~ iLe can in principle be made by using 
punched cards or punched paper tape ; all that is needed to 
extend the store is more cards, or more tape. These arc, how
eve r, ruled out as intemiediate stores, as defined above, by their 
relatively high access time a nd slow speed. For example, it 
"ould take a,bout I min to punch one track.fol of information 
o n paper tape, whereas a unit of the rapid-access store can be 
rcc1 d out in 28 m1llisa.: . These paper stores are highly developed 
tor tclc r1 inter and business machines, and they have their role 
to play in computers, both for the ultimate input and output 
mechan ism, and for the permanent recording of programmes, 
ta hies. resu lts, etc. They are in fact admirable for tbe slow-speed 
:.tort> which backs up the intermediate store and which, by the 

arguments given before, can have slower access the larger the 
intermediate store is made . 

Other well -k nown recording schemes arc the gramophone 
disc, photographic methods, and magnetic recording. The 
authors had no knowledge of disc recording aod doubted 
whether it could approach the 100-kc/s frequency response 
required . The processing aspect of the photographic technique 
was a severe · disadvantage. Magnetic reco rding on the other 
hand had already tx."Cn pro.posed .1-6 and some aspects investigated . 

The various methods of magnetic reco rding may be divided 
into two classes : the ta pe-wire class, and the coated-drum class. 
The feature of synchronism "a - considered to be very important. 
both because of the simplification of identity problems, and 
because it offered the highest possible reloading speed, and 
therefore the minimum o f r<1pid-access store for a well-balanced 
machine. It was felt that synchronism would be more easily 
obtained with a r1g1d rotating drum than with somewhat elastic 
ta pe or wire fed from one red to another, or even formed into 
a loop. 1 hesc view were based on the e~jX.'Clation that about 
80 digits could be ~tored per linear inch of the magnetic recording 
n1<1t.crial. A uperticial speed of the recording surface or" about 
70 m .p .h . would be required, combined with positional control 
of the surface, accurate to ..z:: 0 ·001 in under .the recording head . 
These limits arc set to ensure simultaneity of di~it occurrence in 
the intermediate and rapid-access stores. 

Drum surface 
C.O&ttd with 

11\AL'nflic mat.trial 

Fig. 2 . !\1agnctic drum . 

The arrangement envisaged is illustrated in Fig. 2. A drum 
with its cylindrical surface coated with magnetic material 
describes a revolution in the time occupied by the transfer of 
sixty-four 40-digit woros. With due allowance for the 5 digits 
lost in the intervening black-out periods this time is 

(40 +- 5) ,... 64 >. I 0 microsec = 28 · 8 millisec. 

Thi corresponds with a rotation speed of 2 080 r .p .m ., which is 
a convenient speed for an induction-motor drive. The diamecer, 
on the assumptio n of a packing density of 80 digits/in, is approxi
mately 111 in . 

Rotatio n of the wheel move the magnetic recording material 
under a vertically disposed set of recording heads; each head 
controls the magnetic pattern impressed on the peripheral track 
immediately beneath it on the wheel. Experience indicated 
that about 30 heads can be used per inch parallel to the drum 
axis, so that for a 2-in depth of surface 64 tracks might be 
a rranged. A drum of these dimensions has therefore a total 
storage capacity of 64 tracks, each holding 64 words of 40 digits 
- a total of some 163 840 binary digits made up into 4 096 words 
of 40 digits . So far as our limited experience went, this appeared 
an adequate size, bearing in mind that additional drums could be 
installed agd paper tape could be used for further backing up. 
The identity of individual tracks could, of course, be established 
by selection of the appropriate individual head associated with 
the desired track ; full synchronization ensures word and digit 
identity . 

A solution along these lines appeared so advantageous that 
effort was 1:9ncentrated on testing its practicability to the 
exclusion · of all other alternatives. The particular problems 
which arose arc enumerated in the following Section. 
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{3) THE PROBLEM OF A l\1AGi'ETIC-DRUM 11''TERMEDIATE 
STOl{E 

< 3. 1, Synchronization 

The entire proposal fail~ if synchroni~m betv.cen drum rota tion 
and the rapid -acce~s store cannot oc achieved with the requ ired 
degree of accuracy . Wi th 0 Jigi t 'i/in , each digit occupic<; abou t 
0 ·012 irr : for reasonahlc -.afety positioning to :_:.. 0 001 in -...as 
sought, thus allowing ume latitude for variation in the mecha nica l 
posit ion of the head'. and fo r reasonable duration stahility of 
any necessary gating wa veforms. Synchronism with the clock 
waveform of the m~chine can he ac hieved in t\\O way<;, according 
a the drum or the rapid-acce~s 'to re is the master . Thus, the 
clock waveform could be recorded on a track on the -... heel , a~ 
could a version of the black-out and other waveforms . These 
recorded waveforms could then drive the rapid-access store and 
hold it in synchronism. The only requirement on the rotat ion 
speed of the wheel .... ould be that it should be smooth a nd lie 
within limits acceptable to the rapid-access store. 

Alternatively, the rapid-acces store can be driven hy a master 
oscillator, preferably crystal-controlled to ensure stability . The 
problem then is to control the rotation of the wheel by some 
servo action which monitors the pha<;e relationship bet-...cen one 
or more waveforms recorded on. and derived from . the drum 
and the corresponding waveforms deri ved from the crystal 
controlled rapid-acces' store. This arrangemen t is the more 
general, in that two or more similar drums can su pply one 
rapid-access store and also heca use some rapid-access stores. 
such as the mercury delay line,2 have an inflexible time-scale of 
their o-... n. This -...as the arrangement investigated and a 
description of the manner in which rel iable synchronization was 
obtained has been given elsewhere . 7 So far as this paper is 
concerned. fully synchronous rotation will be ass umed wi thou t 
further d i~ussion . 

13 . 2) The Rerording Surf1ct 

Several varieties of '.l<ire and many magnetic powders have 
been used for sound m :ording, but at the time of these experi
ments the authors were confident in the sati fact ory opera tion of 
nicke l plating only for digi t storage at high repetition rates. It 
had been uS«I by other workers in the computer field .4. 8 There 
appeared to be no definite information about the thickness to be 
employed . and so the first tests were made with a commcn:ially 
plated wheel without any particular specification other than a 
request for a thi kness of about 0 ·001 in. It was a fortunate 
accident that a pure nickel surface was prepared, as subsequent 
experience with coba lt- nickel mixtures yielded much poorer 
magnetic characteristics. 

Powders were not readily available and have not been tested; 
but it is believed that some may be superior to nickel , though 11 
is also thought that this su periority ma y be marked rnly if the 
surface is run in contact "ith the magnet ic head . This procedure 
cannot be adopted , because the resulting fr ic tion would 'itiate 
the accuracy of ym:hronization , and because the wear would 
reduce the useful life of the '~heel and its recorded data. Nickel 
plat ing is mt>re resistant to accid.:ntal damage, such as is caused 
by rubbing Juring the sett ing- up of the heads, "'hich run 
normally with about 0 ·001 in clC.'.lrance fro m the nickel surface . 
For these reasons pure nickel plate . 0 ·001 in thick. has been 
used throughc>ut and all the experimen ts de-.c1 ihcd relate to this 
material. It is kn'>"n w -.u ltice ; it is no t known to be the 

· optimum. 
l3 . 3J The Method of Recording 

Of the arious magnetic recording patterns available. the one 
resul i1ng from the use of a•narrow tran. \er~e gap for both the 
writing and readin g he.id~ appears to ha\'e f1, und fa,ou1 for 
acous tic record ing. Com par.:d with the long1t uJinal-gap \anety 

' it seems likely to yield a higher digit packing factor, since a gap 
can easily be made narrower than its length . The high digit 
repetition rate required demands a high digit packing den i t~ . 
even a t the expense of a low track packing density ; otherwise the 
superficial speed may become excessive. Hill-and-dale record 
ing using a single sharp magneti zed edge near the surface ha~ 
not been tried . In its tra nsverse form it might yield excellent 
results, but longitudinally it would suifor the same defect as the 
longitudinal gap. For these reasons, transverse-gap reco rding 
has been used, once again because experiment showed that it 
was adeq uate rn ther than necessa rily optimum. 

After this decision a suitable head had to be designed. Both 
Bigclow 3 and Booth had used a singJe straight wire placed close 
to the plating. without an iron circuit , and they had obtained 
successful results. The wire must be very fine . ofO ·OOl 0 ·.00:!-in 
diameter, and it is therefore very fragile. Furthermore, the cu r
rent density required for writing is very high , and, if numerou 
d igits are to be written in succession. there is a danger of fusing. 
Another type of head used by Booth8 consists of a single v.ire 
threaded through a magnetic circuit which ha a defined ai r-gap. 
The advantages over the single wire alone are that the wire can 
be thicker, since the gap defi nes the recording field , and that the 
arrangement is more robust. The head actually employed is a 
development of this arrangement. 

l 3.4) Method of Representation of Digits 

In orde r to establish the two necessary states in each digit ~-ell 
of the magnetic m.:d1um, a me thod of representation wa · 
de, eloped which facilitated the use of -.tandard current amplifie~ 
and the single-wire type of head construction. In Fig. 3, plot I 

Plot I 

Pint 2 

Pht 3 

Plot 5 

Plot6 .LLJ__LJ~ 
Plot 7 

+ 
0 

+ 
( 1 

+ + I 

0 0 I 

Fig. 3. Digit represcmat ion waveforms. 

Clock 
Pllh~s 
Input 

nwnbfr 

Flux 
dittribll tion 

Stro~ 
puhe 

represen ts the I 00-kc/s clock wa' efurm of the computer. Plot :! 
c> n the same time-scale represents a number 110 I 0 I 00. A 
negat ive pulse of 6 microscc durat i<'n represents a I, and a 
steady zero level a 0. The magnetic flux distribution desired on 
the recording materia l is illustrated in plot 3. There are only 
two leve l ~ c>f flux intensity, correspond ing to saturation of the 
material in ei ther direction . A '"I" is· represen ted by a digit cell 
sa tu ra ted for it<\ fir t hal f to level A and for its second half to 
level B: a 0 is represented by the inverse. To generate such a 
flux distribution on the moving· magnetic material , a "write'" 
current of the same hape as plot 3, -... 1th the abscissa in the time 
o;cale, mu~ t he passed th rough the " write" head . 

The v.aveform described is of an essentially balanced nature. 
fur in any digit cell the two levels of the waveform occupy equal 
time perinds . The maximum degree of unbalance that can 
ou:ur i~ repre-ented in Fig 4 . "' here a succession of O's change 
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J' j I j 

I , •I ! 

l r-- -
_ _J LJ r---u l_J /,.,,, l._P I 

~~l H I &l !itfl 
,,., rl 

,, . , ., . The ro~ttl\C IC\d in the latter half of the l.1'1 0 is 
ntcnded into the firs t half of the fir t I , so tha t a positive levd 
111 twic.: the u~ual length is o bta ined . T he succeeding J's a re 
.1g.t in balanced. In exact ly the same way the trans it 1011 from 
1 ·, lo o· prod uces a negative level of twice the u~ual kngth . 

fhc effect of th i~ in a tra nsformer of dcx:ay period T. where T 
i~ grea ter than the digit pe'riod. is illustrated in plot ::! . O n the 
.1s\umption that the decay of level is linear with re pect t< > t ime 
the d1>uble level at ch;rnge-ove r will prod uce a fa ll of d, ,,,•, k t 

,,, ,,1 ,1•nnt1"I Th i' dl\pf,tt'Cfl'\'l'\l \\ill ht- l"ll11l f'lC ll\J lr1 111 the 
,.1 " \II~ ~ ) ~" ' in the ~J ~c rll u~ r, jt~ J . If the o l :1J11 111011 

"ere 11nmediatcly foll1mcd by a 1-0 return, then the ~h1f1 would 
l": ttnmeJiatcl compen"'11< .. '<l by the extra po iti \ e hift Jue t• ' 
the double-length negative Je,el 

The shi ft for a ingle tran 1t1un. as 1 1lu~ tr<1 ted . " the ma 1mum 
thJt can occur. fo r a imalar double-lengt h positive le el .,., ill not 
be produced un til o· a re again succeeded by J's ; th is imp hes an 
111tcrmcd1ary change from I 's to O's a nd the re ultan t com
J'lell'>ll t ing shift in the opposi te di rection . In the case of "write'' 
tran formers, it is therefore only necessary to make T extend 
•> 'er several d igit perioJ s, and to en ure tha t the twn a turation 
fc ,efs of curren t lie bel ow the r111nimum transforme r cu rrent a 
1n .- ig. 4. 

T he wri ting current req ui red in the writing head c;i n therefon.: 
he obui incd by standard tra nsformer matching wit h a rela t ively 
lo" current source as .,., ill be described in Appendi:ic 10. 1. 

The ind uced volta ge obtained on circula tion o f the e~tablished 
flu' pa ttern pa~t a "read" head of identical construc tio n to the 
" •Mi te '' he<1d is o f the form illustra ted in Fig. 3, plo t 4. The 
practical fo rm of t he "'aveform o btai ned is illustra ted la ter in 

Section 4 .4, and a theoretical JUStification of this wa \ eform i ~ 
gi\'en in Reference Y. 

Plo t 5 is obta ined by La k ing positive and negative va lues of 
plot 4, wi thout regard to magni tude, an d corresponds with 
eloctronic sq ua ring of plot 4 . Thi ~ curve is very si milar to the 
.. ,,Ti tc .. " iweform, except !hat it is of re versed phase a nd its 
tra nsi tions a re delayed: during repeated l 's or O's the delay is 
one-qua rter o f a d igit period . Plot 6 is a narrow strobe pulse 
delayed o ne half-digit perioJ after the clock pulse, a nd it is used 
to gate plo t S so as to del iver l 's only when plot S is negat ive 
Junng the strobe. Thus t he origina l number is recovered {sec 
p t I and can be recons tituted in standard form i'S in plot 8. 
Thh ult t admirable in all respects save one, namely tha t it 
1 half a d1 1t period too la te to be fed bacl into the rapid-access 
~tore . This defect is readi ly overcome by using a separate head 
fo r reading, advanced appro priately against the direct ion of 
rotation of the wheel. The necessary advance is about 0 ·007 in 
and a UJtable construction of such a double head is described in 
S«.1ion 4 2. The writing o f a si ngle d igit occupies a total time 
of one d1g1t period, which cannot begin until the ioput infonna-
11o n becomes available a t the beginning of a digit period . The 
ma rk that really represents the state of the digit cell is the 
di rection o f the reversal that takes place half-way thio ugh the 
d igi t pe~iod, when a pea k is produced in the induced "read" 

volt ,1ge. 1 h1~ .i.:u 1 1111t~ f111 the Jcla~ 1t1l'nt1un..:J <ib.Jve . 
1 '\<imina tion of plot ~ ;ind ti ,h,rns th.it the 'trone could br 
<id ,an~·cd nearly ••nc-q11a1 ll'r 11f a cli~i t rcnoJ with.iut l1iss of 
\l'llSC. il lme\·er . 11 I fit , \\Crl' d1 >ne. the tim ing 0r plo t 5 wou flj 
ne C trt.'01Cly <.:rttic.tf. ;and , \llll .. e t h1 ~ i' dcri\ed ftOlll the drum, 
ih timing <ll'pcnds cnti1t.:ly on the a.:cu1acy 0f '~ nchrnni1at1nn . 
A n1ax1mum lat itude ,,f · A J1gil l"ll.:rt od i ~ obtained .... ith J 

~trobe J digit '~ 1dc and Je layl'd hy half a digit pc ri d : or, in 
the pra..:t1c ..1I <.:.i\l'. \\ ith the rc.1J1ng ~igrJJI ad' :meed Pnc half
period . 

T he gem:ral cunrl u,mn~ '~h 1<.: h have been reached a! regarJ) 
thi~ method of reprcsentatr \>n of di!!ll ~ arc · that it makes pos ihle 
a rnnsidcrablc degree of l.irituJl' 1n ~ ynch ronizat1.in; that 11 
cna hle a d igit packing dcn"tY to be employed e\jual to th.H 
a.:hicved with any other . Y'tcm : and that both Y.rtting an 
reading signal · arc of a sutlie1entl~ narro" frcquen.: ) r,ingc to 
pcrmtt the use of transformer . 

t 4) .EXPt:R l.\f f.,' ffAL APPARATV 

( 4 I) The Magnetic l>nmt 

l h< l' h·cl ,k.d1•f'\ •1 '"'' thl 1>11~111 .tl e\ j1<.'1 1mcnts a nd for 
'ilbM"qucnt u:.c an the um1putcr 1~ 1ll11~1ratcd in Fig. 5. It is 
of 111-in diameter anJ .! 111 J.:cr at the r im. and was machined 
frnm .i L'Cntrafu •al 1.3, t1n in t'>1 ll n1e The central h ub contains 
,, ' -pha .. c indm:llon n10ll•r com1 ting of a n internal sta tor 
...:eurl'.d "' the nia .. ~ 1ve b.t<;c-pla tc a t the botto m and by the 
g.tntry at the top o f the axle . The squirrel-cage rotor i secured 
internally to the hub of the "'heel a nd rotates on two sets of 
th rus t ball bearing a t the botto m and to p of the fixed stator 
axle. The J6-in perimeter of the wheel accommodates th~ 
.! 560 digits rnntaincJ in o ne unit of the rapid-access cathode-ray 
tube store . T here are a furt her 320 digi t posi tions co rrespond 
ing to the 64 hlJck-out rer iods o f the 64 number ; these posi 
t ions a re wasteJ . The "'heel rota t.cs at a speed of 2 080 r. p .m .. 
rnn~trai ncd to nearly I 000 r.p.m. slip from the synchronous 
speed of 3 000 r.p .m . by the eddy-current braki ng coils wh ich 
arc mounted above the horizontal surface o f the wheel. Each 
digit is therefore scan ned in the required period of 10 m icrosec. 
and the complete uni t of 2 560 digits may be read in one 
revolution period of 28 · 8 mill isec : 

The recordi ng head arc held in d ose pro:ic imity to the 
external ri m of the wheel. wh ich is plated with a 0 ·001-in layer 
o f p ure nickel. The righ t-angle brackets employed to support 
the heads a re illustrated in Fig. S; they may be adjusted relative 
to the recording surface by means o f the micrometer adjustments 
la id in the base plate. A working sepa ratio n o f 0 ·001 in is 
maintai ned between the head a nd the recording surface ; variation 
o f this separation, due to ~ntricity of the wheel o r to vi bratio n 
of the mo unt ings, will produce modula tion of the a mpli tude of 
the pick-up signal . In order to eliminate these defects, the wheel 
has to be turned to an accuracy of less than 0 ·001 in in the 
11 t- in d iameter- -an operation which limits the width of the rim 
in the present case to 2 in . IJ the diameter is rsduced , then it 
is po ible to extend the width of the recording surface. To 
ensure absence of vi bratio n the massive base-plate aod rigid 
mo unting is employed, while the wheel is dynamically balanced 
on high-quality bearings. The wheel construct.cd in this manner 
is found to be almost vibrationlcss and to run smoothly for lona 
periods without attention . 

(4.2) Muldple ReconUac HeMI 
The principle of tbc single-wire type of bead design of Dr. 

Booth was found to be satisfactory and to lend il3Clf readily to 
the part icular design ~uirements of our system. As bas been 
explained io Section 3.4, it is DCCCSSaT)' to supply tcparate heads 
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for the prOCCSICS of reading and wrilin&. with the readin& head 
advanced by at lea t 0 ·007 111 relative to an identical writing 
head . This separation between reading and writing heads must 
be accurately controlled and, when a number of double heads 
arc IUCd, the separation must be constant within the limits 

0 ·001 in . 
The small-iron-path principle of the Booth head was employed 

in the construction illustrated in Fia. 6. A sinak "doutMe-hcad" 
unit consists of a ~ntral laminauon B of Rad iomctal, to both 
sides of which arc preued cupped .lamination A and C. A 
'iingle wire is threaded through each of the triancular cups 
fo rmed between A and B and between B and C. Two thin 
paper separating pieces prevent actual contact of the three po~ 
pieces and define a gap of width 0 ·001 in in the actual recording 
face of the head . The two gap5 in the recording face satisfy 
the dual requirement of a reading and writing head. If the 
writing current is· passed thro1.&gh the right-hand wire, flux will 
flow in the closed magnetic circuit formed by the B pole -piece 
and the C pole-piece. At the gap in the circuit , a fringing 
tield of flux will be produced, which, owing to the sharp edge 
pn.,-scntod by the C pole-piece to the B pole-piece at this point, 
will be a considerable proportion of the total flux which passes 
be1wccn the two polo-pieces. This fringing flux will assume a 
path in the magnetic medium which is moving past the writin& 
gap, and a magnetic pattern will be recorded . 

The flux produced by this recorded pattern will couple with 
the magnetic circuit formed by the pole-pieces A and 8 around 
tho left-hand wire. The extent of th is coupling will again 
Jcpcnd on the characteristics of the air-gap in the magnetic 
circuit. Flux developed in this circuit will induce a voltage in 
the reading wire and a signal approximating to the time derivative 
of the tlux distribution in the magnetic circuit wiU be obtained . 
If the magnetic medium is assumed to move from left to right, 
the reading gap may be considered as phase-advanced with 
respect to the writing head. The amount of this advance is 
controlled by the width of the central pole-piece B. In practice, 
a separation of 0 ·015 in i required. and it is obtained by using a 
single lamination B of the required th ickness. 

The ter ~prcces A and (. arc only 0 -005 in thick.. o 
that an Clltra b~ boundary-piece 0 ·02 in thick IS added to 
protect the asxmbly, ' hich i securely clamped at the base of 
the laminations. In order to muJtiply the construction, each of 

ll o.d I 

Brus 
bounduy 

p1e c es 

I 
Po I t-J)i ece A. 

Centre pole-piece 8 
Pole -piece C 

Pl.per sepanting p~ c.u 

Fla. 6 . Multiple !lead. 

the five components is cut before assembly with a series o( 
equid istant slots, so that each bas the fonn of a comb wit.b a 

· series of teeth equal in number to the number of heads it is 
required to fashion in one bloclc. The tivc slotted lamin.atio0& 
arc assembled in the correct order, and separate wiru arc 
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hreaded through both the "read" and " write" sides of the total 
number of heads forme<l . These wires are brought out through 
the spaces between adjacent heads as illu trated in Fig. 6. 

The width of the recording surfaces on the wheel is 2 in and 
a series of multiple heads based on the design described above 
have been constructed in blocks 2 in long. As experience was 
g.ii ncd . the number of beads (lCr block was increased from 9 to . 

2 The latest development is a block of 32 heads, eaca head 
beinii separated from its neighbour in the block by a distanoe 
greater than the width of one head. It is therefore possible to 
interleave the tracu of two blocks of heads on one wheel, giving 
a tolal storage capacity of 64 track per wheel. Fig. 7 gives a 

, t , , _._, 

I 

! 

Fig. 7.-32-unit mult iple head. 

Hg. 8. · Sin11k unat of multqile head lsc:ilc 70 : l) 

nerc1 I \iew of one complete block of heads while Fig. 8 is a 
. •!>C~•r I the recording race o f one head in which the reading 
1d "'"''"' gap.'> can be cleJrly distinguished. As can he seen 
101 th1 photograph the " 1dth of this head is le than 0 ·0 15 in, 

)C parat t0n hetwcen the two gaps. 
I 11 the models o f the 32-hcad construction so far tested , 

<."\.hanical failure in the com pli1.:ated wiring connections is 
-triCtl'.'d to ~ units in the ~2 : it thercfr•re eems po · ible that, 

when the design ha been furt her standardiL.ed, a reliable form 
o f construction can be a~hieved with these dimensions. The 
magnetic properties of the sepdTate head units arc entirely satis
factory, as the amplitude of the pi1.:k-up signal is h igh aboYC the 
noise level. It ""uld thercf1•rc appear that the lunit in 1i.e 
reduction ha not yet been re,.1ched. A further decri;asc: 1n sca le 
seems possible, though the problem of multiphclty of c n~ii 
in such a small pace, and the percentage of head f:11l ures m the 
composite constructaon, merit ce>n ideration re la t1 \e to tha t 1 ( 

individual type of head assembly. 
The ~pec1ally designed mounting brackets illu rJted m fa . S 

a rc employed to en ure that the recording face of the head i3 
held pa rallel to the 2-an recording surface. A clearance of 
0 001 in 1s mamwine<I between head and wheel. 

When it i required lo intcrle.ive two blocks of heads. vertical 
adJustment of one o f the bloclcs i necessa ry . This adjustment 
is 0 b1amed h mean of ii vertical micrometer attached to the 
upright f.ice of the mo untm!! hra ket . 

( 4. J) Writfna ud Rt8dJng Apparatus 

A block schematic of the equipment is gh-en in h g. 9. 
Signals from the ra pid...acceu store enter at A \\ith a waveform 

Input A 

Clock 
puhu 

Output 

Sh1.p1ng 
u111t 

·Rud· 
Uni\ 

Rea.dinf 
he&d 

Recordin( 
5urh.ce 

Fig. 9.- &hematic of " wnte" and " n.:ad" paths. 
Th~ ·' rt .1d '' un11 '" ' ' n 1>ts o f ~n am rl 1tW.r . .- l irru tt-r , .111J ..t '-l n .\bma u1111 

,IS tlh.J \l r 11ed m f 1,. . pl1> t :. . t h1~ 1 ~ ,, pc1 .,: , t •11 b) the ..:hx lo.. 
pulses !plot 1) tu ) ae lJ the wa\clonn of p l<•l ~ .It H anJ a para 
phase ve~1on of it a t ( '. • Both these wa veforms arc of amphtude 
90 volts centred o n - 55 volt s. The control "avcfurm on the 
grid of VJ ca n have either of two values: 0 volts o r - 50 \ o hs . 
In the latter case no curren t flows in VJ ; thc1cfore no current 
!lows in either \'I or V2 . and the "write·· unll is inoperati'e no 
matter what enter~ at A. 

When the tail valve is turnl'd on, a current detined by RI 
flows in VJ and tr.1vcrses VI and \' 2 accorJing as one grid or 
the o ther i~ the n1t1rl' p<1'> it 1\1: Th11~ th<' ddined cu rrent is 
sh uttled b.1ck .and f·• rth lx-t 1\1:en \.I and V2, a cord ing to the 
\\ct\.eform at D I. and C l. .mJ .1 u11ren t ha\ing this "avefonn 
tra):Cl"SCS the "'hole of the µ11111ary of the transformer Tl. 'This 
current i scn.;1bl ) dl'\ ,1 aJ 111 a d .c. cnmront:nt . 'The inductance 
t>f Tl is ~u .. h a, 10 )idd :t laa rly !!110d "1.:urrent transformer" 
,1ction, anJ '"'a l" lll rent ••I 'm1tlJr ''"J\.'C hape, but about 60 times 
the n>Jgn1tude 1 ""'' 111 1he M!1.:0n<la ry anJ i-; up11l1ed to the 
o,angle- turn head \ 1.1 I : f'wo t1 an former rather than one arc 
u ·d lx.""Cause the head impeda nce is \'cry low (0 ·01 ohm) and 
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requires to be stepped up so a · to compare"' ith the lead impedance. 
r~ i mounted very near the head; Tl cannot be mounted in that 
ro~11ion for a variety of reason , one of which i that the primary 
of "f.1 is at too high an impedance to tolerate the lc11d capacity 
a a shunt. 

The reading h.:ad is al'o of very low impedance, but here any 
loss in the le:Hh can be made up at small cost by additional 
gain in the amplifier : therefore only one transformer is used. 
namely T3 itu.ited in the pre-amplifier unit. This transformer 
is broadly tuned to 100 kc/~ . because it has been found experi
mentally (as might be expected from the waveshapes in Fig. 3, 
plot 4) that such re:.trict1on of frequency response docs not 
impair the utilit> of the 'lignal, and at the same time reduces 
noise. incr~scs the signal at the first grid, and permits some 
control of the tirnmg of the zeros of the output wave bf variation 
of C. Tuning must not be sharp-- a response not more than 
5 db dovm at 150 kc/s is o;atisfactory . from the pre•amplifier 

to one word by applying the appropriate waveform to the grid 
of VJ . For thi to be possible it is necessary that, when VJ is 
switched off at the end of a word, all significant transient currents 
m the head should die away before the end of the enruiog 
5-ditdt black-out period . The push-pull layout and the nature 
of the waveforms help greatly here but, to make quite sure, the . 
transformer decay time-constants are set at a figure less than 
50 micro~ and greater than 10 microsec, which is the greatest 
duration of unidirectional current-now. These t.ranSients prevent 
writing in blocks of le than one "'ord. There is no correspond· 
ing problem on the reading ide . as the output may be gated at 
will by the out"'.m.l tnm fer gate. 

( 4 . 4 i fa perimmtit I Results 

The oscillogrdms in Fig . 10 were taken w Jth an experimental 
set of recording head . Y.llh the 1l"ading head spaced O· 5 in from 

Fig. I 0. 0!>(:11logrdl11' 

the signals pass through a post-amplifier (concerned with track 
selection. see Section 5.21 w the mpliticr proper, ~here the out 
put has a wavef1>rm '\1milar to fig. 1 plot 4 , and of amplitude 
.1bout .:'O volts peak to peak . The sign.i i i~ then lim11ed fl> yield 
the form of plot 5 and gated to yield plot Det.11ls o f the 
limiter and gate and of T3 will be founJ in ppend1 10 . .:' 

With the equipment, signals from the rapid-acce% st n.- can 
be recorded in blocks of any length up to 64 numbers an l dow n 

the writing head. The reading head was placed after the v.nting 
head o that it was pos ible to read immediately what ~d JUSl 
been "'ritten by the writing he.ad . Owing to the large wnting 
curren b emplo. ed, panicular L<U'C had to be taken -V"n' the 
screening twocn th two head~ By employing thu1 con
~ t n.ict1on it 1 pos~ihle h > run th· whocl at variou speeds and. "' 
l•mg the ~~d is main tamed constant, a steady readma 1gnal 

n llt n bscn ed 
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Two test patterns were employed for testing the recording 
prope rties at various speeds. The first consisted of a s ingle I in 
a "Cries of O's, while the second was the number 00101011 IOOO. 
f he pu lse train represent ing this number is illustrated in la) ; 
thi · v.as fed into the "'wri te .. waveform generator. where the 
''aveform of trace lb) is produced . 

Trace (cJ i · an oscillogram of the .. read .. signal at the tinal 
.1m pl if~· ing stage in the "' read .. uni t : the recorded pa ttern is a 
smgk I , a' can be oh~c;:r'(:d fr0m the ingle 50-k..:/s ..:hange-over 
.:'.:le . The ou tline of the ~ignal '' hlu m:d 1:-.c..:ause this i a 
r .ho tograph o f 64 identica l "nrd\ rcLnn.kJ on the 64 'Pa~s 
.. :om:,r t•n dmg v.ith one trad : the hlurring is due I\' <.:} die 
a mplitude mt>dulati L• n . p rnhahly he..:au'e of the c..:..:cn t ncit) ,,f thL· 
d1 um . The amrli tudc o f the: signal at the minim u lll ptirtinh' ,if 
the 11111J u latHin cycle 1 ~ 26 \Olb . 

I r:i ..:c (d i i<. the rc;tding ~ignal o btained ''ith t he te~ t num~r : 
1t may he compared with pi n t 4 of Fig . 3 anJ 1t is seen 10 Pl • Ssc~~ 
50- k..:/ , and I 00-kc/s com ponents of appr0xima tel :r equal .impli 
t ude. The ~quared \\a\eform is d1,pla ycd alongside thr r, .. . 1111 11 
"gnal. . It may be seen tha t the amplitude modula tt l)ll 1>1 the 
rea ding signal d0e~ n,11 injure the squared vers ion . 

Trace (t') displays the s4uared versi o n of the reading signal and 
lhL· Jina! n:ading ou tput v.h i..:h correspond with rio ts 5 and R in 

t 1g. J . A negative level in the squared signa l at the N:g inning 
nl .1 d1g1t period relea~e~ a negati ve rulse . 

r racc (d and tdJ were taken while the wheel v.as run1 111~g 11 . 

,~ tK h rt in ism with the ..:omputer, at a speed of 2 rn<O r .p .m . The 
d 1g1t pad.1ng densi ty a t this speed is e4ual to !<O digit / in 111 
1• rdcr tu tc't the effect of increase o f J1git packing dcnstt), th1. 
" h1."l.' I may be run at half-speed and the same recording arraratu~ 
employed. Trace ( f) is an o~illugram of a single I recorded in " 
,11 <1.'C%1on o f O"s \~htle the v.hecl is run a t half-s pc;.--cd , an~ therc
i°t•re 1he pattern i;; ~ t ored at a digit den,ity o f 160 digits/in . The 
, 11,1rc ,,f the wa\'efnrm i~ si milar 1,1 that of trace (c ). which is an 
1d.:n t1.:.tl path:rn stored at 80 d igit~/in; the amrlitude, a;; wt>uld 
I><: e\pe<.:ted . "· h.iv.e\er . Llf o nly hali the magnitude of t r.i..:e tc) . 

The pra..:t11.:a h1h t · of thi ~ innea~ by a fac tor o f t\\l) in the 
Jigit pa..:king den sit y h a · s ince heen · fully t.e, tcd in the magneti..: 
~tl'rc of a la te r machine v.hich emrloys a v. ork in g den'<i ty uf 
166 d1g1ts / in . 

Th1:,c rc:s ult s do no t exhaust the rossibilitie ~ nf ex pe rimental 
1;1\e-,tiga ti o n but the~ sutli..:e to pnl\e the v. ork.ihtl 1ty of the 
,, ·rc: m . O ther poi nts tha t ha\'C been checked a re that the ne" 
111form.lli o n ca n be "' ritten in a ~ tnglc rnt.1t1on o~er ol d 1nfPrn1a-
11on , \\1thout rrio r demagneti1..ill ion. and that ~i ngk \\t1rd' , or 
c\cry ;iJtern,1te wor"d . ..:an be L·hc1 nged "ith11 11 t cra\111 i:: !he 
adJa..:ent \Hlrds, o r any part o f them . 

Trad. scrara11o n has al so been ill\e, t1gateJ . Earl y experi
men ts useJ track s 0 · :!5 in v.ide and wi th 0 · 1-in ~parat iun . 
These Jigures have been progressi ,ely reduced to 0 ·015 in v.ide 
-..ith 0 ·0 15- in separa tin11 . There i ~till rl\1 sign o f Cr<•s ·talk 
N:t,,een tr ;i..:ks or o f any tendenc~ to d;image the tracks on either 
\1de o f the o ne being written L•n . Thus the fu ndamental limit 
h.1s not been reached , but the difficulty of m a king the heads and 
a rr.ingi ng the lead' is nnw e .. erting a limi ting effec t. 

With the double typ.; of hea d co nstruction descr ihc<l . reading 
cannot take place during writing o peration o n the same o r ;iny 
.. llher track {when mult iple heads are usedl o wing to the cnupli ng 
effects . f.xperiments ' ' ith separate re.iding and writ ing h,·ad . 
a\ ta teJ in the .first tiart 0 f th i-; Section . have. hoWe\el . p1 11wd 
th.it wi th adequate screening it i' po-;-;i ble to approa..:h th,· l"- <' 
he.i d -; Ill " ithin 0 · 5 in of o ne another v.ithou t 1n tcrferenre . 
I hi, ~rara tion ..:orre~pon tls to a dela ~ of about one -ID-digit 
\\Md if a pact...ing dcn~tt ) of ~O d 1 gi t ~/in 1~ u!oed . and therefore 
111.i ke-; J -;ingle-v.Md regenerati>e lt>op po~~i tilc hetv.een a 
1c.1d1ng Jn d v.ri11ng head si tua ted tin one track . 

\ 1>1 . <N, PAR T II. 

t~l TRACK SHECTIQ:-.; 
( S. 1) Writing-Head Seltttion 

A selection ys tem for use with 64 reading a nd writing head -; 
was built and tested in the practical magnetic sto rage S) ' tern 
to be des..:ribed in the next Section . The se lect ion o f the \Hlltng 
head o n the selected tra..:k is performed hy a relay t ree of 14 reh1; -.. · 
w ith which it is po,~1b lc tn connect I o f the 64 "riti ng hc .1<1' to 
the common "' ntmg unit. 1 he tune nf -.ctting o f the I< l. 1\ trc,· 
e-.;tend . the t ime <1f .1 \\I 1t1ng .ipc:r.1110 11 ''' t>O m tl h "L 1•1 ' ' h1L·h 
.m milliscc are allov..: d ln1 the 1d a'' tv .. me to re t .i nd .lQ for 
the act u.tl transfer . It v.a' decided to c m rl ny rela y-; and a 
cnmm1111 \\Tiling unit in pla e nf 64 d1 t inLl '~ rit ing units, v. h1,·h 
\..oul d re4u irc 19:' vahes . The inctcascd \Ckct1nn ti me '~ JS 
prefrrn.:d to the d1<.,1d\ ;JntJ1:c' «f the l;iq,:c numhc111fn t r<1 , ,1h cs 

neede d v. 11h eled '''"' ·I ,, , ,, 
In pr at:lll.l' th rd I \ h,, , c r111 .... 1 \ d\ re11 11-> 1, .1 r r~ . I 111111-.. 

h<He been t .1~en t1 • J'nlld the 11 111 , cni.: ri1 "' 1..ont .1< 1, .p.h~ing 
c urrent a nd \n reJ u..:111 g v. ear . D u pli ..:.1tl(ln 11f <.:< H1l.1...t' ''.!' al~n 
,·arricd 1•u t to reduce inte rmi 1tcn l failure~. 

r ~ ~ l Rrading-1 lead Selection 

Each re.id tng hea d i ~ c1, upled to a p re-a mplifier, ao; dc-;cr1bed 
in Section 4.J. Thl' <,i;le..:1 1nn 1•f a track 1 · perfo rmed hy gati ng 
the 0u tput' of the M pr..:-.1n1rht icrs con nected to the reading 

"·"' ' rhe rre -amrlifier' arc grouped in four hluck~ o f 16 eac h . 
I he l lUl[lUI of L'ac h hl . i "j, ta~en to a grnur of 4 r o,t- arnplttie r ' : 
the ,, u tpu t of th1 ~ bllld<. i fed to the ..:ommon read ing unit. 
I he th ' a lves in eaL"h pre-amplilier bl.x·k ha\e a L·ummon a no de 

l11.1 J . . ind all the \ <J he& exce pt tine are biased on the ir su ppressor 
grids Ill 100 volt ~. St' tha t only o ne sdectcd valve J raws 
anode ..:urrcnt. The 'upp re~'t'r \'t1 lt:igcs a rc ..:on trulled by a 
hanl.. 1,f dc:codmg \.li ve' 111curr0ra tcd in the magnetic contro l 
.:1rcu 1t <. 

Tht: fo 111 '1g11.11, of the f11 ur t rack~ 'dccted by the bl ock of 
rrc-a mpl1ii l.'r ~ .ire fed t11 the 11l '' t -amplilie r~. "hic h a rc o f exactl y 
\1 1111 1.ir .:011st ru.:t1on One ,, f the r11,t-.1111plif 1cr' is allimed to 
d ra v. anode ..:urrent anJ t hL· ~lected signal 1~ fed fn1111 the 
cvmmon an ode loa d tu 1hc rc.idlllg un it. The uppressor 
sw itr h ing of thest'. i111 tial t.1gc~ rc,uli- 111 a ' urge o f 2 milli-;ec 
dura tio n a l the fi nal a noJe A dela: in sckct inn o f thi ~ dura tio n 
h.is tu oc inco rpora ted in th t" ti me of a readin g tr;insfer to nwer 
th1 , 1rrcgula rity . In the pr.icttcal ~~'tcm t h<' n1~ting dela y t• f 
30 millt!>t'<.: 111c11rr <'I atL·d 111 thc " rit 111g tr;111,kr 1' empll)~ed 'u 
that hot h reading .ind v.11t1ng lran,fcr~ <tt.:L ll f': th :..1 mc time . 
The ..:1rc u1i- of the r rc - .rnd r <•,i · .1 n1pli1 1c·" are i::i,·cn 111 
A pp1.'ml 1' I 0 ~ 

1!•1 l'l{.\( 11< \I. '-' "-Tl-.\1 

A magnetic Sl•' rL' \\.l~ hu tl t 111 h • the c' \t, t ing C<•lllpu t ing 
maL·hlllc to pro<lw.:c a la rgc-'><.-; tle ..:om puter. tu It \\ ii, tk..:ided 
to fu rni~h a ma,1 nwm inte rmediate tu ragc capa..:tt} ,,f (l-f 1r.id.~. 

with e .1..:h tr.id .. L1111ta1111ng 2 St-0 d1g1h. Thi' \IL•rc v.a5 i.1 \\Ork 
in conjun..:tio n '' ith a rap1d -a..:cc·~ - ..:a th<' de-r.i) tube lure o f 
to tal rnp:.i..:i t) 5 120 digih . JI\ 1ded bc t\\ce n 4 ..:athodc-r:l\ tu he, . 
The bl<>Ck schema1 i..: ul the: ,,rgan11a t1un of the stores is shu\\n in 
Fig. 11 . The rap1 d · :1..:..:es' ~ t ore i' di' i,\cJ into two unit . eac h 
un it c o nta ining t\\(> ca th11de-ra) tubes. T he in terl]lediate ~ t ore 

..:nns isb of two I ~ -in magnctiL· v. hee ls uf iden tica l de~ i gn to 
th e>\C rrc'i,,u-; l:r des..: ribed Although 11 i~ pos. 1ble wi ih the 
d 11 nen ion of head u~ed to contain 64 t ra..: b o n o ne "heel, it 
v.a dec1Jcd ll1 u-;c l '>'o "heels 1<1 fu rn 1 ~ h d a ta e>n the pro perties 
of a multiple-\\ heel ' )stem Lic h " heel ha' thus l::'. t ra ..:t... ~ on 
1l ~ surface . The inter oupling betv.e.:n mtermed 1Jtc a nd r.ipid
ac..:es stores 1 so arranged that the ..:on tent ' nJ all) t rac k ma~ 
be t ra n skrrcJ 1•' either ,,f the t\'t.' sto re~ a nd tha t the t rat" I.. 
may be furt he r o r!?a niled in c:ither o f the t\\ o tu lx·s 1n each tore . 

P./30 
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" He .~ ( 

Iii 1" )... - c1 11 t 
.__ _ _ _ ._...,\'n: f'n 1·111 · 

I l '\..1 11 1 l h h .. k. 
P.>!o(•• l 8 

' tore' I 

l'dg~3 -E) 

Mach me 
control 

FiJ! . 11 .- S.:hemat ic of magnetic tore 

1-.1ch wh('C f h,1, a '\eparate ;;cr\0 'iyslcm a '\ ind icated . The 
rc.1Jtng and \\riling in:uit are, howe\er. 1:0111111on to bo th 
\\ hc,·I,, .ind the 1:ircuit '> for reaJing. writing ..i nd selection are 
iJcnttc..il with th o<>e alread y de '\nibcd . T here arc two channel ' 
f,,r 1nfo rmali l>n l'C tY. een thc magnetic <ind 1h'c rarid-ae«.:c'<;~ 
st.in: : the inwa rd lranskr channel a long \\h1.:h inl«1rmat1nn 
g.11 cJ b) the c1u1ward transfer gate o f the 111 a~nc1i1: stt1rc 
tra \el to the ca thode-ray tube sto re a nd is ;idmi11ed th rough the 
1nw;ird lramfer ga te : and the ou tw<ird transfer channe l Y.hich 
has two gale'\ to ca rry out the inver e functions. Transfers arc 
la l-oclled relative tu the rapid -accc ·s sto re. which is the Y.Orking 
nucleus of the mach ine. 

The unit bf transfrr i one tra k o f informa tion. and the time 
of transfer of th i' unit is 1 mil liscc, . the period of re\ 0l utio n of 
the Y.heel. C0n1 r1•I of :ill l ra n'\fi:r is en ti rely aut omatic :i nd i' 
a corn plished by the .1 Jd1ti <•n of a ma gnct i1: w nlrol unit lo the 
e\iqing main cnnt rn l unit ,, f the machine. A nc" '\cries 0f 
in tructi11n;; , k1w w11 a\ "magnetic Ill . truc11u ns." is introd111.:ed 
tu nwti\ale th magnetu.: nint rul , e~ a t i~ '"ordinary m;Khinc 
in;;tru.:-t1t1n, ;m: ft:d ,, the m.1111 cnntrPI. The diffe rence bct \\een 
the t n t~J'l' ' cif 1n, 1rud1 on' ., 111a1n l~ one .of time . 0 1d111a ry 
11.1d"'1e 1n,t 1 ud11 >n ' t..ikc onlv I · 8 rrnlli,ec .q1.1rt f1nm mul1ir li

, .. 11 n. wh1 k J ma1met1c transfer oc1:up1es 56 ~ il lt-.cc Fr<'m 
th ar •u mc n t~ ..ilready stated in Secti0n 2, this di,rant y of time 
1 ba la nced becau~e magnetic inqructions are demanded al <' nl y 
tnl re iuent intef\ al 

In orde r lo f.1c1ltt.1te sen icing. a unit was built into the transfer 
"'em whic·h cn.1hlcd every digit in one of the ra rid -access 
i,, re~ 10 1'e ched .ed agai nst the corre~ronding digit on a selected 

tr:ic·k. A non-eq uivalence was indicated in a binary co unter 
\1 h1 ,·h ct•uld ,·11un1 up Ill 15 successive n11n-checks. Oy repeatedly 
chec ki ng a 1rad. against a tube O\'er a period of time, intermittent 
fault could ra pid ly be detected in either sto re . A tesl p ro
gramme was a l o constructed to check the actual mech:rnics of 
the \ arious po ~i ble tran fer operations . Ry applying these 
maintenance technique it was possible lo run the machine fur 
an e'tended reriod with little attention to the magnetic stt1rc. 

The magnetic sto re itself. excluding control circuits. contains 
I ; 1 pent<,des and .'5 diodes. while the e~tra cont rol cirrn its 
1nllttde 140 pentodes and 19.' diodes. 

(7) C01'Cl .L'SIO~S 

The n1.1gne1 ic sy~tem outlined in the previous Section 11as 
incorrora 1ed 1n a ptlo l. bul full - cale. n>mpu t ing ma chine . 
"hich wa~ run con 11n uo11\ly f,, r a pe1 iod of 9 months. The 
m:nimum ca p.1ci ty ever employed at one lime was 4 track,, a 
to tal caplc1t y o f I :!O 000 digi ts. During the period ,,f te~ l . 

info rmation was tored fo r six mo nth ' \\ ithout renc1\ a l on 
certain tracks "i n pite of the fact that during this pe riod the 
bea ring! were replaced in the y, heel concerned . 

The fnethod of ynchronous cont rol ha been shown to allow 
grea t flcxihility in the organization of the torage S) stem . 

A n ickel recording medium has been tc\ ted prac tica ll~ and 
has been found to store digi tal informa tion \1 nh no deteri o1.11 ion 
and with a packin g den'H 0f , 0 dig its/in . hpcrimenl ' ha ve 
ind ic;i ted tha t a packing density of dou ble this value is p r.ic t icab!c . 

A low-impedance single-wire d0uh!e-head has ocen devel0pccl 
to meet the requirements 0 f the sto rage stem . The head 
width has been red uced to 0 01 5 in anJ stall fou nd to funct111n 
a tisfactn rily . A mu lti ple form ofcon\lruc1111n ha1, been d.:"i,:ncd 

wit h \\h1 h 11 1~ ro~'ib l c 10 cmp!uy 64 t r,1 k ~ rn a to l.al Y. idl h 
o f 2 in. 

The phase-modulation me1h0d of d1g11:t! rerrc~<" nl :t ti0n h.1• 
been de\'eloped to facil itate the use of ~ingle- \\ ire head, . It 
has been fou nd to operate <;al1, l°;1c1only " ith high digit p:icl-in~ 
densi ties. 

(8) ACh.:"'0\\ LEl)( , \1 , ,::-, 

The au lhN . wi-;h to ·acknol'lcdge th tr 1ndt.'b t l'dlle'!\~ to the 
Chief Superintendent, T .R .E .. fur f.11. Jl 111c~ rri iqded Jur in • th.: 
research; to Messrs. Ferran ti Lim11ed. \\ hl> Je,1 ed .1 , 1 ..:nn

strucled the wheel : and to !\Ir. J <. \\ e\t B ~ . Ir n II l1 . 
Ed Y. ards, I .Sc., and Mr. A . ( 1led,on. fcir their "' r ~ d u1 1n 
this research. 

!'JI IU:Fl::Rf.M l-~ 

( I ) WILLIAMS, 1-. c .. Kl L BLR.'- . T .. and Tcxmu., <..i . ( . 
"Universal High -Speed Digita l C.:omputen : A Sma ll 
Scale Experimental Machine," Proc1'edingJ 1. £ .F. 1951. 
98, Part IL p. I 3. 
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t:!) W1LK~s . M. \ '. : " The Design of a Pra1.·tic.tl H1gh-Sreed 
Computing Mach ine: the I DS·\ C. " /' r"c< 1·diw.!1 of 1hc 
Rom/ Sorict r . 1948. 195, p . .Y15 . 

( I U<l< •11 1. \ I> · \ \l .i . n.: • ' D 1 •1td l t •'r. 1~· \ , 1cn1 
J- l11 i t <' lll < ' '"' l ll1'1fll" l ··l l 21 .p •1: 

fl ) H11.r1 o w, J . H. : " 1-irst Prog1es~ Re r o rt o n a \1 ul ti -Channel 
\-1a gnc tic Orum Inner \l cmo ry fn r use in l· lcctronic 
D igi tal Computing Instrument s." Institute for Ad, a nced 
Stud . . Princeton . J uly. l 1J-t ll <Fkctronic Computer 
Prn1c..:t). 

<')) T 11 · '' ' ' <; I : " .'\ \ la)!nc11" "'·'' ·' •'C <.., ~-irm fo r use \\ llh 
.111 I k·,:t1 •n1..: Digital t ->m r il c.' r ... \I s,.-. Thc~ is. Uni
' .:1 , ;, .. r \l.1 11.:he, tc r 

(l fl) 1' 1111· 11 ..,; , T : · l ~c.: l ni,c:r •I• \ ,,, 1,\ , t • I n1 , u 11 

I I 11! h- :-i rced D1i; ta I < 11111· " 1 I." ti 11« · \ . , .. 1 <>-t1J , 
1114. r. ~~ 

c ~> < 0111-.; . .\ A .. a nd KF YF. W. R .: "~ l c..: t1 \C ·\Iterat io n of 
1)1 •i ul I >a ta in a \1 agnctlc Dru 111 < ·o mputcr Mcmriry," 
RcriL' rt fly l.: ngineenng Rc.,carch ·\ \ 0.:1.ll ' S, In..: .. to 
Ollice o f a val lfr~can:h . I )e,·c.: :nt>cr. I l).P . 

11111 <\l'l'L 'OI < I· "> 

''' Krn<~t:J. 0 . : " Survey of !\fagnc t1c Rc.:curdrn g." i\n n.1 h <>I 
the Comruta tion Libo ratory . lf an.1rd . Ser t.. J< q . 
vo l. It >. 

( I tl . 1) \\'riling \\ ;n rform c .. m · r :1t 11r (! I!,! l 21 

t h> Sml'l'A IW. C. B. : " Memory De ices ... Th.·ory and ·1..:ch 
niqucs fo r dc~ign of I lectron1c Digital Comrut c.: r~ . 
Moore Schoo l o f Engineering. J u l ~ Au gu .,t, 194(>. , ,.1 ' 

(7) WILLIA'.fS, F. c .. a nd "I H , J . ( ": " The Po it1un :-,, ll · 

ch roniza tion o f a Rotat ing Drum," / 'r. i.·""' li11g 1· l .f-. F . 
19~1 . 98, Pa rt II, p . ~9 . 

l'hc unit con i ~ t s cs.;cnt 1all\ 11 f , , f11p-t1 .. r ur ... u1t 1\ h1 L·h m.i ' 
b<: t11gga.:-d by a rcrc t it i ~e tnq:l' r 1111 1h.: '" '' •de' .1 11,I ·"'' ' i-, , 

a ....:-1ic.: ' t' gated trigger r i1 ' un t>. >t h C1' 1l l1 11I 1•1 1J ·\ 'l'L·,1.11 
\\ ,l\ l'flll m J..nown a " d ii;i t q11 .1r · v. .i vc" is i; , nc r.1tL'd c\l c.: rn.tl 
11• 'ic un it. Th i' \\, tH»-i r 1.; h" wn 1n l'l1 1t I It Ii ,, .• 1·, o11 1d 

,,f l lJ microscc and 1t' Jnint cd,!l m .1 • 111<1\ t:d 1L·l.1 t1-c t" the 
lx:g111 111ng of the.: Ji g11 period a ~ dcl 1ncd n' the LI' " ,11 the 
cnmputcr. Thu~ 111 l'lo t I th.: 'cp,1rat 10 11 / . 111 1..: r.i-c,· 111,1, he.: 
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controlled between 0 · 2 microscc and 6 microscc. The wiJth 
of the square wave may also be controlled and a true 50 : 50 
mark/space ratio obtained . This waveform is now employed to 
izenerate two sets of repetit ive trigger pips. Considering the 
anode trigger pips first, the square wave is differentia ted with a 
100-µµF condenser and I 900-ohm differentiating circui t a nd the 
negative spikes are applied to both anodes of the va l ve~ VJ ;rnd 
V4 by the diode~ D 10 and D 11 . The diodes 09 and 0 I 2 
remove the posi ti\e pikes and limit the fl ip-fltlp ciru1it' . ~" ing : 
the triggering \\>aveform is then as shown in Plo t 2. I he acti1•n 
of these trig1,.rer pips o n the Rip-flop circuit "'ill p roduce .1 h.1h ing 
"a' eforrn of ~O-m 1c rosec period . 

The difk ren tiatcd digit square wave i ~ also aprl ied l•• \'I \/I 
i~ norm.illy cu t-off by the 20-volt positi\e bias on the l-.1th1>de . 
The iwsitive 'Pike; of the differentiated grid wawfo1m turn 11 11 

the \al ve for a ~ma ll per iod and the valve "bott om< " The 
;,i node \oltagc 1s caught at • 5 volt and. when the valve 
" bo tt o ms," a 60-,olt nega tive spike is produced :" shown in 
Plo t 3. These trigger pips occur mid-wa y between the a nc>de 
trigger pips and they arc applied to the grids of the \al ' e~ V .l 
and V4 by the two diode gates. 

Consider the g:i te attached to VJ . The gate on''' t ~ 11f an 
" and" ga te in diodes OJ and 04 "'hich is co upled to the grid of 

3 by the d iode 05 . The anode of DJ is fed \.\1th repctiti'e 
trigger pips. 04 is fed fro m input 1 by the \.\a veform shown in 
Pi nt 4. Thi · is the ou tput I from the inward tran ,fcr gate an d 
represents the in forma tion which it is desired to reinterpret. 
h >r a digit period contai ning a 0, the anode o f 04 is held at 

5 volt~ a nd no trigger pip passes through the gate. For a 1. 
howe,e r. the anode is taken to 20 volts f'i1r 6 min<>SCC 
and . when the anode of DJ goes negati\'e , the ca th,ide \\ill 
fnllow and a negative pip will be. applied to the grid of VJ 
th rough 05 . Thus, O\.\ing to the variable delay /., the edge o f 
the Jigit square wave and the trigger pip produced by thi., edge 
may be o rientated relative to the digit pulse. 

In the case of the gate attached to Y4 an exactly si m ilar ;i1.: t10n 
occurs. but the gating waveform applied to the anode of D 7 i~ 
~hown in Plo t 6 to be the inverse of tha t a pplied 1,1 the 11th.:r 
gale, and a trigger pip on the grid of V4 is obtained for e\cry 
pip that was " gated out" o n VJ. The complete set of tr igger 
pips applied to the flip-flo p circuit arc now sho"' n in Plms 2, 
5 and 7. 

· The resultan t o utput waveform is illustrated in Plot 8 fo r 
o utput 2, derived from the anode o f Y4. In order to tra1.:e the 
formation of this waveform, consider the first trigger pip sho wn 
in the plots drawn . Thi pip is applied to the grid of Y4, so 
that the anode o f V4 mus t rise to its positive level at this instant ; 
S microscc later a common anode trigger pip is applied a nd the 
nip-no p circu it reverses its sta te so that the anode of V4 falls to 
the negative level. The next grid trigger pip is applied to the grid 
of \'3 , which is however already " to pped," so that no change 
ta kes place. The complete forma tio n o f Plo t 8 may be traced 
in this way from the sets of trigger pips drawn . Fig. 10, trace (h). 
1 a record of this output "'aveform derived from the input data 
"hown in trace (a). ' 

This output waveform is identical "'ith that required for the 
pha -modulation me thod o f digital representation which it is 
Je 1reJ to use. The phase of the wa veform obtained i ~ delayed 
t>~ a tune L n11c rllSCC from the input information . This delay 
may be o nt rolled bet"'een O· 2 microsec and 6 microsec by 
arying the phase of the digit square wave, for the trigger pip~ 

may be gated a nywhere in the 6-microsec extent of the negative 
pul<;e reprc:.ent ing a I. It is useful to be able to introduce a 
controlled delay into the "'riting pa th which is required to 
compensate the excess phase advance in the read ing path . 

The anode wavefonns of both valves, VJ and V4, a re d .c . 

re tored below 100 V and applied to the grids o f t"' o powerful 
cat hode follo\.\cr~ V2 and V5. The two phases of the out put 
signal are thrn frd to the writing unit. 

( I 0. :!J Pre-Amplifiers (t-ig. 13) 

A pre-amplifier i' emplo ed to ra ise the vol tage le \el l>f the 
p11.: k-11 p signal 1< 1 a lar~er ampl itude a nca 1 the heJd as po-;,ihle. 

. ~Ill)\ 

-~:- 11 <,.! L. 
ltlm ll~-.....,...~ 

:J· 
1111"•' I -. 

Tu 1<! p1 • aniµl 111erf 

4 70\I 

Pos ·&mplifi•ra 

s~le•1 ion l 

+ 200\ 

R·lk2 

11.. Q 

Ou put 

8lµµf 

Fii: . I~ . Schcmat i..: of pre-.1mrl1ficr .rnJ ro,t-,1mplitic r. 

It is also convenient to emplo~ the pre-am plif ie r for selcctilln 
purposes . The signa l from the reading head is fed to the 
p rimary of a tep-up t ra nsformer ; the o utput a mplified voltage 
is then applied to the con trol gr id o f a min ia ture pcntode. The 
anodes of the pentodes asso1.:1atcd with ea1.:h track are ma{]e 
common a nd ta ken to an a node load of 1 000 o hms which 1 • 

decoupled from the h.t. su pply . The su ppressor grids of all 
the valve are taken to 150 \Ol t . except for the valve associated 
with the track which it i required to select. This suppressor is 
connected to earth, and curre nt is a llowed to now to the anode 
of the valve concerned . The o utput ignal obtained at the 
common a node point is :in a mplilled inverted ver ion of the 
pick -up signal o f the se lected track . The input transformer 
con isted o f a I-tum prima ry co upled to two 175-tum wave
wound CQils on 25 laminatio ns of type SOOT Mumetal lamina
tions. Se~arate screen voltage upplies were a ttached to each 
screen grid . Cathode bias was upplied by a 150-o hm resistor 
and a 10-µ.F by-pas condenser. The anode load employed was 
reduced to I CX>O o hms so that it was capable of d riving a con
siderable length of connecting cable to the next unit. It was found 
in prac tice that . owing to st ructural irregularities in the head s. the 
phase o f the readi ng signal fro m various heads d iffered slightly, 
and some degree o f compensatio n co uld be a ttained by placing a 
small condenser o f 10 to 50 µ.µF on the input gr id of the 
pre-amplifier. 

The principle of individua l pha'\e adju tmcnt wa in1.:urporated 
in the des ign illus trated in Fig. 13. The inpu t tra nsformer has 
a large turns ratio and is tuned on its secondary "'inding with a 
100-µ.µ.F variable condenser. The inductance of the !eeo ndary 
is 40 mH and the tuned ci rcuit has a high effective impedance a t 
reso nalX'C . It i clamped with a 220 (X)()..o hm resisto r so that a 
mea ure of phase control IS obtained by ariation of the tuning 
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ca pacitance . The coi l is well screened in a dust -core coil 
former . S-... itching is controlled by the uppressor voltages . 
I he screens are fed from a common · 200-volt line so that no 
hc.:at-di . 1pating screen resistors are employed and a miniature 
fn rm o f construction is facilitated . •A I 000-ohm common 
• in<•de loJd provides a sui tably low impedance for driving the 
L >nnc tin lead to the post-arw.ilitier which follows . 

fhe design of the post-a mplitier illustrated in Fig. 13 follows 
the ..ame line . The coupling to the grid i a simple a .c. coupling 
ol 'u1wbly large time-cons tan t to pa · the max imum frequency 
(IOU c/ I. Sek'\.·t1on t•f any L1111t may again be perfo rmed o n 
the \uppre~.\ )r a nd .l IO\\ a nod load 1s employed to drive the 
1gnal Jlon~ the c.1 hle to the n:ading unit. 

- JIH)\ ' + \11\l \
0 

~ 300\. t.l\IOV 

Rl6 
RI S 

Hl 

and a measu re of pha~ control is al o o btai ned by variatio n of 
the 100-µ.µJ · tuning condenser . The signal 1s further amplified 
in V.2 to W volts amplitude and the signa l fed to the clipping 
stage VJ. The pick -up signal deri ved frum the standard test 
pattern is illustrated in trace (c) o f Fig. 10 . 

The bias resistor of 4 700 o hms in the c..1thode o f V 3 establishes 
a positive potential on the cathode. Consider the anode
connccted end of the 4 7 000-ohm grid resi~ t or o f V 3 to be taktlll 
negati ve . The grid will tend to go ne~ative and therefore the 
anode ~oltage will rise positively. Th i po 111ve ri se will be 
transmi tted back ll' the grid th w ugh the 100 000-l hm feedback 
resistor and 0 · I µ.F co nden<;er , ~o tha t the change of ~rid voltage 
will be compe11.<;;.1ted and the gnd \ n lt..1 gc ~ d i be held within 
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I he tir't l\\ t• <; t..1 ).!e' 11f thl· uni t am phf) the inp11 t ignal frnm 
•he pn-i-:1m phl11.: r. \\h1ch 111.1\ nr rna~ no t Ix inc11 rporated in 
he 11111 1. tt> a , ign;tl ,,f ~() '" l b am plitude a t the an1•Jc 11f ¥ 2. 
I tie l•I m of the 1e:id1ng ~ i~11al Jt the anode nf \'~ i~ 'ho wn in 
I.i t I . The anode loa d of \'I co11si~ t ~ t'f a heavil y damped 
. ~l- k cf- re<;onan t circuit. Th is cir(u it tilters nut any hi gh-fre 
.i.:ncy pick -11p whid1 m:.iy have en tered in the previous stages. 

the grid t>a e o f the \ahe . A n1 rrc n t \\ tll 1 h~· 1l' f1 1re n,n, thrnu~h 
the 47 000-1,hm resistor fr m the i;11d t" the anndc-'-·, , uplcJ cnJ 
·1 his curn :nt muq !low through the J 111dc D ~ . , n th;1t th<.: .11hHk 

of D~ will be held at the !,!rid r 1,ten11a l. whid1 aprn•, imak' t,• 
the cathc,dc pn tentia l u f 3. Thercf1n , \\he n the applied vlllt;1 g.c 
at the an,1de ,,f :! goc.:~ negative atx111 t " mc.111 level. the •'ll tput 
vQltage is held slightly ro~ 1 tivc When the input ~ n lta ge i~ 
positi ve . c'(ac tly the same feedback action occur and the d111dc 
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DI " ,·nnduc t i, c . The cat hode of DI i~ therefore held at 
,, 11i,.,,k r u ten u .tl . The ro1cn1 1a l at the tarping point "ill he 
• 'Pi t~ nll lre nc)!;11i'e O\\ mg ll1 the constant voltage drop across 
the ~ 7tX>-ohm .:ompo11c11 t in the chain. Tht>refore . when the 

•• lt .t!!C a t the .lllt>lk 0f \ ' 2 is posic i,·t' rel a tive 10 the mean lc,cl. 
ch n .1 \ Olca i;r ,,i 7 ,,,Jt' is produced al the l>utput. Thi. dfecc 
" illu,1r:11ed 111 pl ••I ~ The ~ l ope 11f the .:h :rngc-cwcr edges of 
tl ' l: " ·" l·f, irm i' linite ,1"'mg to the 1llrn- ideal d1ar..icteri~tic of 
111,· .l 1t>dl' \ I >I and 1>2. 

l'h " " ·" ct11 r111 1~ applied to the griJ of \'4. The ~u pprc~'o r 
""" ll.' hed h} .1 1111c stro be pulse generated in V5 from a negative 
.L1•d1 pul,e ·\ 11cg.,t1i \e da h r ulsc of the form sh0wn in plo t J is 
d11 krc11tia1ed "ith a ~6 · /L/ d ..:o ndenscr and 150 000-ohm resi, to r 
1r1u111,·d Ill .100 , ,,I t ~ . T he narrow ncgati'e spike produced i 
.q1rlicd In the contnd g1 id of V.'i which ..: ut~ the \'Jhc oil' for a very 
''''" 1 pc1 iPd ,,f k ' than I-m i wsec duration JI the beginning 0 f 
iht: d1 ,:i t p.:riPd . A po. iti,·c . go ing p ulo;c 1s produl'Cd o n the annde 
.ind arrlied In the ~upprcssor grid l•f \'-l, lx:ing ca ught hy a 
c·,· 1111.1111um cry, ta l at earth poknti;il. V4 is therefore ;ii lowed 
,, ;1 .1 " :111l1Je curren t for 0nly a short reriod at the beginning 

of ea.c h digit period. If the control grid of V4 is posi11 ve when 
the strobe is applied . \ '-I is "bolt o mcd " for the d ura ri on of 
the strobe. If the grid i · negati\e , th.: anode remain ' at 
.;.. 50 ohs. caught b'y the crystal. ,\ 11 .:gati ve spike pwduced 
on the an0de of V-l pulh the po tcnti.11 of the 56 - 11 /L ~ condenser 
down to · 10 volts th rough the c1iode DJ . The rnndcnser 
remains a l this P<'tential until it i.' pulled back to · .'ill volt~ 
potent ial hy the ne.gati\e-dash waveform gcncr::itcd in \ '(, The 
condc11~er voltage is fed lo the grid of the cathode foll o "t:r 7. 
The rc 'iulta nt action ol the s t ro bing mechanism is that a positive 
level a t the grid of V-1 durin g a strobe instant produce~ a 6- micro
sec negative pulse at ' the l>urpu t. while a negative level leaves the 
output signal unchanged . The resu ltan t ou tput signal obtained 
for the test pattern, employed i-; 'hown in plot 5. 

ll l'i lk~irable for the s tn•hc pulse to lie in the centr e of the 
ro iti\e and negat ive k cl · of the squ.m:d ~•gnal as ilJu,tratcd 
rn plot'> ~ an d 4 The re i a ~ ~ - mll'ro tolerance o n either 
side of the t robe when the ystem i-; a dJu ted in th i~ fa,hiLin, '" 
tha t an temporar dhrta , n 11 ul rhe ph 1n , 'uch as tha t 
caused b a ~ntrn11 l• fX 1J t1on ·1 c•"l'red 

fl he di~ussion o n the alxl\e pape r "'II he fo u nd on pai,.'t'. I ~O . ] 
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