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M-144 

INTKTXJCi'nN 

Electrostp.tir storage tubes have been se lected fox the 
high-speed Interna} menory of the Whirlwind coiiputern. The tubes 
tre of tho deflection type where a cnthode ray beam writ33 on a 
d ie lec tr ic surface 2oth plus e^. minus signals are real out of 
the tubes represent ir./v the d ig i t s 0 and 1. Signals pre stored 
permanently and are maintained b;r a holding gun. 

The prestnt tube status now l ie ; between the research 
and the development phase*. Larse output signals of about 0 . 1 
voLts for a reading tii.-.e of 3 microseconds has been obtained. 
Signal- to -noise ret lo In most cases Is excellent. The spacing 
between stored chMges iu good but should be reduced somewhat. 
ChangeB in gun current, the d i e l e c t r i c thickness, ant1 the fecor.dary 
emitting material ihould be made to reduce the writing t l i e from 
the present 20 to tO microseconds. Better independence of control 
on stored charges it desirable and techniques ee-m available for 
(Chleving ladopsttdeat control. 

One tube h.ns recently been tested which would store 13 
data points la a tlxee-ou'-rter inch diameter c i r c l e . Tests on 
tube l i f e and the H f e of secondary emitting surfaces ere under 
v/ay, but result3 h/v=! r.ot yet beau obtained. 

Volume 9, H-109, summarizes the storage tube program 
to date. KemorandrjB C.-130 discusses ŝ me results obtained on 
one of the f i r s t c n / iote 3torarT tubes. Better oners>tion h?e 
been obtained with more rsoent models. 

In P--110 l a the storage tube presentation to the Rrrvird 
Co^outftlor. Syr.ipoD'iv.i in January 1947. The objectives outlined 
there s t i l l seen reasonable. The use of low energy tilect/ona 
fron e holding gun was discussed and this fecture has been teemed 
In tr ia l tubr 

Volume 9. M-130, shows the division of staff tlar, ir. tho 
ntorage tube work. Test eoulpmmnt i s included in Vo?.ume 19. I'uch 
;iae has oeen dsvo'ed to vacuum tube techniques, eoau of *hlch 

are discussed la Vt lume 9. H-159, M-11P, and M-46. :">oiae studies 
'••1 th an alactrolyt lo plott ing tenk are reoorted in Volume 9, M-55 
nnd R-130. 
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.i s'/idy o!" alumiroan ox\£% r.s r. d i e l e c t r i c and pre
paration o f 8at:.8fa.:t:iry s u r f a c e s Is UtOtttfexS i n the work by 
tecdonnld, Volvjse 10, H-131 and H-128. 

Deflection c i r c u i t * for e l ec t ros ta t i c tubes have bene, 
i,-oven f e a s i b l e . Diff .act ion c l r c u U s ind pc e r amplifiers are 
reported I n Voline .0, £ ^ 2 . S-31 and R--120 
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Report R--131 

Project Whirlwind 
ServomechRclenie Labors tory 

hasBaehusetts Institute of Technology 
Cambridge, Massachusetts. 

SUBJECT: THE PHYSICAI, CHARACT 7.ISTIC5 OF ALUMINU-' OXID" 
DIBL5CTRIC LAYERS 

Written by: J. Ross Macdonald 

Bate: September 23, 1947 

Summary 

The anodizatlon of aluminum 1* an electrolytic process whereby the 
outer surface of an aluminum 'rticle is converted to a non-conuuctlnf 
aluminum oxide layer- Anodizatlon is carried out in an acid bath. 

First, measuring techniques aro de e I bed for determining the 
following properties of anodized aluminum oxliM dielectric filma: thickness, 
resistivity, breakdown field strength, an" );rtectric constant. 

The bulk of the report describee tho replication of the above-
mentioned measuring techniques to dielectric films formed under a variety of 
anodizing conditions. Prellniaary measurements of resistivity were made la 
an evacuated desiccator* Later measurements were made on 15 anodized sarmi.ec', 
sealed in highly evacuated glare envelopes. Silver oaint and paste were 
used to secure electrical contact to the outside of these oxidizer samples, 
and it was found that silver paste penetrated subotantlally down Into the 
pores of the oxide layer, while the penetration of silver paint particles 
did not seem to be appreciable, 

Measurements of thickner.e as a function of anodizing time and 
anodizing conditions are Presented In 12 graphs. Variations of bcth temper
ature and acid concentration, and anodizing current and voltage were invest!' 
gated separately to determine an anodizing procedure which would yield an 
adequately hard and thick oxide film. It was finally found that a hard layer 
at least five mils thick could be formed by anodizing at a bath concentration 
of 3^ oxalic acid, at a temperature of 24°C or less, and at a constant voliar~o 
of 80 volts d-c, for eight hours. 

The results of the foregoing measu-ements indicated that a thick 
dielectric film having ouite adequate mechanical ."ind electrical properties 
for griddle surface uso could te formed by r.nodlẑ nr; for ei,'ht hours or mo:.-e at 
a constant voltage of 80 volts, a bath concentration of 7& oxalic icid, and 
a temperature, of 24°C. Indicetlons are that an even harder film c m be formed 
at lowor anodizing temperatures. It Is therefore suggested that further ,-; 
curves by plotted of film formation at low temper,"tures for a variety of bat! 
concentration, temperature, voltage, end (low) current density conditions in 
order to determine an anodizing procedure vhich will produce films with 
c-cti—on rlostrlcal and mechanical ell <-«>H«ticie 

P->ge J. of 16 
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I t wae not found uoRsl'ble to anodizo completely through gr idd le 
s t r u c t u r e walls ( rec tangula r ) 10 mil.1 thick in 1A hours of anodiz i t ion 
under the above cond i t ions , however. I t would seen that th i s d i f f i c u l t y 
could he overcome by employing tnrierlng wal l s -

Descript ion of Measuring: Techniques 

In order to properly evaluate anodized aluminum d i e l e c t r i c l a y e r s , 
i t was f e l t des i r ab le to measure the following c h a r a c t e r i s t i c s of the film: 

a. thickness 
b. resistivity 
Co breakdown s t rength 
d. d i e l e c t r i c constant 

Figure 1 phows a n i c t u r e of the apparatus used to determine the r - s i s t i v l t y 
of an anodized l a y e r , E s s e n t i a l l y , the method used defends upon leasurinc 
the r e s i s t ance between a given area on the outer surfnee of the a:.odized 
l aye r and the ins ide metal . Preliminary measurerr°nl.s were made b 'tween a 
dro-n of mercury r e s t i n g on the d i e l e c t r i c surface and the innpr n - t a l - The 
mercury was held by a containing r ing so tha t only a surface a rea A, of 
0.39 cent imeters^ r e s t ed on the anodized l a y e r . Because there wa ; a strong 
force of e l e c t r o s t a t i c a t t r a c t i o n between mercury and metal when vol tage 
di f ferences g rea t e r than 200 vo l t s were appl ied , the n»rcury drop f l a t t ened 
out somewhat a s the appl ied vol tage was increased . This phenomei on made i t 
impossible to determine the s ize of the mercury contsc t crea very' aecurat"l;" 
The r e s i s t i v i t y , o, i t a e l f *s computed from the formula: yc » 2S, where H 
i s the res i s t ance measured between the conductor of area A, throu, h the film 
of thickness d, to the inner metal; therefore e r r o r s in the determination of 
A con t r ibu te to the inaccuracy of /* - In a d d i t i o n , t h i s formula does not 
account for the edge effect p resen t under these experimental cond: t l o n s . 
These e f fec t s both cause the computed value o f ^ t o be l e s s than he ac tua l 
va lue , but the t o t a l e r r o r in <o , Including Inaccuracies in d e t e m i n i n g R, 
i s orobably l e s s than 25 pe rcen t . Thi« accuracy i s qu i te adequ* te for 
general evaluat ion of the oxide sur faces . In some of the l a t e r measurements, 
the contact area wae determined much more accura te ly by con ting a known area 
of the anodized film with conducting s i l ve r pa in t or pas te . Cons: derably 
l a r g e r e reas were used, giving both r, b e t t e r averafe value of the r e s i s t i v i t y 
and l e s s e r r o r due to edge e f f e c t . Because the r e s i s t ance to be reasured w&c 
u s u a l l y in the range from 10^ to 10*3 ohms, i t was necessary to uiie a more 
ref ined c i r c u i t than an ordinary ohmeter for i t s measurement?. AJBO, I t was 
des i red to measure the r e s i s t ance as a function of voltage appl ie t across the 
d i e l e c t r i c l aye r . Therefore, the c i r c u i t shown in Fir* 2 was employed. The 
vol tage VQ was supplied from a high-voltage r e c t i f i e r , var iable frr m 0 to 
1300 v o l t e - R̂  was usua l ly e i t h e r a 100, 1000, or 10,000 megohm r e s i s t o r , 
defending upon the r e s i s t a n c e being measured. The voltage across Rj was 
measured " i t h a Measurements Corporation Elect ronic Voltmeter, Motel 62 
(shown a t the r i gh t of Fig . 1 ) , having an input r e s i s t a n c e , R,,,, of approx
imately lO^0 ohms-- The r e s i s t ance of the s»mple, " 8 , a t any giver, applied 
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vol tage , v0. I s thenj 

and the ac tua l voltage arrplled to the sample, V i s (V0 - V^). For values 
of »! l e s s than or equal to 109 ohms, the e f fec t of Rm i s n e g l i g i b l e , so 
thtit the equation may be rewr i t t en : 

Re = <Vo/7s - X) % . 

In measuring samnles of very high res is tance where i t was necessary to use 
Rĵ  = 1 0 1 0 ohms, the more accura te formula with Rm = ohms was employed, 
This value of Rm was determined by subs t i t u t i ng a kno'n value of res i s tance 
for RB. The value of Rm thus obtained was not very accurate but was s t i l l 
adequate to allow comparative readings to be made. F ln r l l y , because of the 
extremely high grid r e s i s t a n c e path of the meter through Rj when ?.\ was 
equal to or greater than 109 ohms, i t was found tha t the meter would block 
for vol tage readings g rea te r than about 50 v o l t s . This i s not an imnortant 
disadvantage, however, s ince V^ could be keot l ee s thrn 50 v o l t s fo r any 
values of V0 and Rg by using d i f ferent values of R̂  • 

In order to determine both the r e s i s t i v i t y and d i e l e c t r i c constant 
of the oxide film, i t was necessary to know the film thickness, d This 
ouant i ty was found by measuring the to ta l thickness of a f l a t sample in 
several n l a c e s , both before and a f t e r the anodlzed layer had been removed. 
Since the film covered both s ides of such a sample, the average value of 
the film thickness was one hal f the average of the differences between the 
two s e t s of measurements. Because the anodizing orceess has a very high 
' throwing" power, there was l i t t l e reason to bel ieve thr t the l aye r s on 
separate s ides of a given sample should d i f f e r in thickness ao-oreclably-
Hor was any s ignif icant di f ference in film thickness e t d i f fe ren t nolnts on 
a f l a t aanrole detected with the micrometer. 

Vith a conducting layer on too of the anoriized surface secured by 
the same methods as employed In the res i s t ance measurements, the capacitance 
between t h i s layer and the Inner m^tal was measured with a Boontor "Q" Meter 
Type 160-A (shown at the l e f t of Fig- l ) „ The frequency a t which most 
capacitance measurements were made w3s one negacycle„ The capaci tance and 
thickness of the film being known, the d i e l e c t r i c constant , K, could then 
be cornnuted from the formula, K - Cd/0«0085A, where d and A must be 
expressed in centimeter u n i t e , and the caoacit.ince, C, Is In micromicroi'r.r 
Again, t h i s method of meaourement and th i3 formula take no account of th6 
edge e f f e c t s In this case , however, the edge ef fec t causes the computed value 
o: the d i e l e c t r i c constant to be somewhat l a r g e r than the a c t u a l va lue , in 
con t rad i s t inc t ion to the e f f ec t i t has upon the computed value of the 
r e s i s t i v i t y o 

There have been shown to be several e r r o r s in the mothods used to 
determine r e s i s t i v i t y and d i e l e c t r i c cons tan t . Although the e r r o r s render the 
procedures unsulted for accura te determinations of these phys ica l quan t i t i e s . 
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their oressnce i s not serious for the ai-olication to which the menRWMMnt 
technioues vare annlled. It was desired to obtnln comnrrative data on 
samples ansdlzed under different condition*, so th»t the d ie l ec tr i c rnd 
mechanical nronerties of the oxide layers could ho aeressod and the 
anod :-ing conditions thereby optimized. Those measurements, therefore, 
did not reauire more than a fa i r degroe of re la t ive accuracy, Finally, 
rlthou^h I t was desired to establish the aosolute ranges of the variables 
measured to determine the ooss lb i l i ty of usin^ aluminum oxido as c dielectric 
storage surfece, great accuracy of measurement wa9 not necessary for the 
aderuate evaluation of this •noasibility. 

General Characteristics of the Anodizing Process end c :* Aluminum Ox) io 
Layers 

The exact mechanism of the formation of an oxide coating on 
aluminum during anodizatlon i s not yet fu l ly understood.* Anodlzatlon i s 
possible only in e lec tro ly tes in which an oxygen-containing anion i s preseit , 
yet the growth of the film does not sat i s fy Faraday's e l ec t ro ly t i c law. T'lia 
anomalous behavior i s largely caused by two e f f e c t s . F irs t , not a l l the 
nascent oxygen discharged at the anodo combines with the aluminum to form 
aluminum oxide; Instead, four or five percent of the oxygen remains uncomblned. 
Second, the oxide film i s part ia l ly dissolved during anodizatlon by the acid 
action of the e l ec t ro ly t e . These two e f f ec t s cause the fi lm to crow more 
slowly than indicated by Faraday • law. 

The oxide laynr formed i s amorphous aluminum oxide, or E.lumlna.. 
Probably aluminum hydroxide i s formed f i r s t but i t dehydrates with continuing 
e l ec tro lys i s and becomes porous aluminum oxlde0 The actual film formation 
takes nlace at a very thin barrier layer of oxide at the base of the nores-
In this tjne of formation, pores are necessary to carry the oxygen ions to the 
metal-oxide interface, and hence presence of the nores i s essent ia l to 
continued growth of the film,. However, the pores are usually l e s s than 0,1 . 
micron In diameter and there are more than a mill ion of them in each sauari 
centimeter of surface-. The common axis of orientation of the Bores runs 
aporoxlmatuly perpendicular to the surface of the metal. 

The anpearance of oxide layers formed in oxalic acid depends 
primarily upon the current density employed during formation and the time 
of formation, At a constant current density of 46 amperes/foot^, the layer 
Is a straw brown after 15 minuted; as the arioriiwition continues, the color 

deepens and turns gray-green. Finally, aft.or an hour or more of anodlzatlon, 
the film becomes completely white. Striking changes in the physical character 
of the surface are also to be noted during the anodlzatlon, At f i r s t the 
surface la very hard and can BC-rcely be scratched with a knife . However, 
by the time the color has become white, tho surface Is re la t ive ly soft and 
powdery., After two hours of anodizatlon at 46 anneie^/foot^ white powder 
can even by rubbed off the surface with the f inger. 

• Refs. 1, 2 , 
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This excessive softness i s an undesirable characterist ic for a 
griddle surfaco« since the wal ls of the griddle structure, i f anodized 
a} l the way through, would not he mechanically r ig id ind might crumble,. 
All nrelimlnary measurements of oxide layers were made on layers formed 
at *6 armeres/foot^ in order to assess the d i e l e c t r i c nrooorties of the 
re la t ive ly thick oxide films which could he formed f t thlB current 
density,. However, a f t er these Properties were found bo he adeauplie for 
a r-r'tddle surfaco, i t became desirable to develou a method whereby not 
onlv thick films could be formed but also the hardnees and r ig id i ty of 
the oxide layer could be weeervod throughout the anodizing proce3s« 
Therefore, the anodizing variables , such as temperature, current density, 
aDd acid concentration, were varied la an ef fort to form a surface having 
bnth good d ie lec tr ic character is t ics and iraximum hardness, 

Results of Preliminary Measurements 

Preliminary measurements were made on eight snade-shaped samolee 
having a spade portion two inches long by one and a helf inchea wldo, a l l 
cut from a s ingle sheet of l / l f :th-inch 23 aluminum-. All of theae samDles 
were anodized for one hour a t a current density of ^6 arnnerea/foot.2 and a 
temperature of 34°C in accordance with Reference lo In order to determine 
the e f f ec t s of nore seal ing u->on the e l ec tr i ca l characterist ics of the fll.ns, 
two sanmles were sealed by bo i l ing in d i s t i l l e d water, end two by the 
e l ec t ro ly t i c process described in References 3 and 4 and 5„ 

Measurements on these sannles were f i r s t begun in a ir with a 
mercury drot> used to secure contact. However, i t was found that because 
of the oorous structure of the sarnnleg, moisture could not be eliminated and 
low resistance and errat ic reaults were obtained. Therefore, the measurements 
were made in a larce desiccator exhausted to a pressure of about 10"* a i l l .-
metera of mercury by a irochanical force numpc It was s t i l l found, howeve:-, 
that I t was neceesary both to heat the aamoles with an infrared heat lanm 
before exhausting the des iccator and to allow them to remain in a vacuum 
overnight to obtain reproducible resulta . Also , i t was necessary to wait 
about a half-hour after voltage was anplied to the sanplos during resistance 
Measurements before polarizat ion currents became negl igible and the true 
reelatance could be measured, 

Figure 3 shows representative curves for the r e s i s t i v i t y of the 
variously treated sanmles computed from res l s ta -ce meanurements male according 
to the above procedure. From these curvea It can be concluded that electrolytic 
sealing decreases the r e s i s t i v i t y of an anodized eample by a factor of abort 
ton, w l i e boi l ing reduces the r e s i s t i v i t y about a thousand times, Evidently 
the removal of most of the a i r did not remove the moisture from the boilec 
•anrolee, since their r e s i s t i v i t y remained prac t i ca l ly unchanged when they were 
put in 'i vacuum,. Both oore-aeallng methods seemed to lncreaae the hardno1-, 
of the sanmles somewhat but only st the expense of a, substantial decrease In 
r e s i s t i v i t y , Since the r e s i s t i v i t y of the unsealed samples was In the rangs 
of 10 1 3 to 10 1 4 ohm-centimeierat this characterist ic of the oxide .\ayer soemed 
adequate for griddle surface use-
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However, thore is no Justification to the assumption thet the procedure 
which '«e followed removed all the moisture from the pores of the 
electrolytlcally sealed and unsealed samples, Nor doss thin treatment 
ap-iroximete that which is used to remove the occluded gas from an 
electronic tuba preparatory to ^oalinr, off. Since an actual storflv? 
surface used in a storage tube must undergo the latter process, resistance 
measurements should ideally be made on samples so treated. This treatment 
Involves heating the metal elements of the tube to a temperature of 40Q to 
50C°C with radio-frequency current and evacuation to a pressure of 10" 
millimeters of mercury or better. In the succeeding resistance tests it was 
therefore decided to subject the samples to thiG treatment and to seal each 
one off in a small glass envelope while the inside prsssure wae maintained 
below 10"6 millimeters- In order to make resistance tests, contact wae 
secured to "he outside of each sarnnle by covering a given area with a con
ducting paint or paste. 

Breakdown tests were also made on the eight Tireliminary samples 
using the mercury-drop top contact. It was first attemoted to make these 
tests in a vacuum, but it was fnund th?>t the lend-in wires in the desiccato? 
would flash over for applied voltages .in excess of 500 volts. Since it was , 
not possible, to evacuate the container enough so that higher voltages could 
be applied, the breakdown tests were made in air. It was found that none o:* 
the samples would break down at 1300 volte, the limit of the power supply 
used. Since the thickness of all of these samples was measured to be about 
0.0026 inches, the breakdown strength was thus greater than 

—i^x0-— volte/inch = 5 x 105 volti/inch 
0,0026 

Since this value is more than *deouate for storage tube ooeration, the break' 
down characteristics of the samples were not investigated further in these 
prelialnary measurements -

Capacitance measurements were also made on those eight samples, it 
was found that ageing in a vacuum had negligible effect uoon the values of 
capacitance measured, although such ageing Produced an increase in measured "Q", 
This effect can probably be directly attributed to the increase in resls-.ivity 
caused by such ageing. These capacitance measurements, in conjunction with 
thickness determinations, yielded a computed value of dielectric conetan'. 0 
three for films of average thickness, 0„0026 inch. However, not enou-h samples 
were measured to make this a very accurate value. The frequency dependence 
of the dielectric constant was determined by measurin - the camel toner of 
several sanroles ovsr the entire range from 0,2 to 20 n«gacycles. No appreciable 
variation of K with frequency could be detected in thi9 range,. 

The thickness measurements on these eight samples showed very lltl;le 
variation. All the samples were anodlzed for one hour at constant temperature 
and current density, and the total variation from the average value of 0,00:>6 '.noh 
did not exceed "to,2 mil. In addition to the thlrknes« measurements on saimvea 
anodlzed for one hour, measurements were also made on ssveral samples anodiz'd 
for two hours. It was found, aa expected, that the thickness was not a linoar 
function of anodizing time but fell off as the anodization progressed. The 
thickness after two hours was about 0„00A0 inch, rather than the 0.00F2 Inch 
which would have been measured if the growth had been lin»ar. Also, as pre
viously mentioned, the film formed In two hours of anodization «as found to 
be quite soft and powdery. No actual curves of film thickness as a funct.lo-
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r of anodizing time sre given at this point because the results of a more 
accurate and thorough investigation of film growth am presented in a 
l a t e r sec t ion . 

Measurements on Sealed-In-Vacuum ffiirrnles 

"he results of the preliminary menxuremente indicated that 
- e a i s t l v i t y determinations should ta made in \ high vj.cuum after thorough 
heat treatment in order to approxlmte the enV.ronment that a storage 
surface would meet under actual op>::ating concivlons in a storage tube. 
Figure 4a shows the f i r s t four roum'. anodizeO. sam-les that were used to 
make vacuum measurements of thi<- nnUre, while Fig* 4fc shows two experi
mental griddle-surface samples- The nores of sample g anc 3 In Fig., 4a 
were sealed e l ec t ro ly t l ca l l y snd by lu l l ing respective.'-,-,, The other two 
samples were l e f t unsealed. If.ke the preliminary rannil.^, these four were 
anodized f t a constant current densit" of about 46 ampere.-j-oot2 and a 
temperature of approximately "••°C. 

After the anodlzatio:i and sealing were completed, t \ front sur
faces of these samples were sotted with Ilanovia l l o u l d Silver V i n t No. 122-A • 
This coating was baked on in s furnace f ir three hours.- The f iv . l tesper-
ature reached was 500°C. Then these samyles were mounted in taltg similar 
to those ehown in Figo 5., The sauare metr.l p lates shown on top c* the 
anodi7ed samnles within the tubes are usel to make posit ive contac >-,0 t n e 
s i lver co.-t'ng. During evacuation of thene tubes, the supporting e.'^-jents 
and the inside aluminum of the samples we:'e heated i-lth Tidli-freruei,y 
current to about 500°C to drive out occluded gases. A grint l ea l of v>s 
was thus removed from the anodi':ed layers , The f inal s^al-off preset-, i ,..ao 
lower than 10~6 millimeters of mercury* 

Before many measurenents could he mr.de on these sampler tlv* 
resistance of \he f i r s t sample in tube I dropped from more than 10V; mefe>l-j, 
to 0.22 megohms. It was not possible to deternine the cause of this vlr-.i « 
short c i rcu i t , but i t was recognized that more vacuum-tube samples would v.> 
necessary to enable meaningful measurements to he ohtainei , Consoquently, 
eight more samples were prepared. The anodizing and sealing conditio;*! for 
these samples (1 to 8) nre summarized in Tig. 6, which aliso gives thetrt 
conditions for the sanolen f i r s t constructed ( I I to IV), "he film thickness 
estimated from anodizing ~ime and current density, d ^ i s given as 0.002" inch 
for the f i r s t three samples in Figc 6 rather than the 0,0026 inch determined 
from the ear l i er thickneei; measurements end used for the succeeding samples. 
The lower value Is used to account for the fact that the actual current 
density employed in anodizlnr; the f i r s t three samples was approximately 
42.5 amperes/foot2 instead of the 46 amperes/foot2 used for the l a s t el;'"' 
samples. 

It was thought to improve the technioue of preparetlon of V"*-
second set of samples in two ways. F irs t , a l l samples were heat-*'-o a* e Q 

in a vacuum before anodization as well as afterwards to e n s v - t n e removal 
of gases In the aluminum i t s e l f , and second, Hnnovia JHT*T Paste No. 38 
( for g lass ) rather than s i l ver paint was used to fnrm a thicker, more last ing 
cocting on the feces of the samples• 

As can be seen from Fig„ 6 these samples >•»-« anodized at different 
temperatures and for different lengths of time in an e f fort W find the effect 
of varying these parameters upon the r e s i s t i v i t y T1^- effort was unsuccessful 
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however, because of the use of the sliver mete coating. It was found the t 
the resistance from this coating, through the anodlzed film, to the inside 
metal was of the order of two ohina for all eight samcles nfter thorough 
baking in air at 500°C to set the coating. );,urther baking in air did not 
increase the resistance. Because the coating of caste acr»lied was much thicker 
than the silver paint layer used, there were evidently enough particles and 
moisture to cenetrate all the way through the cores of the anodlzod layer rind 
thus to short it out<, There were probably not enough TRrticles available in 
the silver calnt layer for this to harmen, or possibly the silver caste part
icles wore smaller lhan those of the calnt and could nonce cenetrate the Bloats 
pores more easily* However, even silver calnt must be suspect In regard to 
penetration because of the failure of the samcle in tube Io 

It was found that after heat treatment in a vacuum, the resistance 
of most of these samples Increased tremendously, howovjr„ As shown in Fl,;:.-fi, 
three of them remained effectively shorted, but the resistance of the others 
reached more normal values• However, cacacitance measurements on the unshorted 
samcles indicated much higher values than might have bien expected had there 
been no penetration* Evidently the heating in vacuum removed the remanent 
moisture that was causing the enodlzed layers to appear shorted, bat the silver 
particles remained part of the way dovn in the cores of the layern and decreasee 
the effective thickness. Therefore, It was found that the capacitances cocrouted 
from estimated values of film thickness based on anodizing time and from a 
dielectric constant of three were much smaller than those actually measurec. on 
the five unshorted samples. 

Assuming a value of three for the dielectric constant, the effective 
thickness of each of the layers, di was computed fron .h* measurec. cacaciti'ncc 
values. Then, by comcarison with the thickness estimated from length of 
anodlzatlon, d0, it was possible to comcute a rough value of the a.verage 
cercentage penetration of the silver particles into the oxide layers, Thlt 
apcroxlmate measure of the penetration was computed for all eleven samples anci 
is shown in Fig., 6„ 

It can be seen from Fig., 6 that silver calnt se°ms to cenetrate e 
negligible amount into the cores.. The eight percent for samples III could 
easily be due to cumulative exnerimental errors. It In not possible to tell 
very accurately from the small nunber of samples coated with silver paste 
which factors Influence the penetration of the paste particles into the oxlds 
layer There is no clear-cut correlation between samples treated similarly 
However, the average penetration of the four samples anodlzed at about 14°C 
is considerably lower than that of the four anodlzed at 26°C„ Thla result 
night be expected from the fact that samcles anodlzed at lower terperatuiee are 
harder than those formed at higher temperatures and rroeumably havo smaller 
poresf 

Fig, 6 also, gives the resistivity of these eleven samcles, computed 
f-om the resistance measured with 200 volts acplled to the samcles Ho 
resistivity curves as a function of voltage are given because the resistance 
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of most of the. samples wag too high to measure accurately with the available 
enulnmento For resistance valuoe greater than 10^2 ohms. It was found 
inraogslble to zero the electronic voltmeter when using a hunt resistance, 
K, , of 1,000 or 10,000 megohms, And, in addition, even t iese largo valuer) 
oi R]_ did not produce large enough meter deflectione for .ccurate reading 
Therefore., the higher resistivities In Fig, 6 can only be specified as greater 
thr.n 10 s ohm-centimeters. 

The resistivities of the samples co?ted with s lver paste were 
determined from d^, the computed thickness of the anodlzed layer taking pene
tration into account-. These values do hot have very "iuch meaning, however, 
because of the penetration phenomenon. Penetration of silver particles alnont 
all of the way down through a few of the pores in an anodized layer would 
cause a greater change in measured resistance than it would in measured cap
acitance. Therefore, it Is not really valid to use the value of the effective 
thickness of the layer here computed from canacltance measurements for resis
tivity calculations. 

It can be seen from Fig. 6 that the resistivity of all the boiled 
samples not shorted is of the same order of magnitude as that of the unsealed 
sam-oles. This result is very different from those of the earlier low-vacuum 
measurements. Evidently, thorough heat treatment in a high vacuum converts the 
aluminum oxide monohydrate in the boiled films back to anydrous aluminum oxide 
w'.th a consequent increase in resistivity. Also, very little polarization 
effect was noted during measurements ~>n any of these eleven samples. Its 
appearance in the earlier tests was probably caused by moisture that had not 
been removed from the oxide layers. 

Although it was Impossible to obtain accurate measurements 3f the 
resistance of most of these sealed-ln-vacuum samples, the approximate values 
of the resistivities show that the aluminum oxide layer, vhnn properly dried 
out, has a more than adequate resistivity fo- uee as a dielectric ntorage material 
In a storage tube- In addition, the evidence of Table I Indicates, though not 
conclusively, that electrolytic pore sealing decreases the resistance of an 
anodized layer. 

Results of the Search for Optimum Anodizing Conditions 

The results of the preceding measurements indicated that unsealed 
aluminum oxide layers, when measured under condition?, approximating the 
environment of a storage tube, have a high enough resistivity for use as 
storage surfaces- In addition, previous measurements in air showed that the 
breakdown strength of the material was sufficiently high. However, these 
measurements also Indicated that while It was possible to produce films four 
or five mils in thickness by anodizing at 46 amperes/foot2, such films did 
not have the requisite hardness and mechanical rigidity for griddle eurfacr. 
use even when electrolytlcally sealed- Therefore, It was decided to make a 
systematic study of the growth of the oxide film under varying anodizing con
ditions In ordT to find a set of conditions under which a thick, hard coating 
of aluminum oxide could be produced. 

The major parameters that It was decided tc vary were bath temperature 
and concentration, and current density. Figures 7, 0, and 9 present most of 
the pertinent information available in the literature.* Figure 7 shove a small 
maximum of film thickness for the higher current denpl'iee at the low acid 
concentration of 1„43 Percent oxalic acid. Figure E Indicates that It is 

•Fig.7, Figo6, Flg.9 are from Ref. 6. xm.lZ*. 127. 1*U. 
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•ooaslble to form layprg as thick as ten milB, although there Is no data 
.•liven concerning the electricfl and mechanical properties of such thick 
films. Finally, Fig. 9 gives the "breakdown voltage of oxide films for 
thicknesses ur> to almost three mils. The breakdown field strength 
decreases somewhat with incressinr" thickness and at 0.07 millimeters la 
only 1.16 x 10s volts/inch. However, since M lnformetlon in given about 
the conditions under which the films used in the breakdovm measurements 
were formed this curve cannot be taken to apply generally. 

Because of the relative oaucity of information available In the 
literature, it was decided to begin the investigation vlth the current of 
density of 46 amperes/foot^ which had been usad to form the oreviously 
measured films. In order to secure accurate thickness data it was necessary 
to use flat samples of well-determined area and as constant a thickness as 
possible. Figure 10 shows some of the small samples used. Although the 
color tone values In the oicture do not correspond exactly to those of the 
sanroles themselves, a lightening In color can be seen fron left to righto 
The first samole on the l<»ft is unanodlzed, while the anodizing n^riods 
(and hence film thickness) of the rest increase from left to right, omaller 
samoles than the ones used in the Preliminary investigation were chosen *o 
that less total anodization current would be requlrsd during anodizing, and 
It would hence be easier to held the temoerature constant All of these 
saimles were cut from a single sheet of 2S aluminum, l/lfi-lnch thick. The 
samoles themselves were cut one-hplf an knch wide and were inmereed in the 
bath to a marked line so that a current density of 46 amperes/foot^ could be 
maintained with a current of one-half an aiapere per sample. 

Figures 11 through 13 show the growth of an oxide film over a two 
hour anodizing oeriod for different bath temperaturas. These curves were 
drawn from thickness measurements made both before and after anodization and 
after removal of the oxide film. The sets of two closely spaced oolnts on 
these curves show the soread between two soparate samoles anodlzed for the 
same length of time. Where only one ooint is given, the measurements yieldsc 
Identical results. In ?lg, 14. the average of each set of oolnts is clotted 
rather than the oolnts themselves-

These curves Indicate that the film builds up both inwards Into the 
metal and outwards from Its initial surface. It can be seen that as the 
temperature le Increased the acid activity increases correspondingly and in? 
attack on both the outside of the film and on the inside met*\l it greatly 
accelerated. At a temperature of 36°C, the final thickness of an anodlzed 
erticle will actually became less than the inltlel thickness after anodization 
has progressed for more than about two hours. As shown in Fig. 14, the effect 
of Increasing the temperature upon total film thickness le practically neg
ligible during the first hour of anodization since it is only after this long 
a time In the bath that the eroding action of the a;id begins to act more on 
the film than upon thp base metal., It will be noted that the thickness values 
given In Flgc 14 differ somewhat from those obtained with the preliminary 
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sables. The differences are probably due chiefly to the greater i>recislon 
with which the actual submerged sample area was determined for the later 
earlier samples and to the more precise temperature control nosslble with 
these samples. 

The difference shown In Fig. 1A between the curves taken at 12 C 
and 24°C Is almost negligible and is also oractlcally within the limits of 
experimental error.. Therefore, it was decided to anodize most of the 
succeeding saraoles at 24°C because of the much greater ease of holding the 
bath temperature constant r.t this value rather than 12°C or below. It was 
found that although films formed at 12°C for two hours were substantially 
harder than those formed at higher temperatures, they were still much softer 
than films formed for only a half an hour at the higher temperatures and 
were still flaky and povdery» Consequently, reduction of temperature, while 
increasing film iiardness, does not offer a comnlete solution to the nroblem 
of forming a thick, mechanically hard and rigid dielectric film. 

Figures 15 through 17 present the results obtained using either 
half the previous acid concentration, half the current density, or both 
together during anodlzation. Instead of anodizing two sanroles for each time 
Interval shown on these graphs, as was done to obtain the orevlous growth 
curves, it was decided that the small loss in accuracy involved in anodizing only 
one sample for each time Interval would be more than compensated by the extra 
time thus gained for further study of film-growth nhenomena „ Therefore, the 
points on the succeeding curves represent only one anociized sample each 
Figure 15, for full current density and half the Drevious acid concentration, 
shows that the film does not build either inwards or outwards as fast as It 
does at the higher concentration. This curve had to be discontinued after 
about an hour because of stripping of the oxide layer at the water line after 
this long an anodlzation. This effect was probably caused by the abnormally 
high voltage (160 volts) that was required to maintain the given current 
density in the low-concentration, poorly conducting bath after an hour of 
anodizing„ During the first part of the anodizing process, the voltage 
necessary to maintain a current density of 46 amperes/foot" is below 100 volts 
but gradually rises as the film becomes thicker and its wet-resistance increaser. 
Practically the entire voltage drop appears across the oxide film, and, as the 
resistance of the acid-filled film Increases, more and more power must be 
dissipated in the film If the ciirrent is kept constant.. With an armlied 
voltage of 160 volts and a current per sample of one-half an ampere, each small 
sample must dissipate 80 watts; therefore, it is not surprising that localized 
heating at the water line, where the bath cannot adequately cool the sample, 
should result in a stripping off of the oxide layer. This difficulty was not 
experienced at higher acid concentrations and a current density of 46 amperes/fco 
because even after long periods of anodlzation lower voltages were required to 
maintain the given current; Evidently,the greater conductivity of baths having 
higher acid concentrations keeps the wet-resistance of films formed In such 
baths lower during all stages of anodlzation 
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Figures 16 and 17 show thPt at lower current densities also the 
effect of a 3 rather than a 1-J percent acid concentration Is definitely 
beneficial to film formation. These results are In contradiction to those 
of Fig. 1% taken from the literature, which ahov a slight maximum at the 
lower acid concentration. However, in that figure the maximum Is very 
slight and the points shown do not lie very near the two curves drawn for 
higher current densities. Figure 18 summarizes the effect of the different 
current density and acid concentration conditions uoon the total thickness 
of the film formedj, Both current density and bath concentration can be 
seen to contribute to the growth of the film in different degrees. Curve C, 
at half current density and full concentration, Is especially noteworthy 
because of its linearity. The hardness of the samples formed under the 
conditions of curve C greatly exceeded that of others formed at twice the 
current density. However, the thickness wao not as great at the lower 
current density and the hardness was ntill not adequate* Nevertheless, 
reduction of the anodizing current density was indicatad by these results 
to be one method of increasing the hardness of the final film. It was there
fore decided to make a number of much longer anodizing runs at relatively low 
current densities* 

The results of three long anodizing runs are summarized in Figures 
19 through 22. Since the results shown in Fig. 18 indicated that Increasing 
the acid concentration of the anodizing bath caused the film growth curve 
to remain linear for longer anodizing times, it was decided to Increase the 
acid concentration and to make a long run to determine how long this linearity 
could be maintained. Figure 19 therefore shows the results of anodizing for 
six hours, at a current density of 23 anroeres/foot^ and an acid concentration 
of six oercent oxalic acid. This figure should be compared with fig. 16 
for three percent concentration and the same current densityo In the two-
hour region in which comparisons can be made, there is no appreciable difference 
between the two figures. The growth curve for the higher concentration remains 
linear for 3i or 4 hours, then begins to fall off rapidly as the acid erodes the 
outer surface of the film faster thPn it is built up. These results would 
seem to indicate that although increasing the acid concentration above l£ 
percent is worth while, further increase above 3 or 4 percent is unwarranted,, 

Although samples anodized for six hours at 23 amperes/foot^ and 
•ix percent acid concentration had an oxidized lAyer of more than adequate 
thickness for griddle surface applications, these anodized films were still 
not hard enough. In order to further reduce the current density during 
anodizing, It was decided to carry out some anodizing runs at constant voltage 
rather than constant current. With constant voltage the initial current 
density is very high, but the current density rapidly drops off as the first 
thin oxide barrier-layer is formed on the metal surface. After the first larre 
decrease in cu.rent densityr the subsequent decrease is very slow. The average 
current density during any given period Is a function of the applied voltage 
and the acid concentration. For an applied voltage of 100 volts, it was found 
to be awnroximately 12 amperes/foot^ during thn eight-hour anodizing period 
shown in Figs. 20 and 21, while for 80 volts it was about 7 amperes/foot'. 
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These values are substantially lower than any used In the previous runs at 
constant current density; consequently, longer anodizing tines are required 
to form films of thicknesses comparable to those formed at the higher 
current densities. However, this disadvantage is minor if harder films 
can he formed by anodizing at lower currant den el tie's • 

Figures 20 and 21 show the growth of the oxide film for constant 
apolied voltages of 100 and 80 volts. As shown explicitly in Fig., 22, a 
thicker film can be formed in a given length of time at the higher voltage 
because of the greater average current density. On the other hand, it can 
be seen from Fig., 22 that the 100 volt thickness curve rounds off more in 
the last two hours of the anodizing run than doee tha 80 volt curve. Therefore 
it is probable that as thick films can be formed at 80 volts as are possible 
at 100 volts by extending the anodizing period somewhat for the lower voltageo 
Sven the film formed at 80 volte is thick enough after eight hour6 of anod-
lzatlon, however, to enable a tapered griddle-surface wall having a maximum 
thickness of ten mils to be anodlzed completely through. In addition, th° 
film formed at 80 volts was found to be considerably harder than that formed 
at 100 volts, and both of these films were much harder and smcother than any 
of comparable thickness previously formed at 46 or 23 amperes/foot*. 

Resistance and breakdown measurements were made on eight samples of 
different thicknesses anodized at constant voltage. Resistance measurements 
were made as in the preliminary investigation in an evacuated desiccator with 
mercury used to make electrical contact with the samples, and no appreciable 
differences could be detected between the resistivities of samples formed at 
constant voltage and constant current. Nor was it passible to discover any 
variation in resistivity with oxide thickness. Breakdown measurements ware 
made on a total of 22 of these email-size samples anodlzed under all tha 
different voltage, current, and acid concentration conditions described thus 
far. Measurements were made In air with a variable d-c power supply having 
a maximum output voltage of 6,000 volts. Again no significant differences 
between samples anodlted at constant vol-age and at constant current could be 
found, However, the range of measured values was large: breakdown occurred at 
field strengths ranging from 2.6 x 10 5 to 1.3 x 10*> volte/inch. The average 
value of the breakdown field strength for these 22 samples was 6.9 x lO* 
volts/inch. 

Because the scatter in observed breakdown values was particularly 
large at small thicknesses (probably because inhomogeneities in the film 
affected the breakdown strength more for small thicknesses than for largo' 
it was impossible to make certain of the dependence of the breakdown strength 
upon thickness over the entire thickness range measured. At thicknesses 
exceeding three mils, however, a trend toward decreasing breakdown strength 
with increasing thickness was auite evident. This result is in qualitative 
agreement with the data given In Fig. 9, but quantitatively the breakdown 
strengths measured here considerably exceed those which may be computed from 
the curve of Fig. 9. Not enough samples were measured for each of the 
different anodizing conditions to make It possible to establish unequivocally 
any correlations between breakdown strength and anodizing conditions such 
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as current, voltage, temperature, and acid concentration-. 

Die lectr ic constant determinations were carried out for 33 of these 
small samples. The values obtained ranged from 2,6 to 6.2 with an average value 
of 4 .26 . The most probable error of these values, conmuted from the scatter 
assuming a gausslan error distr ibution, was found to be 26 percent of the average 
d i e l ec tr i c constant. This large a probable error cannot be adequately explained 
by at tr ibut ing i t exclus ively to errors in the individual measurements used to 
compute the d i e l ec tr i c constant. The maximum probable error which I t seems 
reasonable to assign to the capacitance measurements i s f ive percent* Three or 
more capacitance measurements were made a t different posit ions on each side of 
every sample, and these s ix or more values averaged to glvo the f inal capacitance 
used. It was hoped in this way to cancel out the effect of any difference In 
film thickness between the two sides of a given samule, since i t i s tha average 
value of the thicknesses of the films on ei ther side of a smapla which i s 
determined by the thickness measuring method. The maximum Drobable error of the 
thickness measurement*! should also be f ive percent or l e a s . Because of the edge 
ef fect and d i f f i c u l t y in measuring the area of contact between a mercury drop 
and a sample, the accuracy to which the area of contact i s known i s probably no 
better than ten percent. Since the overall probable error of the d i e lac tr i c 
constant in percent i s the rms value of the individual percentage probable errors 
of the ouanti t ies used to compute the d i e l ec tr i c constant, I ts value should then 

^ be approximately 12 percent• 

Although I t was imnossible to determine any def ini te dependence of the 
d i e l e c t r i c constant unon film thickness or anodizing conditions, the disagreement 
between the probable error determined from the individual neasurements used to 
commits the d i e l e c t r i c constant and the actual probable error found from the 
scatter In the cosrouted values i s evidence that some such deoendsnce e x i s t s and 
that the scatter i s not due so le ly to errors in measurement. The actual determi
nation of the factors which cause such scatter would require a more carefully 
controlled and extensive invest igat ion. However, i t i s worth noting that the 
average value of the d ie lec tr ic constants of the eight santplss anodized at con
stant voltage, which was found to be 4 .7 , d i f fers by only nine percent from the 
overall average of the d i e l ec tr i c constants of the thirty-three samolea measured, 
and the scatter in values of these eight sanrolea was small. 

In an effort to obtain more comparative data between samples anodized 
at high constant current dens i t ies and at constant voltage (low average current 
density) , four smooth round sanroles similar to those shown in Fig. 24b were sealed 
In vacuum tubes of the type depleted In Fig,, 5 • In Fig . 24b, the f l r o t of the 
samples shown Is unancdized. the second anodized f ive hours at 80 v o l t e , and the 
third anodized one and a half hours at 46 amperes/foot . The constant-voltage 
sample i s actual ly considerably darker than the dead-white constant-curreat sample, 
but the color values do not show uo c lear ly In the picture . 

Of the four samples mounted In vacuum tubes, one pair was anodized at 
80 vol te while the other pair was anodized at 46 amDeree/foot2„ The bath tem
perature was 24°C la both cases. The anodizing times of the two pairs wer« 
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adjusted with the help of Figs. 14 and 22 to make the final film thickness of 
all the samples approximately four mils. One of each pair of samples was electro 
lytically sealed. Silver point, covering a circular area of 0.44 inches2, was baki'ii 
on the middle of each sample to secure olectrical contact to the top of the 
anodized films. Then tho samples were heated to 400°C in a vacuum 'bofore tho glane 
tubes were closed off at a pressure of lO"' millimeters of mercury• 

Resistance measurements on these samples did not produce much new 
information, Nc appreciable difference in the resistivities of samples 
anodlzed at constant voltage and at constant current for either the unsealed 
or olectrolytlcally scaled samples was detected. The resistivity of unsealed 
samples was found to be of the order of 10^5 ohm-centimeters and that of 
sealed samples was about ten times less Extensive measurements of the 
resistances uf these samples were not undertaken 'because of the lack both of 
time and of accurate equipment for measuring resistances greater than 

1012 
ohms, In addition to large Inaccuracies occurring from the necessity of 
measuring resistances of this magnitude with available equipment, the com
puted value of the resistivity is rendered even more approximate by the 
necessary uso of film thickness values estimated from anodizing times. 

The dielectric constants of these different films were determined 
from the estimated film thickness and from capacitance measurements. Again, 
no significant differences could be found between samples anodized under the 
two different current and voltage conditions, but pore sealing seemed to havo 
a considerable effect. The average dielectric constant of the two unsealed 
layers was 4 8, while that of the sealed films was only 3 1. However, this 
determination, depending as it does unon estimated thickness values,, neglecting 
any penetration of silver paint into the film, and comprising only two samples 
of each type, cannot be taken as conclusive evidence of a decrease in dielectric 
constant with sealing, especially in view of the wide scatter in dielectric 
constant determinations for the thirty-three small samples Previously mentioned, 

Finally, some experimental grlddie-surface samples were anodlzed 
both at constant current and constant voltage to determine whether the griddle 
walls could be anodized completely through and if requisite film hardness 
could be obtained. The initial griddle pattern was formed by embossing flat 
2S aluminum vith a hardened steel die under a pressure of approximately 40,,000 
pounds per square inch. The circle embossed by the die was one inch in diameter 
The actual dimensions of the griddle structure can be most easily specified with 
the aid of Fig 23 Dimension "a" shown on that drawing is 10 mils; "b", 25 mile; 
and "c", approximately 15 mils. 

In Fig. 24a„ the first griddle sample shown on the left it unanodized 
the second anodlzed for two hours at 46 amperes/foot2, and the third anodized 
5^ hours at 80 volts. The bath temperatures during these anodlzaticns were 
held at 24°C Two griddle samples anodized for two hours at 46 amperes/foot2 

are also shown in Fig. 4. As expected, it was found that the samples anodlzed 
at the high constant current density were too soft and powdery to make an ideal 
griddle surface, while those anodized at 80 volts were harder, smoother, and 
quite acceptable for griddle surface use. It was found impossible to anodlze 
completely through the griddle walls, however, even with 14 hours of anodlzatlon 
at 80 voltSo After removal of the oxide film, a very fine metal fin less than 
a half a mil in thickness still remained at the center of each pocket wall. It 
was possible to anodlze down into the tops of the walls so that the film thick
ness on the tot>8 was greater than five milt, but the current-carrying metal flag 
which remained could not be completely anodlzed through even thoueh a film at 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



. 

6345 
Report R-131 

l e a s t seven mile in thickness ought to have been formed on each side of the 
10-al l - thick wall In th i s anodizing time. Possibly a longer anodlzation at 
a s l i gh t ly increased average current density would convert most of the center 
metal In the wallii to oxide, but even under theso conditions a considerable 
amount of metal mi,*ht remain in the center of the oxide layer If the f ins were 
oxidized through n:»r their bottoms (as might ve i l hamen with walls of constant, 
thickness) and the e l ec tr i ca l contact between the remaining utmer metal parts 
and the metal of ihe base thus destroyed. This d i f f icu l ty could be eas i ly re
moved by using taiered walls having a 10 to 20 degree taner as shown In Pig. 25 

RecoiiCTendjd_ Anodizing Conditions 

Tks results of the foregoing measurements indicated that a thick 
d ie l ec tr i c film having quite adequate mechanical and e l ec t r i ca l oropertiee 
for griddle surface use could be formed by anodizing for eight hours or 
more at a constert voltage of 80 v o l t s , a bath concantration of 3$ oxalic 
acid, and a * .jperature of 24°C Indications are that an even harder film 
can be formed at lower anodizing temperatures. It i s therefore suggested 
that further growth curves be plotted of f i lm formation at low temperatures 
for a variety of bath concentration, temperature, voltage, and (low) current 
density conditions in order to determine an anodizing procedure which w i l l 
produce films with optimum e lectr ica l and mechanical character is t ics 
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Introduction 

l a the e l ec t ros ta t i c storage tube being developed for the Vfhlrlwlnd 
compute -B, a griddle storage surface represents one approach to the solution 
of the problem of secondary electron control . 'ho genoral characterist ics 
of a griddle surface are shown in Drawing A»Jllb3, and Drawing A-31116 shows 
two actual griddle surfaces. Instead of being f l a t , the surface consis ts of 
a large number of email square pockets separated by narrow r idges . In order 
to form a die lectr ic into tht-a re lat ive ly coaplicated structure I t was decided 
f i r s t to press the pattern into soft aluminum, then to oxidize the surface of 
the aluminum (anodization) to form & thin d ie lec tr ic layer . The griddle part 
of the 3urface of the 3xperiu)r>ntal samjles shown in the picture i s a c i rc le of 
one inch diameter, while the outeldo dianeter of the samples In 1-3/8 Inch. 

Procedure Smployed to Smboss Aluminum to Form a Griddle Structure 

The f i r s t sten in the process i s the preparation of the alumina-n 
to be ei-bossed. In order to make a sample of the s ize shown In Drawing A-31116, 
a square i-by-4-lnch piece of aluminum i s cut from l /4- inch-thlck 23 aluminum 
sheet. This Is coonerclally pure aluminum, having only C.8 percent impurities, 
and Is dst'd because desirable physical chpracterlst ics of the anodized aluminum 
Layer can be obtained only through using a« puro aluminum as poss lb l" . Ns*t, 
a ser ia l number for ident i f icat ion i s stamped s l ight ly off-center on one side 
of the square of aluminum. Then the other side Is polished on a buffing wheel 
to remove scratches. 

The actual embossing ha« been accomplished with a die made according 
to the specification of Drawing A-30908. A piece of 1/8-inch-thick uaoprene 
* l th a ll-inch-dlameter hole in i t s center i s placed around the outside of the 
die to equalize the pressure and f a c i l i t a t e stripping of the embossed cample 
from the d ie . The actual thickness of th i s neoprene ohe.>t la determined by 
the height which the die face projects above Itae surface of the base. The 
neoprene should be s l i g h t l y thicker than this height oo that the pressure la 
properly equalized. Pressure for the embossing has been provided by a manual 
Ci.sen test ing machine, ^umb^r 201 in ROOD 1-210 at M. I . T, This machine pro
vides a maximum iorce of compression of 50,000 pounds. 

Before being placed in th» machine, both the l i e and the aluminum 
sample are well lubricated with kerosene to prevent excessive s t i ck ing . Then 
the sample i s placed in the machine on ton of a heavy st^el a n v i l . It i s 
covered by the ntoorene, and f inal ly the die i s placed on the neoprene with die face 
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projecting downwards through the hole In the neoprene. 

The pressure la then slowly applied In steps to allow the aluminum 
to flow adequately. The final compression ajsplled depends hoth upon the 
height of projection of the die face above the body of the die and upon the 
desired denth of penetration of the die into the aluminum, i.e., upon the 
desired griddle pocket-depth. Using the first die constructed, whose face 
projects 0.187 inches above the hase ag shown in Drawing A-30908, It was 
found that pocket depths of 0.0014 to 0.0018 Inch could he ohtained with a 
final compression force of 40 to ^5 thousand pounds. At least five minutes 
should he allowed to hring the force up from zero to this value. Then the 
pressure should he maintained at th" final value for another five minutes 
to allow all flow to cease (as evidenced hy the pressure's finally reaching 
a constant equilibrium value). The pressure is then quickly reduced to 
zero and the sample and die removed. During most of the embossing, it was 
f-̂ und that the thickness of the neoprene was not properly adjusted to strip 
the sample from the die hy Itself. Therefore, samples were forced free of 
the die with a cold chisel and hamper when necessary. As the final step in 
the forming of the surface, the center 1-3/B-lnch diameter circular area 
containing the section embossed by the die la cut out on a lathe, and the 
sample Is ready for the first step in the anodizing process. 

7-ecommended Procedure for jSnhosslnj; a 3J-inch-Square Griddle Surface 

Present clans Indicate that the final storage surface used may be 
a square having a side of 3^ inches. Numoraua difficulties are anticipated 
if it becomes necessary to emboss a griddle surface of this size. This area 
Is approximately 15.5 times larger than that of the e~nple grlddls surfaces 
oressed thus far. Simple proportion sb/>ws that If the same pressure is 
required for the embossing of the larger size surface M has been used for 
the smaller surfpcot, a force of compression of approximately 620,000 pounds 
will be necessary. 

The largest testing m-chlne now Available at M. I. T. han a capacity 
of 400,000 pounds. This machine would therefore •nrobably he Inadequate for 
pressing 3^-lnch griddle surfaces. Howerer, Professor Cowdrey, of the Testing 
Materials Section of the M. I. T. Department of Mechanical Engineering, has 
suggested that the problem of embossing these large samples he referred to one 
of the silver companies in North Attleboro, Massachusetts, which normally do 
a lar^e amount of such embo -sing. Therefore, if the need does arise to emboea 
aamplee of this size, this suggestion should be serlour.ly considered. 

The Anodlzatlon of Aluminum 

Before anodizing is begun, each sample must <e carefully cleaned to 
remove dirt and grease. After washing with soap and water and rinsing and 
drying with compressed air, the sample is Immersed in a hot aqueous solution 
of sodium hydroxide (4.7 hy weight) for about two minutes. This time should 
be rather closely controlled since longer immersions tend to form a dull film 
on the aluminum. After thorough rinsing in distilled vater, the sample is 
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dipped in a cold solution of n i t r i c acid (10$ by weight) for about four 
minutes to remove any remaining metallic impurities. Finally, the sanrole 
ie removed and rinsed in d i s t i l l e d water again. This cycle should be 
repeated several times u n t i l the sanrole i s completely clean. 

Anodizing i t s e l f i s carried out in a bath consisting of three 
parts by weight of oxalic acid to 97 parts of d i s t i l l e d water. Both the 
cleaning and anodizing baths are ful ly described in Reference 1 . Drawings 
A-31115 and A-31117 show a Picture of the a-vnaratus used for anodizing. 
The anodizing bath i s contained in a 10-inch glass Jar surrounded by a 
12-inch Jar. The space between the Jars i s kept f i l l ed with water or ice 
for temperature control. A 3/8-inch-dlameter aluminum rod i s used as a 
cathode during the process, and the sanrole I t s e l f forms the anode. A 
f i l t ered d-c voltage source variable between zero and 150 vol ts with a 
maximum current capacity of 8 amperes has been used for anodizing. Drawing 
A-30909 shows the c ircui t used in anodizing. Provision Is made to anodize 
four samples simultaneously. The four wire-wound rheostats, shown also in 
Drawing A-3.LI6U, are used to adjust the voltage and current for the four 
samples individually, while larger variations can be effected by adjusting 
the output voltage of the power supply. 

Griddle samples must be suspended in the anodizing bath 30 that 
their entire surface i s Immersed. And, for proper anodizing, i t i s necessary 
that the material which suspends them in the solution a l so be 2S aluminum. 
This can be accomplished by screwing a length of 0.10-lnch-diameter 25 aluminum 
rod Into a threaded hole dr i l l ed part ia l ly through the back of the samnle. 
The rod must be screwed into the hole very t ight ly so *hat no l louid can pene
trate between rod and sample during anodlzation. 

Two separate heat treatments should be given the griddle samples 
to be used In an evacuated storage tube, f i r s t , the unanodlzed sample should 
be heated by radio frequency induction while in a high vacuum to remove 
secluded gases from the aluminum i t s e l f . Then, after anodlzation, the process 
should be renetted to drive out gases held in the anodised layer . The 
temperature of the samnle should never exceed 400 to 5r"!°C during this process, 
to avoid crazing caused by the different coeff ic ients of expansion of aluminum 
and aluminum oxide. 

''.ire Sealing M°thods 

Two different methods have been used to close the infinitesimal pores 
In an aluminum oxide surface. In the f i r s t of these methods the anodlzed sample 
i s simply boiled in d i s t i l l e d water for an hour. This T o ces s part ia l ly con
verts the amorphous aluminum oxide to aluminum oxide monohydrate (AlgOg . HgO). 
The addition of the water causes the pore walls to swel1., and thereby the pores 
tnemaelves are closed or at least reduced in s i z e . A signal disadvantage of 
this type of sealing Is that heat treatment in a vocuum to remove occluded 
giges a lso removes the added water. Therefore, the seaMng Is destroyed by 
• ich he.it treatment. 
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The electrolytic sealing method described in Reference 1 does not 
suffer from this disadvantage. The electrolytic bath used is 15^ (by weight) 
sodium silicate in which the ratio of silica to soda lies In the range from 
2.8:1 to 3.9:1. The anodized sample is made the anode and an iron rod used 
as the cathode. The spoiled voltage is Increased from sero to fifty volte 
in the first thirty seconds. The exact procedure whereby the voltage is 
furthor increased is not critical. The following technique is recommended 
for its simplicity. The voltage is increased, in steps of about twenty-five 
volts, so that the current density Immediately before an increase is 10 mllli-
amperes/ln,2 or less. The initial current density upon any increase may be 
five or ten times greater than this, but it rapidly diminishes. This aeries 
of Increases should be discontinued upon reaching 375 volte, since appreciably 
greater voltages cause destructive sparking in the bath. This voltage should 
be maintained until the current density has drooped to about 1 milllamoere/in. 
Beyond this point the current density diminishes very slowly and the sample 
may be removed. The entire procedure usually takes from one to two hours. 

In the electrolytic method, the pores are partially filled up„ The 
current causes negative silica ions to migrate to the anode and enter the 
pores of the aluminum oxide surface. Some of the silica Inns form aluminum 
silicate while others probably are deposited as silica in the poroa. This 
orocess results in a harder finished surface which is more resistant to acids 
and abrasion than an unsealed surface; and the fact that the pores are partially 
filled makes the surface much lass liquid absorbent. 

Reaoval of the Anodized Layer 

In order to make measurements of the thickness of anodized layers, 
it is necessary to remove the layer without affecting the aluminum beneath. 
The following solution may be used for this ourpose: 35 cc of 83f> phosphoric 
acid and 20 grains of chromic acid are mixed with enough distilled <;atsr to 
make a liter. During removal of the film, the sample is Immersed in the 
bath, which should be kept between 80 and 100°C for best results. The tine 
necessary for the film to be dissolved 13 roughly -nroportional to the tblckress 
of the film and is also Increased by electrolytic sealing* For unhealed fill 
thicknesses of two or three mils, the time required is of the order of half an 
hour. Darin* the process, the sample should be frequently removed, rinsed, 
•iried, and measured with an ohm-meter to determine the loint at which removal 
is complete* At thik point the resistance between two 'joints on the surface 
of the 8amDle will be negligible, whereas there will be appreciable resistance 
as long as any film remains. 

Actually, the point rit which the sample is tn'cen out of the bath 
after all the fila is removed is not critical, since thr? bath doee aot attack 
the aluminum to any extent. This was determined by mesguring the initial 
thickness of an unanodleed aluminum sample with a micrometer, than boiling 
it In the removal bath for thirty minutes. Ho change in thickness could be 
detected with the micrometer. 

Since the chromic acid used in the removal bath is noisonous, extreme 
care should be used in handling the solution when hot, io that none of the fumes 
are breathed and none of the liquid touches the person. 
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.Recommended Procedure for Anodizing a 3-1/g—Inch-Square Srlddle Surface 

The -present experimental anodizing equipment might be used to anodlze 
3-l/2-inch-»quare storage surfaces, but such use would be very Inefficient. 
Only one such sample could be anodized at once and temperature control would be 
very difficult. Therefore, If more than a few such samples were required, it 
would be advisable to procure a larger bath container and an electric refrig
erating unit. Provision should be made to anodlze several samples simultaneously 
in the bath to save time. 

' It has been found that maximum film thickness consistent with film 
hardness can be obtained by anodizing at a constant voltage of 80 volts in a 3$ 
oxalic acid bath. The anodizing current required at constant voltage drops off 
as the anodlslng progresses, yet even the average current necessary for a single 
large griddle sample over a ten-hour anodizing period would be of the order of 
five amperes. Therefore, an average of 1600 watts would be dissipated in a bath 
In which four samples were being anodized, and a d-c power supply Viavlng a 
maximum capacity of -to amperes or more would be required. 

Written 

Approved by 
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SU3JECT; ST03AQS TUB" SZCOSB.V'.Y KLKCHrW CONTROL '.'ITH A HfcGĴ TIC FIBLD 

Written by, J - Roan Kacdcnald 

Date: October 16th r 19^7 

Summary 

In an e lec t ros t? t i c s torage tube. eorre control over the r e d i s t r i rutior 

of 3ecoDdt ry electron/, created a t both the signal g r id viroa end a t the surface 

of the d i e l e c t r i c atc -age layer cay be obtained through the usa of a s t r r 

mr-'-netic f i e l d orienhed perpendicular to the storage surf r .ee* Although t h i s 

tyoc of control has nam inves t i rt?d t heo re t i c a l l y and found unsui ted for f inal 

asa in a storage t u V . I t nay be of some VI\\ a in e rner laen ta l a m l l c a t i o n n whero 

n n r t i a l control of se:ond£.ry e lec t rons i s necessary . 

I'l icusgioi! 

The case of moat I n t e r e s t Is that of negative iharging of the i t >rape 

surface; during such :har{;i?:g the s ignal gr id i s negativa with i e snec t to he 

surface , and secondary r e d ' s t r l h t t t i o n i s g r ea t e s t . ** 3eiauae of the con^>, 

magnetic and e l e c t r i c f l a i l s , M ' e lec t rons emitte inc ident lec-

tron beam follow hol ica l Mths of decreasing n i tch ae the* t ravel away fion the 

surface a<jalnrt the onoosIng e l e c t r i c f i e l d of the s ignal grid (see Draw: 

A-3G913). When the I n i t i a l k i n e t i c energy of the secondaries has been e r t l r e l y 

convertsd in to Potential 'nergy, the e lec t rons s t ? r t bac!c towards the Gurf.tce, 

again following he l i ca l T- thso Since the hel ix followed by each e l ec t ro : 

ta-igent to the nor ra i to ihe surface a t th» noint of i»ri:^.n, the maximum d i s 

tance between the r>cint a which a re turning e lec t ron ma/ ntrilce the sur l 'a '3 

• Ref. 1 , or> 63 - 64 

• • Ref- £. Tip 17 - 18 
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and Its r-oint of origin Is given by the diameter of she rielix which la followed 

(neglectirg the effect of nearby ch-rged areas on the surface), or;°** 

T P sin 0 
TB£1X c S : r.-'/e) where e tnd m are the ch".rge and maee, resuectlv* 

of the electron; B 3 is the magnetic flur denrity, v 0, the initial stiecd of 

th3 electron under congid"rati">n; and 0, the angle which the initial velocity 

vector melees with the normal to the surfsce at the noint of origin. Fron hin 

formula It can he seen that increasing the magnitude of B z decreases the / x 

lmun redistribution distance, ::P.r 

tually, however, for those cases In which a secondary electro: 

completes less tlifln one-h-!.:' a i.•? ical revolution before returning to the sur

face, a redistribution distance less than the above naxlcura distance vo 

arrily. The ratio of the redistribution distance, rp, (which a-onllea for any 

number of revolutions or fractions of a revolution) to the distance an electron 

would travel before striking the surface in the abnence of a magnetic field, 

r n. Is, an shown in the axroendii: — • Hi sinf-±-) where Hi = an 

E z and v0.. are ao shown In the drawing. As shown in the armendlx, this re .lo 

reduces correctly to one :.n the; limits of infinite electric field, or zero 

magnetic field, or angles of electron omission of 0 and 90 degrees fror. 

norn-al to the surface. On the other hand, this ratio reduces to Ri ,-lone o: 

those casoe where the secondary electron completes more than a half revo'.u;lon 

before be^.n,; forced b'clc to the surface. It is desired to rtake the ratio T K / T 0 

as small a* nracticrl in order to reduce the redistribution distance to a 

minimum However, the ratio cannot be held lers than one for all angles o" 

secondary emission inc.' It r>r",rorxhes cne ae p goee to 90 degrees, Slnci 

mo-t electrons are emitted at angles close to the normal, the rodlstribu-;! :n 

di^t-nce ray be decreased xor ;!-..•> oaji secondary fj^ctrons by t 

••• Ref. 8, PO 42, *A. 
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such a va lue of r.iagnetic "lolc, s t rength t h a t tho m i o x»lTo i o coneidert'b y 

l ees thp.n one i a the rang* 0<$<?0o.- for the e l e c t r i c f i e l d condi t ions in 

an e l e c t r o s t a t i c storage iube, hovevor, the vnlue of magnetic f i e l d e t reng;h 

required to efToct v worthwhile reduotloa in r e d i s t r i b u t i o n dis tance i s 

inordineto ' .y h igh , Ao shown in the nnncndlx, a magnetic flux i ens i ty of 

8000 gauss would be required to reduce the r e d i s t r i b u t i o n dis tance by a fa< tor 

of ten a t c va lue of 0 of 30 dngrees and a t normal s torage tuba e l e c t r i c * eld 

conditions< So grea t a magnetic f lux density i s e n t i r e l / out of the quest; on 

for s torage tube u s e . Hovever, in cases where the e l e c t r i c f l u i d , E z , at. 

emission t u r f a c e was much lower than i t i s in a s torage i- r a t i o r^, r 0 

could be r a i n t a l n e d l e s s than one over the range O<0<7O° with a much smaller 

magnetic f l u x dtmsi ty . Ir. such cases , magnetic control of secondary e lec t rons 

might be p p r a c t i c a l methed of cont ro l s 

I 
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APPENDIX 

MAGNETIC FIELD CALCUI VTIOHS 

» 

I t i s des i red tc compare the B&xlmum 9ee->nd'iry electron r ed i s t r i bu t ion 

dlstanci i ' h an annlied magnetic f i~ld to the r e d i s t r i b u t i o n dis tance wit: out 

a magnetic f i e l d . A diagr.'11 showing the motion of a secondary e lec t ron 111 c r 

ated a t the s torage surface under the influence of tho magnetic f i e l d , B.: 

given in drawing A-3091?. The magnetic and e l e c t r i c f i e l d vectors and th 

in i t i a l electron velocity, v0 , can be written as follows: 

\ » 0-ix * 0 - i y ; B2iz 

\ ' °"ix T ° ' i y f Ez*z 

v0 = 0-i x r v oy i y + voz*z 

The parametric equations of the helical -oath followed by a necoid'iry 

electron enitted at the point 0 with initial velocity v0 ara easily calculated 

from F • •• A?,2 -; ( T S B~z)l where e is the (numerical) charge ea the elec

tron, ni itri mass, and v its velocity, These equations 

' oy ( 1 - cos I 

y a !£Z ( s i n K l t ) K l 

K2 
m 

dz 
- f te r leaving the surface at 0 and traveling outward unti l ^f a 0, the 

electron 9t."rts back toward the surface, which i t roaches when :: = 0,. Let .he 

total time necessary for the Journey be t 0 , ttu 

s - 0 " —• t0
2 1 T0,to t 0 4 0 

_ !!2». = iSal Z2« 

How, le t the time necessary for an electron to conplet.e a half 
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revolution of tho helix be ti» A half revolution will ̂ e completed whs 

xmaximuaf Therefore. .1 = x ^ " y-(l "cr" Kl'l ; -g— ••*.«•• *!»] 

Klfcl = (8B-1)17'I where n * 1, 2, 3,,... 

For the first half revolution, n ' 1; 

Therefore; t, s -J— . 5 " 
Kl <*. 

4o / 2 \ / v 0 Z B , \ h8n i*r"w/vv/' >r" then: ~ ' : \^~] \—~i7 / a How, laflne the r a t i o <:• 

F i n a l l y , — - —— . 
t l HX 

Now, if ns magnetic f i e l d hnd besr. aool iod , the i saraae t i ie equations of tl 

t isth of a necondary e lec t ron with i t s i n i t i a l ve loc i ty in the yz plana vo\ 

be; 7. 0 

- »2 - w 
A.nr the naxlaua excuraion of the e lec t ron ur>on 3tri!c':n rfnee, r Q , would 

t>c r 0 - yD1RX • T r y i 0 - ^ — } ^ E; i " 

In order to compare ihn Mucimua excurnioas with and vithout tho r.wnlico 

magnetic i ' ie ld, two casta nuot be d l s t i cgu ished , depending iwo-i the angle 

secondary emission, 0, and the nunter of revolu t ions roads under the lnflur: 

of the magnetic f i e l d , A re turning e lec t ron under the influence of mngno 

f i e l d cnn s t r i k e the surfe.ee a t '• maximum distance rp f n n i t s r>oint of or ig in 

which eqw.ls: (_x2+ y2}J a t t ' t 0 . 
voy •- n i 2 r o y ^1*0 ) 

Therefore, rji ~ -w~ 2(l-coe Kj t g l * = - J J— Bin 

2*1 -ft 2 
Sine* t 0 '• — and t x - - . p - ~ 
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Hence, r K 

h 

the naximun excursions of a secoadary electron with and vithon t 

magnetic field can be compared bj the ratio oi" r^ to i0-

^oy 1 

-o 'oy^o 

E Z 
••here E- ' 

I t con now be Been tbet the r a t i o T:̂  alone serves to determine 

onder what, condit ions the ST7nl:'.ca<,ion of a mrflnptic f i e l d v i l l reduce tbi 

r a t i o r c / r 0 belov one. The meaning of the formula for r ^ / r 0 can be be3t 

understood by considering two l imi t ing caeas: 

Cage I : 1 - < < 1 . 
~ R l 

, IT lo 1 

Since £<<1, — T T - = „ " < < : i and t ^ K t i 

Therefore, the electron comnletes much l e s s than a bed ~ -evolulion before 

re turn ing to the sur face . Because i—-<< 1, sin =- can b.j awnroxln 
r 1 * 1 Rl 

by i- Then — - F-i sin - ~ E, . — -- In Tharsfore, in this 
Rl ro »]. ' '% 

limiting case, the application of a magnetic field dr ase tha 

excursion of a secondary electron at all. This case is satisfied when 

1 COB V 

— - ro—"p— -7. <• < X. I t can thus be seen that th<? magnetic f i e l d 
aakai crence i f E i s larffi , and/or rrQ> coo 0, ana 3 Z e re • n a i l . No 
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matter ho* strong a magnetic f ielc i s app l i ed , ther» Is an niaei ir i , 

0 , i u f f i o l e n t l y closr- to 90 decrees that s l e e t rone emitted r-t th i s angle 

w i l l he unaffected by the f i s l d . Fron the forn of r,, tavi r 0 , both of vh 

conta in vc '' v oin 0 In the denominator, Vc can b :'c»ii thp.t ;he max J 

r e d i s t r i b u t i o n dis tance I s zero with or c f i e ld » I 

and the e lectron leaves the surface nornnlly„ 

Case I I 1 . 'IT 

P., — 3 

In th is cf^ae t 0 :>ti ::.n(. r.n e lec t ron coaolrto> s half revolution 

or sore arfore s t r i k i n g the aurfaco How a lec t r - jh compete rao 

a lir.lf revolution can s t r i k e the rorfaco anywhere within c i r c lo s of rr 
2v 

XJJ^- around ^hoir poinds of o r i g i n , defending upon the value o 
/K t \ 

s ine function s i n l - i — ) io rH' Therefore, in order to compare the maxiisiim 

d i s t ance which any e l ec t rons can t r ave l under the influe.ico of the rnagne 

f i e l d , the sine function must be d i sca rded . 
Tv ~ IT 

Then; - - = - _ - =-, n ^ < 

Since R, i s l ea s 'eta- one In thl3 l i m i t i n g case the app l ica t ion 03 

magnetic f i e ld dc Lhutlon d i s tance . 

I t la of i a t e r n s t to 

R decreaae in the r e d i s t r i b u t i o n dis tance of 10 times n t an emission angl i 

of 30° . Hx I s then l / l O . 
v coa f 

Therefore, 10 B„ 
\. 

13£z 
B„ r — Kow if E z '••' ln vol to'CM and \r0 in en; sec, I!z must be z v 0 coa <p 

expressed in un i t s of weber/cn ouals 108 gauss 
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Hence j 

How 

Z 9 
x 10 gauss z V cos 0 o r 

7 .— 
V = 5.93 x 10 />' cm/sec, where H Is the 

Initial kinetic energy of a secondary electron in electron volte. W = 9 

electron volts will be selected as a representative value of the initial 
Vl 

•mission energy. Now, E = —, and values of V, = 10U volts and d = 0.1 cm 
z d 1 

w i l l be chosen to approximate storage tube condit ions. 

100 x 109>/2 
Then: 5.93 x 107 ' 3.01 

3000 gross 

Written by_ 

Approved by_ 

Reference: 1. MoConnell, R./.., The Storage ot yideo Signals on Simple 
Mooslc Report 743, M.l.T. Radiation Laboratory ( feb.18 , 1946) 

2. Macdonold, J.R. A Storage Tube D l e l e d r l c Surface for 
Secondary Electron Control Masters Theeis, Klectrical 
Engineerings Department, M. I . T., (September 12, 1947) 

3 . Kenbere of the Klectrical Engineering Staff, M. I . T . 
Applied Electronic a (New Xorlc; John \. i l ey £ Sons, Inc. 

Drawings. 
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SUBJECT; Deflection Ciruuits for itorsgo Tube* Present 
etui ->rlc 

-"-• liiglaoerlng Hok.es Ko»~ *»33 uod 

DATE: Februar 30, 1947 

I. Purpose o l Kotos 

fork I s proceealn^ jn oartaln aspects o1 t i e iroblom of pro iuclnf 
deflectlon roltare c ircu i t s for s leotrostnt lo :1c ' s . Thla Hemorandua 
le lntendod or.ly lnf rmally to present ldeai which ere now being fol lovei„ tfo 
should be far enou,;;h clong to permit a formal report to be Issued by- Merer 
Progress in the Interim wi l l be ;ovarod t>y fi 'acta or Engineering 
Notes- Coiments and suggestions ara invited. 

I I , Basic .Vsaumptlo . 

In order to oarry oat the •• • •ii,;\ analysis rst evaluation of 
c ircu i t s , It I s nece: sary either ta 1MOW or to lesunt : r l e t l c s cf lupot 
stimuli to be supplied to tlie clrcrai ,» ».id output voltaren required to be -
duced as v e i l as lmpadonoe l e v e l s at Input and jntr-ut t'lriiinalso The fo i l . 
specifications) have been assumed far tho work :ioy in progress. 

1) Paral le l digit transmission wMl be ueed. 

2) Only the a c corapoaent of T.ol!c::s on bns l a 
s i gn i f i e s 

3) Sr.gnnl wi l l consl * re co--Incident r. 
matoly rectangular p u l l • • vho it -npiltude Is 
"ontveen ten and tvec-f » I t s a d whore dura? 
Bty be fron 0.1 to 0,3i> nlcroiscond 

4) Input Impedance of def lect ion circuit decoder 
be high In order to nel bus. 

B. Outptti 

1) The lead w.l l consist of apprjilxntoly 640 
ray tubes using eisotrt s ta t i c def lect ion. 

2) Balanced i e f l eo t lo ri l l be required. 

5) E.iOh defl 
of t*#3 rosjlcrofarads from 

.plate-template en?) :fnrede from 
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tutap toget) 

•4) Deflection factor wil l Se Iro BO to 
Matlntjo d'»n M 30 . /2 in:hon la 
expected. 
.if 3.2 lnoh IUH defi.e Lth a i n f l e c t i o n 
Mfttlt lTlt] r.h 

5) Circuits are £>;• bo required to pi 
32 dis t inct •nlu^h of J. 
aoordinata (aoriv: uponclng tc :>0;j4- poaitlc. 
oeum oz. targot) t . • 
-jlrtf.- to ?lntt !• / r •- a lnclud-v 
T&lue. 

6) It la M m - • t lon 
wi l l reeu.lt 
the pa tit. lyz. of any part 1 In. 

' thn l e 14 1 
on the s . id If the aucoesi:.vo 
•leflectloas ipot to i-n- utorage locat ion 
each f a l l vlihSn l/4'^ •>. th of 1 '.inc. A 
t f(j£ ^arlatlot Line l a aitvauf t 
tcl arable. 

7) An lr.verval of ,> alert leooxu v.n. the t l 
etcra^e order appeare JC .he onputor bur 1» allow 
for the oetubli ;loa poten 
Ihi a me ana th:vt the t: at oonai int of any tranalent 
Involved nest bo /ecu's 0»:5 ml roeccond 01 leua If 
1 nlcrotecond l a allowed for ;>irctlon of the t 
a e o e l a t e d vilth the deccdor, Actually, If the 
switch la Incorporated In the decoder, only 
1/2 tilcrosecor.d or l e u v' . l l i s needed foi sv-.t h 
operation. 

8) Kc ccneldarcSlon baa caen glTftt to the nhnngp In 
lel'l-sotlon factor which aiijj- r ault froit c 
potent ials la the «toro#e aeeumbly for reading -jid 
w-"tlng. I t ha« been aaaiuned further that el-i-s cli 
adequate to reduce the deflec .ion of the Jeat 
by atray e l e c t r i c :nd cng;ietl flolda to nagllglbl i 
proportions <11T. be oi.iolo.Tod. 

9) Deflectloa potont l t la ent.ibll ihed by one atorag:> 
order wl?-l te Maintained unt i l tho next aiori »e 
ordar la received by cbe loco.or 

10} Storage tabes Hi l l ^o ffottitod on 6 Inch csntrrr 
Sttrage tube bonk v l U be about 30 feet long by 
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Sngin?"jrlii£ I 

.lit. . 

The following decoding rcheineo, l inted In ordar o . jr l t , 
ore now under i I oration' 

A. Binary 'Aer 

iseotort In a ijlropio 
DTfiwfxg Mo. B-30:>33, Imsedlately e f t w tha receipt of a rei et 

a oa the r«3<:; l'.no, a i l the fllp-flo;>« are a -&£ on 
to* 3, Bide and setoff on the 0 eld*. Che gride, of EV 

&•• VI, Vr. ' j V4, Bad V£>, are id to the g s: d* of 
their correspond! \g f l lp - f lopa . Plal ,- voltosoa of the 
fl ip- flops and sv.ltch triodii . ura oo arranged that : 
c a t i o i e t of a l l trlodoa will )t • l i g h t l y nooTa 
Thi ted diode at or e l ight ly tha 
I t* lAode »o thai negl igible current flows ehroush ~l<.* ii.olf-t 
The voltage at tha output teral&al la then aero. When pulse a 
representing a alorcga po»t"loi. are rjool-'ad ca the Input Lint 
the ivo ptj.ee wi l l awlt':h to tJi .: 
the 1 side l a cutjff tod the 2 e 1 4 ° ccnducMi. This lewexe the 
grids of the corrsepindinj; i.-vitch trlcdas, j.llovxng thai i 
associated diodes to aoadl I I plate current :.a 
the t n o d e s Nasi stances 32. H3, B4, ES, :ir.d 16 are ar: 
8 • iiiit f i r equal yc'-tajies ft^rste each re nl stance end I t s 
ass.'cS ated cryetal diode vnose rat ios 
are 2 4 8; 6 r.-ai coap. ' id to the conMnil 
resistance of E2, H3, B4 1 Sfl, in para l l e l , to) 
at the output ull • b' -J. to the 1;1 nary nuaber input 
wltbld u fraction of can pez :9at, 

Ks shown, t) . oapr.ble of froduoJng A pouk. out
put of ribout 1-1/ i T;. te Th. a figure pr.bribly can 0' la-
creased coiE ; .den.ily, porhapi Of a ft ten, by i.slng a 
Cathode foll'iwer khomi grid I s t i ed tc the output l:.nt» tc 
adjust, the roltagc aoroiiti tt•» trarranV dot..mining resist* 
Inspllfloation will s tMl be squ ired to est eufflolent peak 
» ' L to match *.h9 hl^h lmpfrdance dercder to the low 
lmpsdance load. r i f t In t o various rosi store 
any lctroduco serious dl f f lcuj . t lea , Balacoed <>utpui can DM 
seoured by sinply nddxn^ soother eat ef a* i t ch trlodea, diodes 
and r3«lst.ir.i, cc f nodeo In 'he soooad set I 
tiie opposite aide of ;hn 3IM>'> «»t of f l i p flops. 

| i;aga~Uogul.-tor Type l a : o l e j 

A aohsnatlo -f ta le Olroult I t stown on Drawing H-3C330, 
The name Is ohoeeo bicsuee of the eiBilarl' .y between the 
o l r .a l 5 and a convint:.on;J unries drotplnf tube type of 
regiilator. On tha di lwn power to trlode 71 l» 
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A 

Engine 

s e r i e s drop ilng 1 \at 
'iu.otar.cc across the < tho 

output vcltago w i l l bo UOPO na.-irly equal to the i e . 
Y3 i« tin ampl 
Tha slj^iiil at "-he VJ. 1* i 
between the oath* i output ternl:a:l, 
and a prec i se ly rnguuitoil conetnnt negiitlvo vol; . 

00 
H5 ard one of \;he res is tances B6 t Trough %-Z? determlni the 
s ize of the fract ion. If a large fraction of tt.s voltage 
acTors the divider lo fed bticjc to ;h& grid of V3, the outpa 
voltage will, be Low, rdbaok fi 
VI to conduct aor« so tlutt the oi ' I s high 
Choloo between the varloua upper the voltage rlvide 
1 B obtained th-xefh l lode ewltohea coojjosed of V4, '• 3 
V68, or VB, Vff' 

Potent 1. c. ec th.it whan the trlo&e cf any 
switch l i turned -on and a l l ether trloues ara turned off 
the lovt i i (on the schematic^ neoostated v l th tht tr io : 

w i l l be blaeed off while the upper condaete. II I of 
the drops aor ;he res i s tor (:tS • H37) ir;.-.oc-'ated 
with the conducting di.?d>! ere Lr. I • j « 4 to she drop 
aero so the dli.de, tha output wi l l then be alaoet completely 
Independent of tv t l o t . 

Ac nhown on Drawing 
one stogo of astpllf loatloi 1 
8tt^;e amplifier n.;:y bo r 
but w i l l greatly lnc 

i l l u t l o n i du» to 
of the c i rcu i t fcr 
of mo<r. ) i c 
the samo f i t ] 
for both aeta. l . - lv iced ope 
the d i f f i c u l t / of £.• 
p o s i t i v e and aogatlT 

B-30330, the c i rcu i t hue only 
i\ tho feedback loop - tl ree~ 
red to aecurs suff ic ient CBIQ 

."flculty In eliminating 
•>und the lcop - iapta t io 
Ion requires i t lon 

ontrol and gvitch tube* o. 
!<'>rv-ag ' 

ration w i l l • y lecson 
uufi icient re^ul^tion on the 
suppll-se for the ay*t; 

Dlfflc-i . ;ype Of c i rcu i t 
are whleily tho phase-shift oaol l lat iona mentioned abtvo an' 
ohange of reef.uti.rce < . < id temperature. 

C Carrier Type Dec: 

Dravln '.. Is a eohemetlo r'or tho elemental1;- form 
of th i s o lroa l t f. klgb frequency <,l0-35 mc) c:.xrier of 

atont arapl? ;ut.c i • generated by the R.J. generator. The 
carrier I s fed thro r whose caln l e a ta\own 
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Bngln. 

a d i f ferent i Lceeisful 3p; 
however, de;> 
feedback loop, to be verj ieas:-

the present time. TJ I udder n«t\ 
are a l l of odd v ;t be ctit ta r a the r 
to le rance* . vbiL> very h i l l 

.<1 stance valuei in th gard to I 
pernture » ; Mid voltage and current v.irlf.t 

y. Driver topi If.' 

3ir.ce two of tne deoodi 
ou^'flcisnt ontput to drlTe the uofinct lcn plat some oonsldc 
ha:! b«.ea given to amplif ier* for dr lv ce 
lot.ds. '-ho r.eed ' o r r;aln s t a b i l i t y rer i i l ieg use of a lar . 
:'er db.-.c:c. while the requirement t'r. .-oltage ehol l bn 
maintained for an Inde f in i t e ly loo (uat storage ordnr 1» 
received) le»ds to d-i t i.er. One aapl a« 
teen b u i l t and teated dr iv ing a loaxl .iculvale;. rat ton p a i r s of s 

tube def leo t loa p la t** cor. Jt In para? H062/U c a b l e ontermi 
Re ;u l t s of the t e s t s are < - : 3 . 

John Oyfily 

• 
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I . SUMMARY 

Among the circuits required for the control of electrostatic 
storage tubas are circuits 'thich furnish voltages to deflect the priaary-
electron beam in accordanco with orders received from the computer. Pre
liminary design studies have led to the conclusions expressed and dis
cussed in this report. 

In ordor to make numerical computations possible when any part
icular subject was under s'.udy, a considerable amount of data was assumed 
relating to the physical form and the operating characteristios of the 
storage tube. The assumptions made are listed in the report. 

The general problem of supplying common deflection voltages to 
many storage tubes used in a single bank 1B discussed under two main 
topics. First, the effects of manufacturing tolerances are considered 
and possible means of compensating for the effects are suggested. Second, 
the input impedance, transmission delay, and attenuation in the trans
mission line are considered; the conclusion is drawn that a special type 
of lino should be designed and constructed. 

Two types of circuits capable of translating orders from the 
computer into deflection voltages are discussed; a binary-weighted de-
ooder with an amplifier, and an equal-increment decoder which needs no 
emplifier. Designs for experimental models of each type circuit are in
corporated in the appendix. 

Major problems, together with recommendations for their so
lutions are i 

1. compensation for effects of manufacturing tolerences. 
Reoommendation withheld pending accumulation of aotual 
data on storage tubes. 

2. Design of transmission line. 
Peoommend use of large-diameter, air-spaced, balanced, two-
wire lino terminated at the end remote from the deflection-
voltage generator. Actual design constants will depend on 
electrical characteristics of the storage-tube prototype 
nodol. 

3 . Deflection-voltage generator. 
Choice between the two proposed types should be deferred unt i l 
data on the storage-tube prototype i s available. <Vork in the 
interim should be concentrated on the binary-weighted decoder 
end associated amplifier. 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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II. INTRODUCTION 

A. Brie f Pascription of Storage Method 

This report deals with e l e c t r o n i c switching c i r c u i t s designed 
to e s t a b l i s h speolf ied potentials at the beam-deflection p l a t e s of oathode-
i-ay tubes uned as e l ec tros ta t i c ctorage devices. Knowledge of the form 
of t h e proposed s t o r a g e tube and i t s mode of operation i s necessary to 
understand dearly t h e elements of the des ign problem, and i t i s suggested 
t h a t references A and B will supply d e t a i l e d information on t h i s subject. 

Et-lafly, t h e electrostatic s torage tube will c o n s i s t of two 
o l e o t r o n gun structures and a storage assembly enclosed i n an evacuated 
g l a s s envelope. The f i r s t electron gun w i l l supply a sharply-focused 
beam of high-Telocity electrons which may be deflected by means of 
p o t e n t i a l differences established between the plates of two pairs of do-
l ' l e c t i o n electrodes, t h e axeB of the deflection-plate pnirs being mu
t u a l l y perpendicular and alro perpendicular to the axis of the undefleet-
od beam. This beam of electrons wi l l s t r i k e a storage surface within the 
s t o r a g e assembly and w i l l cause the area under the beam t o assume one of 
two potentials , choice between the two being made in response to the po
t e n t i a l established on a control e l ec trode within the s torage assembly. 

For reading of the stored Information, the e l ec t ron beam is 
a g a i n directed to the storage surfooe w h i l e a neutral p o t e n t i a l is held on 
the control electrode within the storage assembly; e lectronio circuits 
d e t e c t the flow of displacement currents as the area under the beam on 
the storage surface I s charged or discharged to a neutral po tent ia l . The 
second eleotron gun w i t h i n the storage tube will supply a v e r y broadly 
f o c u s s e d beam of low-velocity elootrons which may be thought of as a uni
form spray over the e n t i r e storage s u r f a c e . This beam of low-velocity 
e l e c t r o n s will rendor a given pattern of charge stable by means of secon
dary omission phenomena. 

In the Whirlwind series of oomputers, the e l e o t r o s t a t i o storage 
tube w i l l be used i n ouoh a manner that one digit of each o f approximately 
1 ,000 words will be s tored in a rectangular array on the s torage surface. 
The operation of the computer makes i t necessary that each storage area on 
-he surface be i n s t a n t l y and independently available for reading, writing, 
or e r a s i n g purposes. The computor w i l l designate any ;ivon storage loca
t i o n by supplying t o t h e storage system eleven or fourteen binary digits. 
The storage-tube d e f l e c t i o n circuits w i l l Interpret part of these binary 
d i g i t s as composing two binary numbers which may be thought of as X and T 
coordinates of the s torage looation on a rectangular ooordinate system. ~ 
• "•inoe eaoh binary word of storage w i l l be located in s i x t e e n separate 
u torage tubes for Whirlwind I and forty storage tubes for Whirlwind II, 
and s i n c e ti/o or s i x t e e n banks of storage tubes will be employed, i t will 
be necessary to use one or four dibits of the jtorage order t o designate 
the bank of storage tubes in which the s tored number wi l l be found, this 
net o f digits corresponding to a Z coordinate of the storage spaoe. 
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B. Baaio Assumptions 

In ordar t o carry out the des ign , analysis, and evaluation of a 
c i r c u i t , ' - i t is necessary either to 'axon or to assume characterist ics of 
input stimuli to be suppliod to the c i r c u i t and output vo l tages required 
t o be produced, as we l l as impedance l e v e l s at input and output terminally 
The following data have been assumed in the storage tube def leot ion o ir -
c u i t wark so for. 

1. Input 

a. Parallel d ig i t transmission w i l l be used for the deflec
t ion c i r c u i t order. 

b. Only the a-o component of voltage on the d ig i t - transfer 
bus or any signal input l i n e i s s igni f icant . 

o. The s igna l for each coordinate wi l l consist of a f ive -
d ig i t number composed of coincident pulses whose amplitude 
i s between 10 and 20 vo l ta and whose duration may be from 
0.05 t o 0.26 mioroseconds. 

d. Input impedanoe of the d e f l e c t i o n circuit decoder must 
be high in order to avoid loading the d ig i t - transfer bus. 

e. Additional pulses wil l be supplied to the def lec t ion 
c ircui t on individual l i n e s for the purpose of resett ing 
the de f l ec t ion oiroult decoder., reading back the storage 
order for checking purposes, e t c . 

2 . Output 

a. The load w i l l consist of 32 storage tubes for Whirlwind I 
or-640 storage tubes for Whirlwind II. Electrostat io de
f l e c t i o n w i l l be used. 

b. Balanced defloction vol tages w i l l be required. 

c. Each def lec t ion plate pair w i l l have a maximum direct 
capacity of 2uuf from p la te t o plate and 7'itffi from each 
plate t o ground. Uethods of connecting tubes together 
are discussed below. 

d. The def leot ion factor w i l l be from 50 to 100 v o l t s per inch. 
Maximum deflection of about 3^- inches, peak t o peak is ex
pected. Computations have been based on a f igure of 3 in-
ohes maximum deflection with a deflection factor of 67 
vo l t s per inch. 

e. Circuits are assumed to be required to produce 32 dist inct 
values of defloctioa vo l tage in each coordinate, oorres-
pondlng t o 1,024 posit ions of the beam on the target . Zero 
vol ts p late- to-plato may or may not b» included as one value. 
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f« It is assumed that satisfactory storage operation will 
rosult if tho extreme long-time variation in the posi
tion of any particular spot from itB nominal position 
does not excood \/Z% of the width of the arre.y on the 
storage surface and If the successive deflections of the 
spot to any storage location each fall within 1/4$ of the 
width of the array. A ±5$ variation in the width of the 
array is assumed to be tolerable. 

g. An interval of 3 microseconds from the time the storage 
order appoars on the digit transfer bus is allowed for 
the establishment of the deflection potentials. 

h. Ho consideration has been given to the change in de
flection factor which may rosult from the change of 
potentials in the storage assembly for reading and 
writing. It has been assumed further that shielding 
adequate to roduce to negligible proportions the 
deflection of the beam by stray electrostatic and mag
netic fields will be employed. 

i. Defleotion potentials established by one storage order 
will be maintained until a reset pulse is received 
by tho do coder„ 

j. Storage tubes in Whirlwind I will be mounted on 12" 
centers. The storage tubo bank for Whirlwind I will 
require 32 square feet of front area, storage tubes 
in Whirlwind II will be mounted on approximately 6" 
centero, and the storage tube bank will be about 
201 long by 8' high. 

• 
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III. COMJLCTIOHS TO DEFLECTING PLATES 

A, Oenerr.l Considerations 

In order to reduce the amount of equipment required and to 
facilitate testing and checking operations it would be desirable to 
have a single deooder and driver unit. This indicates that 
corresponding deflection plates of all storage tubes in the 3torage 
bank should be ooineoted in parallel. Two factors must be kept in 
mind when designing the connecting oircuits. First, mechanical 
tolerances allowed in the manufacture of the tubes will result in 
variation from tube to tube of deflection sensitivity and position 
of the undeflected spot. Second, the large anuunt of oapacltanoe 
associated with the deflection plates and their connecting cables, 
the large peak voltage required to be produced, and the short time 
allotted for the establishment of the voltage are three factors 
which, in combination, require that very high currents be supplied 
by the driving source. The connection scheme must be designed to 
minimite the current requirementc. 

•B. Compensation of Tube Variations 

1. Types of variation encountered 

Commercially manufactured five-inch cathode-ray tubes in
tended for general oscillographic use are held to tolerances such 
that the deflection sensitivity of any one tubs may deviate from 
the nominal value for the type by not more than ±20/». Tolerances 
on alignment of the electroc-gun structure are such that the undeflected 
apot will fall within a 1-inch square whoso diagonals intersect at 
the center of the tube face and rhose sides are parallel to the axes 
of deflection. It is expected that those tolerances can be reduced 
by careful neohanical construction and close quality control to a 
figure of *£>% deviation of deflection sensitivity from the average 
value and l/4 inch for the aide of the square within which the un
deflected spot will fall. 

2. Compensation of defleotlon sensitivity 

One of the assumptions listed under topio II-B above is 
that the allou^ble variation of the width of the array on the storage 
surface fron its nominal width will be±5?J. If no provision is mode 
for compensating tho difference between the deflection sensitivities 
of individual tubes, oven the smaller tolerance on deflection 
oensitivity will not allow the attainment of the assumed limits on 
the variation of the width of the array since it will not bo possible 
to maintain the maximum deflsetion voltages at an exaot non-inal value. 

Ths simplest method of compensating for variations in 
deflection sensitivity woulc". be to use a pair of R-C attenuator 
sections at eaoh of tho more sensitive dofloction-plate pairs, 
the attenuation of any pair of sections being chosen to roduoe 
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the effective sensitivity of their associated deflection-plate 
pair to the sane sensitivity as the least sensitive pair acceptable 
under the tolerances set up for the tuboa. By this means the 
effective deflection sensitivity of any pair of plates may be 
brought to within ±1/5 of the lowest uncompensated sensitivity 
accepted. If atTconfiguration is adopted for the attenuator, it 
will be possible to adjust the elements so that the effective shunt 
capaoitanoe and resistance at the input to all deflection-plate 
pairs is the same. 

Other schemes of compensation, such as adjustment of 
accelerating potential in the eleotron-gun, separate amplifiers 
for each pair of plates, etc., do not appear to be practical. 

3. Compeisation of Undeflected Position 

If it is found that the tube-to-tube variation of the 
undeflected position of the beam causes too Great a reduction of 
the useful storage area, compensation may be applied in any of a 
number of ways. 

Since the deflection voltc>ge probably will bo maintained 
for a fixed, short length of time each time it is established, 
capacitive coupling to the deflection plates may be used. Such 
ooupling will allow insertion of a positioning voltage at each 
pair of definebion plates. Same form of clamping must be us ad to 
restore the d-c component of the deflection voltage at the plates. 
One of the high-voltage germanium orystal diodes should prove 
adequate for this application. Care must be taken to make the 
impedance of the positioning-voltage source low enough to prevent 
appreciable changes in bias with changing duty factor. 

A better method which has been suggested for adjusting the 
cpot position is to insert two additional pairs of deflection plates 
on the eleotron-gun struoture. The30 auxiliary plates would carry 
a steady difference of potential which could be adjusted so that 
the point of impact of the electron beam would lie exactly ut the 
center of the storage surfaco when the main deflection plates were 
all hsld at second-anode potential. Since theso auxiliary plates 
would only oarry d-c voltage they noed have only a low deflection 
sensitivity Mid could, consequently, be made considerably shorter 
along axis of the tube than the main plates. An additicnal 
function which might be served by the auxiliaries would be shielding 
between the two main deflection-plate pairs. ThiB shielding would 
be useful in reducing undesired coupling bctwoon the two axos of 
deflection. 

Other schemes of compensation, such as an external permanent 
magnet whose direction and distance from the axis of the tube ore 
adjustable, a separate amplifier for each pair of plates in the group, 
otc, are possible but are not so attraotive from the standpoint of 
oose and stability of adjustment and amount of equipment required. 
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C. Control of Input Impedance 

la Types of Connection 

Because of the large physical aire of the storage-tube bank 
and the large number of storage tubes in the bank, a large amount of 
cable is required to make connection to all deflection plates. In 
order to reduce stray coupling to a minimum, some form of shielded 
transmission line will be used. When considering the question of 
which type of line should be used and what the resulting performance 
of the system will be, a number of factors must be investigated. 
Before discussing these factors, however, it is necessary to outline 
two possible connection schemes and to see what effect the choice of 
one scheme or the other will have on the rest of the dofleotion oireult 
problem. 

One ray of feeding the defleotion plates would be to use 
short lengths of cable to conneot up small groups of tubes with the 
input ends of the oablee all fed in parallel from the deflection-
voltage souroo. In the case of WWII, for example, the defleotion-
voltage generating circuits might be located in the center of the 
storage-tube bank with sixteen rows of tubeB having twonty tubes per 
row on each side. Jiaoh row of twenty tubos might be fed by jne cable 
with the input ends of the thirty-two oables coming together at the 
output terminal of the generator. The end of the cable remoto from the 
generator would not be terminated. In such a oystem as -this if the 
time required for electrom&gnetio waveB to be propagated from the input 
end to the most remote point in the system is small compared to the time 
constant of any transient voltage which may be applied to the input, the 
effect of the series inductance of the transmission line may be neglected 
and the input impedance of the system can bo considered aB that corres
ponding to a lumped capacity. The time required to establish a voltage 
at the most remote point in the system is very nearly tho some as that 
required to establish the same voltage at the input. 

A socond way of feeding the deflection plates would be to use 
a single longth of cablo to feed all corresponding electrodes with tho 
taps for individual tubos taken off at uniform intervals. If the 
spacing between taps is small enough that the time required for 
electromagnetic waves to be propagated from any tap to the next succeeding 
tap is small compared to the timo constant of any transient voltage 
which may bo applied to the line, the loading -.ay be considered as if 
it were distributed uniformly along the line. Since this condition 
exists in the present application, and since the characteristics of 
transmission lines with uniformly distributed parameters are described 
by relatively simplo mathematical relations, it is possible to calculate 
the pertinent constants of the loaded line. A considerable simplifica
tion in the calculation results from the fact that the losses in the 
line and at the deflection plates are very small and can be neglected in 
most of the calculations. It Is particularly important to note that the 
<-haraoteristic impedance of the loaded line under the conditions which ex
ist in this application is very nearly a pure resistance. The ond of tho 
line farthest from tho defleotion-voltage generator will be terminated with 
this characterlst.io resistance, and the load presented to the generator 
will be the same resistance. The tine required to establish a given 
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voltage at the end of the line farthest removed from the input and is 
equal to the tima required to establish the voltage at the input plus 
a fixed transmission delay ihioh. io characteristic of the loaded line 
and may be calculated. 

Both of the connection schemed outlined above would result in 
approximately the same total capacitance for the doflectlon plate system 
if the same tube spaoing anc\ type of oonneoting cable were used. The 
first type of connection, which results in a capacitanoe load being 
presented to the deflect ion-voltage generator, must bo driven by a 
oonstant-voltage source having low internal resistance. A maximum 
allowable value for this internal resistanoe may be calculated from the 
faot that the product of (a) the resistance and (b) the total capacitance 
of the deflection system plus the output capacitance of tho generator 
must not exceod approximately ono seventh of the difference botwoon (a) 
the timo required for the decoder to set up the deflection voltago called 
for and (b) the three microseconds alloted for the ovor-all operation of 
the deflection circuits. With the second type of connection, which 
prasents a resistive load to the dofleotion voltage generator, either a 
constant-voltage source or a constant-current source may be used. A 
major part of the delay in this caoe will be the transmission delay in 
the line; but tho over-all operation time of the deflection circuit will 
include not only the delay but also at least seven times the produce of 
the characteristic resistance of the loaded line (in parallel with the 
output impedance of the driving souroe) multiplied by the output 
oapaoitanee of the driving source, in addition to the time required for 
decoder operation. 

2. Factors Affecting Choloe of Transmission Line 

It is desirable, in order to reduce power dissipation in the 
deflection circuits, to choose a type of transmission line which, when 
loaded by the deflection plates, will result in a high impedanoe at the 
input to the defieotion-plate network; at the same time the velocity of 
propagation in the loaded line must be high enough to satisfy the traas-
mission-time restrictions of the connection scheme in whioh it is used. 
Because of the fixed capacitance shunted across the line at each deflec
tion plate connection, if the same dieleotrio is used in all types of 
line oonsiderod it is possible bo increase the input impedance only at 
tho expense of decreased velocity of propagation; however, both the in
put impedance and the velocity of propagation increase as the specific 
inductive capacity of the dielectrio is decreased. For this reason an 
air-insulatod transmission line is preferable to a line having solid 
dielectric. 

Attenuation of the deflection voltage as it travels along the 
transmission line is undesirable in either of the two connection schemes 
proposed. In the caso of unterminated lines treated as a lumped capaci
tanoe attenuation has an effoct which may be considered as equivalent to 
a small resistance in series with the capacitance. Ho inequality of the 
equilibrium voltage at the various deflection plates results from att.v,--
ation if this type of connection io used; but for systems of the same 
total capaoitance and the some voltage build-up time, the system with 
large attenuation will require a source having lower impedance than will 
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the system with small attenuation. This difference is small, however, 
and the improvement; in input impedance duo to reduced attenuation does 
not alone just i fy the use of an oxpensive or physically inconvenient 
type of transmission l ine . 

Attenuation ir. the transmission l ine has a sonewhat different 
e f feot in the case of a s ing le , uniformly leaded l i n e . Under these con
dit ions the driving-source impedance required to establ ish a given equi
librium voltage at the input to the l ine i s not materially altered; the 
d i f f i c u l t y i s that , with a constant voltage at the input, the equil ibriim 
voltage at oach successive pair of def lect ion plates is s l i g h t l y smaller 
as the distance from the Input end of the l ine increases. If, as sug
gested above, i t i s necessary to u t i l i z e compensating c ircui t s t o equa
l i z e the deflection s e n s i t i v i t i e s of individual tubes, then these same 
c ircu i t s can be used also to compensate for attenuation in the trans
mission l i n e . If however, i t i s found possible to maintain tolerances 
on def lect ion s e n s i t i v i t y such that the variations need not be compen
sated as long as a -i-rvn value of transmission l ine attenuation 1B not 
exceeded, then i s beoomes highly desirable to keep the attenuation in 
l ine below th is value. 

Consideration of the above points shows that the most desirable 
type of transmission line for connection of the deflect ion plates to th3 
def lect ion voltage generator i s on air- insulated l ine whoso geometry ia 
arranged so that the transmission delay in the loaded l ine i s the longest 
vfaich i s tolerable in the connection scheme chosen; furthermore, the a t 
tenuation in the l ine should be small. An air-insulated l i n e w i l l be a 
r ig id or semi-rigid type. The requirement of longest tolerable delay 
means that the rat io of the diameter of the shield or outer conductor to 
the diameter of the inner conductor or conductors wi l l be large. Small 
attenuation moans large-diameter inner conductor. These points , taken 
together, indioate that the physical s i ze of the transmission l i n e may 
l imit achievement of the desired e l eo tr i ca l character is t ics . 

Appendix A contains calculation of the properties of RC--.'"2/U 
co-axial cable loaded as i t would be for use in both >V,7I and Will storage 
tube baako, and also properties of an air- inoulated, r i j i d , shielded, 
balanced, two-wire l ine which i s suggested. 
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17. DECODING CIRCUITS 

A. Function of the Decoder 

It will be recalled that the principal input to the deflection 
oirouita comes from the digit transfer buB of the computer and consists 
of a group of pulses which represent, according to a logically chosen 
code, the location of a point on the storage surface to which the read
ing and writing electron beam of the storage tube must be deflooted. On 
the other head, the actual defloot ion of the beam is accomplished by 
iieans of potential differences established between the plates of eaoh 
defleotion-flate pair. Any oomplete set of deflection circuits must, 
therefore, include a device *ich serves to convert the coded input into 
two voltage magnitudes. The device which makes this conversion has been 
called the 'decoder" in discussion of the defleotion problem, and is so 
designated in this report. 

It considering the operation of the decoder and the require
ments to be met, it is convenient to think of the coded input as repre
senting two integers written in binary notation. Ten lines of the digit-
transfer bus are connected to the decoder input through gated amplifier!)} 
five consecutive lines oarry pulses representing the binary digits of ono 
integer while the other five lines carry the second number. To insert 
numbers into the decoder it is necessary to open the gates at the input 
of the decoder and then feed voltage pulses representing the desired 
numbers onto the digit-transfer bus. As soon as the pulses have had timo 
to pass through the decoder input gates, these gates must be closed so 
that subsequent pulses appearing on the bus will not affect decoder oper
ation. Aoccrding to the code chosen for 17)71, occurrence of a positive 
pulse at any input terminal of the dacoder while the input gatos are open 
represents appearance of the digit 1 in a corresponding position in the 
number as written in binary notation"; non-occurrence of a positive pulse 
at an input terminal during the same time interval indicates that the 
digit £ appears at a corresponding oosition in the number. Since a five-
digit binary number can represent £5 integers, each of the input numbers 
nay have, independently, any integral value from 0̂  to 31_ inclusive. 

Decoders for 73171 and M i l will be designed so that the magni
tudes of the two output voltages are as nearly as possible a linear func
tion of the input integers. An expression for this desired function is: 

E31 " E0 _ 
En " E 0 • 

31 

where E,j is tha voltage output for input number N, E 0 is the voltage out*-
put for input number 0, E31 is tha voltage output for input number 31, ar.d 
IT is any lntsgor from 0 to 31, inclusive. Because each input number is 
operated on in exactly the same fashion, the decoder will consist of two 
identical se3tions. In the following discusnion, only one seotion of the 
decoder will ba considered, it being understood that the seoond section 
will be the lame in all respects. 
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B. Types 01' Decodora 

A number of cirouit arrangements have been proposed as bainj 
capable of producing the required relation between digital input and 
voltage output. Only two of the schemes, proposed an alternatives, are 
discussed below. The first ia characterized by economy of space and 
equipment, large power dissipations in certain rather oritical compon
ents, necescity for maintenance of extremely close tolerancaa on a nusabur 
of resistors, and, in general, necessity for very close design and ad
justment of the circuit. The second is characterised by ability to oper
ate with rather broad tolerances on components, a more desirable situation 
with regard to power dissipation, end the possibility of extensive control 
of the shape of the output-vs-input function. 

The first system of decoding derives ita operation directly 
from the charaoter of the binary code. To review briefly, an integer to 
whioh the decoder must respond is represented by the occurrence or non
occurrence of a positive voltage pulse at each of five input terminals 
during a specific interval of time. 

The value of the integer represented is obtained by assigning 
an integral value or "weight" to the occurrence or non-occurrence of a 
pulse at each input terminal, and summing up these weights. With the in
put terminals numbered in order of increasing weight, the assigned values 
are (using decimal notation with Arabic symbols) as follows: 

Terminal Value Assigned 
Dumber Ooourrenoe Hon-Oocurrence 

1 Z° = 1 0 

2 2 1 = 2 0 

3 22 = 4 0 

4 23 = 8 . 0 

5 E4 .16 0 

This method of assigning values is called "binary weighting" beoauae tho 
assigned weights form a geometric progression with rat io two. 

A decoding c ircui t which usee binary weighting to decode the i a -
put pulses i s shown in an elementary form on drawing B-30S33. In opera
tion, the c ircui t approximates a l inear summation of current from f i v e 
separate current auurcea itiich i-re weighted in accordance with the binary 
code. Referring to the drawing, immediately after the receipt of a puln-j 
on the reset, l ine a l l f l ip - f lops are conducting on the 1 s ide and cut off 
on the 0 s ide . The grids of awitoh triodes VI, V2, V3, V4, and V6 are 
t ied to the rero side of their corresponding f l i p - f l o p s . Plate supply 
voltages of the f l ip- f lops and switch triodes ore so arranged that the 
cathodes of a l l triodes wi l l be at or s l i g h t l y above ground. This puta 
the cathode of each crystal diode at or s l i g h t l y above ita anode, so tha-'̂  
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neg l ig ib le current .̂ IOWE through the d iode. The vol tage a t the output 
terminal i s then zero . When a ao t of pulses r epresen t ing a s torage po
s i t i o n are received on the input l i n e , t he ilip-flops which get a p o s i 
t i v e pulse w i l l switch so tha t t h e 1 aide 1B cut off and the 0 s ide 
conducts. Vhis lowers the grid of the corresponding switoh t r i o d e s , 
allowing tho i r assoc ia ted diodea to conduct and turning off p l a t e cur
rent in the t r i o d e . Resistances R;, R3, R4, R5, and R6 are arranged so 
t ha t for equal vo l tage aoross each re s i s t ance and i t s a ssoc ia ted c r y s t a l 
diode, thoy draw currents whose r a t i o s a re as 112 |4 :8 :1S. 

If Rl wero very small co:cpared to the combined r e s i s t ances of 
R2, R3, R4, R5, and R6 i n p a r a l l e l , the current flowing through Rl (and 
hence the output vol tage) would be very nearly propor t ional t o tho b i 
nary number i n p u t . The output vol tage for t h i s case would, however, 
a l so be Tory small 'jompared t o t h e vol tage supplied t o the d i v i d e r . An 
increase of output voltage may bo secured, at t he expense of a depar ture 
from l i n e a r i t y , by decreasing the r a t i o of F2 (end henco R3, R4, R5, and 
R6) to Rl. The r a t i o of output vol tage t o vol tage supplied the d iv ider 
i s given by the expressioni 

R2 

where H i s the input binary number. This equation i s p lo t t ed on Drawin,; 
A-38251-G mi a function of N wi th R2A1 a 8 a parameter . Drawing A-382S2-G 
i s a p lo t of the slope of the output curve as a function of N, again using 
Rg/^i as a parameter. The equation of these curves 1st 

«2 

1 «o ri 

(H • 2 )2 
R l 

I t is r ead i ly apparent from these curves that a compromise must be 
made between l a rge output with poor l i n e a r i t y end small output with 
good l i n e a r i t y . 

AE drawn, the c i r c u i t suffers from the disadvantage t h a t for 
reasonable values of supply vol tage and po?;er consumption the output 
i s small and a t high impedance l e v o l . Some d i f f i c u l t y also may a r i s e 
from the use of t r iodo swi tching , sine* i t may bo impract icable t o supply 
a grid swing on t h e t r i odes la rgo enough to reduce cathode current to 
a negl ig ib le v a l u e . Furthermore, the c i r c u i t , as drawn, furnishes only 
a single-ended, or unbalanced, output . Appendix B of t h i s repor t contains 
en evolved design which uses ampl i f ica t ion and nogative feedback t o 
overcome the objections of small output a t high impedance l e v e l . This 
c i r cu i t i s arranged to produce a balanced output which may be apolied 
t o both p la tes of a defloct ion p l a t e pa i r s imultaneously. 
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A rudimentary four-position form of a aocor.d type of decoder i s 
shown in drawing B-30751. The principle _>f oporation of th i s c ircui t i s 
a l inear summation of unit ourrevit sources, one unit current source 
being supplied for aaoh increment of def lect ion required. In the drawieg, 
the doubls tetrodes VIA, VlB, V2A, V2B e t c represent the unit current 
sources. Dial tetrodes are providod in ordor that balanced doflect ion 
voltages may be secured, that i s , the A sido of eaoh unit current source 
i s connected to one s ide of the load while tho 8 half of eaoh current 
source i s oonnected to the other side of tho load. The two oontrol 
grids of tho unit current source tube are connected to the two plates 
of a f l i p - f l o p which has i t s plate load so arranged that the p late 
of the non-conducting tube w i l l be approximtitoly at ground potential 
while the plate of the conducting tube i s approximately SO vo l t s below 
ground potent ia l . This assures that one tube of the current source 
w i l l be conducting strongly while the other half i s cut off. Tho 
cathode resistance of the current souroe i s provided in order t o increase 
the plate rosistanco of the two tubes by degenerative action and 
thereby to reduce to some extent the effect:-, of unbalanoe between the 
two s ides of the tube and the change of ouri-ent through the tubo with 
age. 

TAB circuit i s BO arranged that immediately after the receipt 
of a pulse on the "reset" grid of the f l ip -? lop , the 0 half of the unit 
current source wi l l be conducting while the A half is cut off. The 
"set" grid of each f l ip - f l op i s oonneoted to the plate of the corres
ponding amplifier tube in the group of c ircu i t s desi-ncted as a one
way l i n e " . The purpose of the ono-way l ine i s to take a signal which 
arrives at the grid of any one of the tubes and cause th i s s i -na l to be 
propagated only to the rightj thus, i t can be seen that a signal which 
i s introduced at the grid of the right-hand amplifier tube of the one
way l ine w i l l cause a change of state only in the f l i p - f l o p labeled 1. 
Similarly a pulse introduced to tho grid of the second tube from the 
right in the one-way l ine w i l l affect only ~he f l ip- f lops labolod 1 and 
2 . The pulse introduced totho grid of the third tubo from the right 
in the one /ay lina w i l l affect f l ip - f lops 1, 2, and 3 . In this way i t is 
possible to cause a switching of current in a number of increments equal 

to the numerical value of the ooint at which the signal i s introduced. 

The signal i s inserted into tho oio-way l ine at the proper 
point by moans of the four-position e lectronic switch. This switch 
reooivee i t s stimulus from the digi t transfer bus in the form of a two-
d ig i t binary number and c.jans one of tho gaoe tubes on i t s output in 
accordance f i th the input number. A "sot-up" pulse is then passed thrcugh 
the gate tube into the one-way l ina, se t t ing up the corresponding f l i p -
f lops , and causing a switch in current from tho B half to the A half of 
the proper number of unit current souroos. 

Inspection of the mode of operation of this c i rcu i t makes I t 
apparent that the output voltage wi l l certainly vary monotonically with 
the input nvariber, and that , i f the dynamic plato resistance of tho unit 
ourront source tubes i s high compared t o tho resistance of the load, thr 
output voltage w i l l vary approximately l inear ly with input number. 
Further advantages of t h i s type of o irouit ore that the output impedance 
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i s qu i t e lo» so tht. t the load may be driven without any ext ra ampl i f ica t ion 
being needed. Furthermore, the 6yotem c^n be a-o oouplod throughout oxoopt 
for tne coupling between the gr id of the un i t current source and t h e plt t ta 
of the associa ted f ' i p - f l o p ; t ho re lo ro , a .ainimum number of voltage supply 
l eve l s are required for operat ion. The design of a 32-posi t ion c i r c u i t 
of 'chis typtf is givon in Appendix C of t h i s r epo r t . 
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V. RSCOUMENDATIOKS 

A, Conneoi;lonB t o Platea 

I t i s not poss ib le a t the present t ime t o say whether or not 
special coupling c i r c u i t s w i l l be needed a t each storage tube t o oomponsate 
for manufacturing to le rances ; accordingly, no recommendation i s made 
ooncerning "he actual l i n e - t o - t u b e coupling. 

Although an unterminated connection us ing type' RG-62/AJ coaxial 
cable is praot icablo for use in the small s torago- tube bank of AWI, choice 
of suoh a connection i s not recommended booause t h e design of c i r c u i t s 
t o drive tho connected load could not be appl ied d i r e c t l y t o WWII with i t s 
large bank of storage t u b e s . I t in recommended, r a t h e r , t ha t design for 
• B be ca r r i ed out on the basis of a terminated connection using a 
spec ia l ly constructed t ransmiss ion l ine whose performance w i l l be s a t i s 
factory fo r use in '<WII a l s o . 

B. DefleoJ,ion-Voltage Generator 

On the basis of p resen t information i t i s f e l t t h a t s a t i s f a c t o r y 
performance can be obtained from e i the r of t h e two types of de f l ec t ion 
voltage genorators desoribed in sect ion IV above. Although the b inary-
weighted decoder wi^h a power amplifior r equ i res l ess space and 
equipment for i t s operation than the "equal-increment" type of decoaer 
(whioh can, however, d r ive the load d i r e c t l y ) , t he l a t t e r type possesses 
considerablo advantages in i t s freedom from high-wat tage , c lose - to le rance 
r e s i s t o r s aiid i t s a b i l i t y t o provido individual control of the increment 
magnitudes. I t is recommended, t h e r e f o r e , t h a t choice between the systems 
be deferred u n t i l de f in i t e information on the s torage tube i s ava i l ab l e t o 
replace t h e assumed data used up t o tho present t ime . 

Any further work done on def lec t ion c i r c u i t s before a s torage 
tube prototype i s ava i lab le should be d i r ec t ed mainly toward development 
of the binary-weighted deooder and i t s a s soc ia t ed amplif ier , s i nce the 
design of t h e equal-increment system i s l e ss c r i t i c a l aad w i l l r equ i re 
IOSB experimental adjustment and v e r i f i c a t i o n than i3 required for tho 
binary-weighted system. 

A) soon us a prototype storage tube i s ava i lab le , work shouLd 
be s t a r t e d on t h e determination of the constants of the tube \4i ich a f ' e c t 
def lect ion c i r c u i t design. I t i s espec ia l ly important t h a t any lack of 
l i n e a r i t y in the def lect ion of tho beam over t h e en t i r e s torage surface 
be neasured, as M i l us any change in de f l ec t ion factor which r e s u l t s 
from, the different , ->otential usod in the s torage assembly for w r i t i n g 
a ] ? /wr i t i ng a 0/, "or reading out of the tubo. ffhen those fac tors are 
known i t w i l l be possible t o determine whether or not dynamic compensa
t ions must >e used on t h e def lec t ion c i r c u i t s and if comoensations are 
required wo-k may bo s t a r t e d on t h e design of t h e compensating c i r c u i t s . 
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AFPEKDIX A 

CHARACTERISTICS OF LOADED TRANSMISSION LINES 

1. Aaaumptio'is made in Calculations 

Although noither the e l e c t r i c a l oharaoteristioa nor the physioal 
s i t e and shape of tho e lectrostat ic storage tuboB to be used in WffI and WMI 
have been determined at the present t i n e , the asnumptions made in section II 
of t h i s report allow computation of the e lec tr ica l characterist ics of any 
transmission line used to connect together the defleotion plates of storage 
tubes having the assumed character i s t ics . In addition t o i l lus trat ing a sothod 
which may be used t o calculate the transmission line data needed for a f ina l 
deflection ciroult dosign, which may be done only after the final form of the 
storage tube has bee i fixed and i t s oleotrica'i oharaotcristios measured, c a l 
culations made on tho basis of tha assumed storage-tubs data furnish sample 
transmission line data whloh may be used in investigating designs for other 
parts of the def lect ion oirouit . Transmission line data calculated on the 
basis of the assumed loading wi l l oerta in ly bo of the same order of magnitude 
as the constants which wi l l ex is t in the f ina. design, and probably w i l l re 
within a ranga of t 2C# of the f inal values . 

Storage tube data noeded and values assumed are: 

Plate-to-plate capaoitanoe of eaoh defleotion plate pair 2 w»f 
Plate-to-ground oapacitenee of each deflection plete 7 mt£ 
Distance between adjacent storage tubes t for BWI 12 inohes 

for WWII 6 inohes 

Equations which neglect transmission line and load losses w i l l Ve 
used to compute capacitance, inductance, characteristic res is tance , and delay 
in both the original unloaded line and the loaded l ine . The equations needed 
are: 

Characteristic rosistanoe ( R j - I Series induotancc per unit length 
• v Shunt capacitance per unit length 

Delay per unit longth, T =\/"LC 

Direct-current attenuation only w i l l be oalculatod, th i s value being the one 
whioh determines the variation of the f inal amplitude of the defleotion vol tage . 
A suitable formula i s 

S xl 
% Attenuation s x 100 

R x / + Rc 

where R is thi series resistance par unit longth of line, / is the total length 
of the transmission line, and R is the characteristic resistance of tho loadod 
line. 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



<8 

6545 Pa»;e 10 
Report R-120 

2 . Characterietlo of Type RG-G2/<J Cable 

Typj RG-62/U ooaxial cable is standard for transmission of pulses 
throughout tho rest of the computer system; i t i s necessary, therefore, t o 
investigate the su i tab i l i t y of th i s type of oablo for transmission of the 
def lect ion vo l tages . Pertinent characteristics of RG-62/0 cable aro as 
follows: 

R - 93 ohms o 

C = 1 3 . 5 /J/lf/ft 

R : M i 10"2 ohm/ft 

The f i r s t two figures are nominal values whioh appear in speci f icat ion 
JAN-C-17A, Ho nominal figure i s givon in the spec i f icat ion for the d-o 
resistance per foot; the figure quoted abcve was obtained by measuring the 
d-c resistance of two two-foot lengths of the cablo on a d-o wheatstone 
bridge and avoraglng the r e s u l t . Speoial precautions were taken to eliminate 
contact resistance errors in the measurements, and i t i s believed that the 
figure obtained i s accurate t o t 0 for the particular lo t of oable from 
whioh the Beanies were obtained. A figure for the ser ies induotanoe i s now 
calculated: 

L = Ro2c • (93)2 (13 .6) ( l o r 1 2 = 0.117 x 10"6 h / f t 

When the oablo i s loaded the e f fec t ive oapaoitanoe per unit length i s the 
oapaoitanoe of the oable i t s e l f plus the loading per unit length. The 
loading at each tap i s equal to the plate-to-ground oapaoitanoe of one 
deflection p la te pluc twice the plate-to-plate capaeitanoe of one dofleotion 
plate pair , plus a small allowanoe for wiring capaeitanoe; t h i s amounts tc 
16 ntf per foot for WffI and 30 |i(if per foot for WWII. Value of oharaetarlst ic 
resistance for the loaded l i n e i s then: 

WWI: R = / o " ^ 7 \}ff* . 64 ohms 
° V23.5 x16-ia 

WWII: Re « / p . 1 1 7 X 10"C . 52 o h t t f l 

V43.5 x 10 ' 1 2 

Delay per unit length of loaded l ine i s : 
r i ' • » —i 

WWI: T = / ( 0 . 1 1 7 x 10- 8 ) (28.5 x 1 0 - 1 2 ) = 1.82 x 10"9 s e c / f t 

"WXl T • [ / (0 .117 x 10-6) (I3.6 x 10-12) - 2 # 2 6 x 1 0 - 9 g^/f^ 

It unterminatod linen are used, the total capacitance to be driven i s (with 
a 10J? allowance for extra connecting cables): 
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WWI: C • (52) (28.5 x 10-12) ( 1 # 1 ) s i 0 - 9 farad 

= 1000 ;i//f 

R I l C « (640) (1/2) (43.5 x 10"12) (1 .1) a 15 x 10~9 farad 
t 

• 15,000 fi/if 

If a terminatod connootion i s used,the tota l delay in the l ine w i l l bo: 

WWI: T = (32) (1.82 x 10-9) ; 58 x 10-9 s e o s 0.058 /isec 

WWII: T t « (320) (2.25 x 10"9)= 720 x 10"9 seo = 0.72 jiseo 

In the caee of a terminated connootion attenuntion in the l ine w i l l be: 

I R l Attenuation » (5 .4 x IP"2) (32) x 100 = 2.6# 
( 5 . 4 x 10"2) (32) • 64 

m i l Attenuation . ( 5 . 4 x 10 ) (520) _ 
( 5 . 4 x 10"2) (520) + 52 

S. Characteristics of a Reoommended Type of Line 

Since the charaoteriotics of oapaoitance-loaded RG-62/u' coaxial 
cable are very unfavorable, e spec ia l ly from the standpoint of Impedance ard 
attenuation, i t i s drasirable to siok a type of l ino which i s more su i tab le . 
I t was pointed out earl ier that aa air-insulated l ine gives the b e s t rat io 
of oharaoterlotio impedance to delay in the l i n e . The character of the lead 
and voltage to be supplied to the load suggests the use of a shieldod, balanced 
two-wire l i n e . Use of a l ine oonductor s i t e somewhat larger than that found 
in RG-62/U i s indicated to reduce attenuation in the l i n e . In order to meet 
these requirements a special kind of line must be designed and b u i l t . A 
suggested design suitable for WW -iae has the following dimensions: 

Outer shield - 1 l / 4 i n . i . d . thin-wall oopper tubing 
Inner conductors (2) - No. 18 AWO (0.0403 i n . d ia . ) plain copper 
Spacing of innor conductors: 0.65 in . on centers 

Electr ioal charaoteristioa of t h i i l ine may be computed by the following ncethod: 

Let D » insido diameter of shield 
d = diameter of inner conductors 
h • spacing of inner c jnduotors on oontors 

Define a = £ • °-g5 = 0.&2 

d 0.040S i e # 1 
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Then R (cf unloaded l ine) » 276 l o g , , 
o 10 

:=;276 log 

lb 
1+ a' 

(2) (16.1) l-(0.52)^1 
l+(0.52)2 310 

s s 350 ohms 

Compute induotanoe and capaoitanoe per foot of l i n e : 

L « (1.016) (10~9) VT R h/ft 

= (1.016) ( 1 0 - 9 ) (550) • 5.56 x 10~7 h/ft 

C • (1.016) (10- 9 ) k £ f / f t 

= (1.016) (10- 9 ) j j g = 2.90 x 10 - 1 2 f / f t 

When used to make storsge-tube deflection-plate oonneotions, the 
l ine w i l l be loaded with a capaoitanoe of approximately 7 n)j£ per tap . 
Characteristio resistance of the loaded l ine i s oalculnted to be: 

mm Ro • z^"56 * i°" 
V 10" 

m z i Re = V 

- l i 

4.S6 x 10-7 

-12 

190 ohms 

145 ohms 
17 x 10" 

Delay per unit length of loaded line i s : 

WVTIi T = / ( 3 . 5 6 ) (10 - 7 ) ( 1 0 - 1 1 ) = 1.90 x 10~9 s e o / f t 

WIflli T «s / U . 5 6 ) (10-7) (1.7) ( 1 0 - 1 1 ) s= 2.46 x 10"9 seo / f t 

If unterminat3d line.! are used, the to ta l oapacitance to be driven is (allowing 
10?J for extra oonneccing cab les ) : 

IWIt C = (32) (10- 1 1 ) (1.1) - 352 fiflf 

WWII, 0. = (640) (1/2) (17) (10 - 1 2 ) m 5,450 p/if 

Total transmission delay in the l ine , assuming a terminated connection, w i l l be: 

VTfl: T a (32) (1.90) (KT9) -9N = 0.061 îeeo 

WWII: T • (320) (2.46) (10 - 9 ) = 0.79^800 

If standard annealed oopper wire i s used for the inner conductors the d-o 
res is tance per foot of l ine w i l l bo 1.28 x 10-2 ohms. Total attenuation in 
a s ingle travorse of the l ine w i l l be: 
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WffI: Attenuation • (1.28 x 10" ) (32) x 100 s= 0.2# 
(1.28 x lO"2) (32) -V 190 

W I I : Attenuation m (1.28 x 10" ) (320) x 100 «= 2.8# 

(1.28 x 10"2) (320) 4- 145 

4e Comparison of T»o Lino Types 

When oomparing the oharaoteriatio resistance and total oapaoitanca 
figures giver above for the two types of transmission line, ona must keep in 
mind that the first sat of figures quoted are line-to-ground in a balanced 
system, whereas the oeoond set of figures are for lino^to-line oharaoteriatios. 
This makes it neoesBary to double the seoond total oapaoitanca figure and halve 
the corresponding oharaoteriatio resistance before comparing the two sets of 
figures. Cotcparison on this basis then shows that the seoond type line gives 
approximately a 50J5 improvement in characteristic resiotance, a 30^ improvement 
in total capaoitance, and a 90% improvement ixi zero-froquency attenuation, all 
at a oost of less than a lOfo increase in total delay. 
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ATFENDIX B 

DESIGN OF DEFLECTION-VOLTAGE GENERATOR IVITK 

froggTOBg DMopjir 
In order to use the binary-weighted decoding scheme described above 

in a deflection-voltage generator for WWI or WWII, the elementary decoder 
must be associated with an amplifier having a large power gain and good gain 
stability. The amplifier must heve negative feedback to achieve the required 
stability; this feedback may be wranged to give either a high resistanoe or 
a low resistance at the amplifier input terminals. If the arrangement is such 
that a low resistanca appears at the input, this resistance may be unec as the 
oommon load resistanoe (Rl on drawing B-30333) of the binary-weighted decoder. 
A design for WWI based on this scheme is discussed below, A complete circuit 
diagram is given on drawing R-30623. No attempt will be made in the discussion 
to oover the oaloulations required to ohoose every component; rather, only the 
major features are covered in detail. 

A suitable starting-point in the design procedure is the choioe of 
constants for the decoding cirouit. These constants should be chosen to give 
the shortest practicable delay in establishing equilibrium voltage at the input 
to the amplifier; in general this will mean using low resictanoes to keep time 
constants small. The extent to which one may go in reducing the decoder resis
tances is limited by the current rating of the switoh diode u6ed in series with 
the binary resistor of weight sixteen, since reducing the voltage aoross the 
decoding resistors reduoes the output in direct proportion. A germanium-crystal 
diode will be used beoause of its freedom from thermal and "contaot potential" 
e.m.f.'e, its low forward resistance, its low Internal oapacitance, and its 
low oapaoitance to ground. A crystal diode oapable of passing 50 millianperes 
continuously in the forward direotion is now under test by Sylvania, and will 
be available for use in these olrouits. A supply voltage of 250 volts will be 
used for the decoder. Resistance of the sixteen's increment (R~ on drawing 
B-30333) will then be: 

Re • ,.,?50 = 5000 ohms 

50 x lO"3 

This figure mgleots voltage drop in the crystal diode. The drop is small aad 
oan be taken oare of either by using a slightly lower resistanoe (approximately 
4950 ohms) or, preferably, by using a stook resistance which measures slightly 
over 5000 ohms and shunting it with a value of resistance (to be determined 
experimentally) which gives just 50 milliamperes current through the orystal 
when a potential difference of 250 volts is held across the oryetal end reei3tora. 
Nominal values for the other decoding resistors ore then: 

R • 80,000 ohms 
2 ' 

R = 40,000 ohms 

R » 20,000 ohms 
1 

R, = 10,000 ohms 

In each instanoe, the resistanoe should be adjusted to draw its oorreot current 
when a potential difference of 250 volts is held aoross the resistance and its 
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associated crystal ; the adjustments ohould bo made with an accuracy of t \/zf> 
or b e t t e r . Wire-wound or metall io-fi lm resistance unite should be used through
out t o insure s t a b i l i t y of resistance values. Power ratings of the re s i s tor s 
should be at least four times the actual power dissipated. This leads to the 
use of resistors rated as follows: 

R 
2 

R3 

R4 

R6 

H6 

s 

= 

= 

-

= 

6 watts 

10 watts 

16 watts 

25 watts 

50 watts 

A maximum Value for the rat io RgAi o a n now be speolfiod. Beoause the oorapleto 
decoder w i l l consist of two binary-woighted res is tor groups working in opposi
t i o n , the l inearity requirement i3 not particularly severe. Referring to draw
ing A-58252-G a value of 500 for R0/R-, gives a maximum deviation of approximately 
6% between the aotual slope of tho' output function and the mean slope of tba 
function. This or any greater value of Rg/fe.,, then, should bo sat is factory. 
Accordingly, the input resistance of the amplifier should not oxoeed 160 ohms. 

Design of the amplifier i tno l f may next be accomplished. Beoause 
of the nature of the signal whioh i s to be amplified, the response of the 
amplifier must be uniform from e s s e n t i a l l y tero frequency up t o a fa ir ly high 
frequency. If, as in the present case , the input signal i s always of the aarae 
po lar i ty , zero frequency response can be approximated by an amplifier havxag 
R-C ooupled stages with clamping diodes used as d-c restorers at each in ter 
stage coupling. Such non-linear couplings, however, introduce oonaiderabl> 
d i f f i c u l t y into the analysis of the amplifier (which in the present case has 
appreciable feedback) for s tab i l i t y and frequency response. For th i s reason, 
a direot-coupled amplifier i s chosen. I t i s assumed that the length of a l ine 
on the storage surface w i l l be three inches and that the defleotion factor of 
the storage tube w i l l be 67 volts per inoh. The output from eaoh of the frvo 
amplifiers whioh work in opposition must then be 100 vo l t s peak. With ^-nM-, 
oqual to 500, peak output of the decoder w i l l be: 

Esi • W w ' V n J • 14-6 TOltB 

7he amplifier must have a gain of 

10 

TO 

V 

A s 10g = 6 . 8 6 

I 
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In Appendix A a type of transmission line was desoribed which would 
have a characteristic resistance of 190 ohms lino-to-line when loaded as it 
would bo in WrH. This is equivalent to a load of 96-ohms line-to-ground. An 
amplifier must be designed, then, -rhioh has an input resistance of 160 ohms 
or less, a peak output of 100 volts aoroso 95 ohms, and a gain of 6.9 or more; 
in addition, the gain of the amplifier must be related to the input resistance 
by the relations 

A • 1.03 x 103 

A " — i q — + o.4 

The duty-faotor of the tubes in the output stage is not easily cal
culated, but under some conditions of operation it will be quite high) conse
quently tubes must be ohosen which will work well within rating when conducting 
peak ourrent oontinuously, and which, further, will conduct peak current vith a 
grid voltage of tero or less. In the present instance, the peak incremental 
current required is: 

. , 100 
^ • \ m —gj • 1.05 amperes 

A suitable output stage can be made up of 3 type 715-C beam-power 
tetrodes in parallel, using a 250-volt plate supply and a 150-volt soreen 
supply, and having the deflection-plate oonnocting line plaoed dlreotly in 
the plate cirouit. Construction of tho load-line on the statio plate family 
for this tube shows that a grid swing of 21 volts is required to give a 
100-volt plat3 swing. ThiB ib a gain of 4.8 for the stage. Plate ourrent 
for eaoh tube, when the grid is at cathode potential, is 408 milliamperos; 
plate voltage under the same condition is 134 volts. Peak plate dissipation 
per tube is 55 watts, as compared with a rating of 60 watts for the tube. 
Screen dissipation will be 5 watts, as compared with a rating of 8 watts. 
Input oapaoitonce of this stage will be approximately lBOpn?; output cap
acitance will be approximately 50 uj.f» 

In order to maintain the amplifier stable with the amount of feed
back that is to be used, it is necessary to havo the time constant of one of 
the lnterstago couplings very nuoh greater than the time oonstants of the 
other couplings. If the amplifier is to respond fast enough for the present 
application, however, the greatest tirao constant connot exoeed about 0.2 
mioroseoond. 

A suitable driver stage is one which has a gein of 1.4 or greater, 
which has an output impedance low onough to glvo a time constant of 0.2 
microseconds or less, which can r»ing the grid of the following stage betuwon 
the limits of zero and -21 volts, and which does not produce a phase inversion. 
Suoh an amplifier may be designed around a type 3E29 dual beam-power tetrcde. 
Only an approximate design can be oarried out on the basis of statio characi i 
at present available on the 3E29 tube; this hf.s been done and the final adjust
ment of components mnde in the laboratory to secure proper d-o operating levels 
for the input and output. The resulting driver stage has an effective gain of 
2.8 and gives a time oonstant for the interstage coupling of 0.11 microsecond. 

The over-all gain of the oascaded stages Is the product of their 
individual gainsi 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



£ . 

6345 Page 20 

Report R-120 

A a (4.8) (2.8) - 13.4 

The input resistance of tho amplifier i s then required to be: 
„ 1.03 x 103 1.03 x 103 , „ B nVlTn, R l = A - 6 . 4 " l O — " 79*6 0hme 

Feedbaok ir, applied through a voltage divider from the plates 
of the output stage t o the grid of the input stage. In the present design 
the feedback ratio i s ohosen to give the proper d-c voltage l eve l at the 
oontrol grid of the input stage, and the rat io i s 0.67. The input r e e i 3 -
ttjioe, taking into acoount feedbaok, may be computed by rode's formulas 

Zs HrtL sz R i, 
™ o 1 - A. 

/ o 

where R_ is the effective input resistance, I is the input resistanoe 
negleotlng feedback. A, is the amplification 8round the feedbaok locp with. 
the input terminals shorted, and A« is the amplification around the loop 
with input te:-minals open. Substituting figures from previous calculations: 

R„ = 79.5 X ~* ( } 3 ; . 4 ^ ( 0' 6 7 ) = 795 ohms 

If the feedback divider is made up of a 1200-chm resistanoe from the plate 
of the output stage to the grid of the input stage and a 2500-ohm resistance 
from the grid of the input stage to tho negative bias potential, both the 
feedback ratio and the input impedance of the amplifier will be substantially 
correct. 

The calculations just mide neglect tho effect of the feedbaok 
resistanoe on the operation of the output stage. Although this effect is 
fairly easy to oalculato, there is no neoecsity of doing the calculation, 
since the act .on of the feedback is such as to minimise the reduction of 
amplifier gain and change of d-o levels within the amplifier caused by the 
connection of the feedbaok divider from the output to a negative bias supply. 
It must be emphasieed also that in order to seoure optimum operating conditions 
eome adjustment of component values will almost certainly be made after the 
amplifier Is built and preliminary tests are started. 

Both the interstage-coupling voltage divider and tho feedbaok voltage 
divider must be capacltance-oompeioated to keep phase-shift in the amplifier 
to a minimum. A value of capaoitance is chosen which makes the time constant 
of the oapaoi -or and the upper le* of the divider across which it is oonneetod 
just equal to the time constant of the input capacitance of the stage which 
the divider foeds and the lower leg of the divider. 

A multi-stage feedback unplifier such as this may osoillate if certain 
stability criteria are not met. In the present case, the only criterion which 
is applicable is a pnrticularly simple one; if the gain around the feedback 
loop is less .han unity when the phase-shift around the loop is exaotly 360 
degrees, then the amplifier is stible. Application of this criterion yields 
a value of leis than 0.2 for the loop gain of the amplifier when tho loop phase-
shift is 360°. so th>'t the nmptifinr is not rendered unstable by the application 
of feedback. 
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APPEiiDIX C 

DESICK OF DEFLECTION-VOLTAGE GENERATOR WITH 
EflftAL-lifcMMat DKC6D&R. 

Elaboration of the sirarle oirouit of Drawing B-S0761 into a design 
for a 32-poslt ion decoder for use in WV7I i s a f a i r l y simple matter. Suoh a 
design i s ditoussod below. 

A 52-position oloctronic switoh i s required for each half of tho 
deooder. A twitch suitable for t h i s application (with minor modifications) 
is described in referenoo C. The dosign of the switch w i l l be improved for 
use in tho interim etorago of iWI and need not bo discussed horo. I t i s 
suff ic ient tc> point out that tho f inal switoh w i l l bo capable of se lect ing 
one of tho 3£ output gates fast enough that the "set-up" pulse required for 
decodor operrtion may be passed through the svritoh within 0.5 mioroseoond 
after reoeipt of tho storago order by the switch input gateB. 

A c i r c u i t for one increment of tho deooder i s given on Drawing 
B-31118. All of the increments in the deooder are ident ica l . This design 
assumes use of the special transmission l ine dosoribod in Appendix A abovo, 
which gives s. line-to-ground resistance of 95 ohmc. 

Cheice of a suitable tube for the unit current source (VI) ie made 
on the basis of a number of faotors. The half of tho tube which i s "on" must 
oonduct n current ofi 

J b * 3 y x i§g- x 103 = 34 uilliampcros 

with i t s gric at ground potent ia l . When oonduoting th i s current oontinuouoly, 
the plate of the tube should not dissipate moro than one-half rated powor. The 
dynamic plate resistance of the tub© should bo high, preferably 10^ ohms or 
more, when the action of the oathodo resistor ia taktm into aooount. An 
operating point should be chosan such that tho required current flows with the 
oathode considerably positive with respect to tha control grid in order t o 
minimize the e f f ec t of s l i gh t ohonges in oontrol-grid potent ia l . A type 5E29 
tube meets tho requirements quite we l l . If a plate supply of +350 vo l t s and 
a soreen supply of+150 vol ts are used, a oat'iodi bias of ton vo l t s i s required: 
t h i s gives a valuo of approximately 275 ohms for the oathode r e s i s t o r . I t may 
prove desirable t o moke the cathode res is tor adjjatablo in order to allow ooii-
pensatlon t o be mado for tube-to-tubo variation of plate curront or to allovr 
the shape of the output-versus-irput function of tho decoder to bo changed. An 
adjustable soreen voltage supply w i l l allow adju3tmont of the scalo fuotor of 
the decodor to seouro the propor peak output voltago. 

Switching of the current in VI i s controlled by a f l ip - f lop (tuboo 
V3 and V4). This f l ip- f lop i s similar to the oai u6ed in the reg is ters and 
arithmetic eloment of Wffl. I t di f fors from the ntandard f l ip - f l op mainly in 
that i t has a plato load resistance composed of two res i s tors ooupled by a 
diode In such a way that the plate of the " o f f tube of the f l ip - f lop res t s at 
ground potent ia l . 

A "clear" pulse i s coupled to the "reset" grid of the f l i p - f l o p . 
This puleo i s supplied from tho control c irouits which govern tho sequence cad 
timing of operations in the Btora.^o system. Tho "set" grid of the f l ip - f l op 
i s fed a pulso from the plate of V2, whioh ia an amplifier in the one-way 
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l i n e . This same pulse i s inverted by trans.former Tl and fed i n t o the grid 
of the corraspondlng ampl i f ie r in tha next sect ion of the one-way l insc A 
pu l se may be fed to t h e g r id of V2 from e i t h e r of two sources- F i r s t , a 
pu l se nay come i'roin the output of the 32-nos i t ion cwitch. Second, a pule* 
may come from the p l a t e of the preceding ampl i f ie r tubs In the ono-way l ine a 
E i t h e r puis* w i l l cause switching of cu r ren t in the f l i p - f l o p cont ro l led by 
V2 and a l so a l l f l i p - f l o p s in following sec - ions of the dacoder. F l ip - f lops 
in preceding sect ions of the decoder w i l l , however, regain unaffec ted . 
L imi t ing a t the gr id of V2 i s employed to a s s i s t In ar.intsiining the amplitude 
of a puloe passing down the l i c e ppproximatoly constant . 

Drawing .'1-30751 ohov6 the elementary decoder oonnected in such a way 
t h a t a c l ea r pulse r e s e t s the decoder t o the zero p o s i t i o n . I t i s des i rab le , 
In order to reduce opera t ing time and to make power d i s s i p a t i o n in tha t r an s 
miss ion l in . j terminat ing r e s i s t o r s more nea r ly oqual, to connect the decoder 
In such a way that i t r e s e t s e i t h e r to tha sixteenth or seventeenth p o s i t i o n . 
Th i s mf.y be done quite e a s i l y ; a block diagram of a connection which may he 
used i s givin on Drawing A-31119s For tha sake of s impl ic i ty the drawing shov,u 
an e igh t -po3 i t ion decoder which r e s e t s to the fourth posi t ion. . 

I t i s es t imated tha t a t o t a l time of not mors than 1.8 microseconds 
w i l l he repaired to e s t a b l i s h equil ibr ium voltage a t a l l p o i n t s on the t r a n s 
mission l i n s . This time i s brolcen down as ^'ollowsj 

Operetion of 32-pos l t lon switch 0 .5 ^sec 
t r a n s i t of pu lse in one-way l i n e 0.6 t-ksec 
i lse t ine of f l i p - f l o p 0.4 usee 
Sis* tii:e a t p l e t e of VI 0 .3 (j-eec 
Transit of vol tage on de f l ec t ion -p l a t e 
transmission l i n e 0 .1 j-.nec 

Tota l 1.6 i-.rec. 

T i l s design should he su i tab le for use in WW IX flrnply hy changing 
the r e s l s t o - In the cathode c - r i u i t of VI to give a higher cu r r en t , since Ihe 
p i ; t e d i s s i p a t i o n of VI w i l l not be excessive even when the decoder i s r equ i r e : 
t o produce a swing of 100 vo l t e across a res i s t ance of 75 ohme and since the 
a d d i t i o n a l 'lelay In the t ransmission l ino w i l l i=tll l loave the operat ing t i a e 
of the c i r c u i t under 3 microseconds. 

I 
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API 'END EC D 

TESTS OH A 32-POSITION BIHARY-WEIGRTED 
DECODER ffl¥h g g j B I I CA!ttttDE i-'oLLoMa 

Draring Mo. E-30401 gives the sohematio circuit diagram of an 
experimental decoder which was bu5.lt and t e s t e d in the laboratory in Ilaroh 
and April of this year. Drawings A-31120, A-81121, A-31122, and A-31123 are 
views of the c'eooder showing the type of oonstruotion. This construction 
was chosen to f a c i l i t a t e tes t ing: important points in the c i r c u i t are eas i l y 
avai lable , while the layout i s as compact as possible in order to reduoo 
stray capaoitences. Although the operation of the decoder was not satinfaotory, 
the t e s t s brought out a considerable amount of information concerning both the 
principles on whioh the decoder wis designed and the oomponent c i r c u i t s . 

Basioally, the decoder was derived from the c iroui t of Drawing B-30333. 
In order t o irorease the output obtainable with good l inear i ty for a given 
ourrent in the diodes of the switching o i rou i t , the output voltage was fed 
back t o the pewer supply for tha c'eooder res i s tors in such a way as to oorapen8at< 
in part for tfat drop aoross the ov.tput r e s i s t o r . The feedback was aooonpllehed 
by oanneoting the low end of the deooder res i s tors to the output of a cathode 
follower (V18) whose grid was tiec to the output l ine through two type VR-150 
tubes (V16, V17). VR-tube couplirg was used la order to obtain a proper average 
voltage leve l at the crid of V19 without the loss cf feedback amplitude en'iailed 
by a voltage-divider resistance coupling and without the l o s s of zero-frequenoy 
response entailed by capacitor oovoling. Switching of decoder res istors was 
accomplished ty a simple triode-diode arrangement as shown in Drawing B-30333 
with the grid of eaoh triodo switch tube d irect ly connected t o the plate of a 
f l i p - f l o p . 

Tests on tho c ircu i t included s t a t i c voltage output, internal voltage 
l e v e l , and transient response t e s t s . All 3tat io tes t s were made merely by 
s e t t ing the f l ip- f lops manually ard reading voltages with a high impedance 
(100^000 ohms/volt) d-o voltmetor. Drawing A-30456 i s a blook diagram of the 
dynamic t e s t set-up used. The nutber whioh appears in eaoh blook i s the drawing 
number of a schematic oirouit diagram of the unit. 

Wher the c iroui t was tet ted, i t s operution was unsatisfactory on two 
counts. First , tho dsvice was far from s t a b l e : i t s output was subjeot both to 
slow dr i f t s ard to small, moderately-frequont fluctuations, and i t tended t o 
brea1* into more or l e s s violent o fc i l l a t ion whan any attempt was made to lool-
at i t s internal waveforms with a Eynchrosoope. Second, tne output was very 
far from a linear function of the input number. 

Investigation revealed that the lack of s t a b i l i t y i s duo to e nunbor 
of causes. Basically, the defect i s thet the feedback applied io regenerative. 
Moreover, the feedback rat io ohanges as the decoder res i s tors are switched in 
or out. Positive feedback doos net necessari ly introduce any dri f t intc the 
system, but i t does magnify the effects of ohavif;e3 in the c i rou i t components 
which are ombraoed by the feedback loop. 
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Most of tho slow dri f t in the experimental model vau traced t o 
changes in value of various res i s tors with ohanging load and ambient temperature. 
This merely i.idicaten that the r e s i s t o r s , although oarrying lose than rated 
load, were oporating at temperatures higher than should be allowed. Resistors 
of higher rating should have been omoloyed. Although no def in i te proof oould 
be obtainod, i t i s believed that the snail random i'lucbuations i n output were 
caused by raniom changes in the voltnge drop c.cross the V-R tubes in t)w feed
back loop. Tiese ohnnges are vary s l i ght , but would ba magnified by the feed
back aotion. 

At f i r s t it, appears that, although the feedbaok la regenerative, the 
feedback factor i s vnry small and no osc i l l a t ion troubles should resu l t . As 
a matter of faot, tho device broko into o sc i l l a t i o n only whon capaoitive 
loading was a;taohed to certain points in the c i r c u i t . These oool l la t ions 
were always of a very high frequenoy, to high in faot that a resistance of ae 
l i t t l e as 500 ohms in series with tho BynchroFcope probe would prevent o s c i l l a 
t ion when oer\»in points wore under observation. A few point3 in the cirouit 
were not r.table unlei;s tho series probe resistance was a t loaet 1000 ohma. Aa 
l i t t l e as 5 fij.it of shunt capacity to ground added at some points was suff ioiont 
to cause osc i l l a t ion- other points required IE to 20 i*fi£ loading befora tha 
c i rcu i t beoamo osoilT.atory. Although the large number of stray parameters and 
tha oomplex nature OJ' the fe9dbaok loop (including non-linear elements such 
at the XMJ'4 orystals and the V-R tuboa; render a s t a b i l i t y analysis very 
d i f f l ou l t , i t i s apparent that for high frequenoies tho gain of the feedbaok 
ce.thode follower beoomes muoh greater than unity. 

Beonuse of the i n s t a b i l i t y of the ojrouit , i t was d i f f l ou l t to 
discover a l l of the causes of the output non-l inearity. Stat io t e s t s did 
bring out, hov/ever, that the majority of the non-l inearity was caused by 
failure of tho f l ip - f lops to cut off completely the plate current of the 
triodes used ^or switching purposes. Some evidence also wan found that the 
heater-cathodo leakage of tho triodes was appreciable. Noithor of these 
defects i s fa-,al. 

The f l ip-frop design usod was the best ono available a t tho time 
t i e experimental decoder was b u i l t . For use in t h i s c i r c u i t , however, i t 
svffered from two r.iafa defects: the voltage swing at i cs plntos was too small, 
ar.d neither end of the swing waa at a fixed referenoe l e v o l . Ae a resu l t 
of these d i f f i c u l t i e s a new f l ip - f lop THS designed which gives a large plate 
swing with approximately the same time constant and which la arranged to have 
t i e plate of -;he non-oonduoting tube at plate-supply potent ia l . (The o ircult 
if e s sent ia l ly that of the f l ip - f l op on Drawing B-31118). Heater-cathode 
leakage ourrents could be roduoed to oer.ipletely negl ig ib le -n-oportionr by 
arranging to !ave the averago voltago of the heater and cathodes the some. 
Arother way to overoome both effeots wculd be to insert a s-ioond diode between 
the cathode of the switoh triode and the decoder re s i s tor , returning tho oathode 
of the switoh triode to ground through a high res is tance . 

Although a reworking of tho design, both meohonioaliy and e l eo tr ioa l ly , 
probably could overoome the major portion of the defeots found, such a redesign 
wee not undertaken beoause i t was f e l t that t i e regenerativo character of the 
feedback renrtors doubtful the p o s s i b i l i t y of securing r e s i s ; o r s , crys ta l s , and 
ttbes whose characterist ics are su f f i c i ent ly stable for successful maintenance 
of the required tolerances on output amplitude 
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