APPROVED FOR PUBLIC RELEASE. CASE 06-1104.




PPROVED FOR PUBLIC RELEASE. CASE 06-1104.



APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

‘D

GRUTENTS

H.-144, Summary Report Yo, 2, Introduction to Volume 10
R.131, The Physicel Chrracteristics of Alumirum Oxide

MHelectric Leyere, Yy James R. Macdoneld,
September 23, 1947

R.128, The Snbossing nnd Anodizatiou of Aluminum for
Storage Tube Diclectric Surfacea, by Jemes
Macdonald, September B, 1947

132 Stora~e Tube Secondary Elsctron Control with
a Magnetic Fleld, by James R. Macdorald,
September 10, 1947
.32, Amplifier for Storsge Tute Deflecti-n Circuite

by John Q0. Ely. February 20, 1947

B-J1 Deflection Circuits for S w#0 Tubes, Present
Stetus of VWork, by John O, Ely, February 20, 1947

R-120, Deflection Circuits for Ela Storare
Tubes, by John 0. Ely, Apr




APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

INTRODUCTI DN

Electrostietir storage tubes have been selected for the
high-gpeed internsal memory of the Whirlwind computers. The tubas
ere of the deflection type where a cnthode ray besm writas on a
dielectric surfrce Zoth plus and minus signals ere read out of
ths tubes representing the digits 0 and 1. Signels cre= atored
permanently And are mpaintained by a bolding gun.

The present tube status now lie: between the rssearch
end the developmeni nhrses. Large outout eignale of about 0.1
volts for a reading tie of 3 microseconds hes veen obtalned.
Signal-to-noise refio in most cases 18 excellent. The spacing
btatween storec chergse iv good btutl should be reduced somewhet.
Changes in gun current, tha dielectric thicknese, and the recondary
emitting material thould bs made to reduce the writing tlze from
the present 20 to £0 microseconds. Better indepsndence of control
on etored charpes {8 desirsbls and technicuee se-m aveilavle for
achleving ind:osendent control.

One tube hnas recently heen testecd which would store 12
date points in a three-ourrter inch diameter circle. Tests on
tube life and the 14fe of secondary emitting sur{sces ere under
vay, tut results hrva not yet been obteinsd.

Voluma 9, M-159, gunmerizee the storare tube prosran
to date. Hemorandim M 0 discusctes so>me reeulte obteined on
ones of the firet c m:lete atorar= tubes Better orerrtian hre
been obta! ed with more racent modele,

In P..110 415 the stornge tuba prosentation to tha Hrrvard
Computetion Sympos'wa in Janusry 1947. The objectives outlined
there still seem resaso-sble. Tha use of low energy rlectrons

fron e holding gun was dlscussed and this fegture bas been teated
in triel tube:

Volune 9 0, showe the division of eta’f tims i:r the
storage tube work. 56t aoulpment is included in Volume 19, ‘uch

time bas Deen davoled to vacuum tube techninues, sone of which
are digcussaed ‘n Velume 9, M-159, M-112, and M-46. ‘ome studies
vith en electralyt‘c ulotting tenk are resorted in Volume 9, M55
snd R-130
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Report R-131 -

Project Whirlwind
' Servomechanisms Laboratory
tugeachusetts Institute of Technology
Cambridge, Massachucetts.

SUBJECT: TIHE PHYSICAL CHARACT RISTICS OF ALUMINUI! OXID™
DIELECTRIC LAYERS

Written by: J. Ross Macdonald

Date: September 23, 1947

Summery

The anodization of erluminum is an electrolytic process whereby the
outer surface of an aluminum ~rticle is converted to & non-conducting
aluminum oxide layer. Anodization is carried out in an acid bath.

First, measuring techniques are decsc:-ibed for determining the
following properties of anodized aluminum n=ide dielectric films: thickmess,
resistivity, breakdown fleld strength, and dielectric constant.

The bulk of the remort describes tho evnlication of the above-
mentioned measuring techniques to dielectric films formed under a variety of
anodizing conditions. Preliminary measurements of reslstivity were made in
an evacunted desiccator. Later measurements were mede on 15 anodized samnles

. gealed in highly evacusnted glass envelones. Sllver peint end paste were
used to secure electrical contect to the outside of these oxidizec samples,
and 1t wag found that silver paste penetrated substantially down into the
vores of the oxide layer, while the penetration of silver vaint vmarticles
did not seem to be anpreciable.

Measurements of thickness as & function of anodizing time snd
anodizing conditions are presented in 12 graphs. Variations of both temper-
ature and acid concentration, and anodizing current and voltage were investi
érted separately to det~rmine an anodizing procedure which would yield an
adequately hard and thick oxide film, It was finmlly found that 2 hard lsyver
at leagt five mils thick could be formed by anodizing at a bath concentration
of 3% oxalic acid, at a tempernture of 24°C or less, and at a constant volis; o
of 80 volta d-c, for eight hours,

The results of the foregoing measurements indicated thet & thick
dielectric film having ouite adequate mechanical and electrical nroperties
for griddle surface use could be formed by anodizing for eisht hours or more ot
& constant voltage of 80 volts, a bath concentration of 3% oxelic acid, and
a temperature of 24°C. Indicrtions are that an even harder film can be fo-med
at lowor anodizing temperatures. It is therafore suggested that further grou:h
curves by vnlotted of {ilm formetion nt low temperstures for a variety of batl
concentration, temperature, voltage, and (low) curreat deneity conditioas in
order to determine an anodizing nrocedure which will voroduce films with
optimun clectrical and mechanical charncteriatics.
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' It was not found vossidle to anodize commli~tely through eriddle
structure walls {rectangular) 10 milas thick in 14 hours of anodizition

under the above conditions, however. It would seen that this dif “iculty
could be nvercome by employing tanering walls.

Descrintion of Measuring Techniques

In order to nroverly evaluate anodized aluminum dielectric leyers,
it was felt desirable to meagurs the followins charncteristics of the film:

e. thickness

b. resistivity

c. breakdown strength
i, dielectric constant

Figure 1 rhows A nicture of the anparatus used to determine the rialstivity
of an anodized layer. Tseentially, the method used denends upon easuring
the resistance between a given area on the outer surface of the anodized
leyer and the ineside metal, Preliminary measurements were made b :tween &
dron of mercury resting on the dielectric surface and the inner m-tal. The
mercury was held by a containing ring so that only a surface area K A, of
0.39 centimeters® rested on the anodized layer. Because there was & atrong
force of electrnstatic attraction between mercury and mstal when -roltage
differences greater than 200 volte were annlied, the nercury dron flattened
cut somewhat as the amnlied voltiage was increased. Thies vhenomeron made 14
impossidble to determine the size of the mercury contsct orea very accurately
. The resiativity, o, itsel{ ‘g computed from the formula: <= AR yhere 2
is the resistance messured between tha conductor of area A, thfou,'h the 7iln
of thicknese d, tn the inner metal; therefore errors in the determination o
A contribute to the inaccuracy of /. In addition, this formula does not
account for the edge effect nresent under these exverimentel cond: tione.
These effects both cause the computed value of 2 to be less than “he actusl
value, btut the total error in o, including inaccuracies in deteriining R,
is nrodvably less than 25 percent. Thi= accuracy is quite adequs te for
general evaluntion of the oxide eurfaces. In soma of the later measurements
the contect 2rea was determined much more accurately by coating m lmown ares
of the anodized film with conducting silver paint or paete. Cons:derably
larger ereas were used, giving both s better avernge value of the resistivii:
and less error due to edge effect. Pecause the resistance to be reesured wr
usually in the range from 108 to 1018 ohms, it wes necessary t0 une A more
refined circult than an ordimary ohmeter for ite measurementr. AJso, it was
desired to measure the resistance eg n function of voltage avplied acroas th
dielectric leyer. Therefore, the clrcult shown in Fig., 2 was employed. The
voltage ¥, was surplied from a high-voltage rectifier, variable frem O to
1300 wolte- Ry was usually elther a 100, 1000, or 10,000 megohm resistor,
denending uoon the resistance being mweasured. The voltage acrose Ry was
measured 1th a Measurements Corporation Electronlc Voltmeter, Mocel 62
(shown at the right of Fig. 1), having an innut resistance, R, of awnrox-
ima tely 1010 ohme. The reglstance of the sample, Ry, at any giver annlied
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. voltege, v,, ls then:
.r?ﬁ -7 Y Xy
L % Mty
and the actual voltage applied to the sample is (Vo =T ). For wvalues

of R} lese than or equal to 109 ohma, the Pi‘fec% of Ry *a negligi't‘le 20
that the equation may be rewrltten:

Ry = (Vy/Vg - 1) Ry,

In measuring samnles of very high resistance where it was neceasary 4o use
R, = 1010 ohms, the more accurate formula with Ry = 1010 ohps wae emnloyed.

is value of Ry was determined by substituting & knovn value of re=lstsnce
for Rg. The value of Ry thus obtained was not very accurate but was atill
adequate to allow comparative readinga to be made. Finelly, becezuse of the
extremely high grid reslstance path of the meter through % when F] wase
equal to or greater than 109 ohma, it was found that the meter would block
for voltage rerdings greater then about 50 volta. This is not an immortant
disadvantage, however, since Vy could be kept lees then 50 volts for any
values of Vo and Ry by using different values of Rj.

In order to determine both the resistivity and dielactric constant
of the oxide film,it was necessary to know the film thickness, d. Thie
quantity was found by measuring the total thickneas nf & flat sample in

. several places, both before and after the anodized layer had been removed.
Since the film covered both sides of such & sample, the averapge velue of
the film thicknese was one half the average of the differrnces between the
two sets of measurements. Because tle anodizing nrocess has a very high
‘throwing" power, there was little reason to believe thrt the layers on
separate sides of & given sample should differ in thickness anoreciably.
Nor was any significant difference in film thickness £t different noints on
a flat sample detected with the micrometer.

With a conducting layer on too of the mnodlzed surface secured by
the same methods ae employed in the resistance measurements, the capacitance
between this layer and the inner m~tal wae measured with a Boontor "Q' Metar
Type 160-4 (shown at the left of Fig. 1). The frequency et which moat
capacitence measurements were mades was one megacycle. The caprcitance and
thickness of the film being known, the dielectric censtant, X, esuld then
be computed from the formula:; K = Cd/0.088BA, where ¢ and A must be
expresged in centimeter unite, end the capacitance, C, ias in micromicrofar-d
Again, this method of meagurement and this formule take no account of the
edge sffect. In this cage, however, the edge nffect causes the computed valus
oi the dielactric constant to be somewhat larger than the actual value, in
contradistinction to the effect it has upon the computed value of the
resistivity.

Thera have bren shown to be sevearal errors in the methods used to
determine resi-tivity and dielectric constant. Althoush the errore render the,
' procedures unsuited for accurate determinations of these physical guantitiag
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their nresence le not serinua for the annlication to which the mes-urement

' technioues vare ennlied. It was desired to obtain commerative detns on
samnles anasdized under different condition=, so thot the dielectric end
mechanical nronerties of the oxide layers could be zscessed and the
enod ring conditions thereby ovtimlzed. These measurrments, therefore,
did not reouire more than a fair degree of relative accuracy, Flnzally,
rlthourh 4t wae desired to establish the mpsolute ranges of the verisbles
measured to determine the pogsibility of using aluminum nxidc as £ diclaciric
storage surfece, great accuracy of memgurement was not necessary for the
adec-ate evaluation of this noseibility.

General Characterietics of the Anodizing Process end c¢: Aluminum Oxidle

Layers

The exact mechanism of the formation of an oxide coating on
aluminum during anodization is not yet fully understnod.® Anodization is
possible only in electrolytes in which an oxygen-conteining anlon le prasent,
yet the growth of the film doss not satisfy Faradey'e electrolytic law. This
anomalous behavior is largely caused by two effects. First, not £11 the
nascent oxygen diecharged at the anode combines with the aluminum to form
aluminum oxide; inastead, four or five percent of the oxygen remairs uncomblrrd
Second, the oxide film is partially dissolved during anodization bty the acic
action of the electrolyte. These two effects cause the film to grow more
elowly than indiceted by Fareday s law.

The oxide laynr formed is amorphous aluminum oxide, or zlumina.

. Probebly aluminum hydroxide ig formed firet but it dehydrates with continuing
elactrolysis and becomes porous aluminum oxide, The actual film formatlon
takes nlace at a very thin barrier layer of oxide at the base of the noren
In this tyoe of formation, poresare necessary to carry the oxygen lons %o
metal-oxide interface, and hence presence of the vmores is epgentizl to
continued growth of the film. However, the pores ars usually lees than O I
micron in diameter ard there are more than a million of them in esch acuars
centimeter of gurface. The common axis of orientation of the pores runs
eporoximately perpendicular to the surface of the matal.

(A

The avpearance of oxide layers formed in oxelic acid depends
orimarily uvon the current density employed during formation and the time
of formation. At a constant current density of 46 amporonffoota. the layer
is a straw brown after 15 minutes; Aaa the anodization continuea, the color
deepens and turns gray-green. Finally, after an hour or more of anodization
the film becomee completely white. Striking changeas in the physical character
of the surface are also to be noted during the anodization., At firat the
surface ia very hard and can scrreely he acratchad with a lnmife. Howaver,
by the time the cnlor has becoms white, the surfaces is relatively soft and
powdery., After two hours of anodizetion at 46 ammeres/foote, white powde:
can even by rubbed off the surface with the finger.

' ®* Refe. 1, 2,
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' This excessive softness is &an undesirable charscteriatic for a
griddle surface, since the walls of the griddle structure, if anodiged
ell the wey throush, would not be mechanically rigld and might erumble
All nreliminary meagurements of oxide leyers were made on layere formed
at 46 amereaffoutz in order to assess the dlelactric vnroperties of the
relntively thick oxide films which coulé be formed £t this current
density. However, after these properties were found to bs adequate for
e . riddle surfeco, it became desirable to develov & method whereby nnt
only thick films could be formed bvtalso the hardnees and rigidity of
the oxide lsyer could te nreserved throughout the anodiziag proceas.
Thorefore, the anodizing variables, such as temnerature, current density,
and acid concentration, were varied 1a an effort to form a surfacsa having
bnth good dielectric characteristics and maximum hardnese.,

degults of Freliminary Meagurements

Preliminary meesurements were made on eight epade-shaped samples
having: a spade portion two inches long by one and e helf inches wid~, ell
cut from a singls gheet of 1/1fth-inch 25 aluminum. 211 of these samples
were anodized for one hour &t & current denaity of 4€ ammeres/foot? end o
temperatur~ of 24°C in accordance with Reference 1. In order to determine
the affects of nore gesling unon the elactrical charactericstics of the filros
two samnles were sealed by boiling in distilled weter, end two by the
electrolytic proceas described in References 3 and 4 and 5,

. Meapurements on these sammlea were first begun in alr with a
mercury droo used to secure contact. However, it waa found that btecause
of the porous structure of the samnles, moisture could not be elimineted rud
low resistance and erratic results were obtained. Therefore, the meagurem nt
were made in & large desiccator exhausted to a nressure of about 1072 113
meterg of mercury by a mechanical force vump. It was atill found, howeve
that 1t was necessary both to heat the sammles with an infrared heat lam
before exheusting the desiccator and to allow them to ramain in a wvacuum
overnight to nbtain reproducible results. Also, it was necessary to wait
aboul 2 half-hour alter voltege was enplied to the samples during resistance
mesguremente before polarigzation currents became neglizible and the true
reglatance could be meagured.

Fligure 3 ghows representative curvea for the reslstivity of the
variously treated samnles computed from resiste-ce meenurements made accor 1
to the above procedure. From thege curves it can be concluded that electr:]
sealing decreases the reslstivity of an anodized 2ample by & factor of abovy
ten, w 1le bolling reduces the resistivity about a thousand times. Evident]
the removal of most of the alr did not remove the moisturs from the bolle
samnles, since their resistivity remained practically imchanged when they v«
put in a vacoum. Both pore-gealing methods seemed to incromnse the hardne«
of thes samples somewhat but only st the exrense of a.substantial decraase !
reslstivity., Since the resistivity of the ungealed samples was in the rar;-
of 1013 to 1014 ohm-centime ters, this characteriatic of the oxlde layer snc:
adequate for griddle surface use.
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. However, there is no Jjustification to the assumtion th~t the nroczdurs

which aeg followed removad all the moisture from the oores of the
slectrolytically eealed and unsealed sanmles. Nor doss this treatment
apiroxime te that which is ueed to remove the ncecluded gag from an
electronic tuba oreparatory to <emliny off. 3Since an acturl storaze
surface used in a storage tube must undergo the latter nrocess, resistance
measurements should ideally be made on sammles ao treated. This treatment
involves heanting the metal elements of the tube to a temperature of 40Q %o
50:%C with radio-frequency current and evecustion to a pressure of 107
millimeters of mercury or better. In the succeedin: resistance teste 1t wis
therefore decided to subject the sammles to this treatment end to seasl ench
one off in a small glass envelope while the inside prassure wae mainteined
below 107° millimeters. In order to meke resistance tests, contact was
secured to -he outslde of each samole by covering a glven erea with a con-
ducting naint or paste.

Breakdown tests were algo made on the eight nreliminary samplea
ueing the mercury-drop ton contact. It was first mttempted to make theee
tests in a vacuum, but it was found thet the lead-in wires in the desiccato-
would flash over for sovplied voltazes.ln excess of 500 volte. Since it wao
not vosaible to evacuste the contelner enough so that higher voltagse could
be applied, the bresakdown tests were made in air. It was found that none o
the samples would break down at 1700 volts, the limit of the power sumply
usad. Since the thickness of all of these samnles waas measured to be about
0.002€ inches, the breakdown strength was thus greater than

1
0.0026

Since this vnlue is more than =decuate far storage tube overation, the brea:
down characteristice of the samples were not investizaited further in thsse
preliainary measurements,

volte/inch = 5 x 105 wolts/tnch

Cavacitance measurements were algo made on thase eight samlea. [t
was found thet ageinz in & vacuum had negliridle effect unon the values of
cavacitance measured, although such ageing mroduced an increase in measured "C"
This effect can probably be directly attributed to tha increase in resis.iv .ty
caused by such ageing. Thees capacitance measurements, in conjJunction wit
thickness determinations, vielded a computed value of dielectric conetent o
three for films of average thickness, 0,0026 inch. Howsver, not enou-h saml
were measured to make this a very accurate value, Tha frequency devendence
of the dielectric constant was determined by measurin - the cavecitance of
several samples ovar the entire range from 0.2 to 20 ar~gacveles. No amorac ol e
variatlon of K with frequency could be detected in this range.

The thiclmeses measurements on these eight sammles showed very 1i: .}
varietion. All the samples were anodized for one hour at constant temperatir.
and current density, and the total varirtion from the aversge value of 0 005
did not exceed 2 mil. In addition to the thicknes: meagurements on sum
anodized for one hour, measurements were also made on msveral semmlea anodiz 4
for two hours, It was found, &8s e2xnected, that the thicknesa was not & linia
' function of mnodizing time dbut fell off as the mnodization progressed. The
thicknees after two houra was about 00,0040 inch, rathor than the 0.00F2 {nc)
which would have been memsured if the growth had been linear. Also, asg nre
viously mentioned, the film formed ln two hnurs of anodization was Tound i
be quite soft and powdery. No actual curves of film thickness ae £ functl,
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of anodizing time are given at thls voint beceuse the resulte of a more
' accurate and thorough investigntion of film growth are nresented in a

later section.

Meagurements on Sealed-In-Vacuum frnmles

The results of the vrelivinery meavuraments indieated that
resigtivity determineations should 1~ made in \ high vrcuum after thorough
heat treatment in order to approxirate the env'ronment that a storage
surface would meat under actual one:ating coni:i‘lone in & storage tube.
Figure 4a sghows the first four roun! anodize’ eam:les that were uged to
make vacuum measurements of thie nalire, while Fig. 4V ghows two experi-
mental griddle-surface samples. The nores of samples 2 and 3 in FPig. 4a
were gealed electrolytically end by toiling resvective’y-., The other two
samnles were left unsealed. Llke the preliminary samlia, these four were
anodized £t a constant current densit~ of about 46 amvere.' 50t2 and a

temperature of amnroximately 2:°C,

After the anodizaticn and sea.ins were commleted, t1 fromt aur-

foces of these gamples were ccited with lanovia Liocuid Silver ®uint No. 127-4.
This coating wes beked on in & furmace fir three hours. The fiw] temper-
Ature reached wan 500°C. Then these samles were mounted in tul., similar
to those ehown in Fig, 5. The scuare metnl nlates shown on toD ¢ the
anodired samnles within the tubes are usei to make vositive contec 45 the
silver corting. During evacusticn of thege tubes, the swovorting elssantg
and the inside aluminum of the samples were heated with mndis-freouey

. current to sbout 500°C to drive out occluded gmaes. A grant 1eal of e
wag thus removed from the anodized layers. The final aral-off nressti. .apy
lower than 1076 millimeters of mercury.

Before many measurenents could be mede on these sampler ftis
resiatence of the first samvle in tube I drovred from more than 107 megsl/.
to 0.22 megohms. It was not possible to determine the cause of thiv wviru »
short circuit, but it was recognized that more vacuum-tube samnles would “»
necessary to enable meaningiul measurements to be obtained. Consequently,
eight more samples weres orupared. The anodizing and sealing conditione for
these samoles (1 to 8) are spummarized in Fig. 6, which also gives thesw
conditions for the samnles first conatructed (II to IV). The film thickness
estimated from anodizing time and current deneity, dy is given as 0.0021 inch
for the first three samples in Fig. 6 rather than the 0.0026 inch determined
from the earlier thickness measurements £nd used for the succeeding sammles.
The lower value ia used to account for the fact thet the actual current
density emnloyed in anodizin;: the first three samnles was apnroximetely
42,5 amperes/foot? instesd of the 46 mmperes/foot< used for the last el;~’
samples.

It was thought to improve the technioue of nremarztion of tr-
second set of samples in two ways., First, 2ll samnles were heat—croated
in a vacuun before anodigation ae well as afterwards to enguv: the removal
of gases in the aluminum itself, and second, Frnovia Silvar Faste No. 38
(for glass) mther than silver neint was used to form a thicker. more lastin
cooting on the faces nf the samnles.

As can be seen from Fig, 6 these samples we:0 3“°d1‘“"' at diffm"‘_-"
temperatures and for different lengtha of time in an effort L0 find the eifacy
of warying thege parameters upon the resistivity. Th-. effort was unsuccens
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. however, because of the use of the pilver naste coating. It was iound the:
the resistance from this corting, through the anodigad film, to the inslde

metal was of the order of two chma for all elght sampnlas after thorough

baking in air at 500°C to set the cnating. Further beking in eir did not
increape the resistance. Because the coating of vaste annlied was much thicher
than the silver paint layer used, there were evidently enough particles and
moigture to venetrate all the way throuvgh the vores of the anodized layer snd
thus to short it out. Thare were probably not emough merticles availrble in
the silver vpaint layer for this to hannen, or poseidly the silver vaete vpart-
icles were smaller then those of the vaint and could hence penetrate the m’nute
pores more epsily. However, even silver vaint must be suspect inmegard to
penetration because of the failure of the samvle in tube I.

It was found that after heat treatment in a wvacuum, the resistance
of most of these samples increased tremendously, howevar. Ae shown im Fi/. 6
three of them remained effectively shorted, but the reslatance of the otheirs
reached more normal values. However, K cavacitance measursments on the unshorted
’ semples indicated much higher values than might have been expected had there
been no venetration. Evidently the heating in vacuum removed the remanent
molsture that was causing the snodized layers to appear shorted, but the silver
perticles remained part of the way down in the pores of the layera and decreaps:
the effective thickness. Therefore, it was found that the capacitances cormulec
from estimated values of film thickness based on anodizing time and from a
dielsctric constant of three were much smaller than thosa actuslly messurac
the five unshorted samples.

' Assuming a value of three for the dislasctric constant, the affective
thicimess of esch of the layers, d; was computed from the measurec cavacitin
values. Then, by comparigon with the thickness estimated from lensth of
anodization, d,, it was poesible to compute a rouch valus of the average
percentage penetration of the silver particles into the oxide layers. Thi
apnroximate measure of the penetration was computed for all eleven samples ant
ie shown in Fig, 6.

It can be seen from Fig. 6 that silver paint seems to neaatrate &
negligible amount into the vores. The eight percent for samples III could
eapily be due to rumilative exnerimental errors. It ip not nossitle to tel)
very accurately from the small number of samples coated with silver paste
which factore influence the penstration of the paste particles into the cxice
layer There is no clear-cut correlation between samples treated similarly
However, the averege penetration of the four samples anodized at about 14°9¢
i3 considerably lower than that of the four anodized at 25°C., Thia resul‘
might be expected from the fact that samples anodized &%t lower temperaturee n:-s
harder than those formed at highsr temperatures and vresumably have amalle:
pores.

Fig. 6 2lso gives the resistivity of these eleven samnles, computer
f-om the resistence measursd with 200 volte mvplied to the samples. HNo
registivity curves as a function of voltage are given Lecauses the ~eslstence




PPROVED FOR PUBLIC RELEASE. CASE 06-1104.

6.'“‘_;:
Report 3-121

e )

' of most of the samnles was too high to measure accurstely with the available
enuloment. For resistence valuss greater than 1012 chme, 1t was found
imvossible to zero the electronic voltmater when using & hunt resistance,
Ry, of 1,000 or 10,000 megohme. And, in addition, even t .ese large valuesn
of Ry did not produce large enough meter deflectione for .ccurate reading
Therefoig. the higher resigtivities in Fig. 6 can only be apacified as rres1i
than 10 ohm-centimeters.

The resistivities of the eammles corted with s.lver pnaste were
determined from dy, the comnuted thickness of the ancdized layer teking nene
tration into account. These values do not have very uch meaning, however,
because of the nenetration phenomenon. Penetration of silver particles aluos
all of the way down through a few of the pores in an anodized layer would
cauge a greater change in measured resi-tance than it would in measurod cap-
acitance. Therefore, it 1s not really valid to use the value of the effective
thickness of the layer here computed from canacitance mensuremente for resls-
tivity calculations.

'

It can be gesan from Fig. 6 that the resistivity of ell the boilac
sanmrles not shorted is of the same order of magnitude as that of the unsealed
samdleg. Thie result is very different from those of the earlier low-vacuum
meg surements. Evidently, thorough heat treatment in & high vacuum converts the
aluminum oxide monohydrate in the boiled films back to anydrous aluminum oxide
wi.th 2 coneequent increase in reslativity. Also, very little polesrization
effrct was noted during measuremente -n any of theserleven samnles. Its
anpearance in the earlier tests wee vrobably caused ty moisture that had not

' been removel from the oxide layers.

Although it was immoasible to obtain accurete measuremenia > the
resistance of most of theses sealed-in-vacuum pamvlen, the approximate values
of the resistivities show that the aluminum oxide layer, when properly drie!
out, has & more than adequate resistivity for use as a dielectric storzge vat-rid
in a storage tubs. In addition, the svidence of Table I indicates, though not
conclusively, that electrolytic pure eealing decreases the reslstence of an
anodized layer.

Results of the Search for Optimum Anodizing Conditiong

The results of the preceding measuremente Indicated that unsesnlac
aluninum oxide layers, when memsured under conditinns apvroximating the
environment of & storage tube, have a high enough reeistivity for use ne
storage surfaces. In addition, previcus messurements in air showed that thre
breeskdown strength of the material was suffizlently high. However, thege
meagurements also indicated that while it wes posaidble to_produce Tilms four
or five mils in thickness by anodizing at 46 am'porus}foo‘;e. gsuch filmg did
not have the requisite hardnees and mechanical rigidity for grlddle surfacr
use even when electrolytically secled. Thersfore, it wes decided to make n
systematic study of the growth of the oxide film under varying ancdizing con
ditions in order to find a set of conditions under which a thick, hard contip,
of aluminum oxide could be produced.

i The major parameters that it was decided tc vary were bath tempers:
and concentration, and current density. Figures 7, £, and 9 present most of
the pertiment informstion available in the llterature.® Figure 7 shows = gne
maximum of film thickness for the higher current deneitiee at the low acid
concentration of 1.437 vpercent oxalic acld, Figure £ indicates that it g

®Flg.7, Fig.8, Fig.9 are from Ref, 6. pp.125. 127. 1%L
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' nnsaible to form layers as thick as ten milg, althouzh there ia ne data
riven concerning the electricel and mech nical proparties of such thieck
films. Finally, Fig. 3 givee the dreakdown voltare of oxide filme for

ihicimesses up to almost threc mile. The dbreakdown field strengih
decreapes somewhat with increcsin~ thickness and at 0,07 millimeters 1s
enly 1.16 x 109 volts/inch. However, since no information is given about
the conditions under which the {ilms used in the breakdown measurements
were formed this curve cannot be taken to apnly generally.

Because of the relative naucity of information available in the
literature, it was decided to begin the investigation with the current of
density of 46 a.m'pnrear"footz which had been usad to form the nreviously
meagured films. In order to secure accurnte thickness data it wezs necessarr
to use flat samples of well-determined area and as constant a thicknesa as
nogeible. Figure 10 shows some of the small sammles uged. Although the
color tone wvalues in the nicture do not corresnond exactly to those of the
samoleg themselves, a lightening in color can be seen from left to right.
The first sample on the 1~ft is unanodized, while the ancdizins nerinds
(and hence film thickness) of the rest incremss from left to right. omaller
samples than the ones used in the vreliminary investigation were chosen =9
that less total anodization current would be requirad during anofizing, and
it would hence be easier to held the temmerature conatent All of these
anmmles were cut from a single sheet of 25 dgluminum, 1/l16-inch thick. The
samnles themselves were cut one-hslf an knch wide and were immereed in the
bath to & marked line so that a current density of 1€ anperen{fo:t,z could be

’ maintained with & current of one-half an ampers par sample.

Fipures 11 through 17 show the growth of an oxide film over a two
hour anod.zing veriod for different bath temperaturas. These curves were
drawn from thickness measurements made both before and after anodization an
after removal of the oxide film. The sets of two closely speced ooints on
these curves show the soread between two soparate samples anodized for the
same length of time. Where only one voint ie given, the measuremente yield
identical results. In Pig. 14  the averags of esch sat of Dointa 1e Dlotte
rather than the voints themselvee.

These curves indicate that the film bdbuilda up both inwards into
metal and outwards from its inltial surface. It can be sesn that ae the
temperature is increased the acid activity increasea correspondingly and :th
attack on both the outside of the film and on the inside metal ie greatly
accelerated. At a temprrature of 36°C, the final thickness of an anodizsd
erticle will actually became less than the initisl thickness after esmodizat!.n
has progressed for more than ahout two hours. As ahown in Fig. l4, the effact
of increasing the temperature upon total film thickneszs ie practically negs
ligible during the firat hour of anodization since it is only after this loas
e time in the bath that the eroding action of the acid begine to act more on
the film than upon the base metal., It will be noted that the thickness valung
glven in Fig. 14 differ somewhat from those obtained with the preliminary
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l saples, The differences are probebly due chiefly to the zreater nrecision

with which the actual submerged sample area was determined for the later
smaller samples and to the more preclse temmeraturs control possible with
these sammles.

The difference shown In Fig. 14 between the curves taken at 12%
and 24°C 1g nalmost negligible and is elgo practically within the limits of
experimental error. Therefore, it was decided to anodize most of the
succeeding samoles at 24°C because of the much greater eass of holding the
bath temnerature constant at thls value rather than 12°C or below. It wae
found that although filme formed at 12°C for two hours were substantially
harder than those formed at higher temneratures, they were still mch softer
than films formed for only & half an hour at the higher temperatures and
were still flaky and powdery. Consequently, reduction of temperature, while
increasing film aardness, does not offer a commlete solution to the nroblem
of forming a thick. mechanically hard and rigid dielectric film.

Figures 15 through 17 present the results obtained using either

helf the previous acid concentration, half the current density, or both
together during anodization. Ingtead of anodizing two samples for each time
interval shown on these graphe, as was done to obtain the previous 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 extre
time thus gained for further study of film-growth vhenomena. Therefore, the
pointe on the succeeding curves represent only ome anodized sample each

‘ Figure 15, for full current density and half the previous acid concentration,
shows that the film does not build either inwards or outwards as fast as it
doee at the higher concentration. This curve had to be discontinued after
about an hour beceruse of strivping of the oxide layer £t the water line afte:
this long an snodization. This effect was Drobably 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
anodlzing. 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 increscee
Practically the entire voltage dron envears across the oxide film, and, se thre
resistance of the acid-fillsd film increases, more and more power must be
dissipated in the film if the current is kept constant. With an annlied
voltage of 160 volts and a current per sample of one-half an ampere, each small
sample mus! dissipate B0 watts; therefore, it 1is not surprising that localized
heating at the water line, whers the bath cannot adequately cool the sammle,
should result in a strioning off of the oxide layer. This difficulty was not
experienced at higher acid concentrations and a current density of 46 amperes/fcnt?
because even after long perlods of anodization lower voltages were required to
maintain the given current, Evidently,the greater conductivity of baths having
higher acid concentrations keepa the wet-resistance of filme formed in such
bathe lower during all stagee of anodization.
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Figuree 16 and 17 show that at lower current densities also the
effect of a 3 rether than a 1} nercent acid concentration is cefinitely
beneficiel to film formation. These resulte are in contradiction to those
of Mg. 7, taken from the llterature, which show a slight maxioum at the
lower acld concentration. However, in that figure the maximum is very
slight and the points shown do not lie verv near the two curves drawn for
hisher current densitiee. Figure 18 summarizes the effect of the different
current density and acid concentration conditlone uvon the total thicknese
of the film formed, 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 esvecially noteworthy
becsuse of ite linearity. The hardness of the samplee formed under the
conditions of curve C greatly exceeded thet of others formed at twice the
current density. However, the thickness was not as great at the lower
current density and the hardness was otill not adequata, Nevertheless,
reduction of the anodizing current density was indicated 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 runa are summarized in Figures
19 through 22. Since the results shown in Fig. 16 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 amperes/foot® and an acld concentration
of glx percent oxalic acid. Thie figure should be compared with ¥ig. 16
for three percent concentration end the pame current density. In the two-
hour region in which comparisons can be made, there is no aprreciable difference
between the two figures. The growth curve for the higher concentration remains
linear for ‘5& or 4 hours, then berins to fall off rapldly as thescid erodes the
outer surface of the film fagter than it is built up. Theae resulis would
seem to indicate that although increseing the acid concentration ahove 15
percent is worth while, further increass above 3 or 4 percont is unwarranted.

Although samples anodized for eix hours at 23 amperea/foot? and
six percent acid concentration had an oxidized layer of more than adequate
thicimess for griddle gurface aprlications, these mnodized films were atill
not hard enough. In order to further reduce thes current density during
anodizing, it was decided to carry out eome anodizing runs at constant voltape
rather than constant current. With constant voltage the initisl currsnt
density is very high, but the current density rapidly drops off as the first
thin oxide barrier-layer 1s formed on the metal surface, After the firet lar =
decrease in cu.rent density. the subsequent decrsase 1s very slow. The averars
current density during any given period is a function of the applied voltags
and the acid concentration. For an applied voltage of 100 volts, it was found
to be apnroximately 12 a.mpnre./foota during the elght-hour anodizing perlod
shown in Figa. 20 and 21, while for 80 wolts it waes about 7 amperes/foot”.
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' These values are substantially lowsr than any used in the previous runs at

constant current density; consequently, longer anodizing times are required
to form filme of thicknesses comparable to those formed at the higher
current densities. However, this dieadvantage is minor if harder films
can be formed by anodizing at lower current densities.

Figures 20 and 21 show the growth of the oxide film for constant
apolied voltages of 100 and BO volte., As shown explicitly in Fig. 22, a
thicker film can be formed in & 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 does the 80 volt curve, Thersfore
it 1s prodbable 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 voltage.
Even the film formed at 80 volts is thick enough after eight hours of anod-
ization, however, to enable a tepered griddle-surface wall having a maximun
thickness of ten mils to be anodized completely through. In addition, the
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 smwother than any
of commerable thickness previously formed at 46 or 23 amperes/foot<.

Resistance and breakdown meagurementes were made on eight sammles 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 elactrical contact with the samples, and no spnrecisble

' differences could be detected betwsen the resistivities of samnles formed at
constent voltage and constant current, Nor was it posaible to diecover any
variation in resistivity with oxide thickness. DBrealtdown measurements were
made on a total of 22 of these small-size eamples anodized under all the
different voltage, current, and acid concentration conditions described thus
far. Meagurements were made in air with & veriable d-c power supply having
a maximum outprut vol tage of 6,000 volts. Again no significant differences
between samples anodized st constant vol-age snd at constant current could be
found. However, the range of noasureg values was large: brealkdown occurred at
field etrengthe ranging from 2.6 x 10° to 1.3 x 10° volts/inch. The average
value of the breakdown field strength for these 22 samples was 6.9 x 10°
volts/inch.

Becauses 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 large’,
it was impossible to make certain of the dependence of the breakdown strength
upon thickneegs over the entire thickness range measured. At thicknegees
exceeding three mils, however, a trend toward decreasing breakdown strength
with increasing thickness was aquite evident. This result is in qualitative
agreement with the data given in Fig. 9, but cuantitatively 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 conditiona to make 1t possible to establish unequivocally
any correlations between breakdown strength and ancdizing conditions euch
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as current, voltage, temperature, and acld concentration.

Dielectric constant determinatione were carried out for 33 of these
small samples. The values obtained ranged from 2.6 to 6.2 with an average valua
of 4.26. The most probable error of these values, comouted from the scatter
assuming a gaussian error distribution, wae found to be 26 percent of the average
dielectric constant. This large a probable error cannot be adequately explained
by attributing it exclueively to errors in the individual measurements used to
compute the dielectric constant. The meximum probable error which 1t seems
reasonable to essign to the capacitance measurements is five percent. Three or
more capacltance measurements were made at different positlons on each side of
every sample, and these six or more valuse averaged to give the final capacitance
used. It was hoped in this way to cancel out the effect of any differsnce in
film thickness between the two sides of a given samvle, aince it is tha average
value of the thicknesses of the films on either side of a smaple which is
determined by the thickness measuring method. The maximum probadble error of the
thickness measurements should also be five percent or less. Because of the edge
effect and difficulty in measuring the area of contact between a mercury drop
and a sample, the accuracy to which the area of contact is known 1s probably nc
better than ten percent. Since the overall probable error of the dielectric
constant in percent is the rme value of the individual percentage probable errors
of the cuantities used to compute the dielectric constant, its value should then

. be gporoximately 12 percent.

Although it was imnogeible to determine any dafinite devendence of the
dielectric constant unon film thickness or anodizing conditions, the disagreement
between the probable error determined from the individual measurements used to
comnute the dielectric constant and the actual probable error found from the
scatter in the computed values is evidence that some such dependence exists and
that the scatter is not due golely to errors in meagurement. The actunl determi-
nation of the factors which cause such gcatter would require a more carefully
controlled and extensive investigation. However, it is worth noting that the
average value of the dielectric conetants of the eight semples anodized at con-
stant voltage, which was found to be 4.7, differs by only nine percent from the
overall average of the dielectric constants of the thirty-three samples measured,
and the scatter in values of these elight samples was small.

In an effort to obtaln more comparative data between samdles anodized
at high constant current densities and at constant voltage (low average current
density), four smooth round samples similar to thoge shown in Mg. 24b were gesled
in vacuum tubes of the type depicted in Fig. 65 . In Fig. 24b, the first of the
eamplee shown ie unancdized, the second mancdized five Eoura at 80 volts, and thas
third anodized ome and & half hours at 46 amperea/foot“. The constant-voltage
sample ie actually considerably darker than the dead-white constant-curreant sampls,
but the color values do not show un clearly in the picture.

Of the four samplees mounted in vacuum tubes, one pair was anodized at
80 volte while the other pair was anodized at 46 meres/footzr The bath tem-
! perature was 249C in both cases. The anodizing times of the two paire wers
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adjusted with the help of Figs. 14 and 22 to make the final film thickness of

all the samples apvroximately four mile. One of each palr of esmnles was eleciro
lytically sealed. Silver paint, covering a circular area of 0.44 incheg?, was dakes
on the middle of each eample to secure alectrical contact to the top of the
anodized films. Then tho samples were heated to 400°C 1in a vacuum before the 2l
tubes were closed off at a pressure of 1077 millimeters of mercury.

Renistance meaguromente on these samples did not produce much new
informetion. Nc appreciable difference in the resistivitiees of samples
enodized at conetant voltage and at conatant current for elther the unsealed
or olectrolytically scaled samplep was detected. The resistivity of unsealed
samples wag found to be of the order of 105 chmcentimeters and that of
sealed samples was about ten times less Extensive measurements of the
reslstances of these samples were not undertaken because of the lack both of
time and of sccurete equipment for measuring resistances greater than 1012
ohms. In addition to large inaccuracies accurring from the necessity of
measuring repistances of this magnitude with available equipment, the com-
puted value of the resistivity ie rendered even more approximate by the
necessary use of film thickness values estimated from anodizing times.

The dielectric constants of these different films were determined
from the eatimated film thickness and from capacitance meagurements. Agaln,
no significant differencee could be found between samples mnodized under the
two different curreat and voltage conditione, but pors sealing seemed to have
' a congiderable effect. The averags dielectric constant of the two unsealed
layers was 4 8, while that of the gealed filmg was only 3.1. However, this
determination, deveading as it does uncn estimated thickness values, neglecting
any penetration of silver paint into the film, and comprising only two samvles
of each type, cannot be taken as conclusive evidence of a decrease in dielectric
constant with sealing, ecpeciplly in view cf the wide scatter in dielectric
congtant determinatione for the thirty-three small samdles vreviously mentioned

Finally, some expsrimental griddle-surface samplee were anodized
both at constant current and constant wvsltage to determine whether the griddle
walls could be anodized completely through and if requlsite film hardness
could be obteined. The initiml griddle pattern wae formed by embosasing flat
25 aluminum vith a hardened atesl die under a prossure of aprroximately 40,000
pounds per square inch. The circle embossed by the die was one inch in diametar
The actual dimonsions of the griddle ptructure can be most easlly specified with
the ald of Fig 23 Dimension "a" ghown on that drawing is 10 mils; "b", 25 mile,
and "c", aporoximately 15 mile.

In Fig. 24a, the first griddle sample shown on the left is unanodized
the second anodized for two houre at 46 amperes/footZ, and the third anodized
5% hours at 80 volts. The beth temperaturas during these anodizaticns were
held at 249C. Two griddle samplee anodized for two hours at 46 amperes/foot?
are nlso shown in Fig. 4. As expected, it was found that the samples anodized
at the high constant current density were too soft and powdery to mske an idesl
griddle surface, while those anodized at 80 volts were harder, smoother, and

' quite accentable for griddle surface use, It was found impossidle to anodize
complately through the griddle wellas, however, avan with 14 hours of anodization
at 80 volts. After removal of the oxide film, a very fine metal fin less than
a balf a mll in thicknese atill remained at the center of each pocket wall, It
wag Doesible to anodize down into the tops of the walle so that the film thick-
ness on the toos was greater than five mils, but the current-carrying mstal fin,
which remained could not be completely anodized through even thouzh a film at
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least seven mile in thickness ought to have been formed on each side of the
10-mil-thick wall in thig anodizing time. Poselbly a longer anodizetion at

a glightly increansed average current density would convert most of the center
metal in the wally to oxide, but even under these conditlons a conslderable
amount of metal might remain in the center of the oxide layer if the fins were
oxidized through noar their bottoms (as might well hannen with walle of constant
thickness) and the electrical contact between the remaining upmer metal parte
and the metal of {he base thus degtroyed. This difficulty could be easily re-
moved by using tarered walls having a 10 to 20 degree tamer as shown in Pig. 25

Recommenddd Anodiging Conditions

Th» results of the foregoing meagurements indicated that a thick
dielsctric f1lm having quite adequate mechanical and electrical properties
for griddle surface use could be formed by anodizing for eight houre or
more at a constsri voltage of 80 volts, & bath concaniration of 3% oxalic
acid, and a *superature of 24°C. Indications are that an even harder film
can be formed at lower anodizing temperatures. It is therefore suggeeted
that furcher growth curves be plotted of film formation at low temparatures
for a variety of bath concentrntion, temperature, voltage, and (low) current
density conditions in order to determine an anodizing procedure which will
produce filme with ontimum electrical and mechanical characteristics.

vritten by () Ross Vvoazdenald
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SUSJECT: THE FMBOSSING AND ANODIZATION OF ALUMINIM FOR STORAGT TUBZ
DIEZLECTRIC SURFACES.

Written by: J. Ross Macdornald

Date: October 20%th, 15947

Introduction

In the electroatatic storage tube being developed for the “hirlwind
compute s, a griddle storage surface represents one appreoach to the solution
of the oroblem of secondary electron control. ‘'he gensral characteristics
of a griddle surface are ehown in Drawing &-}le}, and Drawing A-31116 showa
two actual griddle surfaces. Inetezd of belng flat, the surface consists of
a large number of small square poclets separated by narrow ridges. In order
ta form & dielectric into thiw reletively complicated structur: it was decldad
first tn press the vattern into soft aluminum, then to oxidize the surface of
the aluminum (ancdization) to form a thin dlelectric layer. The griddle part
of the surface of the sxperiu-ntal samgles shown in the picture is a circle of
sne inch dlameter, while the outside dimmeter of the sanples is 1-3/8 inch.

Procedure Employed to Embose Aluminum to Form & Griddle Structure

. The first sten in the process 1s the nreparaticn of the alumlnum

to be erbossad. In order to make 2 eemnle of the size elown in Drawing A-31116,
a squars A-by-4-inch plece of aluminum is cut from 1/4-inch-thick 25 aluminum
ghest. Thias is commercially pure aluminum, having only 0.8 nercent imnurities,
endl 1s ased becprge deairable ohrsical cheracterlstics of the anodized aluminum
leyer can be obtained only throuch ueing =g nure aluminum as possihle, Nartg,

e serial number for identification is stamped alightly off-center on one slde
of the pouare of aluminum, Then the othar gide is poliahed on 2 buffing wvheel
to remore scratches,

The actunl embnssing has been accomplished with a die made according
to the apecificeilon of Drawing A-30908. A plece of 1/8-inch-thick neoprene
with a 13-inch-diameter hole in its center ie placed nround the outside of tha
dia to squalize the pressure and facilitate atrivoing of the embossed vamnle
from the die. The actunl thickmess of thie neoprene sghe-t ig determined by
the height which the die face projects above tha asurface of the basae. The
neoprene should be slightly thicker than this height so that the pressure is
properly equalized. Pressure for the embcgaing has been provided by a manuel
Clsen testing machine, aumbdbrr 201 in Room 1-210 at M. 1. T. This machine nro=
vides a maximum force of compression of 50,000 nounde.

Before being placed in the machine, both the dle and the aluminum
sample are well lubricated with kercasene to vrevent excessive sticking. Then
the sample is ploced in the machine on ton of a heavy steel anvil. It is
’ covered by the ncoprene, and finally the die ls pleced on the neoprene with die face
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| projecting downwarde through the hole in the neoprene.

The pressura is then slowly applied in steps to allow the aluminum
to flow adequately. The final compression applied devends both upon the
height of projection of the die face above the body of the die and upon the
desired denth of penetration of the dle into the aluminum, i.e., upon the
desired griddle pocket.depth. Using the first die conatructed, wkose face
projecte 0,187 inches above the base as shown in Drawing A-30908, it was
found that pocket denths of 0.0014 to 0.0018 inch could be obtesined with a
final compression force of 40 to 45 thousand pounds, At leagt five minutes
should be allowed to bring the force up from zerc to this value. Then the
pressure should be maintained at the final value for another five minutes
to 2llow all flow to cease (as evidenced by the pressure's finally reaching
a conatant equilibrium value), The prasgure ig then quickly reduced to
gzero and the sample and die removed. During most of the embossing, it wae
fund that the thickness of the neoprene was not properly adjusted to astrip
the pample from the die by iteelf. Therefore, samples were forced free of
the die with & cold chisel and hammer when neceseary. As the final atep in
the forming of the surface, the center 1-3/8-inch diamoter circular area
containing the section embossed by the die is cut out on a lathe, and the
iample is ready for the first step in the anodigzing procees.

Recommended Progedure for Embossing a 3i-inch-Square Griddle Surface

Present vlans indicate that the final storage surface used may bs

' a gquara having a side of Bi inches. Numerous difficulties are anticipated
if it becomes necegsary to emboss a griddle saurface of this size. This area
is epproximitely 15.5 times larger than that of the e~rple griddle surfaces
oresged thus faer. Simple proportion shows that if the same pressure 1s
required for the embossing of the larger size surface s has been used for
the smaller spurfoces, a force of comprespion of spproximately £20,000 pounds
will be necessary.

The largest testing m chine now awallable at M, I, T, han 5 capaclty
of 400,000 pounds. This machine would therafors nrobally be inadequate for
pressing 3}-inch griddle surfaces. Howevrer, Professor Cowdrey, of the Testing
Materials Section of the M. I, 7. Department of Mechanical Engineering, has
sugeested that the problem of emboasing theee large pamples be referred to one
of the silver companies in North Attleborc, Massechusetts, which normally do
a large amount of such embovsing. Therefore, if the need does arise to emboss
samplas of thie eize, this euggestlion ghounld be serioucly considered.

The Anodization of Aluminum

Before anodiging is begun, each sample must te carefully cleaned to
remove dirt end grease. After washing with eocap and woter and rineiag and
drying with compressed air, the sampls is immersed in a hot aqueous solution
of sodium hydroxide (4.7 by weight) for sbout two minutes. This time should
be rather closely comtrolled since longer immersions tend to form a dull film
on the aluminum. After thorough rinsing in distilled water, the sample 1s
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dipred in a cold solution of nitric acld (10% by weight) for about four

. minutes to remove any remaining metallic imourities. Pinally, the sammle
1e removed and rinsed in distilled water agaln. This cycle should be
reneated severzl times until the samnle is comvletely clean.

Anordizing 1tself is carried n»ut in a bath consistine of three
narts by weight of oxalic acid to 97 pvarts of distilled water. BEoth the
cleaning and anodizing bathe are fully described in Reference 1, Drewings
#-31115 and A-31117 show & picture of the a-maratus used for enodlzing,
The anodizing beth 1a contalned in a 10-inch glass Jar eurrounded by a
12-inch Jar. The space between the Jars 1s kept filled with water or ice
‘for temperature control. A 3/8-inch-diameter aluminum rod is used as a
cathode during the process, and the sample itself forms the anode. 4
filtered d-c voltage source varlable between zero and 150 volts with a
maximum current cepacity of 8 amperes has been used for anodizing. Drawing
£4-30909 shows the circuit used in anodizing. Provision is made to anodize
four samples simultanecusly. The four wire-wound rheostate, shown also in
Drawing a..}ush. are vsed to adjust the voltage and current for the four
samples individuelly, while larger variations can be affected by adjusting
the outout voltage of the power supnly.

Griddle samples must be suspended in the anodizing bath 3o that
vheir entire surface is immersed. And, for proper anodizing, it les necessary
that the material which suspends them in the solution also be 25 aluminum.
This can be accomplished by screwing a length of 0,10-inch-diameter 25 aluminum
rod into & threaded hole drilled partially through the back of the samnla.
' The rod must be screwed into the hole very tightly eo *hat no liocuid can nene-
trete between rod and sample during anodization,

Two separzte heat treatments should be given the griddle samnles
to be uesd in an evacuated storage tube, Firgt, the unanodized samvle should
be heated by radio frecuency induction while in a high vacuum to remove
sccluded gases from the aluminum itself., Then, after anodization, the nrocess
ghould be remeated to drive out gases held in the anndized layer. The
temoerature »f the samle should naver exceed 400 to 577°C during this vproceas,
to avoid crazing caused by the different coefficiente of exnansion of alumipum
and aluminum oxide.

Jore Sealing Methods

Two different methods hove been used to closes the infiniteslmal rores
in an aluminum oxide surface. In the first of these methods the &nodized sample
is simply bniled in distilled water for an hour. This rrocess nertially con=-
verts the amornhous sluminum oxide to aluminum oxide monchydrate (!.1303 . .‘!20).
The addition of the water ceuses the nore wallae to swell, and thereby the poreas
themselves are closed or at least reduced in size. A signal disadvantase of
this type of pealing is that heat treatmemt in a vrcuum to remove occluded
¢£igea also removes the added wnter. Therefore, the sealing is= destroyed by
sich heat treatment.



http://he.it

PPROVED FOR PUBLIC RELEASE. CASE 06-1104.

'

631b )
Report R-128 Page 4

The electrolytic sealing method described in Reference 1 does not

' suffer from thie digadvantage. The electrolytic bath wsed 1s 157 (by weight)
sodium silicate in which the mtio of silica to sode lies in the range from
2.811 to 3,9:1, The anodized sample is made the manode and ean iron rod used
ag the cathode. The mpplied voltage is increased from zero to fifty volte
in the first thirty seconds. The exact procedure whereby the voltage is
further increased is not criticel, The following technique is recommended
for ite simplicity. The voltage is increased, in steps of about twenty-five
volts, so that the current densitv immedimtely before an increase ie 10 milli-
amersn/ln.a or less. The initlal current denslty upon any increace may be
five or ten times greater than this, but it rapidly diminishes. This mories
of increases should be discontinued upon reaching 375 volts, since avpreciably
greater voltages caunse destructive eparking in the bath., This voltiage should
be maintained until the current density has drooped to about 1 milliempvers/in.
Beyond thie 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 nores are vartially filled up. The
current causes negative silica ione to migrate to the snode and enter the
poree of the aluminum oxide surface. Some of the silica imms form aluminum
gilicate while others probably are devosited as silica in the pores. This
nrocase results in & bharder finished surface which 1s more resistant to aclds
and abrasion than an unsealed surface; and the fact that the pores are partially
filled makes the surface much lase liquid absorbent.

Removal of the Anpodized Layer

' In order to make measurements of the thickness of anodized layers,
it is necessary to remove the layer without affecting the sluminum beneath.
The following solution may be wsed for this purpose: 35 cc of 85% phosphoric
acid and 20 grames of chromic acid are mixed with enough distilled watsr to
make a liter. Turing removal of the film, the sample is immersed in the
beth, which should be kept between RO and 100°C for beet resulta., The tine
necessary for the film to be dissolved is roughly nrovortional to the thickress
of the film and is also increesed by electrolytic seallag. For unnsealed film
thicimeasss of two or three mils, the time required is of the order of halir en
hour, During the process, the samples should be frequently removed, rinsed,
dried, and measured with an ohm-meter to determine the 7oint at which removal
is complete, At this point the resistance between two uolnts on the asurface
of the samnle will be negligible, vhereas there wlll be apnreciable resisisnce
ag long as any film remains.

Actually, the point at which the sample is taken out of the bath
after all the film is removed is not critlical, since the bath doee not attack
the eluminum to any extent. This was determined by messuring the initisl
thickmess of an unenodized aluminum samole with & micrometer, than boiling
it in the removal bath for thirty minutes., WNo change in thickness could be
detected with the micrometer.

Since the chromic acid uged in the removal bath is noisonous, sxtreme
care should be used in handling the solution when hot, so that none of the fumep
are breathed and none of the liquid touches the vereon.
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The nresent exnerimental anodizing equipment might be used to enodice
3-1/2-inch-square storage surfaces, but such use would be very inefficient.
Only one such gample could be anodized at once and temperature control would be
very difficult. Therefore, if more than 2 few such samples were required, it
would be advisable to procure & larger bath container end an electric refrig-
erating unit. Provision should be made to snodize several samples simultaneously
in the bath to save time.

"It hag been found that maximum film thickness consistent with fiim
hardness can be obtained by anodizing at a constant voltage of 80 volte in a 3%
oxalic acid bath. The anodlzing current required at constant woltage drops off
ag the anodizing progresses, yet even the average current neceesary 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 supnly having a
maximum capacity of 40 amperes or more would be required,

Written by .

Avproved by

References: 1., HNethod of Protectively Contiy,_!.luman or Aluminum
' _Alloys. Rankin, W, E, Broseman, J.Re, U.S.Pataent.
Fo. 2,161 ,636; Issued June &, 1939,

2. The Proparation and Testling of Anodized Aluminum
aceg. Macdonald, J.R., M. I. T,
o, Servomechanisms Laboratory Memorandum Fo, M-87.
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Hence:
B _______Ez 109
= )
z vV, cos ] * geuss
Now ‘u'o = 5,93 x 107 JW cnf sec, l-.rh.eris W 1s the

initial kinetic energy of ¢ secondary electron in electron volts. W = 9

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

A
emipsion energy. Now, Es = E—, and values of Vl = 10U volts and 4 = 0.1 cm
will be chosen to approximete storase tube conditions.

100 x 109J2
-
z 5.93 x 10¢ * 3.0l

Then: B = 8000 ganss

Written by

Approved by

Reference: 1. MoConnell, R.4., The Storage of Video Signals on Simple
Mosalec Report 743, M.I.T. Radiation Laboratory (Feb.lB, 1946)

2. Macdoneld, J.R. A Storage Tube Dielectiric Surface for

Secondsry Llectron Control Mastere Theeis, Electrical
Engineerings Depertment, M. I. T., (September 12, 1947)

b« Members of the Llectrical kngineering Staff, M. I, T.
Applied klectronics (New York; John Viley & Sons, Inc.

Drawings.
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. I. SUMMARY

Among the circuits required for the control of electrostatie
storage tubes are circuits which furnish voltages to deflect the primary-
electron beam in accordance with orders received from the computer. Pre-
liminary desipgn studies have led to the comclusions expressed and dis-
cussed in this report.

' In order to make numerical computations possible when any part-
lcular subject was under study, a considerable amount of data was assumed
relating to the physical form and the operating characteristics of the
storage tube. The assumptions made are listed in the report.

The general problem of supplying common defloction voltages to
many storage tubes used in a sinzle bank is discussed under two main
topics. First, the effeocts of manufacturing tolerances are considered
and possible means of compensating for the effects are suggeated. Second,
the input impedance, transmission delay, and attenuation in the trans-
mission 1line are considered; the conclusion is drawm that a special type
of line shculd be desizned and comstructed.

Two typee of circuits capable of translating orders from the
computer into deflection voltages are discussed; a vinary-weighted de-
coder with an emplifier, and an equal-increment decoder which needs no
emplifior. Designe for experimental models of each type circuit are in-
corporuted in the appendix.

¥ajor problems, togeiher with rocommendations for their so-
lutions are:

1, .ompensation for effects of manufacturing tolerences.
Recommendation withheld pending accumulation of actuul
data on storage tubes.

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

5+ Deflection-voltage pgenerator.

Cholce between the two proposed types should be deferred until
¢ata on the storage-tube prototype is available. Work in the
interim should be concentrated on the binary-weighted decoder
end assoclated amplifier.
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II. INTRODUCTION

A, Brief Discription of Storags Method

Tuis report deals with electronic switching circuits designed
to eatablish specified potentials et the .bean-deflection plates of oathode-
ray tubes used as electrostatic storage devices. Knowlpdge of the form
of the proposed storage tube and its mode of operation is necessary to
understand clearly the elemonts of the design problem, and it is suggested
that references A and B will supply detailed infcrmation om this subject.

Briefly, the electrostatic sturage tube will consist of two
olectron gun structures and a storage assembly enclosed in an evacuatcd
slass envelope. The first electron gun will supply a sharply-focused
beam of high-velocity electrons which may be deflected by means of
potential differences eatablished between the plates of two peirs of do-
flection electrodes, the axes of the deflection-plate pairs being mu-
tually perpendicular and aleo perpendicular to the axis of the undeflect-
ed beam. This beam of electrons will strike a storage surface within the
storage acsembly and will cause the area under the beam to assume one of
two potentials, choice between the two being made in response to the po-
tential established on a control electrode within the storage assembly.

For reading of the stored information, the electron beam is

again directed to the storage surface while a neutral potential is held on

. the control electrode within the storage assenbly; electronic oircuits
detect the {low of Aisplacement currents as the area under the beam on
the storage surface is charzed or discharged to & neutral potential., The
second electron gun within the storage tube will supply a wery broadly
focussed beam of low-velocity eloctrons which may be thought of as a uni-
form sprey over the entire storaze surface. This beam of low-veloeity
olectrons will rendor a given pattern of charge stable by means of secon-
dary emission phenomena.

In the Whirlwind series of computers, the electrostatic storage
tube will be used in such a manner that one digit of each of approximately
1,000 words will be stored in a rectangular array on the storeage surface.
The operation of the computer makes it necessary that each storage area on
the surface be instantly and independently available for reading, writing,
or erasing purposes. The computor will designate any ziven miorage loca-
tion by supplying to the storage system eleven or fourteen binary digits.
The sbtorage-tube deflection circuits will interpret part of these binary
digits as composing two binary mmbers which may be thought of as X and Y
coordinates of the storage location on a rectansular coordinate system., —
Since each binary word of storaje will be located in sixteen separate
storege tubes for Whirlwind I and forty storage tubes for Whirlwind II,
and since two or sixteen banks of storage tubes will be employed, it will
be necessary to use one or four digits of tho itoraze order to desiznate
the bank of storage tubes in which the stored number will be found, this
vet of digits corresponding to a Z coordinate of the storage space.
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. B. Basic Assumptions

In ordsr to carry out the design, analysis, and evaluation of a
eircuit,~it iz necessnry either to know or to assume characteristics of
input stimuli to be supplied to the circult and output voltages required
to be produced, as well as impedence levels at input and output terminals.
The following data have been aseumed in the storage tube deflection cir-
cuit work so far.

1. Input

a, Parallel digit transmission will be used for the deflec..
tion circuit order.

b. Only the a-c component of voltage on the digit-transfer
bus or any signal input line is significant.

o. The signal for eech coordinate will consist of a five-
digit number composed of coincident pulses whose amplitude
is between 10 and 20 volts and whose duration may be from
0.05 to 0.26 microseconds.

d. Input impedance of the deflection circuit decoder must
be high in order to avold loading the digit-transfer bus.

6. Additional pulses will be supplied to the deflection
. circuit on individual lines for the purpose of resetting
3 the defleotion circuit decoder, reading back the storage
order for checking purposes, etsc.

2. Output

a. The load will comsist of 32 storage tubes for Whirlwind I
or=640 storage tubes for Whirlwind II. Electrostatic de-
flection will be used.

b. Balanced deflection voltages will be required.

c. Each deflection plate pair will have a maximum direct
capacity of 2 from plate to plate and 7 from each
plate to ground. Methods of connecting tubes together
are discussed below.

d, The deflection factor will be from 50 to 100 volts per inch.
Moximum deflection of about 3% inches, peak to peak is ex-
pected. Computations hawve been based on a figure of J in-
ches maximum deflection with a deflection factor of 67
volts per inch,.

e, Circuits are assumed to be required to produce 32 distinct
values of defleoction voltage in each coordinate, corres-
' ponding to 1,024 positions of the beam on the target. Zcro
volts plate-to-plate may or may not be included &s ome value.
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: fo It is assumed that satisfactory storage oparaetion will
‘ rosult if the extreme long-time variation in the posi-
tion of aay particulur spot from its nominal positiom
doos not excevod 1/2% of the width of the wrrey on the
storage surface and if' the succes:ive deflcetions 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 assumad to be tolerable.

g+ An interval of 3 microsecondes from the time the storage
order appears on the digit transfer bus is mllowed for
the establishment of the deflection potentials,

he Ho consideration has been given to the change in de-
flection factor which may result from the chunge of
potentiels in the storage assembly for rcading and
writing., It has been assumed further that shielding
adequate to roduce to neglipgible proportions the
deflection of the beam by stray electrostetic end maz-
netio fiolds will be smployed.

i. Deflection potentials established by one storage order
will be maintained until a reset pulse is received
by the deocoder.

jo Storage tubes in Whirlwind I will be mounted on 12"
centers. The storaze tube bank for Whirlwind I will
' require 32 square feet of front area. otoruze tubes
* in Whirlwind II will be mounted on approximately 6"
centers, and the storage tube bank will be about
20' long by 8' high.
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I11. CONNECTIONS TO DEFLECTING PLATES

A, Genernl Considerations

In order to reduce the amount of equipment required and to
facilitate testing and checking operutions it would be desirable to
have a single decoder and driver unit. This indicates that
corresponding deflection plates of all storuge tubes in the storuge
bank should be connected in parallel. Two factors must be kept in
mind when designing the connecting circuits. 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 amount of capacitance
assoclated with the deflection plates and their connecting cables,
the larze 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 comnection scheme must be designed to

" minimize the ourrent requiremente.

.B, Componsation of Tube Variutions

1. Tvpes of variation encountered

Commercially manufactured five-inch cathode-ray tubes in-
tended for peneral oscillographic use are neld to tolerances such
that the deflection sensitivity of any one %ube may deviets from
the nominal value for the type by not more than +20. Tolerances
on alignment of the electron-gun structure ere such that the undeflected
spot Wwill fall within & l-inch square whose diszonals intersect at
the center of the tube face and whose sides ure parallel to the axes
of deflection. It is expected that these tolerances can be reduced
by careful nmechanical construction end close quality control to a
figure of 5% deviation of defloction semsitivity from the average
value mad 1/4 inch for the side of the square within which the un-
deflected spot will fall,

2. Compensation of deflection pemsitivity

One of the assumptions listed under topie II-B above is
that the allowgble variation of the width of the array on the storage
surface fronm its nominal width will be#6%. If no provision is made
Tor compenseting the difference between the deflection sensitivities
of individusl tubes, even ths smeller tolerunce on defloction
sensitivity will not allow the attainment of the assumed limits on
the variation of the width of the erray since it will not be possible
to maintain the maximum deflsction volteges at an exact nominel value,

Tho simplest method of compensating for variations in
deflection sensitivity would be to use a pair of R-C attenuator
sectlions at each of the more sensitive deflection-plate pairs,
the attenuation of any peir of sections being chosen to roduce
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. the effective sensitivity of their cssociated deflection-plate

pair to the same sensitivity as the least sensitive peir acceptable

under the tolerances set up for the tubes. By this means the
offective deflection sensitivity of any peir of plates may be
brought to within #1% of the lowest uncompensated sensitivity
accepted. If ajTconliguration is adopted for the attenuator, it
will be possible to adjust the elements so that the effective shunt
capacitance and resistance at the irput to all deflection-plate
pairs is the name.

Other schemes of compensation, such as edjustment of
accelereting potential in the electron-gun, separate emplifiers
for ocach pair of plates, ete., do mot appoar to be practical.

3. Compensation of Undeflected Position

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

Since the deflection voltsge probably will be maintained
for a fixed, short length of time each time it is esteblished,
capacitive coupling to the deflection plates may be used. Such
coupling will allow insertion of a positioning voltage at each
pair of deflsction plates. Some form of clanmping must be usod to

. restore the d-c component of the defleotion voltage at the plates.
One of the high-voltage germanium erystal diodes should prove
andequate for this application. Carc must be taken to make the
impedance of the positioning-voltage source low enouzh to prevent
appreciable changes in bias with changing duty factor.

A better method which has been suggested for adjusting the
spot position is to insert two additional pairs of deflection plates
on the electron-gun structure. These auxiliary plates would carry
& steady difference of potential which could be adjusted so that
the point of impact of the electron beam would lie exactly at the
center of the storaze surface when the main deflection plates were
all hald at second-anode potential. Since theso auxiliery plates
would only oarry d-c voltege they noed have only & low deflection
sensitivity md could, consequently, be made considerebly shorter
along axis of the tube than the main plates. +in additicnal
function which might be served by the auxiliaries would be shielding
between the two main deflection-plate paira. This shiclding would
be useful in reducing undesired couplinj; botween the two axes of
deflection.

Other schemes of compensation, such as an external permanent
magnet whose direction and distance from the axis of the tube ure
adjustable, a separate amplifier for each pair of plates in the group,
ots., are possible but are not so attractive from the standpoint of

' oase and stability of adjustment and amount of equipment required.
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' C. Control of Input Impedance

1. Types of Connection

Bacause of the large physical size of the storage-tube bank
and the large number of storage tubes in the bank, a lurze amount of
cable is reguired to make connection to all deflection nlates. In
order to reduce strav coupling to & minimum, some form of shielded
trememission line will be used. When considering the questlion of
vhich type of line should be used and what the resulting performance
of the system will be, & number of factors must be investipated.

Before disoussing 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 deflection cirecuit

problem,

One way of feeding the deflection plates would be to use

short lengths of cable to conneot up small groups of tubes with the
input ends of the cables all fed in parallel from the daflection-
voltage source. 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 tubes having twonty tubes per
row on each side. £Zach row of twenty tubes might be fed by ine cable
with the input ends of the thirty-two cables coming togsther at the
output terminel of the generetor. The end of the cable remote from the
generator would not be terminated. In such a system as this if the

' time required for electromegnetic wavee to be propaegated from the input
ond to the most remote point in the system ia small compared to the time
constant of eny transient voltaze which may be applied to the input, the
offect of the series inductance of the transmission line may be neglected
and the input impedance of the aystem can be considered as that corres=-
ponding to a lumped capacity. The time required to establish a voltage
ut the most remote point in the system is very nearly tho same ss that
required to establish the same voltage at the input.

A gocond way of feedinz the deflection plates would be to use

a single length of cable to feed all corresponding electrodes with the

taps for individual tubes takem off at uniform intervals, If the

spacing between taps is emall enough that the time required for

electromagnetic waves to be propagated from ey tap to the next succeeding

tap is small compared to the timo constant of any transient voltage

which may be applied to the line, the loading =may be considered as if

it were distributed uniformly elonz the line. OSince this condition

exists in the present application, and since the characteristics of

transmission lines with uniformly distributed parameters are deseribed

by relatively simple ma:hematical relations, it is possitle to calculate

the pertinent constants of the loaded line. 4 considerabls simplifica-

tion in the calculations results from the fact that the losses in the

line and et the deflection pletes are very small und can be nezlected in

most of the calculatinns. It 13 particularly important to note that the

charaateristic impedance of the loaded line under the conditions which ex-
' ist in this application is very neerly & pure resistamnce. The ond of the

line farthest from the defleotion-voltage gemerator will be terminated with

this characteristioc resistence, end the loed presented to the generator

will be the seme reasistance. The time required to establish a givea
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voltage at the end of the lime farthest removed from the input and is

. squal to the time required to establish the voltage at the imput plus
a fixed transmission delay vhich iv characteristic of the loaded line
and may be calculated.

Both of the connection schemes outlined above would result in
approximately the same total capacltance for the deflection plate system
if the same tube spacing ancd typs of connecting cable were used. The
first type of connsction, which results in a capacitance loed being
presented to the deflection-voltage generator, must be driven by a
constant-voltage source having low internal resistance. A maximum
allowable value for this internmal resistance may be calculated {rom the
faot that the product of (a) the resistance and (b) the total cupacitance
of the deflection systom plus the output capacitance of the pgomerator
must not exceed approximately ono seventh of the differonce between (=)
the time required for the decodesr to set up the deflection voltago csalled
for and (b) the three microseconds alloted for the over-all opsration of
the deflection circuits. Vith the second type of connection, which
prasents a resistive lcad to the deflection voltage geuerator, either a
constant-voltage source or & constant-current source may be used. A
ma jor part of the delay in this case will be the transmission delay in
the line; but the over-all cperation time of the deflection ecircuit will
inoclude not only the delay but also at leaust seven times the produce of
the characteristic resistance of the loaded line (in parallel with the
output impedance of the driving source) multiplied by the output
capaoitance of the driving source, in addition to the time required for

' decoder operation.

2., Faotors Affecting Choloe of Transmission Line

It is desirable, in order to reduce power dissipatiom in the
deflection circuits, to choose a type of transmission line which, when
loaded by the deflection pletes, will result in a high impedence at the
input to the deflection-plate notwork; at the pame time the weloocity of
propazation in the loaded line must be high enough to satisfy the trans-
mission-time restrictions of the connection scheme in which it is used.
Because of the fixed capacitance shunted aoross the line at each deflec-
tion plate connection, if the same dielectrio is used in all types of
line considered it is possible to increase the input impedance only at
the expemse of decreased veloclty of propagation; however, both the in-
put impedance and the wolocity of proparation increasse as the specific
inductive capacity of the dieleciric is decreased. For this reason an
air-insulated transmission line is preferable to a line having solid
dielectric.

Attonuation 'of the deflection voltaze as it travels along the
transmission line is undesirabls in eitHer of the two conncction schemes
proposed. In the caso of unterminated lines treated as a lumped cepeoci-
tance attenuation has an effoct which may be considered as equivalent to
a small resistance in serios with the capacitance. No imequality of the
oquilibrium voltage at the various deflection plates resulte {rom att.nc
ation if this type of comnection is used; but for systems of the same

' total capacitance and the seme voltage build-up time, the system with
large attemuation will require a source having lower impedance than will
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the system with small attenuation. This diifference is small, however,

' and the improvement in input impedance due to reduced attenuation does
not alone justify the use of an oxpemsive or physically inconvenient
type of transmission line,

Attenuation in the transmission line has a somewhat different
offoot in the case of a single, uniformly lcaded line, Under these con-
ditions the driving-source impedance required to esteblish a given equi-
librium voltage at the input to the line is not materially altered; the
difficulty is that, with a constant voliage at the input, the equilibrium
voltage at cach successive pair of deflection plates is slipghtly smaller
as the distance from the input end of the line increases. If, as sug-
gested above, it is necessary to utilize compensating circuite to equa-
lize the deflection sensitivities of indivicdual tubes, then these same
cirouits can be used also to compensate for attemuetion in the trans-
mission line. If however, it is found possible to maintain tolerances
on deflection sensitivity euch that the variations meed not be compen-
sated as long as & given velue of transmission line attemmation is not
exceeded, then is becomes highly desireble to keep the attonuation in
line below this value.

Consideration of the above points shows that the most desirable
type of transmission line for commection of the deflection plates to ths
deflection voltage generator is an air-insulated line whoso geametry is
arrenged so that the transmission delay in the loaded line is the longest
vhich is tolerable in the connection scheme chosen; furthermore, the et-

’ tenuation in the line should be small. An eir-insulated line will be a
rigid or semi-rigid type. The requirement of longest tolerable delay
means that the ratio of the diameter of the shield or outer comductor to
the diameter of the inner conductor or conductors will be large. Small
attenuation means large-diemeter inner conductor. These points, taken
together, indicate that the physical size of the transmission line may
limit achievement of the desired electrical characteristics.

Appendix A contains calculation of the properties of RG-62/U
co-exial cable loaded as it would be for use in both WIT and VWII storaze
tube banks, and also properties of an air-insuleted, rigid, shielded,
balanced, two-wire line which is suggested.
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Iv. DECODING CIRCUITS

A, Function of the Decoder

It will be recalled that the principal input to the deflection
circuits comes from the digit trensfer bus of the computer and consists
of a group of pulses which represent, according to & logically chosen
code, the loocation of & point on the storege surface to which the read-
ing and writing electron beam of the storage tube must be deflected. On
the other hend, the actual deflection of the beam is accomplished by
means of potential differences esteblished between the plates of each
deflection-plate peir. Any complete set of deflection eircuits must,
therefore, include & device which serves to convert the coded input into
two voltage magnitudes. The device which makes this comnveraion has beoen
valled the "decoder" in discussion of the deflection problem, and is so
designated in this report.

In 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 bimary notation. Ten 1lines of the digit-
transfer bus are comnected to the decoder imput through gated amplifiers;
five consecutive lines carry pulses representing the binary digits of ono
integer while the other f{ive lines carry the second number. To imsert
numbers into the decoder it is necessary to open the pgetes at the input
of the decoder and then feed voltage pulses represonting 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

1 that subsequent pulses appearing on the bus will not affect decoder oper-
ation. Acccrding to the code chosen for Wil, occurrence of a positive
pulse at any input terminel of the docoder while the input gates are open
represents appearance of the digit 1 in a corresponding poeition in the
number as written in binary notation; non-occurrence of & positive pulse
at an input terminal during the same time interval indicates that the
dizit 0 appears at a corresponding position in the numter. Since a five..
digit binary number can represent 25 integers, each of the input numbere
may have, independently, eny integral value from 0 to 31 inclusive.

Decoders for Wil and WWII 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 expressiocn for this deasired function is:

Ezy - Eg
En = Ej 4 —=——0T~F
31

where E, is tho voltage output for input number N, E, is the voltage out.
put for input number O, Ezy is the voltage output for input number 31, and
Il is any intoger from O to 31, inclusive. Becsuse each inmput number is
operated on in exactly the same fashion, the decoder will consist of two
identical sections. In the followinz discussion, only one seotion of the
docoder will ba considered, it being understood that the second section

' will be the same in all respects,
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B. Types of Decoders

A mumber of cirouit arrangements have heen proposed as boingz
capable of producinz the required relatiom between digital inmput and
voltage output. Only two of the schemes, proposed as alternatives, are
disocussed below. The first is characterized by econcmy of space and
equipment, large power dissipations in certein rather critical compon-
ents, necescity for maintenance of extremely close tolerances on & numbor
of resistors, and, in genoral, necessity for very close desizn and ad-
justment of the circuit. The second is characterized by ability to oper-
ate with rather broad tolerances on components, & more desirable situatlon
with regard to power dissipation, end the peoesibility of extensive contiol
of the shape of the output-ve-input function.

The first system of decoding derives its operation directly
from the character of the binary code. To review briefly, an integer %o
which the decoder must respond is ropresented by the occurrence or non-
ocourrence of a positive vcltage pulse at sach of five input terminals
during a speoific interval of time.

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

. Terminal Value Assigned
1 Mumber Occurrence Non-Occurrence

20 =

" o A
[
4]
n
@ & M -
o © O ©o ©o

24 =18

This method of assigning values is called "binary weighting" because tho
assigned weights form e geometric progression with ratio two.

A decoding circuit which uses binary weizhting to decode the :n-
put pulses is shown in an elementary form on drawing B-30333. In opera-
tion, the circuit epproximates a linear summation of cwrrent from five
separate current sources which are weighted in accordance with the binary
code. Referring to the drawing, immediately after the receipt of a pulse
on the reset lino sll flip-flope are conducting on the 1 side and cut of'?
on the O side, The grids of switch triodes V1, V2, V3, V4, and V6 are
tied to the zero side of their corresponding flip-flops. Plate supply
voltages of the flip-flops and switch triodes are so arranged that the
cathodes of all tricdes will be at or slightly above ground. This puts

’ the cathode of cach crystal diode at or slightly above its mnode, so that
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negligible current "lows through the diode. The voltage at the output

' terminal is then zero, When a set of pulses representiag a storage po-
sition are received on the input line, the {lip-flops which get a posi-
tive pulse will switch so that the 1 aide is cut off and the 0 side
oonducts. This lowers the grid of the corresponding switch triodes,
allowing their associated diodes to conduct and turning off{ plate cur-
rent in the triode. Resistences R, R3, R4, RS, and R6 are arranged so
that for equal voltage mcross each resistance end its associated crystal
diode, thoy draw cwrents whose ratios are as 1:2:4:8:16.

If' Rl wero very small cormpared to the combined resistances of
R2, R3, R4, RS, and R6 in parallel, the current flowing through Rl (and
hence the output voltege) would be very nearly proportional to the bi-
nary number input. The output voltege for thic case would, however,
also be vory small compared to the voltage eupplied to the divider. #mn
increase of output voltage may he secured, at the expense of a departura
from linearity, by decreasing the ratio of F2 (end hence R3, R4, R5, and
R6) to R1. The ratio of output voltage to voltage supplied the divider
is given by the expression:

8 N

E Ry
ﬁ;&rﬂ

»

. where N is the inpu® binary mmber. This equation is plotted on Drawing
A-38251-G as a function of N with Rp/Ry as e parameter. Drawing A-38262-C
is & plot of the slope of the output curve ss a function of N, again using
Rz/hl as o parameter. The equation of these curves is:

1 ey E;
5§ R
(8 ¢ —)2
Ry

It is readily apparent from these curves that a compromise must be
made between large output with poor linearity end small output with
good linearity.

Ag drawn, the circuit suffers from the disadvantage that for
reasonable values of supply voltaege and power consumption the output
is small end at high impedance level., OSome difficuliy also may urise
from the use of trlode gwitching, since it may be impracticable to supply
a zrid swing on the triodes larpge enough to reduce cathode current to
a nezlizible value. Furthermore, the eircuit, as drawn, furnishes only
a single-ended, or umbalanced, output. Appendix B of this report contains
en evolved design which uses amplification and nezative feedbuck to
overcome the objections of small output at hizh impedance level. This
circult is arranzed to produce a balanced output which may be applied

. to both plates of a deflection plate pair simultaneously.
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A rudimentary four-position form of a sccond type of decoder is
shown in drawing B-30751. The principle f orsration of this circuit is
a linear summation of unit ourrent sources, one unit current source
being supplied for each increment of deflection required. Im the drawicg.
the doubls tetrodes V1A, V1B, V2A, V2B ete, represent the unit current
sources. Dual tetrodes are provided in order that belanced deflection
voltagee may be secured, that is, the A sido of sach unit current source
is connected to one 8ida of the load while the B half of each current
source is gonnected to the other side of the load. The two control
grids of the unit current source tube are connscted to the two plates
of a flip-flop which has its plate load so arranged that the plute
of the non-conducting tube will be approximately at ground potential
while the plate of the conducting tube is approximately 50 volts bLelew
ground potential. This assures that one tube of the current source
will be conducting strongly while the other half is cut off. The
cathode resistance of the current source is provided in order to increese
the plate roesistance of the two tubes by degenerative ection and
thereby to reduce to some extemt the effects of unbalance between the
two sides of the tube and the change of ocurrent through the tube with

age.

The circuit is so arranged that immediately after the receipt
of a pulse on the "reset" grid of the flip-"lop, the D half of the unit
current source will be conduoting while the 4 half is cut off. The

"sot" grid of each flip-flop is comnnected to the plate of *he corras-
ponding nﬁplifiar tube in the group of circuits desiznoted as & "one-
way 1ine". The purpose of the ono-way line is to take a signal which

arrives at the grid of eny one of the tubes and cause this ai';nal to be
propagated only to the right; thus, it can be seen that a sigmal which

is introduced at the grid of the right-hand amplifier tube of the one-
way line will cause a change of state only in the flip-flop labeled 1.
Similarly a pulse latroduced to the grid of the second tube from the
right in the one-way line will affect only the flip-{lops labeled 1 and
2, The pulse introduced tothe grid of the third tubo from the right
in the onc way line will affect flip-flops 1, 2, and 3. In this way it is

possible to cause a switching of current in a number of increments equal
to the numericel value of the -oint at which the signal is introduced.

The signel is inserted into tho one-way line at the proper
point by moans of the four-position electronic switch. This switch
recoives its stizulus from the digit tranafor bus in tre form of a two-
digit binary numbsr and c_ens one of tho gace tubes on its output in
accordance with the input number. A "-nt—up pulse is then passed thrcugh
the gate tube into the one-way line, setting up the corresponding f1ip-
flops, and causing a switch in current from tho B half to the - hall of
the proper number of unit current sources.

Inspection of the mode of operation of this circuit makes it
apparent that the output voltage will certainly vary monotonicelly with
the input number, and that, if the dynamic pleto resistance of the unit

. current source tubes is high compared to the resistance of the load, the
output voltage will vary approximately linearly with input number.
Further advantages of this type of circuit are that the output impedance
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. is quite low so thet the load mey be driven without any extra amplificaiion
being needed. Furthermore, the system can be a-c coupled throughout oxoopt
for the coupling between the grid of the unit current source and the plute
of the associated flip-flop; thereiore, & minimum number of voltage supply
e« levels are required for operation. The design of a 32-position circuit

of “his type is given in Appendix C of this report.
gy > P
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V. RECOMMENDAT IONS

A, Copmections to Flates

I is not possible at the present time to say whether or not
special coupling ocircuits will be needed at each storape tube to componsate
for manufacturing tolerances; accordingly, rno recommendation is made
concerning the aotual line-to-tube coupling.

Although an unterminated connection using type RG-62/U coaxial
cable is practicable for use in the small storase-tube bank of AWI, choice
of such a connection is not recommended because the design of circuits
to drive the connected load could not be applied directly to WWII with ite
large bank of storace tubes. It is recommended, rather, that design flor
WVI be carrled out on the basis of a terminuted connection using a
spocially comstructed transmission line whose performance will be satis-
factory for use in WII also.

B, Deflection-Voltage Generator

On the basis of present information it is felt that satisfactory
performence can be obtained from either of the two types of deflection
voltage genorators desoribed in section IV ebove. Although the binary-
weighted decoder with a power amplifier requires less space and
equipment for its operation than the "equal-increment” type of decoaer
(whioh can, however, drive the load direptly), the latter type possessea

. considerable advantages in its freedom from high-wattage, close-tolerance
4 resistors and its nbility to provide individual control of the increment
magnitudes. It is recommended, therefore, that choice between the syztems
be deferred until definite information on the storege tube is available to
replace the assumed data used up to the present time.

Any further work done on deflection circuits before a storage
tube protot;pe is available should be directed mainly toward development
of the binegy-weighted decoder and its associated amplifier, since the
design of the equal-increment system is less critical aad will require
less experimental ndjustment end verification themn is required for the
binary-weighted system.

As soon us a prototype storage tube is savailable, work should
be started on the determination of the conatants of the tube which affect
deflection circuit design. It is especislly important that any lack of
1linearity in the deflection of the beam over the entire storage surface
be nmeasured, as we.l as any chanze in deflection factor which results
from the different -otential usod in the storage essembly for writing
a I, writing a 0, or reading out of the tube. ¢hen these factors are
known it will be possible to determine whether or not dynamiec compensa-
tions must Se used on the deflection circuits and if comnensations are
required wo-k may be started on the desipgn of the compensating circuits.

. : Written b}':_M& & ZZ
/i \ "L/
4
Approved: :

I
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APPENDIX A

CHAARACTERISTICS OF LOADED TRANSMISSION LINES

1. Assumptions made in Calculations

Although neither the electrical characteristics nor the physical
size and shapa of tho electrostatic storage tubes to be used im WWI and WWIT
have been detormined at the present time, the asnumptions made in seotion 11
of thie report allow computation of the electricnl characteristios of any
tranamission line used to commect together the deflection plates of storege
tubes having the assumed charscteristics, In addition to illustrating a method
which may be used to caloulate the transmission line deta needed for e fimnal
defleotion cirouit design, which may be dons only after the final form of the
storage tube has been fixed end its eleotrical characteristios measured, cal-
oulations made on the basis of th? assumed storage-tube data furnish semple
transmission line data which may be used in investigeting designs for other
parts of the deflection cirecuit. Transmiesion line deta oaloulated on the
basis of the assumed loading will certainly be of the same order of magnitude
a8 the constants which will exist in the fina. design, and probebly will te
within a rangs of ¥ 20% of the final wvalues.

Storage tube dats noeded and values assvmed are:

Plate-to-plate capacitance of each deflection plete pair 2 puf

- Plate-to-ground capacitence of cach deflsction plete 7T ol
Distance between adjacent storage tubes: for WWI 12 inches
for WWII 6 inchoe

Equations which neglect transmission line and load losses will be
used to compute capacitance, industanoe, characteristic resistance, and delmy
in both the original umlcaded line end the loaded line. The equations needed
are:

Characteristic rosistence (R_) = [Series induotencc per wait lengtn
2 Shunt capacitance per umit le

"t

Delay per wmit longth, T :JTB

Direct-current attenuation only will be caleculated, this wvalue being the cne
whioch determines the variation of the finsl amplitude of the deflection voltage.
A suitable formula is '
Rxdt ,
Z Attenuation ¥ ————— X 100
RxZ +R,

where R is tho series resistence psr wnit lemgth of line, £ is the total 1. ngth
3 of the trensmission line, and Rc js the characteristic resistance of tho loodnd
line,
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2. Characteristic of Type RG-62/T Cable

Type RG-62/U coaxial ceble is standard for transmission of pulses
throughout the rest of the computer system; it is nececsary, therefore, to
investigate the suitability of this type of ceble for transmission of the
deflection voltages. Pertinent characteristics of RG-62/U cable ero as
follows:

R
°

c

93 ohms

18.5 /e
R = 6.4 x 1072 obm/ft

The first two figures are nominal values which eppear in specification
JAN-C-1TA, Wo nominal figure is given in the specification for the d-o
resistance per foot; the figure quoted abcve was obtained by measuring the
d-¢ resistance of two two-foot lengths of the ceble on a d-o wheatstone
bridge and aworaging the result, Special precautions were taken to eliminate
contact resistance errors in the messurements, and it is believed that the
figure obtained is amcourate to t 5% for the particular lot of ceble from
which the sammles were obtained. A figure for the series induotance is now
caloulated:

L=R2 = (88)2 (18.6) (10)°*%=z 0.117 x 1078 n/re

When the ceble is loaded the effective capanitance per unit length is the
capacitance of the omble itself plus the loading per unit length. The

loading at each tap is equal to the plate-to-ground capacitemce of ome
deflection plate plus twice the plate-to-plate capmcitance of ome doflection
plate pair, plus a small allowence for wiring caepacitance; this amounts tc

16 uuf per foot for WAI and 30 puf per foot for WWII. Valus of oharsctoristic
resistance for the loaded line is then:

T Ro - ‘0.1]7 x 10-6 = 64 ohms
zgog x [U"Iz

WII: R, * }9;1_3_:_19_‘2 = 52 ohms
43.5 x 10712

Delay per unit length of loaded line is:

wi: T = /(0.117 x 1078) (28.5 x 10712) = 1.82 x 10~9 sec/r:
WNII: T = lﬂo.n-r x 10-8) (43.56 x 10-12) = 2.26 x 10-° geo/r:

If unterminated lines are used, the total capscitance to be driven is (with
a 10% ellowance for oxtra comnecting cables):
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10-9 farad

WAI: ©, = (32) (28.56 x 10-12) (1,1)

1000 uuf

wiII: o, = (640) (1/2) (45.5 x 1012) (1.1) = 15 x 10~ ferad
= 15,000 puf
If a terminatod comeotion ie used,the total delay in the line will be:
wrr: 7, = (32) (1.82 x 1079) = 58 x 1079 sec = 0.058 psec
WII: T, = (320) (2.26 x 10-9)= 720 x 10~% seoc = 0.72 peeo

In the case of a terminated commnectlon attenustion in the line will be:

WNI: Attenuation = (5.4 x 10-2) (32) x 100 = 2,6%
(5.4 x 1072) (32) + 64
-2
WWII: Attenuation = (6.4 x 10 7) (520) 100 = 25%

A (5.4 x 10~2) (320) + 52

3: Characteristics of a Recommended Type of Line

Since the characteristios of capacitance-loaded RG-82/U coaxial
cable are very unfaversble, especially from the standpoint of impedance ard
attenuation, it is desirable to s2ek a type of line which is more suitable.

It was pointed out earlier that aa air-insulated line gives the best ratic

of characteristic impedance to delay in the line. The character of the load
and voltage to be supplied to the load suggests the use of a shielded, balanced
two-wire line. Use of a line conductor size somewhat larger then that found
in RG-62/U is indicated to reduce attenuation in the line, In order to meet
these requirements a special kind of line must be designed and built. A
suggested desipn suitable for WW use has the following dimensions:

Outer shield - 1 1/4 in, 4.d. thin-wall copper tubing
Inner conduotors (2) - FHo. 18 AWG (0,0403 in. die.) plain copper
Spacing of imer conductors: 0,85 in, on centers

Electrical characteristics of this line may be computed by the following methed:

Let D = inside diameter of shield
d = diemeter of inmer conductors

h = apacing of immer conductore om centers
Define a = ]15 = 0.85 = o,52
= h= o0.88
b= -4 - [
4" 5.os08 - 182
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Then nu (of unloaded lime) == 276 logw Eb‘{;‘:{
1-(0,52)2
=276 log (2) (16,1) ———"—
10 [ 1#(0.52)2

== 350 ohms

Compute induotance and capacitance per foot of line:
L = (1,016) (107°) v& R, w/fe
= (1,016) (10~9) (350) = 3,56 x 107 h/rt

¢ = (1.018) (10~%) v o/re
-]

= (1.016) (107%) s = 2.90 x 10712 £/p¢

When used to make storege-tube deflection-plate comnnections, the
line will be loaded with a capacitance of approximately 7 uuf per tap.
Characteristio resistance of the loaded line is calculated to be:

¥ =
WiI: Ro = _____g.ssx 10 = 180 ohms
10711

b e
WWIl: Re = 5.56 x 107 = 145 ohma
17 x 10-12

Delay per unit length of loaded line is:
Wil: T =ﬁ.5s} (10°7) (10°11) = 1,90 x 10~ seo/rt

WNIL T n‘/{S.SG) (10°7) (1.7) (20~11) = 2,46 x 10~ sec/rt

B

If unterminatesd linea are used, ths total capacitance to be driven is (allewing
10% for extra ocommecting cables):

mi: ¢, o= (32) (10-11) (1.1) = 352 ppuf
= -12y _—
WWII: c, = (640) (1/2) (17) (10*€) = 5,450 puf
Total transmission delay in the line, assuming a terminated commectiom, will be:

"

wmiI: T, = (32) (1.90) (10-9) 0.061 peec

t

WAII: T, = (320) (2.46) (10%) = 0.79 psec
If standard annealed copper wire is used for the inner conduotore the d-o

] resistance per foot of line will be 1,28 x 10-2 ohms, Total sttenuatiocn in
a single traverse of the line will be:
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WHI: Attenuation = (1,28 x 107%) (32) x 100 = 0,2%
(1.28 x 10-2) (82) ~¢ 180

(1.28 x 1072) (320)
(1.28 x 10-2) (320) =} 145

WNII: Attenuation = x 100 = 2.60

4. Comparison of Two Line Types

When comparing the charecteristio resistance and total capacitance
figures giver above {or the two types of transmission 1line, ons must keep in
mind that the first set of figures quoted are line-to-ground in a balanced
system, whereas the second set of figures are for line-to-line charascteriatics.
This makes it neceseary to double the second total capacitance figurs end halve
the corresponding characteristiec resistance before comparing the two sete of
figures. Comparison on this basies then shows that the second type line gives
approximately a 50% improvement in characteristioc resistance, a 30% improvement
in total capacitance, and a 90% improvement in zero-frequency attenuation, all
at a cost of less than a 10% inorease in to%el delay.
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APPENDIX B

DESIGN OF DEFLECTION-VOLTAGE GENERATOR WITH
BINARY-WEIGHIED DECODLR

In order to use the birery-weighted decoding scheme described above
in a deflection-voltage generator for WNI 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 erranged to give either a high resistence or
a low resistence at the amplifier input terminals. If the arrangement is such
that a low resistance appears at the input, this resistance may be used as the
common load resistance (R1 on drewing B-30333) of the binary-weighted decoder.
A design for WWI based on this scheme is discussed below. A complete circuit
diegram is pgiven on drawing R-30623., WNo attempt will be made in the discussion
to cover the caloulations required to choose every component; rather, only the
ma jor features are covered in detail.

A suitable starting-point in the design procedure is the choice of
constants for the decoding circuit. 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 resistences 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 switch diode used in series with
the binary resistor of weight sixteen, since reducing the voltage across the
decoding resistors reduces the output in direct proportion. A germanium-crystal

- dicde will be used because of ite freedom from thermal and "contact potential"
v.m.f.'8, ite low forward resistance, ite low internal capacitance, and ite
low ocapacitance to ground. A orystal diode ocapable of pessing 50 milliamperes
continuously in the forward direction is now under test by Sylvania, and will
be availeble for use in these cirocuits. A supply voltage of 250 volts will be
used for the decoder. Resistance of the sixteen's increment (Re'on drawing
B-30333) will then be:

Re = _._.Eo_._ = 5000 ohms
50 x 10-3

This figure nogleots voltage drop in the crystal diode. The drop is small =aad
oan be taken care of either by using a slightly lower resistance (approximatsly
4950 ohms) or, preferably, by using a atock resistance which measures elightly
over 5000 ohms and ehunting it with a value of resistence (to be determined
experimentally) which gives just 50 milliamperes current through the erystel
when a potential difference of 250 volts is held across the orystal end resistors
Nominal values for the other decoding resistors sre then:

R, = 80,000 ohms
R, = 40,000 ohms
R, = 20,000 ohms
& R, = 10,000 ohms

In each instance, the resistance should be adjusted to draw ite correct current
when a potential differsnce of 250 vwolts is held aoross the resistance and ite
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assooiated crystal; the adjustments should be mede with an accuracy of t 1/2%
or better, Wire-wound or metallic-film resistance unite should be used through-
out to inswre stability of reeistance values. FPower ratings of the resistors
should be at least four times the motunl power diseipated, This leads to the
use of resistors rated as follows:

R = 5 watts

2
R5 = 10 watts
R s = 16 watts
RB = 25 watts
Rs = 50 watts

A maximum value for the ratio R?/hl can now be speoified, Because the complete
decoder will vonsist of two binary-woighted resistor groups working in opposi-
tion, the linearity roquirement is not partioulerly severe. Referring to draw-
ing A-38252-G a wvalue of 500 for R, gives e maximum deviation of eppracimatel:
6% between the aotual slope of tho"ou%put function and the mean slope of the
funotion. This or any greater value of R , then, should be satiefactory.
Acocordingly, the input resistance of the l.mp}ifiar should not exceed 160 oims.

Dosign of the amplifier itoolf may next be accompliched. Because
- of the nature of the signal which is to be amplified, the response of the

amplifier must be uniform from essentially zero frequency up to a feirly high
frequency. If, as in the present case, the input signal ie always of the 3nmus
polarity, zero frequency response can be approximated by an amplifier hawiag
R-C coupled stages with clamping diodes used es d-¢ resterers at each intor-
stage coupling, Such non-linear couplings, however, introduce considerabls
difficulty into the analyeis of the emplifier (which in the present case has
nppreciable feedback) for stability and frequency response. For this reason,
a direot-coupled amplifier is chosen. It ie assumed that the length of a line
on the storaze surface will be three inohes and that the deflection factor of
the storage tube will be 67 wolte per inch. The output from each of the bLwo
amplifiers which work in opposition must then bo 100 volts peak. With 1%2/‘.!.l
‘equal to 500, pealk output of the decoder will bhe:

[ 3
E31 = %OKW" - - = 14.6 volts
The emplifier must heve a gain of

A 100
mr - 6.86
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In Appendix A a type of transmission line was desoribed which would
have a characteristic resistance of 190 olms lino-to-line when loaded as it
would be in W¥I, This is equivalent to a load of 96-ohms line-to-ground. An
amplifier must be designed, then, which has an input resistance of 160 ohms
or less, a peak output of 100 volts across 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 relation:

1,03 x 10°

*\‘—-T;'---i- 0.4

The duty-factor of the tubes in the output stage is not easily cal-
culated, but under some oonditions of operation 1t will be quite high; comnse-
quently tubes must be ohosen which will work well within rating when conducting
peak current continuously, and which, further, will conduct peak current with a
grid voltage of rero or less. In the present instance, the peak incremental
ourrent required is:

Dy, = lg-g' = 1,05 amperes

A puitable output stage cen be made up of 3 type 715-C beam-power
tetrodes in parallel, using a 250-volt plate supply and a 150-volt soreen
oupply, and having the deflection-plate connecting line placed directly ic
the plate circuit. Conmstruction of the 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 plats swing. This is a gain of 4.8 for the stage. Plate ocwrrent
for each tube, when the grid is at cathode potential, is 408 milliamperes;
plate voltage under the same condition is 134 volts. Peak plate dissipation
per tube is 55 watts, ae compared with a rating of 60 watts for the tube.
Screen dissipation will be § watts, as compared with a rating of 8 watts.
Input capacitance of this stage will be approximately 1650puf; output cap-
acitance will be approximately B0 u.f.

In order to maintain the emplifier stable with the amount of feed-
back that is to be used, it is necessary to have the time constant of one of
the interstage couplings very much greater than the time oconstants of the
other couplinzs. If the emplifier is to respond fast enough for the pressnt
application, “owever, the greatest time constant connot exceed sbout 0,2
microsecond,

A suitable driver stage ies one which has a gein of 1.4 or greatsr,

which has an output impedance low enough to givo a time constant of 0.2
microseconds or less, which can swing the grid of the following stage betmeen
the .limite of zero and -21 volts, and which does not produce a phase inversion,
Such an amplilier may be designed around a type 3E29 dual beam-power tetrod:.
Only an approximate design can be carried out on the besis of static characior;
at present available on the 3E29 tube; this hes been dome and the final adjunt-
ment of components made in the laboratory to secure proper d-o cperating levole
for the input and output. The resulting driver stage has an offective gain

i 2.8 and gives a time oonstant for the interstage coupling of 0.11 microsecond.

The over-all gain of the cascaded stages is the product of their
individual gains:
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A= (4.8) (2.8) = 13.4
The input reeistance of the amplifier is then required to be:
3 3
_ 1,03 x 10 1,03 x 10
Rl 1 - L =

Feedbaok is applied through a voltage divider from the plates

of the output stage to the grid of the input stage. In the present design
the feedbeck ratio is ohosen to give the proper d-c voltage level at the
ocontrol grid of the input etege, and the ratio is 0.67. The imput resis-
tance, taking into account feedback, may be computed by Tode's formula:

1= .‘k‘s
oY =

1 ﬁzo

Rey = R

where R, 18 the effective input resistance, R is the input resistance
mgleot{&; feadback, A, is the amplification 8round the feedback locp with
the input terminals shgg‘bed, and A ” is the amplifiication around the loop

with input terminals open. Substituting figures from previous caloulations:

=3 S 0.687
o =795 1% [113_;%_( 67) = 795 ohme
If the feedback divider is made up of a 1200-chm resistance from the plate
. of the output stage to the grid of the input stage mnd a 2600-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 sutstantially
correct.

R

The ecalculations just made neglect the effect of the feedback
resistance on the operation of the output stage. Although this effect is
fairly easy to calculate, there is no nececssity of doing the caleulation,
since the aotion of the feedback is such as to minimise the reduvotion of
amplifier gain and change of d-o levels within the amplifier caused by the
comnection of the feedback divider from the output to a negative bias supply.
It must be emphasized also thet in order to secure optimum operating conditions
eome adjustment of component velues will almost certainly be made after the
amplifier is built and preliminary tests are started.

Both the interstage-counling voltage divider and tho feedback woltage
divider must be capacitance-compensated to keep phase-shift in the amplifijer
to & minimum. A wvalue of capacitance is chosen which makes the time constant
of the oapacitor and the upper lez of the divider mcross which it is connectod
just equal to the time comstant of the inmput capacitance of the stege which
the divider feeds and the lower log of the divider.

A multi-stage feedback amplifier such as this may oscillate if certain
stability criteria are not met. In the prerent case, the omly criterion which
is applicable is a prrticularly simple one; if the gain around the feedback

' loop is less than umity when the phage-shift around the loop is exactly 360
degrees, then the amplifier is stable, Application of this criterion yields
a value of less than 0,2 for the loop gain of the amplifier when the loop phase-
shift is 360°, mo thot the amplifier is not rendered unstable by the epplicetion
of feedback.
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APPENDIX C

DESICN OF DEFLECTION-VOLTAGE GENERATOR WITH
EQUAL-THCREMENT DECODER,

Eleboration of the simple cirouit of Drewing B-B0TELl into a design
for a 32-position decoder for usc in WAT is a fairly simple matter. Sush e
design is dicoussed below.

A §2-position electronic switch is reguired for eech half of the
decoder. A twitch suitable for this spplication (with minor modificationa)
is described in reference C. The deosign of the switch will be improved far
use in tho interim starage of WWI and need not bos discussed here. It is
suffioient to point out that the finel switoh will be oapeble of selecting
one of the 32 output gates fast enough that the "set-up" pules required for
decoder operstion may be passed through the switoh within 0.5 mioroseoond
after receipt of the storage order by the switch imput gates.

A cireult for one increment of the decoder ias given on Prawing
B-31118, All of the incremente in the decoder are identical. Thie design
assumes use of the special transmiseion line desoribed in Appendix A above,
which gives & line-to-ground resistance of 95 ohme.

Cheice of a suitabla tube for the wnit current souvrce (V1) ies made
on the basis of a number of factore. The half of the tube which is "on" must
- conduct a current of:

I‘b"s’%j X z-g-g- x 108 = 34 nilliemperos

with its grid at growmd potential. Than conducting this current continuounly,
the plate of the tube should not dissipate more than omo-half rated powor. The
dynamic plate resistance of the tube should be high, preferably 10° ohms or
more, when the action of the cathode reasistor ie talen into accoumt. An
operating point should be chosen such that the required current flows with ©he
oathode considerably positive with respect to tha control grid in order to
minimize the offect of slight chenges in control-grid potential. A type 3E29
tube meets tho requirements quite well. If a plate swply of +350 wolts and
a soreen supply of 4150 volts are used, a cathoda bies of ten volts ie requircd:
this gives a valuo of approximately 275 ohus for the cathode resistor. It may
prove desirable to make the cathode resistor adjusteble in order to allow con
ponsation to be made for tube-to-tube variation of plete curront or to allew
the shape of the output-versus-iprput funotion of the decoder to be ochanged.
adjustable soreen voltage supply will allow adjustment of the scale factor of
the decodor to secure the proper peak putput wvoltage.

Switehing of the current in V1 is controlled by a flip-flop (Lubes
V3 and V4)., Thie flip-flop is similar to the one used in the registers end
arithmetic eloment of WWI. It diffors from the standard flip-flop mainly in
that it has a plate loed resistance composed of two resistors coupled by o
diode in such m way that the plate of the "of™ tube of the flip-flop rests
ground potential.

A "clear" pulss is couplad to the "reset"” grid of the flip=-flop.
This pulse is supplied from the control circuits which govern the sequence r
timing of operations in the shoraze system. The "set" grid of the flip-fle;
is fed a pulss from the plate of V2, which is an amplifier in the one-way
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1ine. This same pulse is inverted by transformer T1 and fed into the grid
of the corresponding amplifier in the next section of the one-way lins. A
pulse may b: fed tu the grid of V2 from elther of two sowrces. Firet, a
pulse may comé from the cutput of the 32-position switech. Second, 2 pulee
may come from the plate of the preceding amplifler tube in the one~way lins.
Either pulss will cause switching of current in the flip-flop comtrolled by
V2 and also all flip~flops in following sectlons of the deccder. Flip-1lops
in preceding sectione of the decoder will, however, remain unaffected.
Limiting at the grid of V2 is employed to assiat in mnintaining the empllitude
of a pulse paseing down the line approximately constant.

Drawing 5-30751 showe the olementary decoder connected in such a way
that a clear pulse resets the decoder to the zero position. It 1e desirable,
in order to reduce operating time and to make power diesipation in ths traae-
migeion line terminating reslstors more nearly squal, to connect the decodsr
in muck & way that it resets either to the alxtesnth or seventeenth positlon.
This mey be done quite sasily; a block dlagraem of & connection which mey be
used is given on Drawing A-31119, For the sake of simplicity the drawing shows
an eight-position decoder which resets to the fouwrth position.

1; 1g estimrted that a total time of not more than 1.8 microsecoande
will be reguired to estsblish equilibrium voltage at all polnts on the trane-
misslon lines, This time 1s Droken down as Tollows:

Operstlon of 32-position switeh 0.5 psec

Iransit of pulse 1n uvne-way line 05 ppec

iise time of flip-flop 0.4 psec

iies tize at plate of V1 D43 psec

“ranslt of voltage on deflection-plate

sransmission line 0.1 pBec
Total 1.8 peec,

T1is deslzn should be sultable for use in WWII simply by changlnz
the reeistor in the cathode c.rzuit of Y1 tu give s hizher currént, eince .ho
plite dissibetion of V1 will not be excessive even when the decoder 1ls require
to produce = swing of 100 volts across a resistance of 75 ohms and elnce thi
additional delay in the trasnamission lipme will =till loave the operating time
of the circuit under 3 microseconds.
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APPENDIX D

TESTS ON A 32-POSITION BINARY-WEIGHTED

ECCT

Drawing No. E-30401 gives the sohematic circuit diagram of an
experimental decoder which was built end tested in the leboratory in March
and April of this yeer. Drawinge A-51120, A-B1121, A-81122, end A-31125 are
views of the cecoder showing the type of conmstruction. This construetion
was chosen to facilitate testing: important points in the circuit ere easily
aveilable, while the layout is as compact as possible in order to reduce
gtray capacitences. Although the operaticn of the decoder was mot satisfactory,
the tests brought out a considersble amount of information concerning both the
principles on which the decoder wee designed and the component circuits.

Basisally, the decoder was derived from the circuit of Drawing B-30335.
In order to irorease the output obtainsble with good linearity for a given
ourrent in the diodes of the switching circuit, the output voltage was fled
back to the power surply for tha cecoder resistors in such a way as to compenss®
in part for the drop aoross the output resieter. The foeedback was escoorplished
by conneoting the low end of the cecoder resiestors to the output of a cethode
follower (V18) whose grid was tiec to the output line through two type TR=-150
tubes (V16, V17). VR-tube couplirg was used ia order to obtain a proper average
voltage level at the prid of V13 without the loss of feedback mmplitude entailed
- by a voltage-divider resistance ccupling and without the loss of zero-frequency
reeponse entailed by capacitor covpling. Switching of decoder resistors was
accomplishsd ty a simple triode-dicde arrangement ae shown in Drawing B-B30333
with the grid of eaoh triede switch tube directly connected to the plate o o
flip-flop.

o

Tests on tho ocircuit included static voltaze output, internal voliage
level, and transient responss tests. All static Lests were made merely by
sotting the {lip-fiops manually ard reading woltages with a high impedance
(100,000 ohms/volt) d-c volimeter. Drawing A-30456 ic a blook diagram of the
dynamic test sot-up used. The number which appeara in esch blook is the drawing
number of a schematic circuit disgram of the unit.

Wher the cirouit was tested, its operaution was unsatisfactory on two
counts. First, the device was far from stable: ite output wae subjeot both to
slow drifts ard to small, moderately-frequont fluctuations, and it temded %o
break into mors or less violent oreillation whan any attempt was mede to lool:
at its internsl waveforme with a eynchroscope. Sacond, the output was very
far from a linear function of the input nunber.

Investigation revealed that the lack of atability is duo to & number
of causes. Baasicmlly, the defect is that the feedback appliod is regenerative.
Moreover, the feedbac’c ratio changes as the decoder resistora are switohod in
or out. Positive feedback doos nct necessarily introduce eny drift imte the
system, but it does magnify the effectas of chanpes in the cirouit comporents
whiech are ambraced by the feedback locp.
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Most of tho eslow drift in the experimentnl model wna traced to
changes in valus of various resistors with changing load and ambient temperaturo.
This merely iadicates that the recistars, although carrying less than rated
load, were oporating at temperaturss higher than should bs allowed. Resistors
of higher rating ehould have beem employed., Although no definite proof could
be obtained, it is believed thet the anall random fluctuations in output were
oanused by random changes in the voltage drop coross the V-R tubes in the feed-
beck loop. These cheanges are very slipght, but would be magnified by the feed-
back aoction.

At rfirst it appears that, although the feedbmok is regenerative, ths
feedback factor is wvory emall and no oscillation troubles should result. is
a matter of faot, the device broke into oseillation only when cepecitive
loading was aitached to cortain points in the circuit, These oseillations
wore always o a very high freguency, #o high in fact that a resistance of as
1little aB 500 ohms in series with the synchroscope probe would prevent oscilla-
tion when cersain points were under obsorvation. A few points im the cirouit
were not ctable unless the series probe resistance was at least 1000 ohms. /&
1ittle as 6 puf of elumt capacity to ground added at some points was sufficiont
to cause oscillation: other pcints required 1F to 20 pwuf loading befors the
circuit becamo oseillatory. Although the lerge number of stray parameters and
the complex nature o' the fesdbaclk loop (ineluding non-linear elements zuch
at the INU4 orystals and the V-R Tubos) render a stebility snalysis very
diffioult, it is apparent that for high frequencies the gain of the feedbasck

o cethode follower becomes much greater than umity.

Beonuse of the tebility of the circuit, it was diffioult %o
discover sll of the causes of the output non-lineerity. 3tatic tests did
bring out, however, that the majority of the non-linearity was caused by
feilure of the flip-f'lope to cut off oompletely the plate current of the
triodes used “or swilching purposos. Eome evidence also wan found that the
heater-cathodo leakage of the triodss wams apprecieble. Heither of these
defoots is favual.

The flip-f op deaizn usod wae the best one amailablo at tho time
tte experimental deocder was built. For use in this circuit, howsver, it
suffered from two nain defocte: the voltage swing at its plates was too emall,
ard neither end of the swing was at a fixed reforence levol. As a result
of these difficulties a mew {lip-Tlop was designed which zives a large plate
swing with approximately the same time conetant and which is mirenged to have
the plate of “he non-conducting tube at plate-supply poteatinl. (The sireuit
if essentially that of the flip-flop on Drawing B-31118). Henter-cethode
leakagze ourrents could be roduced to completely negligible proportionr by
erranging to lave the average voltago of the heater and cathodes the same.
Arother way to overccme both effects wculd be ©to insert e socond diode between
tke cathode o the switch triode and the decoder recistor, returning the cathods
of the switch triode to ground throurh o high resistance.

. Although a reworking of tha design, both mechanieally and electricelly
probebly could overcome the major portion of the defects found, such e redesipn
wees not undortaken beomuse it was felt that the regenerative charscter of the
fesdback rendors doubtful the possidbility of securing resistora, crystals, anc
tvbes whose charaoteristics are suffiociently etable fur succosoful maintenence
of the reguircd tolerances on output amplitude.
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