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FOREWORD

This report by S. H, Dodd, H. Klemperer gnd P, Youtz
is tho combined material on the M,I.T. electrostatic storage
tubé which was presented by P, Youtz at the 1950 National Con-
vention of the Institute of Radio Fngineers and by S, H, Dodd
at the 1950 North Eastern District Yeeting of the American

Institute of Flectrical Engineers.



ABSTRACT

A beam-deflection eleotrostatic tube was developed to
store binary-coded information at two stable'potentiai levels,
100 volts apart, for digital computérs or communications éystem5°
A single 2000-volt electrén beam writes or reads one of 400 binary
digits on a four-inch target. A 100-volt electron flood replaces
leakage and retains'stored information indefinitely. The potential
boundary stability on the storage surface is assured by a mosaic
of conducting beryllium squares. Access time is 6 to 25 microsec«
onds., Tubes are in pilot production for a digital computer. Future
developments should increase access speed to 6 microseconds and

reliable operating storage density to 1024 binary digits.



1, INTRODUCTION

The WV,I,T, olectrostatic storege tube has been developed by
the Servomechenisms Laboratory at the liassachusetis Institute of Technology
uader the sponsorship of the 0ffice of Naval Research,

The need for information storape methods exists in meny fields.
For example, electronic storapge is found in a radar MTI system where stor-
age of radar information at different times is compared and the differences
in the stored information are indicative of moving radar targets. FElec-
- tronic computers must have storage of data available under the direction
of the computing systom,

The 1,I.T, storage tube was developed specifically as a reliable
high~speed memcry dovice for a parallel«type digital computer. However,
the tube is well suited for high-speed reliable storage of any binary-coded
information, 4

The memory device f'or these anplications must have the following
characteristica: :

(1) sSince each bit of information to he remembered has a
binary representation the device is required to store
just two possible values for each digit == either a
zoro or & one, This requires two stable storapge levels -~
one representing a zero, the other revresenting a one,

(2) The device must be able to place a number in any of its
- storage positions quickly and without errors. This is
called writing.

(3) The device must be able to remove any number from any
storage position quickly and without errors, This is
called reading.

(4) The device must hold the numbers in storage permanently
without errors as long as power is supplied to the tube,
This is called holding.

(5) Some applications have a fifth requirement. For instance
the parallel-type computer requires that the memory dovice
be operable in a parallel transmission system. For example,
in the parallel transmission of a 16=digit number the 16
digits are transmitted simultaneously over 16 separate
channels. In this parallel transmission system the 16 d1p1ts
of a number are storod simultaneously, one digit in each of
16 separate storape tubes, with all 16 storage tubes having
their positioning units connected in parallel,

Recapitulating, these memory devices must be able to write and
read quickly, hold two stable storaga levels rel:ably and operate in a
parallel system,
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2, CHARACTERISTICS OF TUL TUBE

2.1 Physical Appearande and NDescription

Mpure 1 shows the installation of storage tubes and their associ-
ated circuitry in the storege tube row of a dipgital computer. Two tubes
are mounted on each rack inside of mu-metal boxes to shield them from stray
magnetic fields., To the right you see both lids in one rack removed. In
addition, the inner shield of one tube is removed to show the tube itself,

. Figure 2 shows a picture of the tube itself, It is a sovecial
cathode-ray tube in which both zeros and ones are stored as charges on a
dielectric surface located at this end. Two electron guns are mounted at
the other end. Cne of these is used to read and write, the other to maine
tain the information. The electron guns were mounted in separate necks
during the development work to keep their operations carefully isolated,
This isolation of the guns aided our test program,

An exploded view of the three major components of the storage
tube is showm in Figure 3, The three components shown in this figure are:
a cut-away view of the storage assembly, the write and read gun, and the
holding gun. The write-read gun is an ordinary cathode-ray gun which is
electrostatically focused and deflected. The deflection plates position
a 50-microampere beam to a desirod spot on the surface. Then the beam is
used to charge the spot to ono of the two desired charge levels., The hold-
ing gun, which is a triode structure, provides the holding action in the
tube and permits permanent storage of information, .

The storage assembly can be seen better in Figure 4, This cute
avay view of the 1l00-mesh wire collector screen and the 4-inch diameter
dielectric plate shows the parts in their true relative - sizes,

. In Figure 5 a partial section of this storapge assembly shows the
location of the collector screen and the dielectric plate, which is spaced
+0l5 of an inch below the collector, The storage surface consists of a
wosaic of snall squares of conducting materisl on the dielectric plate, A
backing plate supports the dielectric and makes electric contact with the
silver film on its back surface. Two mica spacers insulate and locate these
components within a frame. Tungsten springs were used to insure adequate
scroen tension,

2,2 Performance
2,21 Speed and Capacity

Information in the form of negative or positive signals is stored
on this surface and read cut at any desired moment, The time during which
such vwriting and reading out can be performed is ca'led the access time.
The access time includes positioning the read-write beam to the desired
storapge location, turning on the beam, picking up capacitively the readout
signal from the signal plate, checking and rewriting the stored signal when
necossary. At presont the access time of the tubes, including all these



cperations, ranges from 6 to 20 microseconds. A% proscnt a tube stores
between 400 and 1024 binary digits in the form of discrete positive or
negative charges. The access time and density depend on the type of tube
and the mode of operation. However, the relatively low number of stored
points on the target invites an explanation. It is true that many thou-
sands of points oan bo stored in the present tube, as has been seen when

a static charge distribution.on the storage surface is read out with a
television scan, However, the density figure of 400 to 1024 points is for
tubes operating dynamically in a parallel system and remembering the infor=-
mation for a dey without an error,

2.22 Tube Life

~ Tube life tests have been made in special life racks under both
dynanie and static conditions. These tests indicate that the cathodes of
the electron guns are the limiting factor in the 1life of the tubes. It
is possible to replace the puns when they are deteriorated and reprocess
the tubes, By this methcd we should be able to extend the usaeful life to
several thousand hours. Six tubes have already been life tested between
6 and 8 thousand hours with static patterns stored on them.

3. CPIRATION

301 Introduction

Before the operation of the tube is discussed, let us examine a
pictorial schematic of the components in Figure 6,

The storage assembly consists of the following:

1st element is a collector made of 100-mesh per inch wire screen,
This collector is held .0l15 of an inch in front of
the storape surface. 1t serves as the collector and
as the voltage reference level for the secondary
emitted electrons from the storage surface,

2nd elemont is the storage surface, which is a beryllium mosaic

on mica, We are interested in a mosaic of conducting
islands which are carefully insulated from each other
and which have a high secondary emission yield. Fure

. ther, these elements must be small enough so that the
writing beam charges a number of them to write one spot.
We have used 3 mosaic sizes -- 40, 60, and 100 squares
per linear inch. The secondary emissxon properties of
beryllium with a thin film of oxide make this material
well suited for our application.

3rd elemont is the dielectriec, which is a 4-inch diancter mica
' sheet == ,005 of an inch thick.

4th element is the signal plate, which is a.film of silver on the
back side of the mica plate,



These 4 components are held rigidly in an assombly which was
illustrated in the two previous figures., It should be noted that the col-
loctor is always at ground potential, The signal plate is gated positive

during two operations -« in writing minus and in one mothod of reading.

Writing is simply the storing of a 0 or 1 on the storage surface
at the selected spot., The ones are stored at the level of the collector
potential and the zeros are stored at the level of the holdmng»gun-cathode
potential,

Reading is the examinaticn of any selected spot and the produc-
tion of a signal revresenting the O or 1 digit which is stored.

v Holding is the replenishing or depleting of the stored electrons

to maintain each spot at the original value whioh was stored. This is
accomplished by flooding the storage surface with a uniform beam of low
velocity electrons, Holding is required to control the leakage effects
and the stray secondary electrons, and in some cases to renew the charge
of the stored signal which vas partially removed by reading.

Now let us examine the detailed operations of the tube,.
3.2 VWriting

In order to write on the storage surface, the high-velocity. gun
deflection-plate voltares are established so that when the beam is turned
on it will select the desired spot. The high velocity beam covers 10 to
256 mosaio squares and alwvays charges them to the oollector potential°

Writmng positive is illustrated 1n Figure 7, Tn order to write
a positive spot, the high velocity beam is simply turned on until iw
charges the spot to collector potentiale If the area vmas at collector
potential before writing nositive, it stays at collector potential. If
the area was at holdingegun~-cathode potential hefore writing, it is charged
to collector potential during writing. This is so because there will be
more socondary olectrons from the area than primsries-to it, and the excess
secondaries leaving the area will charge it positive until it reaches col-
lector potential,

Vriting negative is shown in Figure 8, 'When a negative spot is

- written, a positive gate of 100V is applied to the signal plate. This
capacitively raises the level of the whole storage surface by almost 100V
during tho pate. The hipgh velocity beam is turned on while the surface is
still 1N0V above normal and brings the storage snot to collector potential.
(The writing beam always charges an area to collector potential,) Thus

the selected spot is established at ground regardless of its previous
potential. The gate to the signal plate then terminates and this svot on
the surface drops 100V below pround. All other spots on ‘the surface drnp
back to the potentials thoy held hefore gating the sipnal plate,

Thus, if the high velocity beam is turned on without pating the
signal plate, the selected spot is written at ;round potential; if the high



velocity beam is turned on while the signal plate is pgated, the selected
spot again is written at pground potential but then assumes holdinp-gun-
cathode potential when the pate ends. This action is not dependent on
the potentxal of the spot hefore the vriting eperation and therefore no
erasure is reouired to store new information,

3.3 Reading

Lot us now ccansider the mothcd of reading. The writing operations
produce an array of spots on tho surface representing zeros and ones. The
zoros are spots at pround potential; the cnes are 100V below ground poten-
tial at the holding gun cathode,

Durinp the reading operation the high velocity beam is deflected
to the desired snot to be read and is used to discharge the spot. The .
change in charge during the reading operation is capacitively coupled to
the signal plate, and the displacemant current is detected as an output
signal. One mode of reading detocts only nepative areas, In this opera-
tion, when a nositivo spot is read, no change in charge oceurs at the spot
since a positive spot is already at ocllector potential, However, when a
nerative spot which is at -100V is rcad, it charges up to collector poten-
tial, and this change in charpge is detected as an output sipgnalc.

Another mode of resding dotects both positive and negative arees,
It requires gating the signal plate to a level intermediate hetween the two
stable charge levels, A spot whon read then charges or discharpges to this
intermediate lovel and produces a positive or negative output signal
accordingly. This method is being used in the M.I.T.‘onmnuter application,

In the ocomputer operation the high velocity beam is radio-frequency
intensity modulated at 10 megaoycles during the reading so that a radio-
frequency signal can be easily separated from the signal plate gate. The
radio-frequency sipgnal is then amplified and deteoted, giving video output
pulses of hoth polarities, whioch are well-suited for checking purposes,

3.4 Holding
3.41 Introduction
Various factors can cause a change in charge of the stored areas.
Cne of these is leakage. To minimize this, the best vossible dielectric
is used and kept very clean during all handling and processing.

There are three other factors which disturb the charge stered on
the surface: :

l. The seccndary electrons from bombardment of other spots on
the storago surface. ’

2, The secondary electrons from the nrimary electrons striking
: the collector grid, :

3. The readihg boam itself.



Therefore, we need to compensate for these disturbances and
rostore leaked charpe. Regenerative holding is employed in some tynes of
memory tubes.  This was described by F. C. Williams in England. In these
typos, provision is made for rewriting every stored signsal at freguoa
enough intervals so that the decay is not enough to destroy the identity
‘of the stored sipgnal. lowever, in the M,I.T. tube we use static holding.
Cnce a dipit is written, it will be held indelinitely without rewriting.
This static holding has been described in the literature of a number of
authors, particularly Rajchman and Haeff., Rajchman used it in a memory
tube which does not use a deflection system, Haeff used it in a beam-
deflection electrostatic picture storage tube. In the M,I,T, tube, the
holding gun floods the storage surface with a spray of 100V electrons to
mointain the stored sipnals at two stable potentials., The two stable
potentials are the collector potential and the holdingegun-cathode
potential, ’

3.42 Explanation of Holding Action

Figure 9 shows a typical secondary emission curve. When elec-
trons from the holding pgun strike the target surface, they release elec-
trons from the tarpet material which are emitted at low velocity toward
the collector screen. The secoundary emission curve is the ratio of
" secondary to primary current, It shows that incoming eleoctrons at low
volocities release few secondaries but the ratio soon inoreases to the
point where more secondaries than primaries are emitted, Only the low
velocity range is of interest in determining holding gun action.

Figure 15 shows how the ele ctrons beshave when an area on the
storage surface is near the negative stability point. To show that
actual stability exists, wo will consider what happens when the surface
is below and above the stability point, The figure on the left shows a
surface below the holding gun cathecde potential., The holding gun elece
trons arrive at the plane of the collector with 100 volts energy but will
never reach the surface since it is more than 100 volts negative. Thus
no holding current flows to the surface. Small leakage currents to sur-

rounding positive electrodes cause the surface to charge positive,

" On the other hand, the figure on the right shows a surface
sliphtly above cathode potential, The holding.gun electrons strike the
surface with a few volts velocity. The secondary emission is much less
than 1 so there are more primary electrons arriving at the surface than
there are secondaries leavinr. The resulting acoumulation of electrons
charges the surface in a negative direction until it reaches holding-pun~
cathode potential, ' )

At holding-gun-cathode potential, only enough primary electrons
strike the surface to supply the leakage current. Thus, we have shown that
if the surface diffeors from the negative stebility point bv a few volts in
either directiocn, a restorinpg current returns the surface to the stable
potential,
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Pigure 16 shows how the slectrons behave when an area on the
storage surface is near the positive stability point. The positive
stability point is at collector potential so the holding gun electrons
strike the surface with approximately 100 volts velocity, Therefore
‘the secondary emission ratio is about 2. The figure on the left shows a
surface slightly below collector potential. The sescondary electrons are
attracted to the collector and the net loss of elsctrons charges the area
in a positive direction toward the collector,

The figure on the right shows a surface above collector poten-
tial, It is true that the seccndary emiassion ratio is about 2, but the
positive surface attracts secondaries. Thus both primary and secondary
clectrons accumulate at the surface and charge it negative toward collector.
i positive area is thus kept at collector potential and a disturbance of a
few volts in either direction results in e restoring current,

The important points of the holding gun operation are:

(1) A stable negative spot cannot move positive because low
energy holding electrons accumulate and few secondaries
exist,

(2) A stable positive spot stays positive because the excess
of secondary electrons over primaries charges the surface
positive to collector,

3,5 llosaic Improves Stability

The mosaic improves the stability of the stored patterns by
making more ef'fective the acticn of the holding gun., These conducting
islands of beryllium on mica provide definite boundaries for the charged
areas and prevent them from creeping. The holding-beem current, falling
uniformly over a conducting mosaic element, is able to counteract leakage
from the edges of one island to e neighboring island. Therefore, larger
mosaic islands give larger stabilizing current and higher storage sta-
bility., However, the mosaic size must be small enough so that the surface
is essentially continuous with respect to the definition of the writing
and reading pun,. Then the deflecticn system need only be constructed to
aim the beam during reading at the written spot rather than at a pre-
viously determined physical area. Therefore, the mosajc size is compro=
mised to get high stability and high density of snot storage. These
beryllium mosaics are prenared in very high vacuum by sublimation through
a wire mesh mask held tiphtly apainst the mica, This masking screen is
not used in a storage tube. The surface is removed and put into a clean
assembly,

4. AVATLABLE M.I.T. TUBES

At present these tubes are in laboratory pilot production, and
a sufficient stock has been accumulated and tested for initial dipital
computer installation., Tigure 11 shows our present stock of tubes. e



also keep on the shelf a stock of mosaics under vacuum for the storage
tubes, Any application which requires high-speed and reliable storage of
binaery coded information for either parallel or serial transmission would
Tind the M.I.T. tube useful.

5, TES TING VETHODS

e have now covered the charaéteristics and operation of the
storage tube, Tigure 10 shcws the block diapram of a test station designed
te pive a visual display of tarpet potential distribution in a storage tube.

The sweep generater provides a televisionstype scan for both a
monitor tube and the write-road gun of the storage tube, The beams in both
tubes are deflected simultaneously.

_ A radio~frequency signal generator intensity-modulates a weak

reading beam at 10 megacycles. The holding gun restores the charge lost
during reading. The output signal, after amplification and phase detec-
tion, is used to intensity modulate the monitor tube., Thus negatively
stored areas give a strong readout signel resulting in a bright area on
the monitor tube while oosxtlvely stored areas result in dark aress on
the monitor tube.

If we reduce the accelerating voltage of the holding electrons
below & eritical wvalue, the whcle surface can he forced to the nepative
potential, thus giving a uniform area on which to store spots.

An array of positive spots can be stored in the storage tube by
the following steps:s

(1) The remowval of the television scan from the deflection
plates,

(2) Defleoction of the beam to the desired snot on which the
writing operation is to take place

(3) ™riting a positive spot
(4) Tepeat for each spot

After these opsrations are completed and the television scan
reapplied, the readout circuit will again show a picture of the storage
tube with a 20 x 20 array of positive spots stored on the surface, Of
course, in normal compuber operation all the spots will not necessarily
be positivey we will probably have some random combination of positive
and negative spots on the surface,

e have just discussed a test method which gives a static dis-
play of the storage surf{ace charge distribution. Fipure 12 shows a special
test setup which has been built for testing the tubes dynanically., This
installation nrovides facilities fTor operation of one to five storape tubes



under conditions simulating as closely as possible, those which are encoun=
tered in a high~speed computer. :

Figure 13 shows a block diagram of the dynamic tester. Th~ usual
mode of operation of the dynamic tester is cyclinge. This consists of count-
“ing through an array of spots and storing each niece of information in the
next adjacent spot. Thus, inserted information is continuously cycled
through the storage tube. In this test setup, the deflection cir-~uits
position the beam to one of 400 spots until a count pulse causes a deflection
to the next spot. Temporary storage units 1 and 2 are ocircuits capable of
storage of one piece of binary information,.

Let us now consider the steps necessary for cycling. First the
radio=-{requency pulser drives the writee-read gun, which gives a pulse of
10 me modulated current. The resulting readout signal is stored in tempo-
rary storage 71 and also pulses the monitor tube. .

The second operation senses the information in temporary storage
#2 and thus decides whether to anply a gate tc the sipnal plate for wr1t1ng
a negative spot. At the same time the write-read gun is gated on for the
writing operation, ‘

Ths third step transfers the information from temporary storage
#1 to temporary storage 2 so that it will be available for writineg in the
next spot,

Fourth, the deflecticn gonerator is made tc count to the next
spot,

The sequence of oneration is then repeated. Thus each seaquence
reads out from a swot, writes the information from the previous spot and
then centinues on to tho next spot.

%en the deflection generator has counted through a complete
array, each piece of information has been advanced one position. The
deflectiocn rpnerator then contlpues‘to count threcugh the array apgain.

Information read cut of the last spot on the tube is rewritten
on the first spot so that instead of cycling off the end of the tube, the
pattern is seen to continue te ¢:cle inside of the tube, Normal operaticon
of the dynamic tester cycles the svots with an interval of 40 microseconds
between each count of the deflection generator,

A difficult test is to store' and cycle a checerboard arruy of
svots., This is an array in which alternate snots are positive and nepative.
This means that as each spot is read out, the information to be written in
its place must be of the opposite polarity, and therefere requires constant
changing, of the potentiael of the storagc spots, ,
It is, however, more difficult to determine when a mistake is
“made when a checkerbeard pattern is being cycled at high sneeds, The dynamic



tester has therefore been equipped with a sensing circuit which auto-
matically stops the cycling whenever a single mistake is made.

6, APPLICATICN IN COMMUNICATICH

The field of communication is finding that a limit to the nume
ber of charmels for both wire and wireless information is beiny anproached,
ors efficient use of »nresent transmission facilities could be made by a
bandwidth reductinn or by reducing the required time of data transmission.

A generalized merory system consisting of two M,I.T. storage tubes
has been set up under tho direction of Prof, Wiesner of M.I.T. to experiment -
with this communication application. One storage tube, with its associated
deflection systen, can accept incoming binary-coded information at a random
time and will store this information until a complete array of information
is available, Then the information in the storage tube can be rapidly read
out and transmitted to a receiver while the second storage tube, with its
associated circuits, takes over the role of receiving the incoming infore
mation, The system thus accepts information at a random time while pgiving
an output in concentrated bursts,

This memory system was desipned and constructed by Prof. ‘’iesner‘s
group. Operation has been shown to be adequate by reading out all the
information in one tube and storing this information in the seocond tube,

The information from the seccnd tube is then retransmitted to the first tube.
This cyoling of the information between tubes has been done ab high speeds
for periods of several hours without mistakes,

The capabilities of the storapgo tube just described are adequate
for many other applications which can use binary-coded information,

7. FUTURE RESEARCH ANV DSVELCRIENTS

‘A more compact desipn has been made as indicated in Figure 11,
In this model both guns are mounted in one neck, This will be simplified
further for production., Tuture improvements on this tube are exnected to
result in decreasing access time to 6 microseconds and increasing storapge
density for roliable operating storage to 1024 binary digits,
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