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Summary—T1wo versions of cathode-ray type of electron tubes to enable
storage of video signals electrostatically upon an insulating terget using o
barrier grid or screen, have been designed and operated: the SDT using
magnetic focus and deflection, and the STE wsing electrostatic focus und
deflection. For any application, it is essential that their limitations and
the fumctional relations between their characteristics be recognized. The
mverse dependence of the fidelity with which the storage tube can reproduce
a given signal, as measured by the cancellation ratio, upon the number of
storage elements available on a given size target, is to be emphasized (sco
Equation (9) and experimental verification in Figure 17). However, there
exists a maximum fidelity or a Umiting cancellution ratio for which the
diffevence between the input signel and its reproduection is just equal to
the disturbanee introduced by the tube. This indicates a corresponding
minimum number of storage elements or amount of information to be
stored, less than which no further itmprovement in fidelity can be roalized.

A differential method of measurving the characteristica of a storage
tube is deseribed and used. Though this method and nomenclature relating
to such a subtraction or cancellation pracedure is used, relatiomships are
aindicated between the characteristics deseribed to those needed in the design
of any arbitrary system involving storage of a signal.

The theory of the barrvier grid target behavior is discussed. Tube data
and operational limitations are presented, and it is shown that it is actually
advantageous to use output amplifiers no widér in bandpass than is abso-
liutely necessary to the overall systen.

Storage times of up to 100 howurs were observed with no evident dis-
tortion or decay.

INTRODUCTION

ECENTLY there has been evidenced an increasing interest in
storage tubes.'* In view of this fact, it seemed appropriate to
describe a tube which, though still in an experimental stage

* Decimal Classification: R138 < R138.31. i .

1 The work described in this paper was performed in whole, or in part,
under Contract W28-003-sc-1541 between the U. 8. Army Signal Corps
Engincering Laboratories, Evans Signal Lahoratory, Belmar, N. J. and
Radio Corporation of America. :

LA. V. Haeff, “A Memory Tube”, Electronics, Vol. 20, pp. 80-83; Sep-
tember, 1947. ‘ [

2J. A. Rajehman, “The Selectron—A Tube for Selective Electrostatic
Storage”, Mat;;. Tab. and Aids to Comp., Vol. 11, pp. 369-361; October,
1947, (Abstract: Proc. LLR.E., Vol. 35, g 177; February, 1947.) 2

i R. A. McConnell, “Video Storage by Sceondary Emission from Simple
Mosaies”, Proc. LLR.E., Vol. 35, pp. 1258-1264; November, 1947. !
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and subject to further development beyond that outlined in this paper,
may be of interest to system designers in applications requiring the
storage and subsequent rveproduction of video signals. There are many
of these applications which are now only awaiting an appropriate
storage device. For example, a reasonably short time delay (less than
one second) could facilitate the solution to certain problems in tele-
vision and standard audio broadeasting, electronic computer memory,
frequency changing and multiplexing in communications, and in signal
tomparison, where either both signals are not available simultaneously
ar where it is desirable to make the comparison at an arbitrary phase
relation. This last problem of signal comparison was uppermost in
our minds during the development and testing of the barrier grid
storage tube which is described, and the effect of this viewpoint will
be felt in the presentation and in the nomenclature used. However, it
will be pointed out that certain characteristics measured are practically
directly convertible into characteristics needed in the design of other
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Fig. 1—Block diagram of storage tube eancellation circuits.

systems requiring storage. Likewise, since the storage times observed
are of the order of days, the tube is also applicable to relatively long
time storage problems,

In any of these applications a pertinent parameter of design is the
fidelity with which a given signal may be reproduced and the func-
tional relation of this fidelity to variables of the tube’s operation. A
eritical method of measuring this fidelity is one in which a reproduced
signal is compared with the original by subtracting one from the other
and observing the difference. If the signals mutually cancel, repro-
duction is at highest fidelity, and the comparison of any residual
signal to the useful output of the tube would be a measure of that
fidelity. This measure, referred to as “cancellation ratio”, is defined
more specifically later on. It will be noticed that this method in one
step compares reproduction fidelity in both amplitude and phase. The
barrier grid storage fube by its design is particularly suited for this
method of measurement since this subtraction or eancellation can be
accomplished internally. Naturally, this fits the tube to that class of
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applications in which such an internal cancellation is desirable, insofapr
as it eliminates the need for the balanced circuits which would other-
wise be required.

The procedure followed consists of impressing upon the tube on one
scan a signal consisting of two square pulses whose amplitudes,
polarntxes. and phases may be controlled and on the suu,eedmg seg j‘

“variable signal”, is different from the other of the preceding pu
only in polarity. On successive scans the steady signal remams
before, but the variable signal again changes in polarity only. Th
output from the steady signal then is a measure of the unfaithfulness
of reproduction. The output of the variable signal is a measure of ::.'
output one would expect from the tube’s simply storing and subse-
quently reproducing a desired signal. In the following, therefore, the
output of the variable signal may be referred to now and then as
“the desired signal.” .

?
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Fig. 2—Sécondary emission ratio as a function of primary electron voll

The principle of electrostatic storage on an insulating surfacg
long been known and used in television pickup tubes, such as
iconoscope. If an insulating surface is bombarded by an elec
beam, the secondary emission ratio will vary with the energy of tl
bombarding electrons, according to the approximate curve shown in
Figure 2. If the energy is such that the secondary emission ratio is
greater than unity, then the potential of the target surface will change
with respect to the electrode which collects the secondaries untﬂ
net number of secondaries leaving the target surface is exactly equ: ‘““
to the number of primaries arriving there. The surface potential.' '&
which this action takes place, is known as the equilibrium potential.
The remaining secondary electrons collect in the form of a space
charge and rain back on the insulating surface, charging the unbom-

V. K. Zworykin, G. A. Morton, and L. E. Flory, “Theory and Per- |
formance of the Iconoscope™, Proc. L.R.E., Vol. 25, pp. 1071-1092; August,
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barded parts of the surface to a negative potential. Thus, a charge
pattern is built up on the surface in the absence of any applied signal.
The returning electrons, of course, partially neutralize any charges
already on the surface and, thus, would make any comparison of
signals from scan to scan impossible. Several ways have been attempted
in the past to eliminate the redistribution effect, some of which are
listed below:
1. Operation with a low energy beam where the secondary emis-
sion ratio is less than unity, as is done in the orthicon.”
2. Operation with a high energy beam where the secondary emis-
sion ratio also is less than unity.’
3. Maintgining the surface at a negative potential by a rain of
electrons from a separate low energy source,!

-

Fig. 2—The barrier grid storage tubes: STE electrostatic tube in back-
ground, SDT magnetic tube in foreground.

4. Use of a grid or screen on or near the surface, operated at a
potential preventing return of the electrons to the insulating
surface.®

Each of these methods is adaptable to a particular use, the last

one being chosen for the particular storage tube to be described. This
tube consists essentially of an electron gun, an insulating target with
a signal plate on the back and a fine mesh screen within a few mils of
the front surfaee of the insulator, and a means of collecting the sec-
ondary electrons from the surface. The primary and secondary beams
can be focused and deflected, either magnetically (SDT type) (Figure

& H. Iams n,r,ul A. Rose, “Television Tubes Using Low Velocity Electron
Beam &mnumg Proe. I R.E., Vol 279, pp. 547-555, September, 1939,

Zworykin and
Sons, New York, N e 94(0 . Morton, TELEVISION, John Wiley and
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Fig. 4—Schematic diagram of SDT storage tube.

4), or electrostatlcally (STE type) (Fxgure 5). Means are
to scan the insulating surface in a repetitive pattern, as for exa e,
in a spiral or a “staircase” scan: In the spiral scan (Figure 6), si
the angular velocity is usually constant, the linear scanning speed
vary from one end of the scan to the other. As is demonstrated
the cancellation ratio will vary in a like manner. This is undes
for experimental purposes, but may be used to an advantage in s
applications.” The staircase scan (Figure 7) features constant
ning speed and constant interline spacing, both independently var
which makes experiment simple and direct. Both scans use the tai
area equally efficiently. However, the spiral scan rejects the cen
the target where the deflection disturbance is the least, and i is,
fore, less desirable in this respeet.

Since the target is an insulator, the only source of current to it is
the primary beam, and the only drain of current from it is_th& sec-
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Fig. 5—Schematic diagram of STE storage tube,

* Caleulations made by N, I. Karman, J. R. Ford, and L. Goldman, RC
Victor lglxcv':s:lo;:. Radio ccfpommn of An‘nimea, Camdon, AR 8
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ondary beam. At equilibrium, these two must be equal, and any
deposition or removal of charge on the surface will appear as a modu-
lation of the secondary beam. However, since the energy of the
primary electrons when they strike the dielectric is such that the
secondary emission ratio is greater than unity (actually about two),
those secondary electrons in excess of the number arriving in the
primary beam must return to the target surface.

The barrier grid or screen functions as a virtual collector, so that
the target equilibrium potential is established with respect to the
sereen and not to the actual collector electrode. At this potential a
number of secondaries just equal to the number of arriving primaries
are sufficiently energetic to penetrate the screen. These cannot return
to the target, as appropriate fields outside the sereen urge them away
and toward the collector as the secondary beam. Meanwhile, the
éxcess electrons are not sufliciently energetic to reach the screen, and

Fig. 6—Spiral scan used in SDT barrier grid storage tube.
are restricted in their motion by the close proximity of the sereen to
the dielectrie surface. Thus, their redistribution to portions of the
target not directly under the beam is considerably reduced.

When a sighal is impressed upon the plate of the tube, the beam
deposits on the insulaling target a charge pattern, varying in inten-
sity, that is a linear reproduction of the time variation of the impressed
signal. If the surface is again scanned over the same path with no
signal impressed upon the tube, the beam will remove the charge
pattern, thus reading off a signal which is in polarity a mirror image
of the original signal, Both during the writing and the reading, the
signal will appear on the collector as a modulation of the secondary
beam. In this operation, the tube has acted as a memory device, storing
and subsequently reproducing a signal.

If, however, the same signal is impressed upon the tube on each
successive scan, the beam will already have deposited the charge pat-
tern NeCessary Lo mateh this signal variation. Therefore, that area
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Fig. 7—Staircase scan used in STE barrier grid storage tube,
24

under the beam is instantaneously at equilibrium potential. No charge
will be deposited on the target on succeeding scans, so that the second-
ary beam will be constant and unmodulated. Thus no signal will
appear on the collector for steady input signals, constant in both
amplitude and phase. However, any variation in the input signal will
require deposition of charge by the beam, This will result in a modu-
lation of the secondary beam and appear as a signal on the collector.
In this fashion, steady signals are cancelled while varying signals are
passed by the tube, the tube acting as an internal ancellation device
(Figure 8).

An approximate alternate view of the internal cancellation opera-
tion considers the tube as a mixer. One signal is the presently im-
pressed signal, the other is the charge pattern that has been deposited
by the previous scan on the insulating target. Each modulates the

Fig. 8—Top line: Synthetic input signals used in tests. Variable signal 18

a pulse exactly like the steady pulse, but varying in amplitude from scan

to sean. Middle line: Output without filter. Bottom line: Output filtered.
Signals are in the same phase in each oscillogram,
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Fig. 9—Output signals, filtered, when output variable signal is a maxi-
mum, showing dynamic range. Signals are in the same phase as in Figure 8.

return beam with different polarity so that their mixture modulates
the secondary beam with their difference. This indicates correctly that
any part of the charge pattern that is not a faithful reproduction of
the original signal will give rise to a residual signal.

TARGET BEITAVIOR

The behavior of the target can be better understood by reference to
Figure 10, in which is plotted the general relation between the energy
of secondary electrons emitted from a surface and the number of
secondaries emitted per unit energy interval. If M electrons in the
primary beam strike the target, the area under this curve will be o M,
the total number of secondaries emitted. Kquilibrium will oceur for
the target surface at a potential of V, with respect to the screen, for
which the number of secondaries with sufficient energy (more than
eV.) to penetrate the screen is just equal to M. This is the area under
the curve from V, to infinity. The remaining (o — 1)M secondaries,
the area under the curve from zero to V,, will not have sufficient energy
to penetrate the screen, and will be returned to the target by the field
between the screen and the dielectric surface.

NUMBLR OF SECONDAR
ENERSY lhﬂlvt:l.m o

¥k
v

.<- b -

ENCRGY OF SECONANES W
]“' 5 = -)) » - -
. 10—Energy distribution of secondary electrons.
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If, with the surface at equilibrium a few volts (V,) positive to
the screen, a signal is impressed upon the plate, the entire target
will be swung capacitatively to a new potential. Now the number of
secondaries that return to the target will be the area under the»,cuﬁg
in Figure 10 from zero to this new potential. The net instantanebu'g{
current to the target will be the difference between these last areds_;
per unit time, and the general curve is plotted in Figure 11, Note
that in a restricted region around equilibrium the curve is essentially
linear. This allows the tube to act as a more or less linear device to
reproduce signal amplitudes. At the upper limit, for positive signals
the curve approaches the primary beam current as an asymptote,
the lower end, for negative signals, the curve is tangent to (1 --j
times the beam current at a signal equal to — V. For this and more
negative signalsg, all the secondaries will penetrate the sereen andijy
to the collector. T

L paam

T

POITIVE  SICNALS ON PLATE

—— on TURTE
(1=g=) ! beam

Fig. 11—Instantaneous current to target as a function of target pote
with respect to the sereen or barrier grid,

After the application of any signal and while the beam is on &
particular region of the target surface, the instantaneous current ko
that portion of the dielectric obeys this curve. However, whe,t_g?’ Lhe
heam is scanning the target, it does not remain on any spot long enough

to the equilibrium potential. The percent discharge effected per scan
is called the “discharge factor”.

The curve in Figure 11 points out that there is an essential differ=
ence between the responses to positive and negative signals, both in
the manner of response and in the maximum value. As a result, the
discharge factor for negative signals depends on both the signal ampli~
fude and upon the beam current, whereas except for small signals,
the discharge factor for positive signals depends on the beam currenf
alone. This may, however, be chosen to give an acceptable discharge
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factor for both signs of reasonable signals. For both polarities the
discharge factor is an inverse function of the capacitance per unit
target area, the width of the beam and the scanning speed; and can,
of course, never exceed unity. For the present mica targets, a dis-
charge factor of 70 per cent has been measured for a beam current
to the target of about 5 microamperes.

Signals

The external connections, shown in Figures 4 and 5, allow the tube
to give an oulput signal, as described above, which is to a first approx-
imation, the difference between the signal applied during scan I and
that applied during sean I1I. Figure 12 shows in succession the input
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Fig. 12—Target behavior. In lines 1 to 3 the abscissa is the position (»t)

of the beam spot along the scan line on the target. Line 4 is the output

signal during scan II. The dotted lines indicate schematically the variable

signal output for different variations in amplitude between scans. In line 5

is shown the actual target area scanned, with that area scanned during
the signal removed to the side for clarity.

on scan [, the charge density deposited on sean I, the input signal on
sean Il, and the output signal on scan II. Note that the output is
essentially the sum of the second and third lines of the figures.

Variable Signals

In general, a new signal (V,,.) on the plate will require the deposi-
tion of an amount of charge equal to the product of the capacitance
per unit area of the target, the area of the target scanned by the beam
during the signal, and the fraction of the signal discharged (fV,.).
The capacitance considered is that between the target surface and the
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signal plate. The net current to the target then will be:

fuig 1 (k/8) w0 Vo e

where wv is the area of the target scanned per unit time and x/s is
proportional to the capacitance per unit target area. It can be SBo :
that, since the variable signal is changing in polarity from scan to
scan, the effective signal, considering the effect of the disel

factor, is:
2 b
Vae=|——+— ) Vu
2—7F vt

For simple storage of a signal for a single scan previous to which the
target was al equilibrium with no charge deposited at that portion of
the target, the expression is;

Vo= (f +0/vt) V,. _

From Equations (1) and (2) the output variable signal is:

2 b
g f (x/8) wv (—— -+ ——) Ve

2—f vt

The first term in these expressions considers the simple char
the scanning line of the target surface to the equilibrium pot
the spot moves along, while the second term is concerned only
variation of the input signal with time. Hence, this latter re:
importance for very low scanning speeds (v approaching zero), and
contributes the intercept (R =1) in Figure 16. '
In Figure 11 and in the text to this point, “the beam current’ has
referred to the current actually reaching the target and of
portion actually returning to the collector. The sereen, howi
intercepts a portion of the primary beam from the gun befol
reaches the target and a similar portion of the secondaries |
they reach the collector. As a result, the a-c signal current ;
considerably less than the d-c primary beam current from the | "“ .
For a sereen of 60 per cent transmigsion, the maximum modulatiﬁn
only 36 per cent. The remainder goes to the collector as a direct eur-
rent component, consisting of secondaries from the screen. Sinch" this
is an a-c system, however, this component may be neglected unless it

Ao .
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is s_ubject to a variation that would appear as a disturbance or noise,
a spurious signal (q.v. below).
Residual Signals

Figure 12 shows the center of a steady signal completely cancelled.
To obtain this, first, the dielectric target must have a sufficiently high
product of resistivity and dielectric constant, such that an appreciable
amount of charge cannot leak through the dielectric between scans.
Second, there must be so little surface leakage across the dielectric,
and the successive lines of the scan must be sufficiently spaced relative
to the spot size that the beam cannot remove the charge that was
deposited when it previously scanned a neighboring line. Either of
these requires the deposition of additional charge on the next scan,
and results in incomplete center cancellation. The latter results also
in the appearance of a signal of opposite polarity at the time the
portion of the charge is removed. This effect is usually called “inter-
line crosstalk™,

The spacing of the sereen from the dielectrie surface iz determined
by a not too eritical compromise, If the spacing is too great, redis-
tribution effects will shade the signals, introducing more interline
crosstalk, and reduce the resolution. If the spacing is too small,
whenever negative signals are applied to the plate, the very negative
portion of the target surrounding the beam spot may, by a “coplanar
grid effect”, erect a potential barrier outside the screen, over which
many of the secondaries cannot go, As a result they will be collected
by the sereen, and their absence from the secondary beam each scan
will cauge a positive signal to appear on the collector. It has been
found that some few mils spacing of the sereen is enough to prevent
this coplanar grid effect. In a practical case, the use of a woven wire
sereen, whose thickness of weave provides a virtual spacing, is suffi-
cient.

Considering the idealized signals in Figure 12, it can be observed
(line 5) that the portion of the target scanned before the application
of the signal overlaps that portion scanned during the application of
the signal by just a beam width. This causes the charge pattern
deposited (line 2) and hence the reproduced signal that would result
from a simple storing on one scan and removal on a second scan, such
as would be used for a simple memory problem as in a compuler, to be
shifted to an earlier phase by an amount proportional to the beam
width. When the signals are compared from scan to scan, this shift
in phase results in a residual signal output. Considering the internal
subtractive procedure, the action is as follows: After a charge pattern

has been laid down on the first scan, during each succeeding scan the
|

_
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heam will remove charge from the overlapping region before the appli-
cation of the signal and replace it after the application of the signal.
This transient removal and replacement of charge modulates the see-
ondary beam and results in the residual uncancelled “spike” output
for the steady signal input. The amount of charge involved depends
upon the width of the beam and the discharge factor, and inversely
upon the length of the target scanned during the signal rise time:

i, f(x/s) we V, (b/vt), (4)

s

The effectiveness of the tube as a cancellation device and the
fidelity with which the tube can reproduce a signal may conveniently
be measured by the “cancellation ratio”, the ratio of the peak values

e ey
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Fig., 13—Top line: Spike output from steady signal alongside of variable
signal. Middle line: Variable signal coincident with one spike,
Bottom line: Variable signal in center of steady signal,

(amplitudes) of the steady to the variable input signals for equal

output signals:
R=V,/V, when i, = 1,. (6

Since the variable signal will appear on the output with nearly the
same amplitude, whether it is phased coincident with the center of &
fixed signal or the spikes or not, except for very large values of the
steady signals, Figure 13, this definition of cancellation ratio g prac-
tically independent of the phase of the variable signal. Thus the
sancellation ratio may be calculated from (8) and (4) above!

R=I[2/(2—1)1 (vi/b) + 1. (6)

Calculations” of spike output signals for more realistic wave shapes
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Fig. 15—Synchronized sine wave
: ' : e s output from SDT tube using a spi-
Fig. 14—Cancellation ratio as & . 1ean  The scan spirals inward

function of frequency of a synchro-

Nty i : s0 the scanning speed decreases
nized sine wave steady signal.

from left to right and the cancella-
tionratio correspondingly decreases.

results in very complex integrals, but this same general trend prevails.
It appears that the beam may be considered as a low pass filter whose
frequency cut-off 18 roughly proportional to the ratio of the scanning
velocity to the beam spot size. Thus to accurately cancel or reproduce
signals of short rise times, the tube should either have a very fine
spot or a rapidly moving spot. When a synchronized sine wave, whose
phase is kept constant with respect to the start of the scan, is applied
to the tube, a plot of the cancellation ratio as a function of the fre-
quency of the sine wave is indicative of the operation of the writing
beam as such a low pass filter (Figure 14). Likewise, the application
of a synchronized sine wave signal to an SDT, using a spiral scan,
shows qualitatively the relationship between ecancellation ratio and
scanning speed (Figure 15), Making use of the simplicity of control
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Fig. 16—Relation between cancellation ratio and scanning speed for a
given pulse length,
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of the scanning speed in an STE using a staircase scan one can measure
quantitatively this relationship which is plotted from experimental
data in Figure 16. This curve demonstrates essential agreement with
Equation (6), which gives cancellation ratio as a linear function of
scanning speed.

OPERATION

Another source of residual signal is input-output coupling. Unless
normally careful external shielding is used and unless either the
capacitance between the signal plate and collector is kept small by
sufficient spacing or internal shields are used, an appreciable amount
of the input signal will appear on the output by simple capacitative
pickup. The sereen acts as probably the most important internal shle_l'_l
as long as its impedance to ground is kept very low. It must have a
short direct metallic lead out of the tube. If it has appreciable impa»
dance to ground, not only does its shielding properties decrease, but
as it swings with the signal it will modulate that portion of the
primary beam which it intercepts, and which is normally a d-¢ com-
ponent of the secondary beam. Since this is at least as large as the
maximum a-c signal, modulation of it is serious. Measurements indi-

cate, however, that in normal tubes this modulation can be negligible.

Disturbance

A number of factors individually contribute disturbance sig’na_:.
which may be viewed as a kind of noise and which represent a lower
limit to the useful magnitude of the desired variable signal. A variable
signal whose output is lower than the disturbance level is likely to be
lost to an observer. The extent to which these contributions to the

disturbance may be reduced depends largely on their character and
source,

a. Thermal noise: Presently, tubes are operated at such beam
currents that the output signals of all types are well above the noise
and it is not a limiting factor. The worst disturbance is some five
times the noise in amplitude. However, if smaller beam currents
(with an appropriately smaller target capacitance per unit area to
keep the discharge factor up) are attempted, to reduce the spot size
further, the noise could be an important consideration.

h. Deflection pickup: In the STE type of tube, the collector must
be properly internally shielded from the deflection plates to prevent
pickup. The present design is successful in this respect.

¢. Deflection corners: Target action theory” shows a second order
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signal that can arise as a result of change in curvature of the scanning
pattern, This signal has not been observed and must be well below the
noise,

d. Deflection disturbance or shading: The electric fields off the
target surface must be designed such that the secondaries are col-
lected uniformly from the surface. When this is not so, the resultant
shading gives a signal that is synchronous with the frequencies in the
scanning pattern. This is the most serious disturbance signal because
both the secondaries from the target and those from the screen con-
tribute. This means that there is available more than twice the current
for modulation by this disturbance as there is for the desired signal.
In the SDT tubes, this disturbance can be quite pronounced and con-
trol is difficult, since the same fields are used to focus both primaries
and secondaries. In the STE, secondary and primary focus are separate,
and this disturbance is more easily removed.

e. Sereen: The successive interception of the beam by the screen
wires generates a signal that is second in importance only to that of
shading. If the beam does not extend for more than about three screen
wires (this is usually the case), the signal resulting from the screen’s
intercepting the beam depends upon the secondary emission ratio of
the sereen wires and upon the ratio of the sereen wire diameter to the
beam spot length parallel to the direction of scanning.

The upper limit to the dynamic range of the variable signal is
determined by its saturation value., Reference to Figure 11 will show
the existence and limits of this saturation. A measure of this dynamic
range is then the ratio of the maximum variable signal output (its
saturation value) to the maximum disturbance output (the variable
signal output’s practical lower limit). This is called the “disturbance
ratio”.

D= 'id max/ idln!nrbuncv (7)

If the only contribution to disturbance is that from the screen,

D,=b/(o,—1) w (8)

Reducing the secondary emission ratio of the screen wires to unity
gives the greatest promise for improvement of the disturbance ratio
since it has been shown (Equation (6)) that the beam spot size must
be small for good cancellation ratio and there are mechanical limita-
tions on the fineness of the screen Jvire. Tubes with gold sputtered

Ws have shown disturbance mtlos greater by a factor of two than
those with stainless steel sereens.

/
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Figure of merit

From Equations (6) and (8) a figure of merit, some indications
of the limitations of the tube, and means of improvement may be
deduced, 1

(R—1) DN « [A/3 (o, —1) u] [(2/(2—/] (9)

~vhere N is the number of pulses of rise and fall times ¢ that can oceur
successively during the total scan, usually referred to as the number of
storage elements on the target. Note that the three desired quant:ti

cancellation ratio, disturbance ratio, and number of elements availa
per tube, are so related that no one can be improved except at thi
expense of the others, or by enlarging the tube, or by causing the
screen wire secondary emission ratio to approach unity. A finer spot,
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be reduced.

This product (R — 1) DN appears to be a convenient figh
merit for this tube and similar cancellation devices. The va'lu
present two-mch target tubes is roughly 6 10° or greater

fall times that can be placed on the 2.4 inch target of the tube _J, h
an interline spacing of 0.030 inch. This curve together with Equatio il
(9), which it substantiates, indicates that for a given tube, wh d
the spot size is essentially determined by the primary gun structure,
the number of storage clements oy the target is a function only of the
cancellation ratio, being independent of the seanning speed or he
pulse length. It follows then that these elements may be used to store
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information using pulses of any duration, the scanning speed varying
inversely with the pulse length.

The storage avea required per element (4/N) would be a figure of
merit for the target construction; the present value for the usefully
scanned portion of the target can be conservatively set approximately
6 10— square inches per element for a cancellation ratio of 20.

Another figure of merit useful for some considerations has heen
suggested.® The “limiting cancellation ratio” can be defined as the
ratio of the variable signal input to the steady signal input when
the variable signal input is adjusted to give an output equal to the
disturbance, and the steady signal is adjusted to give best overall
performance from other considerations (e.g. sufficient discharge factor
or linearity of response). This ignores the output dynamic range for
cases where it is not important. Present STE tubes have limiling
cancellation ratios of roughly 100 for which they should have sufficient
area for about 600 elements (extrapolating Figure 17).

If two equal adjacent pulses are very close together, then the
output signal from simple storage will not go to zero between them,
but only to some finite value of amplitude (¥). The ratio (Y/y) of
the pulse amplitude (Y) to this finite value of the output signal (y)
between the pulses can be taken as a measure of the resolution or the
fidelity of reproduction. In fact, this is exactly the cancellation ratio
defined above, R =Y /y. Another term, “percentage modulation” may
be applied and defined as P — (Y — y) /Y so that cancellation ratio may
be related to “percentage modulation” such that P=1— (1/R). For
many applications such as television values of “percentage modulation”
(P) as low as 5 per cent are useful. This would correspond to a
cancellation ratio of only 1.05, which from Figure 17 extrapolated
would indicate about 510 storage elements. The lowest percentage
modulation, and therefore the greatest number of storage elements,
that can be used is limited by the disturbance. '

As a circuit element, the tube may be viewed in general as a high
internal impedance generator, similar to ordinary electron tubes, Its
output is essentially a current signal fixed in magnitude by the tube
operation and characteristics. A reasonable figure would be 30 per
cent modulation of a 3 microampere beam or an a-¢ signal of approx-
imately 2 microamperes peak to peak. The output capacitance is
about 20 micromicrofarads; the input capacitance approximately 400
micromicrofarads for a 2.4 inch target. The full 30 per cent modula-
tion i8 attained for an input variable signal of 50 volts peak to peak.
This may be summed up as a transconductance of 0.04 micromhos,
fmm*wm"h the tube performance can be caleulated in the usual manner.

‘_—l
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Tube Data |

Average characteristics for the latest STE type tubes are p]otted;:,
in Figure 18. From these can be deduced the operating data. It is to
be noticed that, similar to other vacuum tubes, there are different
modes of operation possible depending upon whether or not the app]i.
cation permits saturation of certain signals. If the variable mgnal
may be saturated for any large value of input the following is true,
Data for SDT type tubes using mica dielectric about 0.8 mil thick, 230c
mesh gold sputtered stainless steel woven wire screen spaced about . s
mils from the dlelectnc is R—20, 5 I— 25, v = 0.020 inch per mmro,,
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Fig. 18—Characteristic curves of operating storage tubes. Pulse l',”
2 microseconds; scanning speed: 0.025 inch per microsecond; output filtered.

't = 0.3 microsecond, and f = 80 per cent. Calculated N is 2000.
ing cancellation ratio is 100. If saturation is not permissible, ’
reference to the characteristic curves in Figure 18 will show that for

size of 0. 008 inch diameter 8.5 1nches from the main Iens for a -'= .
current of 10 microamperes and the screen 1000 volts above the cathode:
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Storage Time

The present available apparatus does not allow the application of
signals at repetitive rates less than 50 cycles per second. These slow
repetition rates have given cancellation and disturbance ratios the
same as for rates as high as 4000 cycles per second. This means that
such signals are stored without appreciable change for at least 1/50th
of a second, However, in a television test set in which the target is
scanned in a standard television pattern and in which the output from
the collector can be applied to the grid of a kinescope, so that the
signals can be viewed at positions corresponding to the positions on
the target from whence they came, signals that were impressed on the
tube were observed to have negligible reduction or diffusion across the
surface after 100 hours, during which time the heam was off. This
tube had the same type of mica target as was described above.
Filtering

The data presented above are for the tube alone without the benefit
of optimum aiding circuitry. The bandwidth of the amplifiers used
in the measurements was 3 megacycles per second. By a judicious
choice of the frequency response of the output amplifier, however, the
performance of the tube as a cancellation device can be improved, since
the spikes may contain frequency components roughly three times as
high as the variable signal, A filter having a sharp cut-off just above
the highest useful frequency can thus increase the cancellation ratio
by attenuating the spikes. This is a true gain in a cancellation system:
for other applications it simply indicates that the bandwidth of the
system should be no greatér than that required to pass the highest
desired frequency. In addition, it was found that both disturbance
and cancellation ratios could be improved by the introduction of a
simple L.C low pass filter, in this particular case having a half-value at
300 kilocycles per second, in the output circuit. This is shown in Figure
19 and also in Figure 8. The filter must have a fairly shallow low
frequency cut-off to affect the screen disturbance, since the beam in
scanning the screen crosses the wires at various angles. This means
that there is generated not only the highest frequency due to scanning
directly across individual wi'}'es, but the lower frequency components
due to scanning the wires at more oblique angles. This spectrum
unfortunately extends down into the region of useful signals and can-
not be filtered out completely.

Conecatenation

~In an application requiring a cancellation device the use of two
storage tubes in cascade has hrought results which in many ways are
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gratifying, despite the added equipment and greater complexity from
an operational standpoint. The concatenated set-up is made by feeda'
ing the conventional signal into the first storage tube as béfbré,
amplifying its output to a level to properly drwe a second storage tube,'
then feeding this into the second tube.

This arrangement offers three distinet advantages. The disturb-
ance contributed by the first tube constitutes a steady signal input to
the second tube, which in turn cancels it. This means that the overall
disturbance output is only that from the second tube alone. This tube
may be carefully chosen so that this overall disturbance is a smaller
than average amount, Secondly, since the output of each tube is essen-
tially the first difference of its input signal, the output of the second
tube is the second difference of the original input. Hence, the response
to slowly varying signals is reduced, and the overall discharge fae or
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Fig, 19—KEffect of pulse length and filtering on cancellation and dxaturb'
ratios. Scanning speed 0.020 inch per microsecond in an SDT fube.

spikes. These are in turn attenuated by the second tube to gl
overall cancellation ratio larger than either tube alone. This oy
cancellation ratio is not as large as the product of the two tubes’ ¢
cellation ratios, however, since the spikes (see Figure 12, line 4) have
‘rise times which are smaller than those in the original signal. The
cancellation ratio of the second tube will be correspondingly smnﬁ ’
than that measured in the usual faghion. Thig is assuming the use of
raw signals without filtering between tubes. Two SDT tubes, each of
which showed an R = 10 singly, in cascade showed an R = 60. Variable
signals that were lost in the disturbance of the first tube were readily
visible in the output of the second tube.

Circuits
A quick survey of the stability of the associated circuits would
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show that there should e less than a pulse rise time jitter between
the initial signal pulse and that which triggers the scanning pattern.
Further, the deflecting circuits should allow the scanning raster to
move only a small fraction of a line width. This would indicate deflec-
tion constant to ome part in 1000, For both tubes, the spiral and
staircase generators were fed from standard regulated supplies. The
high voltage supplies were not regulated.

CONCLUSIONS

Besides being a direct measure of the characteristics of a storage
tube as used in signal comparison problems, the described method of
comparing input and output signals js of value in determining the
general characteristics useful for the design of any system involving
signal storage. In any storage system, the fidelity of reproduction of
the stored signal is a primary consideration. This is measured by the
cancellation ratio. Discharge factor is important in determining the
writing and erasing requirements in any application. The disturbance
ratio gives the output dynamic range while the limiting cancellation
ratio is the input dynamic range. The limiting cancellation ratio may
also be viewed as the greatest fidelity detectable since this is the fidelity
for which the difference between the input and the reproduced signals
is just equal to the disturbance introduced by the tube. The number
of storage elements required by a signal is simply the amount of infor-
mation that is contained in that signal. The number of storage ele-
ments then gives directly the number of discrete pulses which may
be stored on the target with a given fidelity, as indicated by the can-
cellation ratio. Likewise, for more complex wave forms the number
of storage elements can be taken as equal to the product of the band-
width of the signal and a time ¢ which is the duration of the signal
which can be stored. Figure 17, which shows that the product of the
cancellation ratio and the number of storage elements is a constant
for any tube, than may be interpreted as indicating that the product
of the bandwidth, the duration of the stored signal, and the fidelity
is a constant. Thus for a given fidelity of reproduction the number of
storage elements is fixed and for a signal of given bandwidth, the
maximurg duration is determined. Conversely for a certain desirved
duration of signal, the bandwidth (and hence the highest frequency)
that eould be stored is fixed by the same relation.
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SYMBOLS

A  Useful area of target; A = A
b Beam width parallel to scan.
C/A Capacitance per unit area of target (target surface to plate).
D Disturbance ratio; fa was/9aisturbnnee mese
¢ Electronic charge,
f Discharge factor; percent discharge per scan.
i¢ Output from variable signal; a-¢ component of secondary beam.
i Output from steady sigtal; a-c component of secondary beam, N

ine Output from any new signal on the scan during which the signal fixst
appeared. :

M Number of primary electrons bombarding target during a conve
time interval.

n  Pulse repetfition rate.

N  Number of pulses of rise and fall times £ that can occur successively
during the total scan; A = 2» tN; total number of “clements™ aviils
able in tube.

P Percentage modulation (Y —y)/Y.
q/A Charge density deposited on target,
Cancellation ratio; V./V.for i, = ia.
Thickness of dielectric target.

Rise time of input pulse,
Diameter of screen wires.

2 =2 s w =

Seanning speed.
Ve Input variable signal amplitude.

“ete ?ﬁ:ﬁﬁve_ input variable signal, considering the effect of discharge
actor,
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Equilibrium potential of target surface with respect to screen.

Potential difference between cathode and target, determining bom-
barding electron energy.

eV, is the energy of the most numerous secondaries from the dielec-
tric surface.

Input steady signal amplitude,

Amplitude of any new signal.

Beam width perpendicular to scan.

Amplitude of output between two adjacent pulses.

Output amplitude of a single pulse.

Separation, center to center, of scan lines. Interline spacing.
Dielectrie constant of target insulator.

Total length of scan.

Secondary emission ratio of dielectrie.

Secondary emission ratio of screen wires.

-
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