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COUNTER CIRCUITS USING TRANSISTORS*
By

E. EBERHARD, R. O. ENDRES AND R. P. MOORE

Engineering Products Department, RCA Victor Division,
Camden, N. J.

Summary—Several transistor multivibrator circuits are described that
are capable of performing all the functions required by a decade counter
composed of bistable stages, or by a frequency divider. Their basic design
features are gwen and their limitations are pointed out. An analysis of a
bistable circuit using a single transistor is given to show how its operation
may be correlated with the commonly known transistor constants. Finally,
a brief description of two counters built for demonstration purposes, with
appropriate wave forms, is presented. It may be concluded that as soon
. as transistors with stable and more nearly uniform characteristics become
available they will be widely used in counter circuits.

INTRODUCTION

there has been much speculation as to the fields of usefulness

which this device is almost certain to have. Potentially the
application of transistors to electronic circuits can result in consider-
able saving both in size of equipment and power consumption. How-
ever, the transistors available through the summer of 1949 have
several serious limitations which prevent, for the present, their wide
application. Their power output is low, their internal noise level is
high, and it is difficult to build transistor amplifiers for frequencies
mucl} higher than five megacycles. These limitations seriously restrict
the vusefulness of transistors as amplifiers; however, they do not
present as serious a limitation to the use of transistors in pulse-
counting types of circuits.

In counter circuits the power level can be kept within the capabili-
ties of the transistor; and, while the frequency limitation does apply,
it appears that such a counter should be operable to frequencies of
the order of one megacycle.  Thus, it would seem that counter circuits
present a field for the application of transistors having the noise level
and power limitations of present units. In order to explore the possi-
bilities of using transistors in counter circuits a development program .
has been ecarried out.

SINCE the public announcement of the transistor in July of 1948,

* Decimal Classification: R282.12.
459
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This paper describes the circuits that were developed and discusses
their operational limitations. It is divided into three sections: one on
“bistable” circuits (circuits having two stable states), one on relaxa-
tion oscillator circuits, and one describing briefly two experimental
counters that were built as demonstration models.

BISTABLE TRANSISTOR CIRCUITS

Bistable Multivibrator Using Two Transistors

The first transistor multivibrators to be described are analogous
to the basic Eccles-Jordan type of circuit using vacuum tubes. In fact,
if the assumption is made that the base of the transistor corresponds
to the grid of the tube and that the emitter of the transistor corre-
sponds to the cathode of the tube, the circuit is seen to be quite similar
to the Eccles-Jordan multivibrator (See Figure 1). In operation, if
transistor #1 is conducting heavily its collector potential will be near

POSITIVE SUPPLY
Y) [. NEGANIVE SypbLY

Fig. 1—Comparison
of transistor bi-
stable multivibrator
(b) with Eccles-
Jordan circuit (a),

NEGATIVE
TRIGGER
o— S (POSITIVE OR (b)
(a) NEGATIVE )

TRIGGE R
{NEGATIVE)

ground, thus holding #2 in a state of low conduction by making its
base potential positive with respect to its emitter. The application of
a trigger pulse to both emitters will cause the circuit to revert to its
other stable state with transistor #1 in low conduction and transistor
#2 in high conduction. This operation will be clear from an analysis
of the feedback loops.

However, the analogy with the Eccles-Jordan circuit is not nearly
as close as might be expected from a superficial examination. There
are two fundamental characteristics of transistors which make the
circuit of Figure 1b differ from the vacuum tube circuit of Figure 1a.
One of these differences arises from the odd shape .of the ‘transistor
gain function. Figure 2 shows how the current gain charrées with
emitter current. A family of curves has been plotted to show also the
variation of current gain with changes in collector current. (I, is
the largest collector current and I,, the smallest.) In a quiescent
condition one transistor of the multivibrator will be in high conduc-
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tion, operating on the right-hand portion of the curves in Figure 2.
The other transistor will be in low conduction and operating on the
" left-hand portion of the curves near zero emitter current. (This
assumes that the current gain curves of units 1 and 2 are similar to
" those of Figure 2.)

" Since the high gain region lies to the left of the operating point
of one transistor and to the right of the operating point of the other,
the circuit can be triggered into operation with either positive or
negative trigger pulses on the emitters. This action may be explained
as follows. In order to trigger with positive pulses it is necessary
for these pulses to have a greater effect on the transistor that is in
low conduction than they have on
the unit that is in high conduction.
Conversely, to trigger with nega- 404
tive pulses the greater effect must ’
.be on the unit that is in high con-
duction. An examination of Fig-
ure 2 shows that this will be the
case if both transistors have char-
acteristics similar to those shown.

OPERATING POINT OF
HIGH CONDUCTION
am e rRANsm'ou

OPERATING POW
I OF LOW CONDUCTION

CURRENT GAIN

TRANSISTOR

The curves also indicate that nega- 7 5 o a1l B o e
tive input pulses are preferable BNl R wsene e

since the current gain curves de- Fig. 2 — Transistor current gain
crease much more rapidly on the as a function of emitter current.
negative side. In the experimental SR fccilrrﬁzziea\;z;l1;§i£f].collector
circuits this was found to be true.

Another difference between the transistor and the Eccles-Jordan
multivibrator is that the resistor between base and ground, analogous
to the grid resistor in the vacuum tube circuit, produces regener ation

n each transistor. (As will be discussed later, each transistor may in

fact have two stable states without reference to the other.) This
regeneration may assist in the operation of the circuit but it often
produces undesirable oscillations involving only one of the units. For
this reason, the base return resistances must usually be kept less than
10,000 ohms. Hence,” while the circuits seem to be identical, their
operation involves somewhat different principles.

Practical values of constants for this circuit using a supply voltage
of 45 volts are:

Collector Resistance ............. 5,000-25,000 ohms
Base Resistance ...........cc... 3,000-1Q,000 ohms
Feedback Resistance ....... TR 15,000-50,000 ohms

Emitter Resistance ............. 500- 1,500 ohms
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Capacitors may be used in parallel with the feedback resistors to
increase the feedback at high frequencies.

Figure 3 is a variation of the circuit in Figure 1b which departs
even more from the Eccles-Jordan multivibrator. Here, coupling C,
has been added between the emitters of the two units and triggering
may be accomplished by the application of positive or negative pulses
to the base of the first transistor only. Briefly the action is as follows:
With #1 in high conduction and #2 in low conduction, a positive
trigger pulse at the input decreases the current in #1. The resulting
regenerative action through the coupling resistor and the second
transistor causes #1 to go into low conduction and #2 to go into high
conduction. On the following input pulse the change back to the
original condition is accomplished by a combination of a positive pulse
coupled to the collector of #2 and a negative pulse on the emitter of #2
derived by differentiation of the trigger pulse in C,. Since differen-
tiation is required, this part of the cycle must start at the trailing
edge of the input trigger. Operation may consequently depend to some

extent on the shape of the trigger
W pulses. From a practical stand-
point, however, this limitation is
not severe and in several applica-
tions the modified circuit of Fig-
ure 3 has been found somewhat
more stable than the circuit of
Figure 1. Typical values using a

Fig. 3 — Variation of the basic supply voltage of 45 volts for this
transistor bistable multivibrator. circuit are:

TRIGGER
(POSITIVE OR
NEGATIVE )

NEGATIVE NEGATIVE
8145 8ias

Collector Resistance ............. 5,000-25,000 ohms
Feedback Resistance ............ 10,000-50,000 ohms
Base Resistance ................ 2,000-10,000 ohms
Emitter Resistance ............. 500- 5,000 ohms

General Design Considerations

The multivibrator circuits that have been discussed above depend
to a large extent on the direct-current characteristics of the transistors.
Since these characteristics vary considerably between transistors, the
circuits may often be asymmetrical for best operation. Iéoth the
circuits described are quite critical with respect to the values of the
base resistors and emitter biases. However, once the proper constants
are obtained and the circuit is operated from a single power supply,
stability with respect to the supply voltage and the trigger amplitude
is comparatively good. Variations of = 10 to 20 per cent in supply




S —

COUNTER CIRCUITS USING TRANSISTORS 463

voltage, and of several hundred per cent in trigger amplitude are
usually permissible. Good operation can usually be obtained with
trigger voltages as low as 1% volt.

The speed of transition from one state to the other varies consider-
ably with different transistors. For units having good high-frequency
response, the transition period (one direction only) may be between
14 and 14, microsecond while other transistors may give transition
times as large as 2 microseconds. The circuit of Figure 1b was
operated as a bistable counter up to about one megacycle. The opera-
tion at 500 kilocycles appeared to be quite satisfactory although the
wave shape at one megacycle was hardly good enough to be differen-
tiated into usable output pulses. However, by choosing transistors
carefully it appears quite possible to build a circuit of this type to
operate at frequencies up to one .

re re e="rml
megacycle. NN — M @

The transistor circuits shown in $
Figure 1 and Figure 3 were de- R > fbﬁl: %RL

3
S
)

signed to operate at 45 volts. The &
current required i's usually five to
seven milliamperes resulting in a
power drain of close to 250 milli-
waFts per stag'e. Hotieecrs k15 Fig. 4—Schematic showing tran-
believed that this figure can be cut sistor equivalent T network with
by a factor of two to four if lower resistors in base and collector and

a voltage generator in the emitter
supply voltages are used. circuit.

Bistable Multivibrator Using One Tranststor

~ As mentioned above, it is possible to devise a bistable multivibrator

using only one transistor. This circuit is of particular interest in that
it differs'considerably from those possible with vacuum tubes. In order
to show clearly how this multivibrator can have two stable states the
equivalent circuit approach, combined with measured curves of the
transistor constants, will be used. It should be pointed out that
although this analysis makes use of “small signal” or alternating-
current transistor constants it is valid since these constants are
measured over the entire range being explored and are only applied
point by point to predict stability.

Figure 4 is a schematic using the T network, alternating-current
equivalent circuit and showing a transistor with constants 7., 7,, 7,
and r,, connected to a load resistance R, a base resistance R, and an
emitter resistance R,. A source of driving voltage e, is shown in the
emitter circuit. The application of Kirchhoff’s laws to this network
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yields three independent equations whose solution gives the three
currents. The output current 7, can be shown-to be:

Y, + ry + I{b
i, =e . (D
(re+ R) (re + By +7,+R) + (r, + R) (r, + Ry, —r,) |

Substituting »,” for », + R, and r,” for »,+ R,

Tm + 70 :
i,=¢€ : (2)
rcl (rc + RL + rb,) + rb, ("c + RL - rm)

A point of instability obviously occurs when i, = o (with e, finite) or
when
re’ (rc + RL + TbI) + rb, (rc + Rl, - 7'.,") =5 0, (3)

from which
(,'.e/ + Tb,) ('-c + Rl,)
'-"l = + 1.(:,‘ (4)
ry

This point is reached when the second term of Equation (8) becomes
negative and equal to the first term. For this to occur, r,, must be
greater than 7. + R, and either »,” or the difference between r,, and
7. + R, must be large. Note that both »,/ and R, are positive terms
and hence tend to preserve stability.

In the multivibrator circuit to be described, all circuit elements
may be pure resistances, and a circuit identical with that of Figure 4
is obtained except that e, = 0. If R, is made large enough and R, and
R, small enough the conditions of Equation (3) can be satisfied in most
cases so that the circuit becomes unstable. Both emitter and collector
currents now tend to increase rapidly and would reach very high
values if there were no limiting action. However, several factors limit
this increase. The positive resistances in both emitter and collector
and the normal variation of r,, are all limiting factors. Referring to
Figure 5, r,, (the solid curve) is shown to start low at negative values
of emitter current, build up rapidly to a peak, (which occurs here at
an emitter current of approximately 25 microamperes) _and then
decrease again as emitter current is increased still more. ‘Curves for
higher values of collector current would lie above the curve shown but
will have approximately the same shape (see the current gain curves
of Figure 2). Even at high collector currents the value of . falls
quite low for high emitter currents. Consequently, the regenerative®

K
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process proceeds until the transistor is operating on the right-hand
portion of its curve at higher emitter and collectqr currents.

The curves of Figure 5 and Figure 6 have been-plotted to show how
the several factors combine to permit two stable states of operation.
In Figure 5 the heavy curve is a plot of measured values of r,, for a
certain transistor operated as indicated. Figure 6 shows the measured
values of 7, and 7, for the same transistor over the same operating
range. These values were obtained with very small alternating cur-
rents. The dotted curves of Figure 5 were piotted from the solution
of Equation (4), hence they represent the values of r,, at the edge of
stability. All r,, values higher than these indicate unstable conditions
and lower values represent stable conditions. The point at which the
actual r,, curve crosses the dotted curves determines where the transi-
tion from one stable state to the other would be expected to start.
Note that the dotted curves at low values of emitter current are con-
trolled largely by the rapidly
changing values of 7., while at
the right on the plot r, is essen-
tially the only remaining vari-
able.

Experimental checks have
been made of the transition

i

DaTA FOR Ic CONSTANT
AT 0.5 MILLIAMPERES

»
o
?

I
(THOUSANDS OF OHMS)
w
o

re
(THOUSANDS OF OHMS )

points with the circuit constants 0 FS
of lines A and B. These points .

are indicated in Figure 5 by the °s & 5 °
short, vertical, dotted lines. Note B MLCIAMPERES ) |

that in every case the points Fig. 6—Plot of 7. and 7. as func-

tions of I, for the transistor of

occurred on the stable side of the Figure 5.
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predicted transition value. This discrepancy is very probably due to
inherent transistor noise which causes the circuit to “trigger” over
into the unstable region slightly before the conditions of Equation (3)
are satisfied. As would be expected, the agreement between the actual
transition point and the predicted transition point is better on the low
current side since the two curves intersect at a much steeper angle.

Thus, it has been shown that the existence of the two stable states
and the transition from one to the other may be predicted with reason-
able accuracy by the application of equivalent circuit theory and
experimental measurements of the transistor constants. Although an
analysis of a given bistable circuit by this method requires rather
complete knowledge of the transistor characteristics it should never-
theless furnish valuable correlation between the commonly known
transistor constants and this type of circuit operation.

¢ NEGATIVE IS
SuPPLY

TRIGGER
( POSITIVE)

C
o ~ « NEGATIVE

TRIGGER | SUPPLY
(POSITIVE ) 3
<
NEGATIVE
8l1aS -

NEGATIVE
Q) BIAS
()
c NEGATIVE
o—1 SUPPLY
TRIGGER
\POSITIVE)

Fig. 7—Basic single-transistor bi-
stable circuits.

POSITIVE
BIAS

(o)

Not all transistors have the high peak pof r,, at low emitter currents
as shown in Figure 5. As a result, not all transistors exhibit bistable
operation in the circuits to be described. As indicated by Equation
(4) the condition of instability is satisfied with a minimum value of
Tm When R, and R, are both zero. Even under these conditions, tran-
sistors having r,, curves without the peak of Figure 5 do not exhibit
two stable states.

Figure 7a shows the basic circuit suggested by the mathematical
analysis. Figure Tb shows another circuit which is capable’;)f two
stable states by virtue of the positive feedback directly from collector
to emitter. Those familiar with the transistor field will recognize that
the addition of this feedback path is very similar to increasing the T
of the transistor equivalent circuit, therefore, the circuit of Figure Tb
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may be analyzed in much the same manner as that of Figure 7a. The
former has a disadvantage in that a high impedance collector is coupled
back to a low impedance emitter. It has been found that a circuit
combining both of these principles is somewhat more stable than either
circuit by itself. Such a circuit is shown in Figure 7c. Here a capacitor
has been included across the feedback resistor from collector to emitter.
This increases the high frequency coupling between emitter and col-
lector and tends to decrease the transition time from one state to the
other. In all of these circuits, triggering has been shown on the emitter
by means of positive input pulses. It is obvious that this will produce
the transition from low conduction to high conduction. However, the
change from high conduction to low conduction may only be accom-
plished by a negative pulse. This is obtained by allowing the input
pulse to develop a negative overshoot by differentiation. Hence, in the
circuit shown, differentiation must occur in condenser C for the circuit
to trigger from high conduction to low conduction.” This might seem

<

—vA—
.
ng‘S‘;’l";IEIRE) NEGATIVE
é SUPPLY
——ANAA——4
i AYi
Fig. 8—One stage of oF 2 oot e st
a pulse counter. | Nexi B
Cs ™
g
L

to introduce dependence on input pulse width and shape, however, as
in the two-transistor circuits, impedance changes at the emitter tend
to aid the desired effect (See the emitter impedance curve of Figure 6)
and from a practical viewpoint the circuit has good stability.

Figure 8 shows one complete stage of a decade counter. This is the
circuit found most satisfactory as a single-transistor counter stage.
The circuit of Figure 7c has been modified slightly by the introduction
of the trigger pulses to the collector, the addition of a capacitor from
collector to ground, and the addition of a crystal diode which passes
a single positive pulse to the next stage. In this case, triggering from
high to low conduction is obtained by differentiation of the pulse which
appears on the emitter, and integration of the pulse which appears
on the collector. The combination of these two effects gives good
triggering from high to low conduction and the circuit does not seem
to be unduly sensitive to either trigger amplitude or shape.

Operationally, the single-tramnsistor counter stage exhibits some-
what the same characteristics as the two-unit circuit. Constants are
quite critical for a given transistor but when the complete circuit is
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in operation from a single voltage source good stability with respect
to trigger amplitude and supply voltage is again obtained. Typical
circuit constants for operation with a 45-volt supply are:

Collector Resistance .......... 10,000-30,000 ohms
Base Resistance .............. 3,000-10,000 ohms
Feedback Resistance .......... 15,000-50,000 ohms
Emitter Resistance ............ 500- 5,000 ohms
Co v 100- 500 micromicrofarads
Ca e 100- 800 micromicrofarads

The transition time from low conduction to high conduction is
quite rapid. For transistors with good high frequency response it
may be 1/10 microsecond. From high conduction to low the transition
time is apt to be longer and will of necessity start at the trailing edge
of the trigger pulse. This tends to limit the upper frequency of
operation. A single stage as shown in Figure 8 (except that the diode
vircuit has been omitted) was operated successfully up to 250 kilo-
cycles. It appears probable that with a carefully selected transistor
such a circuit could be operated at frequencies up to 500 kilocycles.

When operated from a 45-volt source this circuit takes a current
of about two milliamperes for a power drain of 90 milliwatts. Here
again, a considerable power saving might be effected by reducing the
supply voltage. A circuit similar to Figure 7c has been operated as a
single-stage counter with a three-volt supply.

OTHER COUNTER CIRCUITS

For many counter applications circuits other than the bistable
types, just described, are required. These circuits fall into two general
classes, astable and monostable (astable referring to the free-running
type, and monostable referring to the type that must be triggered once
for each cycle of operation). In general, the circuits to be discussed
may be either of these types, depending upon the bias voltages applied.
While multivibrators of these types using two transistors have been
built, they seem to have no advantage over circuits that use one tran-
sistor; consequently only the latter will be discussed here.

These circuits also have the requirements for oscillation stated
mathematically in Equation (3). However, in this case, the transition
from one stable state of conduction to another is accomplished by in-
corporating a time constant (either RC or RL) into the circuit. These
circuit constants compel the unit to pass into the unstable region
(indicated in Figure 5) at regular intervals. When operated in a
monostable condition the circuit is so biased as to have one continu-
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ously stable state. Triggering pulses must then be provided to drive
the unit into the unstable region.

Three basic astable or monostable oscillator circuits are shown in
Figure 9. The circuits of Figures 9a and 9b differ from the bistable
multivibrator of Figure 7a only by the addition of shunt capacitance
in the collector or the emitter. The circuit of Figure %a functions in
much the same manner as a single gas-tube oscillator.! When in an
astable condition, condenser C alternately charges and discharges. It
charges when the transistor is in its low conduction state and dis-
charges when the transistor is in its high conduction state. This action
produces a sawtooth collector voltage wave and approximately rec-
tangular pulses at the base and the emitter. Synchronization may be
achieved by the introduction of an external pulse somewhat before the

NEGATIVE

NEGATIVE ;

NEGATIVE SyPPLY SuPPLY
SUPPLY S
e
M —4 < 31_
-2 € A
: T R -
T -
NEGATIVE NEGATIVE > NEGATIVE
BIAS BIAS B81AS
(Q) (b) (c)

Fig. 9—Three basic relaxation oscillator circuits.

time the circuit would normally reach the transition point. For this
purpose, positive pulses may be applied to the emitter, or negative
pulses may be applied to the base.

In the circuit of Figure 9b, the time constant is employed in the
emitter circuit. However, its operation is similar to that of the circuit
of Figure 9a, except that in this case the capacitance charges to its
greatest negative voltage while the transistor is in a state of high
conduction.

A somewhat different type of operation is characterized by the
circuit of Figure 9c. Here an inductance replaces the resistance in
the base, and frequency is determined by the time constant afforded
by L and the resistance of the transistor and its associated components.
Operation is brought about by the voltage variation on the base caused
by the change in the rate of current flow through the inductance as
the unit passes through the unstable region.

1W. M. Webster, E. Eberhard and L. E. Barton, “Some Novel Circuits
for the Three-Terminal Semiconductor Amplifier’’, RCA Review, Vol. X,
No. 1, p. 5, March, 1949.
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These circuits have an unusual feature in that they may be designed
to be quiescent either in high or low conduction. This follows from the
peaked 7,, and current gain curves shown in Figures 2 and 5. The low
current condition is generally preferred in practice, due to its greater
inherent stability and for reasons of power economy. For triggering
at a given point in the circuit, the two modes of operation offer a
degree of freedom in selecting trigger pulse polarity. Generally speak-
ing, this is not a great advantage because the oscillator may be
triggered by a pulse of either polarity depending upon the point of
application. In a like manner, a pulse of either polarity may be ob-
tained from each operating condition depending upon where the output
is taken. In general, output pulses of from one microsecond to several
thousand microseconds in width are available from these circuits.
Astable operation can readily be obtained up to frequencies of at least
three megacycles.

FREQUENCY DIVIDER CIRCUITS

The relaxation oscillator circuits described above have, with some
modifications, been found to be suited to frequency division of pulses.
This requires that they be operated in an astable condition and
synchronized with incoming pulses. Without further modifications,
each of the circuits of Figure 9 may be useful for dividing by two,
three, or four with some degree of stability, but for a division rate of
more than four some means must be found to stabilize operation.

To this end several stabilized divider circuits have been devised.
The simplest scheme is shown in Figure 10. Greater stability has
been achieved here by the use of two RC networks. The circuit may
be triggered by positive pulses on the emitter as shown, or by negative
pulses on the base. Triggering may also be accomplished by the
application of negative pulses to the collector, but this scheme is not
as desirable as the other methods, since a pulse of greater amplitude is

NEGATIVE
SUPPLY NEGATIVE
Ry SUPPLY
TRIGGER
(POSITIVE)
TRIGGER
(POSITIVE)
C2
~C
R Tcl T ”\
RC) ¥ R2C, = . i
Fig. 10 — Frequency divider stage Fig. 11 — Frequency divider stage

using two RC cirecuits. ‘using two RC circuits and a reson-

ant base circuit,. 1

»

-
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required. Even better stabilization may be obtained by adding an
inductance as suggested by Figure 9c.

Figure 11 indicates a divider circuit exhibiting very stable prop-
erties. RC networks are employed as shown in Figure 10 and the base
impedance is replaced by a parallel resonant circuit. Greatest stability
is obtained if the time constant of the emitter circuit (R,C,) is made
approximately equal to the time constant of the collector circuit
(R,C,) and the resonant frequency of the tuned circuit is made equal
to, or some multiple of, the desired output pulse repetition rate. When
the circuit is triggered an oscillation is set up in the base resonant
circuit, observable in Figure 17c. When this circuit is adjusted so that
triggering occurs on a negative going portion of this sine wave, a
‘considerable degree of stabilization may be obtained. This particular
circuit is especially useful, since it is capable of dividing by ten with
good stability and up to 40 with decreasing reliability.

The divider circuits discussed here exhibit e){ceptional power econ-
omy each requiring from 0.5 to 1.5 milliamperes or a power drain of
25 to 60 milliwatts. This includes power dissipated in load resistors.
Positive triggering action can usually be obtained with half-volt pulses
applied to either emitter or base. These circuits have one disadvantage
in that the high transistor noise tends to introduce a variation in the
time delay of the output pulse. This variation accumulates and may
amount to a few tenths of a microsecond after the pulse has been
passed through several divider stages.

DEMONSTRATION CIRCUITS

Two experimental counters employing the circuits suggested above
have been built to indicate possible fields to which the transistor may
be applied. One of these is a decade counter and the other a frequency
divider. The first to be discussed will be the decade counter.

A photograph of the counter is shown in Figure 12. It consists of
a series of four bistable and two monostable multivibrators. They are
arranged as indicated in the block diagram of Figure 13. Voltage
wave forms which are present at various points in the circuit are shown
in Figure 14.

The input to the first stage of the counter may be either positive
or negative pulses. Successive stages are triggered by positive pulses
obtained by differentiating the collector square wave. Crystal diodes
a;e used between stages to eliminate undesired parts of this differ-
entiated wave. The first two stages are double transistor units of the
type shown in Figure 8 while the last two are single transistor units
of the type shown in Figure 8.
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Fig. 12—An experi-
mental decade coun-
ter using only tran-
sistors and crystal
diodes. (Four unused
sockets are shown.)

A cascade of four bistable multivibrators will give one output pulse
for every 16 input pulses. As is common practice in this art, in order
to change this count to one in ten, two feedback circuits are added as
indicated in the block diagram. Switches are provided to switch the
feedback in and out. Monostable oscillators, as indicated in Figure 9a,
are included in these feedback circuits in order to isolate the stages
from each other and to obtain a pulse of sufficient amplitude to retrig-
ger a preceding stage. Both of these monostable circuits are triggered
with negative pulses obtained by differentiation of the bistable col-
lector wave shape. Those acquainted with this method of feedback in
decade counters will recall that there is a possibility of returning a
pulse through the first feedback circuit at the moment that the second
feedback circuit is stepping the counter back. To avoid this difficulty,
a blanking pulse is coupled from the second monostable oscillator to
the first in such a manner as to stop the first from triggering at the
undesired moment.

Because of changes in the direct-current characteristics of the
transistor with both time and temperature, it was found desirable to
incorporate several variable elements into the counter. These controls,
which may be observed along the base of the stand in Figure 12, are
used to vary the bias on individual units. Generally speaking, some of

— BISTABLE |, | BISTABLE |, | BISTABLE |, [ BISTABLE —_—
o————1 MULTI- MULTI- MULT!- MULTI-  |————an
POSITIVE VIBRATOR VIBRATOR VIBRATOR VIBRATOR POSITIVE

OR OUTPUT
NEGATIVE PULSES
INPUT . s
PULSES . 1 l ‘,
1 1 1
MONOSTABLE IMONOSTABLE
OSCILLATOR OSCILLATOR

L ]

_—

Fig. 13—Block diagram of experimental decade counter.

% &
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the controls may have to be adjusted each time the counter is started.
Once started, several further adjustments may be necessary until the
transistors reach a stable condition. Once this point is reached, little
further adjustment is needed except when there is a large change in
the ambient temperature.

The counter of Figure 13 would operate only in the frequency range
of 500 cycles to about 10 kilocycles. However, these limits were set

R U W W W N N

(a) Input pulses to counter (one (b) Voltage wave on the collector
kilocycle). of the second transistor of the first
stage.

(¢) Voltage wave on the collector (d) Voltage wave on the collector

of the second transistor of the sec- of the third stage. Note the sharp

ond stage. Note the sharp . pulse pulse when this unit is stepped
when this unit is stepped back. back.

Fig. 14—Wave forms taken at sev-
eral points in the experimental
decade counter.

(e) Voltage wave on the collector
of the fourth unit.

by circuit constants rather than by limitations of the transistors. The
entire circuit operates from a 45-volt supply and requires about 850
milliwatts of power. This by no means represents the minimum power
consumption possible. Operation at a lower supply voltage and the
use of only single unit multivibrators would both tend to reduce the
power drain.
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Fig. 15—An experi-
mental frequency
divider using only
transistors. (The
base of the 100-kilo-
cycle crystal may be
observed mounted at
the lower right.)

The second experimental counter constructed is the frequency
divider pictured in Figure 15. The block diagram of Figure 16 indi-
cates the arrangement of the nine transistors used in this circuit. The
photographs of voltage wave forms present at various points in the
circuit are shown in Figure 17.

The first stage of this circuit is a crystal-controlled oscillator
operating at 100 kilocycles. The sine wave output is employed to drive
a pulse generator whose circuit is similar to that of Figure 9¢. This
stage produces positive pulses at the frequency ,Of the oscillator. As
indicated in Figure 17b the output from this stage consists of sharp
pulses having a rise time of less than 14 microsecond. The frequency
of these pulses is next reduced by a factor of ten in a divider circuit
as shown in Figure 11.

The following two stages are similar to the circuit of Figure 10
and each divides the frequency by five. At this point, the variation
in delay, introduced by the noise of the preceding stages, has become
appreciable. Accordingly, in order to preserve the inherent stability
of the crystal oscillator, the principle of selecting one of the original
sharp pulses with a gate pulse is employed. This is accomplished in
two stages, the first of which is a monostable oscillator, and the second

(SRR PUL SE DIVIDER DIVIDER
OSSR [ ceNeraToR [ 1o:1  [—] = s:f
| .
DIVIDER GATE COINCIDENCE OIVIDER | °f biviDER
5: | GENERATOR AMPLIFIER [—|  4:1 —|  4:
[
POSITIVE OR
NEGATIVE PULSES
25 CPS

Fig. 16—Block diagram of experimental frequency divider,
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(a) Sine wave on the emitter of (b) Output pulses of the pulse
the crystal oscillator. generator after differentiation.

-

—+ 500 44 Soc [

(c) Voltage wave on the base of (d) Voltage wave on the emitter
the first divider. Note the sine of the second divider.
wave of the base resonant circuit.

(e) Voltage wave on the collector (f) Gating pulse at the collector of
of the second divider. the gate generator.

i i
—= .04 sac B

(g) Output pulse at the collector (h) Voltage wave at the base of
of the coincidence amplifier. Note the last divider. A strong positive
residual pulses not in coincidence pulse, too rapid to show here, is

with gating pulse. present at the trailing edge of the

|
| negative pulse.

Fig. 17—Wave forms taken at several points in the experimental frequency
divider.

a coincidence amplifier. The gate pulse (about 12 microseconds wide)
and pulses from the pulse generator are mixed at the emitter of the
coincidence amplifier. Note the resemblance between the voltage wave
forms in Figures 17b and g. The frequency of the gated pulse is 400

S cycles per second. The following two units each divide this frequency
by four, giving output pulses at 25 per second.
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For the same reason as in the decade counter, it was found desirable
to include several variable elements. In Figure 15, these controls may
be observed along the lower portion of the chassis. Usually some minor
adjustment has to be made to one or more of these controls each time
the divider is started. In general, once operating, no further adjust-
ment is necessary. It appears that these circuits are not as critical to
temperature changes as the bistable circuits of the first experimental
counter.

The entire circuit, operating from a 45-volt source, draws about
675 milliwatts. of power. As before, it is reasonable to suppose that

the divider could be designed to operate at a much lower power con-
sumption.

CONCLUSIONS

This investigation shows that transistors can be used in several
basic types of relaxation oscillators. In fact, some of their unique
characteristics make possible the design of circuits having greater
flexibility than an analogous vacuum-tube circuit. These character-
istics allow the circuits to be stable in either high or low conduction
and to be triggered by either positive or negative pulses at the same
input point. The experiments demonstrated that the power capabilities
are adequate for operating one stage into the next and that the average
frequency response is good enough to allow counter operation to at
least one megacycle. The high internal noise of the transistor may
produce a variation in the circuit delay but this is not an unsurmount-
able problem. However, present transistors have two faults that pro-
hibit their application to practical counters. One of these is their
instability with respect to time and temperature and the other is the
very wide variation in characteristics between different units. When

these difficulties are overcome, the transistor should find widespread
application in this field.




ARTIFICIAL LINES FOR VIDEO DISTRIBUTION
AND DELAY*

By

A. H. TURNER

Engineering Products Department, RCA Victor Division,
Camden, N. J.

Summary—The multisection artificial lines discussed in this paper have
essentially lumped constants. Each section provides a low impedance feed
point of full line voltage and a delay depending upon its position relative
to the input end of the line. The branch lines from these feed points must
behave as lumped capacitors and therefore must be unterminated and short
compared to the signal wavelength.

Artificial lines composed of “T” sections, bridged-“T” sections, and
especially combinations of these are capable of quite faithful distribution
and delay of video signals. One combination of these is recommended be-
cause it has extremely small delay distortion to 0.85 of its cut-off frequency.

The quality of picture signals transmitted through several experi-
mental lines of twenty sections each confirmed this theory.

The specifications of several other investigators of this subject are
given but have not been tested by this writer.

: The paper begins with a short history and ends with a bibliography of
important closely related works.

HISTORY

HILE working on telephone problems, G. W. Pierce* t dis-
ii :‘ E;\\; covered that inductive coupling of negative polarity provided
useful correction of delay distortion in T networks. G. A.
Campbell® suggested the use of the lattice for delay correction and
better impedance match. Very little use was made of these suggestions
until about 1925 when improved lines were needed for picture and
radio program transmission. The lattice! became popular at this time
for delay correction but not until a little later did the B-T (bridged-T)
get much attention. It may have been used first on a radio program
circuit between New York and Washington.

DISTORTION IN ARTIFICIAL LINES

The quality most needed in artificial lines is constant transmission
time or delay of all significant components of the picture signal. This
means that these components of different frequencies must arrive at

* Decimal Classification: R583.14.
't Reference numbers refer to bibliography on pages 488-489.
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the far end or at any tapping points at exactly the same instant to
retain accurately the form of the transmitted signal. The other two
causes of waveform change, (1) amplitude and (2) “phase-intercept”
distortion, are not apt to degrade the picture quality as much as delay
distortion.

Constant delay of all significant frequencies in the picture means
that the phase rotation through the network is exactly proportional to
frequency, inasmuch as the slope of this phase-angle versus frequency
curve is the transmission time delay. It can be stated here that the
“phase-intercept” distortion is zero when this phase-angle curve inter-
cepts the zero-frequency ordinate at angles of zero or any whole
number of = radians. Amplitude distortion is present in small amounts
in all of the filter sections to be described. The transmission losses
can be minimized by winding the coils with large sizes of wire, but
this does not decrease the amplitude distortion.

The problem of delay distortion is capable of at least ten partial
solutions as indicated in the concluding bibliography and summary.
The single characteristic common to all ten of the artificial line pre-
scriptions is that the delay correction in the low frequency region is
obtained by various coefficients of mutual inductive coupling, k, be-
tween adjacent half-sections of T’s or whole sections of 7’s. And,
in general, it requires twice the percentage k between half sections
as between whole sections for the same delay correction.

The use of inductive coupling between filter sections requires
modification of the component values to maintain the same character-
istic impedance and cut-off frequency as belong to their “constant-k”’
(constant impedance) protypes without coupling. The modification is
handled by a factor m from which the term “m-derived” is taken.

ANALYSES OF T AND B-T

The constants of the important m-derived low-pass T will be given
first in Figure 1.

In this ladder the design cut-off or resonant frequency, in cycles, is

1

fo=——iy
7wV LC

the design series inductance, in henrys, of one whole lipe section is
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the design shunt capacitance, in farads, of one whole line section is

1

C= :
"chRo

the design characteristic or surge impedance, in ohms, is

R,= VI/C,

and the mutual inductance, in henrys, of two half-sections is

1—m?
M= L.
im

m is the factor used in the design of m-derived filters.

M has a negative sign when the
coils are wound continuously in the
same direction (m > 1) and has a
positive sign when the coils are

wound oppositely or when a physi- R—» Co
cal coupling inductance is inserted mC
in the center leg (m < 1). In Fig- o —0
ure 1 Fig. 1—Constants of the T.
mL 2Lm2z2—Lm2+ L m2 41
Li=——M= = L.
2 im dm
Coefficient of coupling is
M m2—1 14k
= = when m > 1, from which m2 = .

The angle of phase shift through one T section is

B =2sgin—1 = Tw radians, (1)
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and the slope at each point of the curve of this angle versus the
frequency ratio w/w, is the time delay Tw, seconds per section between
f=0and f=f,. given by

dB 2m
= = T, seconds.

w \? o \? (2)
-]

Before presenting plots of these
delay curves, the constants of the
other important delay network, the
conventional B-T of Figure 2 will
be given. All of the component
values are exactly the same as given
immediately above for the T, and
an additional capacitor,

Fig. 2—Constants of the c
Bridged-T. Ci=—
4m

bridges 2L,. R is the same as for the T at zero frequency, but does
not fall to zero at f. as does the R of the T. In other words, the all-pass
B-T is much more constant in impedance than the low-pass T. The
phase shift of one section of B-T is given by

B=2tan—! — = Twradians, 3)
o \ 2
1—|( —
(l)c
and again the first derivative is the delay

o \ 2
2m| 1+ —
dB We

- _ = Tw, seconds. (4)

® ® - 27] 2 w 2
d— 1— _ 4+ m2| —
W, w,. w,
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Several plottings of Equations (2) and (4) for the more interesting
values of m are given in Figure 3. If o is zero, the T and B-T both
have the same delay of 2m. It is quite apparent that the curves for the

DELAY Twe SECONDS/SECTION

EQUATIONS OF THE BRIDGED ‘T
PRASE SHIFT PER SECTION

460 —
8= 2t‘,‘fﬂ(“’_‘)l_ Tw
=5
440 — 1+
DELAY PER SECTION
4.20 48 __zm D+(2) 1 et
a3 [‘ (wc) J"'""‘(w
4.00 — +
380 +
360 = -L

T

_—\
N

\ \
. I
KALLMANN "Tm=1.27
240 f-}~_- 0| [ (.4 )
/
=1. \5
T
220 ——— N 1 \
g > EQUATIONS OF THE T~ \ \
= \.0 PHASE SHIFT PCR SECTION \
200 I 10 L T — 4 m —
8= 2SN Treas N
VI-CEY (-9
1.80
DELAY PER SECTION
160 4a _ N
' wo
2
140 -V (“") [ (&) (- ]
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i1 2 3 4 5 6 7 .8 9 e T M R -

RELATIVE FREQUENCY YA,

nation of these.

Fig. 3—Delay curves of interesting T’s and bridged-T’s, and one combi-

T sections pivot closely about a point Te, = 2.6, v/w, = 0.6, and the B-T
curves tend to pivot about Tw, = 3.3, w/w, = 0.47. Furthermore, curves
symmetrically located relative to these pivot points are quite compli-
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mentary such that the delay distortion of a T can be compensated
approximately by an equal and opposite distortion of a B-T having
the proper m. The most desirable combination of T and B-T occurs
with both having an m of 1.49 because this permits all coils to be alike.
This combination also appears to maintain the compensation nearest
to f., in this case to 0.9 f..

An m of 1.75 for the B-T and 1.15 for the T gives fair compensation
to 0.75 f. by combining curves that have no reverse curvature if this
has any merit. Other single curves shown are the recommendations
of Goodale (NBC) (B-T, m =1.65), Kallmann'® (T, m = 1.27), Lester!
(T, m=14). Johnson® recommended all T’s with an m of 1.225 or
combinations of lattices and T’s which are probably quite effective
but involve a mixture of balanced and unbalanced circuits. The com-
bination of T and B-T did not appear to have occurred to him, possibly
because the equivalence to the lattice did not become generally realized
until later.

To illustrate the use of the delay Equations (2) and (4), a delay
line example will be given. Suppose a 10 microsecond delay for fre-
quencies up to 5 megacycles is required. Using the preferred line of
equal numbers of B-T and T with an m of 1.49, the delay will remain
very close to 2.98 Tw, seconds per section up to .85f,. The resonant
frequency f, of this line of conservative design should be 5 megacycles
divided by .85 or 5.9 megacycles.

The delay per section then becomes

2.98
T =

= .0806 microseconds.
27 5.9

The number of sections required is then

10
N =——— =124 sections
.0806

and from this it obviously becomes necessary to keep the delay distor-
tion per section at a minimum by choosing a preferred line assembly
and by not operating the line too close to fe

P

EXPERIMENTS

Before describing some of the less conventional delay corrected
artificial lines, experimental verification will be given of the foregoing
analyses of the T, B-T, and combinations of these. Several artificial
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lines of twenty sections each were assembled to test these theories.
Picture quality on a 16-inch kinescope laboratory monitor was used to
check the delay error. For those who wish to measure the delay error
Kallmann!® describes a convenient technique.

In general, there was a very marked difference in the character of
the pictures transmitted through 20 sections of B-T as through 20
sections of 7. A white background test pattern came out of the B-T's
with white edges leading and following the black bars and ringing
when the m was too low. From a similar line of T's the pictures were
“softer” and without the white edges and ringing. The effective
resolutions were about the same even though the high frequency
transmission was greater through the B-T’s. These fault ditferences
were exaggerated by having the line resonant frequencies within the
range of the transmitted picture components.

The superiority of the T over the B-T was not easy to explain at
first, especially since the B-T was known to have much less amplitude
distortion and impedance mismatch. The T and B-T delay distortions
were shown in Figure 3 to be roughly equal and opposite. The probable
explanation of the poor behavior of the B-T is that only slight attenua-
tion occurs at f, where the delay distortion is large. In contrast, the
attenuation through the T is large at f, removing the faulty high
frequency components.

To test the theory of combining the T’s and B-T’s, a 20 section line
was assembled half and half. The actual m of 1.51 was close to the
chosen value of 1.49. The quality of the test pattern transmitted
through this combination line was the best of any of the tests with
the low f, of 5 megacycles. This result was checked several times by
adding bridging capacitors one at a time while watching the output
monitor. The picture slowly improved in resolution until leading and
following transients appeared when more than twelve of the twenty
sections were bridged.

The significance of the difference in faulty behavior of the lines
near their cut-off frequencies may appear to be unimportant when a
safer design is to be had by moving the filter resonances farther from
the highest picture frequencies. This is safer from the delay and
amplitude distortion standpoint, but still requires approximately the
same total series inductance and shunt capacitance for a given time
delay. However, for video distribution where vacuum tubes or short
unterminated lines may replace the shunt capacitors of the line taps,
lower values of f, may be necessary to provide larger tap capacitances.

The subjects of input impedance and amplitude variation were
studied in another series of tests with the 7’s and B-T’s. A video
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SWEEP

VIDEO 100~
SIGNAL [ I3
GENERATOR

100 OR 200FT.
- |OM
0-10Me /Rc_,,,u T T s6
SCOPE — 8
INPUT /s
SCOPE
20TH. TAP SCOPE

OUTPUT R

Fig., 4—Test setup to study the impedance match and attenuation of 7’s
and bridged-7"s.

sweep signal generator was connected to 100 or 200 feet of 75-ohm
RG-11/U coaxial cable and the artificial lines under test provided the
termination for this cable, The envelope outlines were observed and
traced on an RCA Type 715 wideband oscilloscope. A rectifier and
narrowband *scope” could have been used if certain of the linearity.
Impedance mismatch was studied with the Scope connected at the
input of the 75-ohm reflection line. A 100-ohm resistor wag used to
accentuate the standing waves seen at this point. The test setup was
essentially as shown in Figure 4. Typical half—envelope curves sketched

from this equipment were as shown in Figure 5. This line was the
only one assembled with separated coils. The curves of Figure 6 are
of the same line with coils pushed together on each form,

The larger mutual coupling gives Jess disturbance through the fe
region and less high frequency voltage at the taps. Showing the result
of still larger mutual coupling, a third coil group of twenty sections
is presented as all B-T’s, all T’s, and half and half in Figures 7, 8, and 9,

It is evident from these three sets of curves that the amplitude and
impedance variations of the combination of B-T’s and 77 are not as
small as those of all B-7"s nor as large as those of all T’s, But more

INPUT TO RG~(I/U

ol

T
|

ONE OF 20 SECTION S °
EACH HALF SECTION 15 TURNS
OF -NO.22 EN. I/2 OD.FORM
COIL SEPARATION | /4.
Ks 4.6 % m=1,05
fe= 5.3 me.

Fig. 5—Input standing wave and output volta i $
. k ! I g€ curves of
bridged-T having the half-section cojls Separated to regucﬁoti?tiggiugg ‘
coupling.
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150

1000
o T —o0°

ONE OF 20 SECTIONS
K=26.3% wm=13I|
f¢=5.4Mc

\'

INPUT TO RG-II/U

20TH.TAP

MEGA|CYCLES

5 10

Fig. 6—Same as in Figure 5 except the half-section coils pushed together.

important is the earlier conclusion that the combination is much su-
perior to either type alone in regard to delay variation.
The approximate relation between coil form factor, {/d, and k& and

m is as follows:

m k l/d
1.00 0 Spaced > 2d
1.15 0.138 2.0
1.27 0.236 1.45
1.40 0.324 0.95
1.49 0.379 0.72
1.65 0.462 0.45
1.75 0.507 0.35

l/d = length of whole coil (close wound) /diameter.

ONE OF 20 SECTIONS
EACH HALF SECTION 10
TURNS NO.22 EN. 3/4 0.D.
FORM. COILS CONTINUOUS,
CLOSE WOUND.

K=39°% mm=1.5]
fc=5.4Mc

INPUT TO RG-IlI/U

OUTPUT R
20TH.TAP
MEGACYCLES
0 5 1o

Fig. 7—Another group of coils of larger diameter to provide greater mutual
coupling. Connected all bridged-T.
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INPUT TO RG-1I/U

INPUT TO
RG -Il/V

OUTPUT R \/
& 20TH.TAP
v
0| MEGACYCLES
0 MEGACYCLEX s SJ\\ ]
o] S 10 )
Fig. 9—Same coils as in Figures 7
Fig. 8—Same coils as in Figure 7 and 8, but half of the 20 sections
except bridging capacitors removed bridged, making 10 sections of
making 20 sections of 7. bridged-T and 10 sections of T.

BRIEF DESCRIPTION OF OTHER DELAY CORRECTED ARTIFICIAL LINES

Less conventional approaches to the delay distortion problem have
been made by several other investigators. Complete analyses of their
works have not been made nor models of their lines tested by this
writer. Some of their results appear reasonable and others do not,

Inasmuch as these lines differ largely in the treatment of the
bridging reactance, a universal line js drawn in Figure 10 to show
what determines the values of the bridging capacitors for a “single-
frequency” network. In these continuous lines

but in the usual isolated resonant cireuit

1

= ,

22\LC
o [ ” o G Thus, the usual constant LC be-
l ”ﬂ r ” .m\L comes LC/4 for ladder lines. Ac-
o O T oI vy cordingly, in the above sections, the

T Im product of each C ang its shunting
‘ “ L is equal to LC/4, Previously it
. ‘ was shown that negative inductive
Fig. 10—Different ways of distri-

bating. G fo. “single-frequency” coupling modifies these capacitor
ladder lines, values, the bridging capacitor be-

L2
T
—_—T—
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M M _— N C.l =
M M
== f it {k - c c c Te c
D S P A A S A L LS I
= o Fig. 12—Golay’s line from Refer-
M ence 11.

fe=3>+ WHERE T= DELAY PER SECTION coming smaller, and shunt capacitor

7oz R= L+ 2m S larger, by the factor m. With these
= C2 SR Zs . : . .
relations in mind, we are ready to
1= = JLiradc, LtaM=ZoT consider two more line prescrip-
- tions in Figures 11 and 12.
=L = .022
° Whatever the basis of Batch-
it elder’s computation,!® in Figure 11,
M= {063 ZoT . . , ,
bridging capacitors having the

Eleall —Rg?ggsge{os_ line from — y.1ie of .022 C, are too small to

resonate L, to f,, but may be large enough to appreciably straighten
the delay curve.

In Golay’s work!! of Figure 12, the coupling coefficient k= 0.18
and C, = 0.08 C. The bridging C, is across 2L as was the C/8 in one
of the examples of Figure 10. Modifying C; for an m of 1.46 corre-
sponding to this value of k would give a value of C; equal to 0.06 C
instead of 0.08 C. But the phase relations and the operation of this
network with the wide bridge are not clear to this writer.

When two sections, having complex values of m, are combined into
a single section, the result is as shown in Figure 13. Ghosh (RCA)

found by deriving this bridged-T from its equivalent lattice, that delay
is most constant when

m = 1.3 4 j0.86,

e e .07
=3 GBE)e 1.07L 233c
— oo il

(mem), (R

o

- (B

('m+1"n)c 2.6C
o T —0 |
o— O

Fig. 13—The resultant network of
a combination of two sections hav- Fig. 14—In terms of the conven-
ing complex values of m as calcu- tional L and C, Figure 13 reduces

lated by S. P. Ghosh (RCA). to these values.
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and

m = 1.3 — j0.86.
Thus

m+ m=2.6,
and

mom = 2.425.

The resulting values in terms of the conventional L and C of the ladder
are as shown in Figure 14 and are: M = .32 L; k = 32.7 per cent. This
uniform section solution has more elements than the BT-T combination
recommended by this writer, but it may correct the delay just as
accurately.

Summary of Delay Corrected Artificial Line Prescriptions

Inductive Coupling

Percent
M M  Bridging Claimed
Writer Type m k=—e k=— Ciin Corrected
L, 2L, termsof C. To:
Piercet T 10 0
Johnson$ T 1.225 20 0
Batchelder!? T 12.5 0 1.
Batchelder!0 B7 13.5 0.022C. .955f. (?)
Goodale (NBC) BT 1.65 46.2 0.0917C. .6f1.
Ghosh (RCA) T 1.4 33 0 85f. (7)
Ghosh (RCA) Sp.BT 1.3+ j.86 32.7 009C, .95f. (?7)
1.3 —j.86 in series
with L
Golay!3 B7 18 0.08 C.
alt. taps
Lesterl4 T 1.4 33 0 95f. (7)
Kallmann1s T 1.27 23.7 0 61,
Turner BT-T 1.49 37.9 0.1125 Cz .9 fe
and 0
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DUO-CONE LOUD SPEAKER*#
By

HARRY F. OLSONt, JOHN PRESTONT AND D. H. CUNNINGHAMI

Summary—A simplified version of the duo-cone loud speaker has been
developed consisting of two coaxial, congruent and separately driven cones.
A large cone and voice coil are used to reproduce the low frequency range
and « small cone and voice coil are used to reproduce the high frequency
range. A bridge type magnetic structure makes it possible to supply two
alr gaps with magnetic flux from one magnet. The response of the loud
speaker covers the frequency range from 40 to 12,000 cycles. The directivity
pattern covers an angle of 60 degrees without appreciable frequency
discrimination.

INTRODUCTION

due to its simplicity of construection and the relatively uniform

response frequency characteristic. Uniform response over a
moderate frequency band may be obtained with any simple direct
radiator loud speaker. However, reproduction over a wide frequency
range is restricted by practical limitations. The portion of the speech
frequency range required for intelligibility falls in the mid-audio
frequency band. The range of the fundamental frequencies of most
horn, reed and string musical instruments also falls within this band.
This is rather fortunate, because it is a simple task to build a direct
radiator dynamic loud speaker to cover this mid-frequency band. The
two extreme ends of the audio frequency band are the most difficult
to reproduce with efficiency comparable to the mid-frequency range.
Inefficiency at the low frequencies is primarily due to small radiation
resistance. Inefficiency at the high frequencies is primarily due to
large mass reactance.

The volume range is another factor. An increase in the volume and
frequency ranges of a loud speaker multiplies the problems connected
with obtaining low nonlinear distortion and broad directivity patterns.
When the high frequency range is increased, the directivity pattern
becomes quite narrow, and some means must be devised for obtaining

THE almost universal use of the direct radiator loud speaker is

* Decimal Classification: R365.21.
# RCA-Type 51581.
1 Research Department, RCA Laboratories Division, Princeton, N. J
4 IN Paths Product Engineering Department, RCA Vietor Divisi:m, C;;,m-
en, N. J.
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a broad directivity pattern. The problem of nonlinear distortion is
multiplied when the frequency range is increased. From the foregoing
it is quite evident that there are many problems to be considered in
the development and production of a high quality, wide range loud
speaker.

Wide frequency range, low distortion loud speakers are required
for monitoring in radio and television broadcasting, phonograph and
motion picture recording, high quality sound systems and for custom
sound reproducing systems. The demand for a reasonably priced high
quality loud speaker by connoisseurs of high quality reproduction is
rapidly increasing. The direct radiator loud speaker is particularly
suited for these applications because the acoustical power required is
relatively low and the space requirements comparatively small.

Some time ago a duo-cone loud speaker was developed and manu-
factured and sold as the RCA-Type LC1A. It has now been in the field
for almost two years. The principles embodied in this device have
been found to be fundamentally sound and highly desirable. The
LC1A duo-cone loud speaker! 2 still remains the de luxe item and par-
ticular pains are taken in manufacture to maintain the high perform-
ance characteristics with no compromise in quality. The problem of
incorporating the desirable features of the LC1A loud speaker into a
simplified and lower cost mechanism with certain compromises was
considered, and, as a result, a simplified version (RCA-Type 515S1)
has been developed, designed and commercialized. It is the purpose
of this paper to describe this loud speaker mechanism.

MAGNETIC STRUCTURE

In the duo-cone 515S1 loud speaker, it was decided to use two
separate cones driven by separate voice coils. Furthermore, the coaxial
and congruent arrangement of the cones would be maintained essen-
tially the same as in the duo-cone LC1A. This type of vibrating system
required two separate air gaps. It is the purpose of this section to
describe a single magnet, two air gap magnetic structure.

A fundamental study of two air gap magnetic structures was car-
ried out and, as a result, a magnetic bridge system with two air gaps
supplied by a single magnet was developed. A schematic view and
the magnetic network of the magnetic system are shown in Figure 1.

1H. F. Olson and J. Preston, “Wide Range Loud Speaker Develop-
ments’’, RCA Review, Vol. VII, No. 2, p. 155, June, 19486.

2H. F. Olson, ELEMENTS OF ACOUSTICAL ENGINEERING, 2nd
Edition, D. Van Nostrand Company, New York, N. Y., 1947.
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The flux densities in the air gaps can be obtained from a consideration
of the magnetic network.

LAEE, .r-l;‘_,- / 7
]

7

JTTTi {0 T, .
| KK
T E‘--u;a'fl’}\’ffth '.JI‘
UL Ty

SECTIONAL VIEW

MAGNETIC NETWORR

Fig. 1—Schematic sectional view and the magnetic network of the magnetic
structure, a/,, the magnetomotive force developed by the permanent magnet.
M., the magnetomotive force drop across the two ajr gaps. M, the magneto-
motive force drop across the small air gap. M, the magnetomotive force
drop across the large air gap. R,, the reluctance of the iron. R, the reluec-
tance of the leakage gap. R, the reluctance of the small air gap. R, the
reluctance of the added gap and leakage. R, the reluctance of the large gap.
¢1, the total flux. ¢, the leakage flux. ¢2, the flux in the small gap. ¢, the
leakage flux and the flux through the added gap. ¢s the flux in the large
gap.

The total flux, ¢, in maxwells, in the large air gap is given by

MR,
b5 = (1)

R.R,
R1R2 + pr + _‘>(Rl + R'.’)

Ry + R,

where R, =reluctance of the iron path,
R, =reluctance of the leakage air gap,
R; = reluctance of the small air gap, .
R, = reluctance of the added air gap,
Rg = reluctance of the large air gap, and

M, = magnetomotive force of the magnet, in gilberts.
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The total flux, ¢4, in maxwells, of the small air gap is given by

R,
by = Pg < = > (2)
R; + R,

From Equations (1) and (2), it will be seen that the magnitude
of the flux in the two air gaps is governed by the magnetomotive force
developed by the magnet. The relative flux in the two air gaps can
be adjusted by varying the value of R;.

The flux density, B;, in gausses, in the large air gap is given by

(3)

where A, = area of the large air gap, in square centimeters, and

¢’; — total flux through the area A; in maxwells.

The flux density, By, in gausses, in the small air gap is given by

KL

B; = (4)
Ay

where A; —area of the small air ERee
gap, in square centi-
meters, and 12000

¢’y = total flux through the

area A, in maxwells. nooo

The flux densities in the two air

gaps as a function of the reluctance

of the air gap R, are shown in Fig-
ure 2.

10000

9000

FLUX DENSITY IN GAUSSES

From the preceding considera-
8000
tions of the magnetic network, it /

will be seen that practically any
ratio of flux densities in the two air R Ts % —
gaps may be obtained by suitable RELUCTANCE OF AIR GAP Ry

selection of parameters. The mag- - Fig. 2—The flux densities in the
nitude of the flux density in the air large air gap, B;, and the small air

. gap B;: as function of the reluctance
gaps 1s‘governed by the magneto- of the air gap R..

300
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motive force developed by the permanent magnet. The magnetic effi-
ciency of this combination structure is higher than that of two separate
magnetic structures in spite of the fact that the flux in the gap R, is
lost. This is due to the smaller percentage of leakage in this structure
as compared to that of two separate magnetic structures.

VIBRATING SYSTEM

A sectional view and the mechanical network of the vibrating
system of the duo-cone Type 51551 loud speaker is shown in Figure 3.

ma Cma Cms Cuse M Cwmi
|
Cm2 1 A LLLEY
¢ 11
2
" \\\ ]
E

VIBRATING SYSTEM

\
SRS LI

MECHANICAL NETWORK

m; Sy Cm2 Cuz My
f2

Fig. 3—Sectional view and mechanical network of the duo-cone loud speaker.
In the mechanical network: f,, the driving force in the low frequency voice
coil. m;, the mass of the low frequency cone and coil. Cii, the compliance
of the outer suspension system of the low frequency cone. Cus, the compli-
ance o.f the centering suspension of the low frequency cone. f,, the driving
force in the.hlgh frequency voice coil. m,, the mass of the high frequency
cone and coil. Cus, the compliance of the centering suspension of the high
frequency cone. Cui, the compliance of the outer suspension of the high
frequency cone. Cus, the compliance of the cavity between the low and high
frequency cones. ms, the mass of air in the vent holes in the low frequency
cone.

Front and rear view photographs of the new duo-cone loud speaker
mechanism are shown in Figures 4 and 5. The vibrating system
consists of a large cone driven by a large voice coil for the reproduc-
tion of the low frequency range and a small cone driveri by a small
voice coil for the reproduction of the high frequency range. It will be
seen that the outside suspension of the small cone is fastened to the
large cone. This construction eliminates a dishpan or other outside ¢
support for the small cone. It also makes it possible to place the small

t
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cone very close to the large cone so that as far as acoustical radiation
phenomena are concerned the two cones are congruent. In this con-
struction, certain precautions must be taken to keep the vibrations of
the large cone from being transmitted to the small cone. How this
may be accomplished can be obtained by a consideration of the
mechanical network of Figure 3.

Fig. 4—Photograph of the front of Fig. 5—Photograph of the back of
the duo-c_one loud speaker mecha- the duo-cone loud speaker mecha-
nism, Type 515S81. nism Type 515S1.

From the mechanical network of Figure 3, the velocity, #,, in
centimeters per second, of the large cone is given by

f1(2g + 23) + faze
— o ®

2122 + 2123 + 2924

Ty

1 1
where 2, = jom, + —— 4 ———

j ‘”C}Il 1 .7 ‘”CM 2

1 jwm3

22:-

_7.(1)04 1 = (1)2m30M5

1
23 = jomg + .
joCus

my; = mass of the large cone, in grams,

C,y = compliance of the outer suspension of the large cone, in
centimeters per dyne,

Cy» = compliance of the center suspension of the large cone, in
centimeters per dyne,
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m- = mass of the small cone, in grams,

C,;; = compliance of the center suspension of the small cone, in
centimeters per dyne,

m, = mass of the air in the vent hole, in grams,

C,,, = compliance of the outer suspension of the small cone, in
centimeters per dyne,

C, . = compliance of the air chamber behind the small and large
cones, in centimeters per dyne,
f1 = driving force in the voice coil of the large cone, in dynes,
f. = driving force in the voice coil of the small cone, in dynes,
fi= Bsliiy,
B, = flux density in the large air gap, in gausses,

l, = length of the conductor, in the large voice coil, in centi-
meters,

1, = current, in the large voice coil, in abamperes,
fo= Bjlyis,
B3 = flux density in the small air gap, in gausses,

I, = length of the conductor in the small voice coil, in centi-
meters, and,

i, = current, in the small voice coil, in abamperes.

The velocity, #,, in centimeters per second, of the small cone is
given by

frza + fa (22 + 2¢)
&, = —— Stasy (6)
212y + 2023 + 2025

From Equations (5) and (6), it will be seen that vibrations of
the large cone will not be transmitted to the small cone if the compli-
ance, Cyg, of the small cone is very small compared to the compliance,
Cys of the center suspension of the small cone. In order to prevent
coupling between the two cones through the compliance Cus, it is
necessary to vent the space behind the small cone. Under these condi-
tions, the compliance, C,,;, of the cavity will be ineﬁ"ectfve because
the effective mass, mg, of the air in the vent holes shunts the compliance
of the air cavity. If the cavity were not vented, the compliance C,s,
would serve as a coupling means between the cones. By these expedients
the motion transmitted to the small cone by the vibration of the large

’
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cone is negligible. The vibrat.ing system of Figure 3 retains the
advantages of two separately driven, coaxial congruent cones.

Referring to Equations (5) and (6), it will be seen that it is desir-
able to make the driving force f, as small as possible in the low fre-
quency range so that the vibrations will be confined to the large voice
coil and cone in this frequency region. In the same way, it is desirable
to make the driving force f, as small as possible in the high frequency
range so that the vibrations will be confined to the small coil and cone
in this frequency region. These conditions can be obtained by means
of a suitable electrical network which allocates the currents of different
frequencies to the appropriate voice coil.

MECIHANICAL DESIGN AND MANUFACTURING ASSEMBLY

In any dynamic loud speaker, in order to assure good operation for
a long life period under all conditions of humidity and temperature
changes, it is very important to have a good mechanical assembly of
the moving parts relative to the stationary parts. The slightest inter-
ference to the movement of the voice coil and cone creates a noise
disturbance too severe to be acceptable to the listener. This problem
is greater in the duo-cone speaker because two sets of voice coils, cones,
and air gaps must be properly aligned in their assembly. The solution
to this problem was provided by properly designing the parts so as
to give them full lateral freedom during their assembly. This principle
of assembly allows the parts to be accurately assembled in a coaxial
arrangement and without producing stresses resulting in off-center
parts following the removal of assembly fixtures. The steel pole piece
members and the magnet are firmly bonded to one another and to the
voke with solder over their entire contacting areas. This type of
junction is capable of resisting any movement with shock or other
disturbing forces. The magnet is made of Alnico V and weighs two
pounds.

Ample clearances of voice coils to the pole piece members are pro-
vided to prevent any interference to the movement of the voice coils.

The cones, voice coils, and suspensions are all anchored to one
another and to the metal speaker frame with cement. This cement is
of a thermal setting type especially developed for having good adhesion
to paper, metal, and cloth, and is resistant to loosening or deteriorating
with temperature, humidity, and aging effects.

ELECTRICAL NETWORK

The cross-over network is an important consideration in a two unit
direct radiator loud speaker. In the design of two-unit loud speakers
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in which there is a considerable patfl length between the two units,
a cross-over network with relatively sharp cutoffs is required in order
to prevent interference in the cross-over frequency range. In the
design of the duo-cone loud speaker, since the large cone is effectively
a continuation of the small cone, the cross-over between the low and
high frequency cones need not be confined to a narrow frequency band

because the two cones vibrate as a

Low-rRequency  single cone in this region. This
VOICE COIL

J/ arrangement makes it possible to
INPUT 3 |<] : use a very simple cross-over net-
A work.

K The cross-over electrical network

HIGH-FREQUENCY ] Q :

VOICE o is sh(')wn 'm Figure 6. 'Ijhe total
Fig. 6—The electrical cross-over electr 1c.al impedance, zg,, in ohm's,
network of the duo-cone loud at the input to the loud speaker is

speaker. given by
Zp12p2
Zpr = : (7)
Zp1 + 2ge
Whel'e zEl = 7.1“ + j(l)Ll,
1
2E2 =,.lﬂ'2 + j(!)Lz + y
JuCg

T = electrical resistance of the large voice coil, in ohms,
L, = inductance of the large voice coil, in henries,

Tg» = electrical resistance of the small voice coil, in ohms,
L, = inductance of the small voice coil, in henries, and

Cg = electrical capacitance of the capacitance in series with
the small voice coil, in farads.

The current, ¢;, in amperes, in the low frequency coil for an applied
voltage, e, in volts, at the input terminals is given by

. e
U =— .
Tm + joL,

(8)

The current, i,, in amperes, in the high frequency coil is given by

1

)
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The electrical impedance frequency characterist|ics of the low and
high frequency units are shown in Figure 7. From Eq‘vations (8) and
(9), it will be seen that the current in the large coil decreases rapidly
with frequency when the inductance becomes the predominant electrical
impedance. From Figure 7, this occurs above 1500 cycles in this loud
speaker. The current in the high frequency coil decreases rapidly
below the frequency at which the electrical capacitance becomes the
predominant electrical impedance. From Figure 7 this occurs at 1500
cycles.

From the foregoing, it will be seen that it is not necessary to use
an inductance in series with the low frequency coil to reduce the
current in this coil in the high frequency region. The only external
element required for the cross-over network is a capacitor in series
with the high frequency unit which limits the current through the
high frequency unit at the low frequencies. The electrical impedance
frequency characteristic with the cross-over network and normal
operation of the mechanism is shown in Figure 8. The cross-over
frequency in this system extends well over an octave. However, this
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is not objectionable because in the
overlap region the two cones vibrate
as a single unit.

it CABINETS

For most applications the direct
radiator loud speaker is housed in
. some type of cabinet. One design
of cabinet which has been found to
be suitable for this loud speaker

is shown in Figure 9. The loud
FomT — 4 speaker mechanism is designed to
Fig. 9—One type of cabinet which D€ flush mounted on the front face
may be used with the duo-cone loud f the cabinet. The cabinet is com-

SResker RWcodise thickiecd R [ el i el oy
absorbs standing wave systems and reduces the amplitude of the
fundamental resonance. The cabinet is equipped with a port which
may be used to accentuate the low frequency response if this type of
response frequency characteristic is desired. The cabinet dimensions
for the duo-cone mechanism are not ecritical. Satisfactory operation
can be obtained with any well designed cabinet having a cubical content

of approximately 5 to 7 cubic feet. The mechanism may also be used
in a flat baffle.

RESPONSE FREQUENCY CHARACTERISTIC

The measured response frequency characteristics of the duo-cone
loud speaker mechanism mounted in the cabinet of Figure 9 are shown
in Figures 10 and 11. These characteristics show the effect of the
port opening in the cabinet upon the low frequency response. The
response with the port closed is relatively uniform from 50 to 11,000
cycles. These characteristics also show that the response is uniform
in the overlap frequency range of the low and high frequency units.

2% 1
F‘ig. 10—}I]{esponse
requency character- @ 20 A
istics of the high and ? [T AN S"‘ Py
low frequency units  '* / P
of the duo-cone Joud ¢ 0 \
speaker operating in g / \ \
the cabinet of Fig- & s Voam \
ure 9 with the port < / \ \_

closed. %% oo
1000 10000 20000
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Fig. 11—The overall
response frequency
characteristies of
the duo-cone loud
speaker mechanism
operating the cabi-
net of Figure 9 with
the port open and
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The response frequency characteristic of the duo-cone loud speaker
mechanism mounted in a flat baffle is shown in Figure 12.

DIRECTIONAL CHARACTERISTICS

The directional patterns of a high quality loud speaker should be
substantially independent of the frequency over a broad angle. The
directional characteristics of a cone loud speaker are a function of
the frequency. At the low frequencies where the dimensions are small
compared to the wavelength the system is nondirectional. When the
dimensions of the cone become comparable to the wavelength the
system becomes directional. Above this frequency the directional
pattern becomes progressively sharper with increase in frequency.
A uniform directional pattern may be obtained by decreasing the size
of the radiator with frequency. This is approximated in this loud
speaker by the use of two cones—a large cone for the low frequency
range and a small cone for the high frequency range. The directional
pattern of a cone is also a function of the cone angle. This is due to
the finite velocity transmission of sound in the cone. By increasing
the angle of the cone, the directional patterns become broader at the
higher frequencies. Relatively wide angle cones were used in the duo-
cone loud speaker in order to obtain broad directional patterns in the
high frequency range.

The directional characteristics of the duo-cone loud speaker for
the frequencies 500, 1000, 2000, 3000, 5000, 7000 and 10,000 cycles are
shown in Figures 13, 14, 15, 16, 17, 18 and 19. A consideration of

2%
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L J \4"/\’\ cy characteristic of
@ \ the duo-cone Iloud
10 — — k . h 3
5 speaker mechanism
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& I baffle about 5 feet
o across.
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Fig. 13—Directional characteristic
of the duo-cone loud speaker at 500
cycles.

Fig. 15—Directional characteristic
of the duo-cone loud speaker at
2000 cycles.

Fig. 17—Directional characteristic
of the duo-cone loud speaker at
5000 cycles.

DlSTOR'i'ION IN PERLENT

Fig. 19—Directional characteristic
of the duo-cone loud speaker at
10,000 cycles.

Fig. 14—Directional characteristic
of the duo-cone loud speaker at
1000 cycles.

Fig. 16—Directional characteristic
of the duo-cone loud speaker at
3000 cycles.

Fig. 18—Directional characteristic
of the duo-cone loud speaker at
7000 cycles.
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Fig. 20—The total nonlinear dis-
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these characteristics shows that a broad directivity pattern is main-
tained over the entire response range.

NONLINEAR DISTORTION

The nonlinear distortion frequency characteristic depicts the
spurious harmonics which are generated by a loud speaker.

There are many possible sources of distortion in a direct radiator
dynamic loud speaker. A few of the most common sources of distortion
are as follows: The suspension system; in the cone due to lack of
rigidity ; inhomogeneity of the air gap flux; inadequate flux density
in the air gap. The expedients for reducing or eliminating these
distortions have been considered at length in the literature and will
not be repeated here. Every effort was made to develop a system in
which these distortions would be as low as possible without adding
unduly to the complexity of construction, the sensitivity or the cost.
The total r-m-s distortion frequency characteristics of the duo-cone
loud speaker for 1, 2 and 5 watts input are shown in Figure 20. The
average input to this loud speaker for a level of 80 decibels in the
average living room is less than .1 watt. The distortion under these
conditions is negligible. Even at an input of 5 watts the distortion
is quite low.




A SIX-MEGACYCLE COMPATIBLE
HIGH-DEFINITION COLOR TELEVISION SYSTEM#*

A Report
By

RCA LABORATORIES DIVISION, PRINCETON, N. J.

FEditor’'s Note: This report comprises Exhibit No. 209 submitted by Radio
Corporation of America at the Hearing before the Federal Communications
Commission in Docket Nos. 8736, 8975, 9175 and 8976, September 26, 1949 et seq.

Previous reports on the new color system are contained in Exhibit Nos. 206
and 207 submitted to the Federal Communications Commission on August 25
and September 6, 1949.

Additional information on various aspects of the system is under prepara-
tion. It is planned to publish this information as it becomes available,

INTRODUCTION

HE color system described herein has its roots in the simul-

,l taneous method first disclosed on October 30, 1946 and subse-

quently described in detail at a Hearing before the Federal

Communications Commission in Docket No. 7896 and in various pub-
lished technical papers.l:2

The new system, as in the case of the wide-band simultaneous
system, is completely compatible with the current black-and-white
television system.

In addition, the new system includes later developments which, in
essence, compress the simultaneous system into a 4-megacycle band
suitable for a total channel assignment of 6 megacycles. Not only is
the system so compressed, but no detail is lost in the process. This in
turn insures a high-definition color picture, while at the same time
preserving the normal definition of the black-and-white picture.

The compression of the simultaneous system is accomplished by a
combination of two processes:

(a) use of the mixed-highs principle; and
(b) color-picture sampling and time-multiplex transmission,
These band-saving techniques are described in the following pages.

* Decimal Classification: R583. e

1 RCA Laboratories Division, “Simultaneous All-Electronic Color Tele-
vision,” RCA Review, Vol. VII, No. 4, p. 459, December, 1946. otor el

2R. D. Kell, G. C. Sziklai, R. C. Ballard, A. C. Schroeder, K. R. Wendt
and G. ’L. Fredendall, “An Experimental Simultaneous Color Television
System,” Proc. I.R.E., Vol..35, No. 9, p. 861, September, 1947.
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STUDIO AND RELATED EQUIPMENT CHARACTERISTICS

A block diagram of the color television broadcasting station is
shown in Figure 1.

Studio Apparatus

The color camera (live, film, or slide), its related equipment, and
the synchronizing generator are the same components used in the
wide-band simultaneous system. These were described in Dockets No.
7896 and No. 8976 and in References (1) and (2).

This studio apparatus provides three signals, one for each of the
primary colors (green, red and blue). Each of these signals may
contain frequency components out to a maximum of four megacycles,
and in addition an average or dc component.

HORIZONTAL DRIVE
<
SYNC. _/ SAP":J::'E“G 3
GENE
RATOR GENERATOR <
t - P
L.P S <<
FILTER | 1
0-2 MC. 4
GREEN \ VHE
ADDER L.P
COLOR L.P. Ry ,~\_;> rige FiLTER [ TRANS-}—{ v.$.8.F }—
cAMERA [ f FILTER ! MITTER
SAMPLER 0-4amc
RED L.P
SOUND SOUND
FILTER
8L INPUT TRANSMITTER|
BLUE
ADOER B.P My
NO. 2 FILTER
2-4 MC

Fig. 1—Block diagram of the color television transmitter.

Signal Routing

For one signal routing of Figure 1, each color signal passes
through a low-pass filter which eliminates frequency components above
two megacycles. The green-channel signal coming out of its particular
low-pass filter is designated as G, on Figure 1, indicating that at
this point the signal contains the dc component and ac components
with frequencies of two megacycles or less. The three low-frequency
signals, G, R;, and By, are then sent into an electronic commutator or
sampler (discussed below).

For the second signal routing of Figure 1, the three-color signals
from the camera are combined in electronic Adder No. 2 and then are
passed through a band-pass filter. The output of this filter contains
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frequencies from two to four megacycles, with contributions from
each of the three color channels. The signal at the output of the
band-pass filter is designated as M, the mixed-high signal. The
mixed-high frequencies are fed to Adder No. 1 which, as will be seen,
is also receiving the signal from the sampler and from the synchro-
nizing generator.

Mized-Highs

The principle of mixed-highs, referred to above, was described in
Docket Nos. 7896 and 8976. It has been demonstrated that the mixed-
highs procedure is successful and satisfactory in a wide-band simul-
taneous system.

In the new system, at the transmitting end, the sampling process
(discussed below) is capable by itself, of providing high-frequency
components of each color signal. Since the sampling frequency deter-
mines the highest frequency which will be passed, when the high-
frequency components of each color signal are combined the resulting
band-width does not exceed four megacycles.

However, photocells used with flying-spot devices in film and slide
scanners inherently have poor high-frequency response, particularly
in the red. It is often necessary, therefore, to peak the higher-frequency
response of such devices. This peaking, of course, raises the level of
the high-frequency noise components. When the entire frequency band
of zero to four megacycles is sampled, the 3.8-megacycle sampling
frequency beats the high-frequency noise to low frequency and vice
versa. Because, in the case of pickup devices of the type referred to
above, the high-frequency noise has been peaked, an even interchange
of noise components does not occur, as it would if the noise spectrum
were uniform. Consequently, after the sampling process has taken
place, the low-frequency noise components will have been accentuated.
This causes a coarse-grain structure in the picture which may be
objectional to the eye.

Experience has shown, therefore, that there is a definite advantage
gained in sampling only the lower half of the video band (up to two
megacycles) and using the principle of mixed-highs for the upper half
of the video band (from two to four megacycles), and this procedure
is used at the transmitting end. .

-

In pick-up equipment with uniform noise characteristics: no such
effects as above described exist. This means that either the dual
procedure given in the above paragraph or sampling only may be used.
This also applies to receiving equipment.

&

E:*ﬁu_—-.._.r:...
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Sampling and Combining Process

The sampling pulse generator, which embodies time-multiplexing
techniques, is an integral part of the electronic commutator and makes
use of the trailing edge of the horizontal synchronizing pulse to time
the sampling of each of the color signals.

In the sampler, each color signal is sampled for a very short time,
at a rate of 3.8 million times per second for each color. The samples
for each scanning line are timed with respect to the horizontal syn-
chronizing pulse for that line. However, for alternate line scans the
timing of the sampling pulse is such that samples of any one color
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are taken at a point midway between samples of the same color in the
line above. Alternate scans of the same line are displaced in this same
way. Thus, the second samples are taken midway between the first
samples, resulting in dot interlacing (to be discussed in more detail
in Part IV).

Figure 2 illustrates the functioning, at the transmitting end, of
the sampling system in the pickup of large uniform polychromatic
areas, with the three primary colors represented by three different
signal strengths. Figure 2(a) shows the output of the sampler due
to the green signal only. The green channel signal is sampled every
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0.263 microsecond (0.263=1/3.8). At a time 0.0877 microsecond
after a green sample, a sample is taken of the red signal. This time
delay is one-third of the time between successive green samples. The
red samples continue to be taken 0.263 microsecond apart as shown in
Figure 2(c). The blue samples are taken at the same rate and follow
the red samples by a time of 0.0877 microsecond, as indicated in
Figure 2(e). The composite output of the sampler consists of a
superposition of the green, red, and blue trains of pulses or samples.
Figure 2(g) shows the signal in the circuit at the output of the
sampler,

From the sampler the signals pass to an electronic combining
device called Adder No. 1 in Figure 1. Standard synchronizing signals
from the synchronizing generator are also applied at this point.

This signal and the synchronizing pulses from Adder No. 1 feed
into the low-pass filter. In the case of large area color only, the
mixed-highs signal is not present.

The narrow green pulses of Figure 2(a), occurring at a rate of
3.8 million pulses per second, are smoothed by the low-pass filter to
give the result shown in Figure 2(b). This wave consists of a dc¢
component, which is the average of the pulse sample, plus a sine wave
which has a frequency of 3.8 megacycles (the filter having removed
the higher order harmonics). The 3.8-megacycle sine wave and the
de component change together, as the green signal changes in strength,
in such a way that the signal of Figure 2(b) always passes through
zero at the same interval of time after the peak regardless of the
strength of the green signal. The smoothed sample of the green signal
may be expressed as: 14 G(t) [1 4 2cos (27ft)] where G(t) is the
green signal as a function of time, and f is the sampling frequency,
namely 3.8 megacycles. A study of this expression reveals that the
smoothed green sample goes through zero 120 and 240 electrical de-
grees after the signal has reached its maximum value,

The above equation is an excellent approximation of the conditions
existing in the circuit when the duty cycle of the samples for a given
color is 15 per cent or less. Accordingly, the duty cycle of the system
is maintained within these limits.

The red samples of Figure 2(c) are smoothed by the filter to yield
the result shown in Figure 2(d). This again is made up of a de
component and a sine wave with a frequency of 3.8 megaéycles.

Smoothing of the blue sampling pulses results in the contribution
shown in Figure 2(f). It should be noted in Figures 2(b), 2(d), and
2(f) that when any one color signal reaches its maximum value, the
other two responses are crossing the zero axis.
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While the curves of Figures 2(b), 2(d), and 2(f) have been shown
separately for illustrative purposes, it should be remembered that
the pulse train of Figure 2(g) goes into the low-pass filter. Thus the
composite signal of Figure 2(h) comes out of this filter. In this figure,
the dc component is the sum of the dc components of the green, red,
and blue signals, while the 3.8 megacycle sine wave is the sum of
three sine waves of the same frequency. This results in a composite
3.8-megacycle sine wave with a new amplitude and phase position
superimposed on the composite de component.

The action of the system in the pick-up of varying color areas is
illustrated by means of Figure 3. In Figure 3(a), the three color
signals are shown as they enter the sampler, with the appropriate
sampling pulses as they come out of the sampler indicated by vertical
lines. These same pulses are shown in Figure 3(b), with the envelope
indicating the result of smoothing in the filter. It will be appreciated
that Figure 3 is not quantitative and is used purely for illustrative
purposes. Fine detail of the color picture, carried by the higher fre-
quency components, is, of course, now supplied by the mixed-highs
signal, but this cannot be easily shown in the diagram.

TRANSMITTER

The output (time-multiplexed color signal, mixed-high color signal,
and synchronizing signals) of the low-pass filter (zero to four mega-
cycles) in the right center of Figure 1 is applied to the modulator of
a conventional VHF or UHF television transmitter.

From this point on, including the transmitter itself, together with
the vestigial sideband filter, diplexer, sound channel and antenna, the
system is that of a normal black-and-white television station, with no
changes necessary.

The signal transmitted is consistent with the “Standards of Good
Engineering Practice Concerning Television Broadcast Stations.”

RECEIVING EQUIPMENT CHARACTERISTICS

Figure 4 is a block diagram of one type of color television receiver.
The radio-frequency circuits, the picture intermediate-frequency am-
plifiers, the second detector, the sync separator, the sound inter-
mediate-frequency amplifiers, the discriminator, and the audio circuits
are identical with those of a conventional black-and-white receiver.

The composite video and synchronizing signals from the second
detector enter the sync separator, which removes the video signal and
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sends the synchronizing pulses to the deflection circuits and to the
sampling pulse generator.

Samyling and Smoothing Process

The sampling pulse generator utilizes the trailing edge of the
horizontal synchronizing pulse to actuate the receiver sampler in
identical fashion and in synchronism with the transmitter sampler.
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Fig. 3—Action of the system in the presence of varying color areas.

The signal from the second detector also enters the sampler. It has

the same form as the composite signal of Figure 2(h), or as the solid

’
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Fig. 4—Block diagram of one type of color television receiving equipment.

envelope of Figure 3(b). For ease of reference, Figure 2(h) has been
reproduced as Figure 5(a). Again, the case of large uniform poly-
chromatic areas is used for illustrative purposes.

The electronic commutator samples the composite signal every
0.0877 microsecond, producing the short pulses shown in Figure 5(a).
The amplitude of each of these pulses is determined by the amplitude
of the composite wave at that particular instant.

-COMPOSITE
SIGNAL

Fig. b—Functioning

of the sampling sys-

tem at the receiving
end.

(<)
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The commutator feeds these pulses into three separate video ampli-
fiers which in turn control the picture-reproducing apparatus which
may consist of three cathode-ray tubes or kinescopes having appro-
priate color-producing phosphors. This method for portraying the
single color picture with three kinescopes is similar to that demon-
strated to the Commission during the Hearing on Docket No. 7896 and
in References (1) and (2).

The video amplifiers have a flat frequency response to four mega-
cycles, and must cut off completely at 7.6 megacycles. (Reference here
is to the frequency response of the video amplifiers only and not to
channel requirements.)

The sampler sends the pulses to each of the video amplifiers and
its attendant kinescope in succession. For instance, in Figure 5(a),
the first pulse shown in green goes to the green kinescope, the next
pulse goes to the red, while the third pulse is sent to the blue. The
green receives the fourth, seventh, tenth, and so on. Thus, while the
individual pulses coming out of the sampler are 0.0877 microsecond
apart, the green pulses going to the video amplifier for the green
picture repeat every 0.263 microsecond. The green channel pulses of
Figure 5(a), in passing through the video amplifier, lose all frequency
components except the fundamental frequency of 3.8 megacycles and
the dc component. The resultant smoothed signals are shown in Figure
5(b). The green, red, and blue signals are shown in superposition on
this figure for illustration. It should be remembered that at this point
the green signal shown is that fed to the green kinescope, while the
red and blue signals are applied to their individual kinescopes.

Examination of Figures 2(b), 2(d), 2(f), and 2(h), has already
revealed that, when the green signal is maximum, the red and blue
signals are passing through zero. Hence, since the composite signal
is sampled for green by a narrow pulse at the receiver at this exact
instant, the receiver sampling pulse is a true measure of the green
signal and includes no dilution from the red or blue signals. Likewise,
the red and blue samples are each taken at points on the composite

signal where no crosstalk is contributed from the other two color
signals.

The above statement concerning absence of crosstalk holds good
for all frequency components up to one-half the sampling ’frequency.
For frequency components approaching the sampling frequency in
order of magnitude, from a purely circuit aspect, crosstalk is present.
However, the physiological characteristics of the eye which make pos-
sible the application of the mixed-highs principle apply equally well
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to the crosstalk of the higher-frequency components. Consequently,
crosstalk in the fine detail is of no consequence.

Assuming that the kinescope actually cuts off with negative applied
signal, and neglecting the nonlinearity of the input control-voltage
versus light-output characteristic of the kinescope, the solid lines of
Figure 5(c) may be regarded as the effective light intensity along one
line scan in green. Figures 3(c), 3(d), and 3(e) show the effective
signals for the green, red, and blue kinescopes, again for a single line
scan.

Picture Dot Interlacing and Scanning Sequence

Returning now to Figure 5(c¢), it may be seen that a single line
scan on the green channel lays down a series of green dots on the
sereen as shown by the solid lines. As was indicated above, these dots
occur at a rate of 3.8 million times per second. If fine detail were
involved to such an extent that two adjacent pulses in the green channel
in a single line scan were of different amplitude, it is basic that the
highest frequency component of use in establishing picture detail would
be a sine wave which went from a crest to a trough in the time between
the two adjacent green pulses. This sine wave would then have a fre-
quency of 1.9 megacycles.

The fact that each pulse has a rise equivalent to twice this fre-
quency allows the use of picture-dot interlacing to secure full detail
up to a frequency band 3.8 megacycles wide. This is accomplished by
shifting the sampling pulses the next time that the same line is scanned
so that the dots are then laid down between the dots that were laid
down in the first scan. This second series of green dots is shown by
the broken curves in Figure 5(¢). In this figure, the dots shown by
broken curves are the same amplitude as the dots shown by the solid
curves. For resolution of very fine detail. the dots laid down in the
first scan would differ in amplitude from the dots laid down in the
second scan of this same line.

Inspection of Figure 5(d) reveals that while a single line scan lays
down a series of green dots on the screen with space between dots, this
spare is filled at the same time by red and blue dots, with great over-
lapping of the dots. The effect of the successive scans of a single
line, Figure 5(e), shows even more clearly the complete covering of
the line area with picture dots of three colors.

The scanning and interlace pattern used in the new color television
system is illustrated in Figure 6. Each letter represents the center
of a color dot area on the screen. The actual areas, of course, overlap
to a great extent as discussed above.
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During the first scanning field, illustrated in the upper diagram in
Figure 6, the odd numbered lines are scanned in order. Colored dots
are laid down in order along line 1 as shown. Next, line 8 is scanned
with a displacement for each color dot shown, in the same fashion as
described for the sampling at the transmitting end. The remaining
odd lines are scanned in order. This scanning of the first field takes
place in one-sixtieth of a second.

During the second field, the even lines are scanned, first line 2 with
the colors laid down as shown, then line 4, and so on. The dot pattern
laid down during the third field is shown by the lower diagram, where
the odd lines are scanned in succession. During the fourth field, the
even lines are again scanned in succession with the color dot pattern
shown.

e o Thus, the odd lines are scanned

FIRST LINES
k. during the first field, but dots of
k S LU0 0000dQC ' the same primary color are sepa-
8 6 R B G N B 6 R B G 2 .
B c RbB cwmB c AB ¢ » rated by spaces. The even lines are
t CRE e . scanned during the second field,
BG R BGABGAGD o s again with spaces between like color

o secono dots. During the third field, the
' odd lines are again scanned but the

1 color dots displaced so that the
: spaces are filled. The even lines are
e ¢ «| « scanned during the fourth field,

PTITErErarerera . With the color dots displaced to fill
FIFTH FIELD SAME AS FIRST ETC. in the spaces left during the second

FOURTH
FIELD field scanning. Four scanni 1d
Fig. 6—Scanning and interlace o . £ L
TR, a¥e required to completely cover the
picture area, with all spaces filled,

with say, green dots. Simultaneously, the area is being covered with
red dots and with blue dots. Since there are 60 fields per second, it
may be said that there are 15 complete color pictures per second.

It should be remembered that the effective rate for large-area flicker
is 60 fields per second, the same as for current black-and-white re-
ceivers. At viewing distances such that the picture line structure is

not resolved, the effect of small-area flicker due to line interlace and
picture-dot interlace is not visible. .

Receiving Systems

In the receiver shown in Figure 4, the tota] signal consisting of
the sampled signal plus the mixed highs hag been inserted in the
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receiver sampler and picture-dot interlacing has been used to achieve
high definition as discussed in detail above.

Another receiver arrangement is possible. In such a receiver,
shown in Figure 7, the entire signal is fed into the sampler as before,
but, in this case, low-pass filters with cut-off frequencies of approxi-
mately two megacycles are inserted between the sampler and the
kinescopes. The low-frequency filters smooth out the pulses of Figure
5(c), so that the adjacent dots of a single color in one line scan now
almost completely overlap. Because the +pulses have been broadened
by the two-megacycle filters in this receiver, horizontal resolution will
not be increased by picture-dot interlacing at the receiver. Full resolu-
tion, however, is restored by obtaining mixed highs from the signal
ahead of the receiver sampler and by-passing the mixed highs through
a band-pass filter to the green, red, and blue kinescopes. '

The color television receiver of Figure 4 and the alternate receiver
of Figure 7 are examples of the flexibility afforded by this color system.
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Fig. 7—Block diagram of color television receiver using by-passed highs.

Reception in Black-and-White

When the color television signal is received on a current black-and-
white receiver, the output of the second detector is represented by
Figure 2 (h), or, when the picture is of varying color, by the envelope
of Figure 3(b). With mixed highs also transmitted as shown in Figure
1, the black-and-white receiver then develops on its kinescope a black-
and-white picture with full resolution. The 3.8-megacycle sine wave
superimposed on the picture signal produces a dot pattern on the
kinescope in high chroma areas, but the dots are not visible at normal
viewing distance. Examination of Figure 2 shows that in white areas,
where the dot pattern would be objectionable if present, the three
color signals are of the same amplitude and the composite signal
consists of the dc components only. Hence, there is no dot pattern.
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For color transmissions received in monochrome on a current
black-and-white receiver, no band saving is involved, but because the
transmitted signal contains all the resolution which a black-and-white
signal of the same scene would have, the resulting monochrome picture
will have the full resolution of the current standards.

Using the standard wedge pattern to test horizontal resolution,
the same resolution figure has been obtained when reproducing the
color transmission on an unchanged current model black-and-white
receiver as may be obtained with the same receiver on a well-designed,
well-adjusted black-and-white system using present broadcast stand-
ards. The vertical resolution is also consistent with current black-and-
white standards.

When a color receiver is tuned to a television broadcasting station
transmitting a black-and-white signal, the picture will appear in black-
and white with full resolution on the color receiver picture reproducer.
The successive pulses delivered to the three kinescopes will all be of
equal magnitude, and, hence, will produce varying intensities of white
—or a normal black-and-white picture.

RECEIVERS AND COLOR CONVERTERS*

Picture Reproducing Systems

One method for portraying a single color picture makes use of
three kinescopes, reflective optics, and dichroic mirrors in a projection
syvstem. This has been previously demonstrated and described during
the Hearing in Docket No. 7896 and in References (1) and (2).

Another method also makes use of three kinescopes in a projection
system but uses refractive optics and dichroics instead of reflective
optics. This system appears to lend itself more readily to compact
design.

A third method uses three kinescopes with a pair of dichroic
mirrors so arranged to permit essentially direct viewing. This system
appears to lend itself more readily to a lower cost design.

A fourth method uses two kinescopes with a single dichroic mirror,

This system appears particularly attractive for use in inexpensive
receivers and color converters. '

Because color receivers will probably be simplified by a cbior picture

* The various receivers and color converters illustrated and described
in this section are research models designed to test and demonstrate the
basic principles .of the system. While indicative of possible approaches to
the design of suitable receiving equipment, they are not intended to repre-
sent receivers and color converters of commerecial design.
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reproducer of the single-tube type, intensive research efforts on the
problem are being continued.

Direct-View Recetver

Figure 8 represents a direct-view picture-reproducing system util-
izing three kinescopes which are standard in every respect except that
the phosphors are green, red and blue, respectively. The green, red
and blue signals are impressed on the grids of their respective tubes.
The deflecting yokes of the three
tubes are connected in parallel, so
that the rasters produced on the
three screens are identical.

Fig. 8—Direct-view picture-repro-

ducing system using three kine- Fig. 9 — Positioning of ten-inch
scopes and a pair of dichroic kinescopes for direct-view picture-
mirrors. reproducing system.

The tubes are viewed through dichroic mirrors. The red dichroic
mirror reflects the red image from the red tube, the blue dichroic
mirror reflects the blue image from the blue tube, and both mirrors
are transparent to green light, so that the green tube is viewed directly
through both dichroic mirrors. The red dichroic mirror is also trans-
parent to blue light, so it does not interfere with the blue image. The
mirrors and tubes are properly arranged so that to the eye the three
pictures appear superimposed and are viewed as one picture.

Figure 9 shows three standard-size ten-inch kinescopes and the
two dichroic mirrors mounted in a framework for proper viewing from




518 RCA REVIEW December 1949

the top, through a fully silvered mirror. A receiver using the above
arrangement could be housed in a cabinet of the type shown in Figure
10. It is possible in this arrangement that, if the kinescopes are short-
ended, the cabinet size can be materially reduced.

Projection Receiver

Another type of picture reproducing system is shown in Figure 11.
This gives a projection picture, 15 X 20 inches. Three projection
kinescopes are used which are standard except for the phosphors.
IBach tube control-grid is connected to the appropriate video channel,
and the deflection yokes are supplied from a common source. Each
tube is arranged in a reflective optical system. The light rays from
each tube first strike a plane mirror, from which they are reflected to
a spherical mirror of the proper focal length to produce an image on
the screen. Beyond the spherical
mirror the rays pass through a
correcting lens and thence via a
plane reflecting mirror to the pro-
Jection screen.

Fig. 10—One type of cabinet for Fig. 11—Projection picture-repro-

direct-view receiver utilizing three ducing system using three proj_ec-
kinescopes and a pair of dichroic tion kinescopes, reﬁe_ctlvg optics
mirrors. and a pair of dichroic mirrors.

The green image passes through the red-and-blue-reflecting dichroic
mirrors. The red image is reflected to the screen by the red-reflecting
dichroic mirror. Similarly, the blue image is reflected t6 the screen
by the blue-reflecting dichroic mirror. The complete optical system is
so arranged that the three images are superimposed, in register and
focus, on the projection screen, where they are viewed as a single color

picture.
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Fig. 12 — Arrange-
ment of the projec-
tion tubes and opti-
cal system used in
the projection re-
ceiver,

Figure 12 is a photograph of the reflective optical system showing
the mechanical arrangement of the projection tubes and the optical
system. The receiver employing this system is shown in Figures 13

and 14.

Fig. 13—Rear view

of the projection re-

ceiver with 15 by 20
inch picture.
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Projection Receiver with Magnifying Lens

The same type of projection picture reproducing system, referred
to above, is used in the television receiver shown in Figure 15. Here
the projected picture is smaller, and is viewed through a magnifying
lens.

Color Converters

To convert a current black-and-white receiver to receive color
transmissions in color requires the addition of color sampling circuits
and a picture reproducer.

e

. o : Fig. 15—Projection receiver using
Fig. 14——P1'0Jec_t10n receiver with reflective optics and magnifying
15 by 20 inch picture. lens.

The size of the color converter for a direct-view picture or for a
large projected picture is determined by the size of the kinescopes and
the optical system. When the cabinet size and shape have been deter-
mined by these elements, the circuit components which need to be
added to those already available in the black-and-white receiver can
be fitted around the kinescopes and optical system in the cabinet with-
out increasing its size.

A direct-view converter using three 10-inch kinescopes is shown
in Figure 16. Interconnections between the standard receiver and the
converter are made by a simple harness cable plugged into the tube
sockets of the standard reciever. (Reduction in cabinet size through
the use of shorter kinescopes, previously mentioned in connection with
the direct-view color receiver, applies as well to this color converter.)

.y - p- PR ——
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A smaller color converter can also
be made which gives a projected
picture. Three 1l%-inch projection
tubes are mounted as shown in Fig-
ure 17. The complete kinescope and
optical system assembly is mounted
on the back of a standard television
receiver, which can be either a table
model or a console. The kinescope
(any size) is removed from the
black-and-white receiver and the
color picture is projected, through
the space it occupied, to a screen
mounted in the normal picture-
mask opening. An additional chas-
sis containing the sampling circuits,
reflecting circuits and power sup-
plies is mounted under or back of
the television receiver.

Fig. 16—Direct-view color
converter.

Figure 17 shows this system as applied to a color converter, but
the principles apply equally well for a color receiver.

Two-Color Systems

Color transmissions can be received on a simplified receiver which
reproduces the picture in two colors only, instead of three. The two

colors used are green-red and blue-green.

A block diagram of such a receiver is shown in Figure 18. This
system is similar to that shown in Figure 4 except that only two video
channels are required, and the method of sampling the composite signal

is altered.

Fig. 17—Color con-

verter using small

projection kine-

scopes and refrac-
tive opties.
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Fig. 18—Block dia-
gram of two-color
television receiver.
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With reference to Figure 3, it was explained that, for the three-
color system, the composite signal was sampled for green at the instant
the red and blue components were passing through zero. In like man-
ner, it was sampled for red and for blue when the other two colors in
each case were zero. Figure 19 represents the same signals as Figure

~

(b)
\
/\

A w

COMPOSITE

|

SIGNAL /\

(h)

i
NO

G-R SAMPLE B-G G-R

TAKEN

Fig. 19—Receiver sampling posi-

tions for the two-color system,

2 and shows the different positions
of the sampling pulses for a two-
color picture-reproducing system.
The composite signal is sampled for
blue-green at a time when both blue
and green components are present
in a positive direction.) This is indi-
cated by the line labeled” B-G. The
composite signal is sampled for
green-red at a time represented by
the lines marked G-R. As indicated
in Figure 19, no sample is taken at
the third point. The sampling is
repeated for each of the two color
combinations once each 0.263 micro-
second.

After the composite signal is
sampled, the two color signals are
amplified in separate video ampli-
fiers having frequency cutoff char-
acteristics as described in connec-
tion with the three-color receiver.
They are then impressed on the
grids of their respective kinescopes.

In the case of a color converter
for an existing black-and-white re-
ceiver, the black-and-white kine-
scope in the receiver is used with a
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suitable color filter placed in front of it. Another kinescope is added
and viewed through a dichroic mirror and suitable color filter.

The color converter employing this two-color system is shown in
Figure 20. All of the components of the standard black-and-white
receiver are used, including the deflecting circuits and second anode
power supply. The only equipment that is added is the second kinescope
and the sampling circuit. Connections between the television receiver
and the color converter are few and are easily made. The foregoing
points to the possibilities for a very low-cost color converter.

The principle of the two-color
system is illustrated in Figure 21.
The two-color picture-reproduc-
ing svstem is also applicable to a
simple and inexpensive color re-

Fig. 20— Color converter using
two-color picture-reproducing sys- Fig. 21 — Two-color picture-repro-
tem. ducing system.

ceiver. In this case, however, the two kinescopes will be made with
the proper color phosphors and no filters are required.

SUMMARY OF SYSTEM CHARACTERISTICS

The all-electronic color television system described herein is a fully
compatible system, employing the current standards of 525 lines,
sixty fields per second, and line interlacing. It provides a high-defini-
tion color (and black-and-white) picture in the standard six-megacycle
channel through the use of the mixed-highs principle and time-multi-
plexing with picture dot interlacing.
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The transmitted signal is consistent with the “Standards of Good
Engineering Practice Concerning Television Broadcast Stations.” This
is the fundamental basis for compatibility and means that a current
monochrome receiver will respond in the same way as it would if a
standard black-and white camera originated the picture signal.
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PHOTOMULTIPLIERS FOR SCINTILLATION
COUNTING*}

By

GEORGE A. MORTON

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summary—The scintillation counter occupies a very important pasition
in the nuclear field — its very short resolving time, high efficiency and
energy discrimination capabilities permitting nmuclear particle detection
measurements which were previously impossible. The multiplier phototube 1s
an essential element in a scintillation counter. In order to obtain maximum
performance, the photomultiplier must fulfill certain requirements of photo-
cathode geometry, electron efficiency and gain. Various commercially avail-
able multipliers are discussed in terms of these requirements. The per-
formance of scintillation counters is analyzed in terms of the action of the
photomultiplier. Photoclectric efficiency, multiplication statistics, resolving
time and dark curremt pulse behavior are considered in some detail. An
outline is given of basic multiplier power supplies and output circuits useful
for scintillation counters.

INTRODUCTION

ters have been known, they have achieved a position of considerable

importance as nuclear radiation detectors. As their importance
increased and as more and more of them have been put into use, there
has been a transition from the original qualitative pictorial under-
standing of their operation to a more definitely quantitative under-
standing.

A conventional scintillation counter is shown in Figure 1. A nuclear
particle of high energy striking the phosphor crystal produces a flash
of light. This light is allowed to fall on the photocathode of a secondary
emission multiplier, where it produces photoelectrons. These are multi-
plied by the tube and give rise to a pulse at the output. The pulses at
the output of the multiplier are analyzed and counted in such a way
as to obtain the greatest possible amount of information about the
nuclear event causing the scintillations. In addition to information
on the intensity of the nuclear radiation indicated by the frequency

]:[N SPITE OF the relatively short time in which scintillation coun-

* Decimal Classification: (R800) 535.38.

+ This work was done in part under Bureau of Ships Contract NObsr
42460. The material was written for inclusion in the Handbook of Nuclear
Instruments and Techniques being prepared under the auspices of the
National Research Council Committee on Nuclear Science.
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of occurrence of scintillations, the flashes also can furnish information
about the energy of the nuclear particles, and the time of occurrence
of a nuclear event. The multiplier, as a link in the information channel
between the scintillating crystal and the observer, necessarily intro-
duces some distortion. A full understanding of the multiplier is neces-
sary on the part of both the designer and user in order to reduce this
distortion to a minimum. Furthermore, the residual distortion must
be put into quantitative form so that it can be taken into account in
interpreting data from a scintillation counter.

Three fundamental causes of distortion that exist in all photo-
multipliers are transit time effects, the statistical nature of electron
multiplication and the dark current pulses. The spread in the transit
time of electrons through a multiplier introduces an ambiguity as to
the exact time of occurrence of a nuclear event, and limits the resolving
time of the device for coincidence work and similar applications. The
statistical nature of secondary emission photomultiplication means
that a series of scintillations, each representing exactly the same num-

CATHODE

N CRYSTAL
44’\\

/C . .
(& MULTIPLIER —
Sy COUNT Fig. 1—Schematic of

INDICATOR overall system.

ber of photons, will not produce a series of identical pulses at the
output of the multiplier. Rather the pulse heights will be distributed
statistically in a pattern characteristic of the multiplier. Finally, a
multiplier in darkness generates pulses which are indistinguishable
from the pulses due to scintillations under certain conditions. This
can limit the ultimate sensitivity of the device for particle detection.

In addition to these fundamental effects, many practical limitations
and idiosyncrasies are encountered in the secondary emission multi-
plier. These, as well as the basic characteristics, circumscribe the
range of application of the device. In Planning an experiment with a

scintillation detector, all of these considerations must be taken into
account,

The following discussion of photomultiplier performance will first
describe the tubes available for the work., Next, the generaI:operating'
characteristics of the tubes will be considered. The fundamental effects
mentioned in a preceding paragraph will be treated in some detail.
Finally, some of the aspects of multiplier circuitry will be presented
which may be of assistance when certain ends are to be achieved,
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TYPES OF MULTIPLIER PHOTOTUBES

Of the two principal types of secondary emission multipliers, the
static and the dynamic (i.e., Farnsworth Multipactor), only the former
has been used to any extent for scintillation counting. Static multi-
pliers may in turn be subdivided into several classes. Among these
are the magnetically focused multipliers, the electrostatically focused
multipliers and the unfocused multipliers.

The magnetic multiplier, though quite efficient, is rather critical
in adjustment. Because of this it has not been widely used and is not
commercially available. Since it does not play a significant role in
scintillation counting, it will not be discussed further in this article.
The interested reader is referred to Reference (4) for further in-
formation.

In this country the electrestatically focused multiplier is by far
the most widely used tube for scintillation work. The secondary emit-
ting plates or dynodes of this type of multiplier are so shaped that
the potential distribution between two successive dynodes is such that
(1) the electrons from the working surface of one strike the working
surface of the next, and (2) there is a gradient at the working surface
of each which draws electrons away. Other conditions which must be
satisfied by the dynode shapes are that free paths between the positive
collector and the photocathode or early dynodes must be avoided to
prevent ion feedback, sharp points and very close spacing must be
eliminated to reduce cold discharge effects, the shapes should be such
that they can easily be made and assembled by mass production
methods, and the general design should conform to good tube practice
and the efficient utilization of space.

The unfocused multiplier has been used far more widely abroad
than in this country for scintillation work. The simplest example of
this form of multiplier is the Weiss type, where the dynodes are mesh
screens treated to have a high secondary emission ratio. Electrons
strike the wires of one screen and produce secondary electrons which
are drawn through the screen to the next mesh dynode. Frequently
a very transparent, fine wire screen is placed between each pair of
dynodes connected to the higher potential dynode of the pair in order
to improve the field conditions drawing secondary electrons away from
the second screen. Another type of unfocused multiplier employs
dynodes having a Venetian blind type of structure. Again screens are
interposed between the dynodes to improve the field conditions. The
advantage of the unfocused multiplier is that it is less affected by
interference from magnetic and electric fields. It has the serious dis-
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Fig. 2a—Focused multiplier.

advantage that a large fraction of

electrons skip stages thereby mak-
ing the pulse height distribution &
poorer than for a focused multi- SCREEN
plier. Fig. 2b—Venetian blind multiplier.
There are a number of photomultipliers suitable for scintillation
work which are commercially available in this country and abroad.
Some of these will be described in detaid in the succeeding paragraphs.
RCA 931A—A nine stage multiplier phototube with the dynodes
arranged around a center in order to economize in space. The design
of this multiplier shown schematically in Figure 8. The tube has an
internal photocathode on a metal electrode which is an integral part
of the structure. Because of its rather small area and its distance
from the glass envelope, it is rather difficult to obtain good optical
coupling between the photocathode and a crystal phosphor. Other
characteristics such as gain, stability, life and uniformity lend them-
selves well to scintillation counting. A list of the most important
characteristics pertinent to scintillation counter design are given in
Table 1.
I:CA 1P21—A multiplier identical in form and design to the 931A,
but selected for gain, low dark current, stability and uniformity. (See
Table I).
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PIN 6 DYNODE ¢

. Fig. 3b—B i 4
Fig. 3a—Dynode structure of 931A. & mlgh; :fn %3{2 arrangs
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RCA 1P28—Like the 931A in design but sealed in a Vicor envelope,
which permits its use with ultraviolet radiation. (See Table I).

RCA 5819—A ten-stage head-on multiplier with a large area photo-
cathode on the glass end of the tube. The arrangement of the cathode
and dynodes is shown in Figure 4. The dynode assembly itself is the
same as that of the 931A, but the electrode, which in the latter is the
photocathode, is activated in such a way as to have the same secondary
emission characteristics as the other dynodes and serves as first
dynode. An electron optical system directs the electrons from the large
photocathode to this first dynode. The size and arrangement of the
photocathode makes it very suitable for optically coupling to a large
phosphor crystal. It has been found to give excellent results in scin-
tillation counting. For a listing of its most important physical and
electrical characteristics, see Table I.

PHOTOCATHODEL
DIAMETER 1Y%,

i
f SHIELD

!
| PHOTOCATHODE | {10 4

o’
R N %
l\ “Jb Punt ovuopc | o o prwooe T_ "

ACCELERATING kz-"'

4 PIN3 i PIN I} COLLECTO %
'\ ELECTRODESy ERG SIER: G TERE
\ PIN & 6 PIN 14 IN7ERNAL°
\ . :::: : S1DE CAP CATHODE
Fig. 4a—Dynode arrangement of Fig. 4b—Bulb and pin arrange-
5819. ment of 5819.

EMI* 4588—A nine-stage Venetian blind type multiplier with a
large area internal photocathode. In spite of the photocathode being an
internal electrode, it is, in general, large enough to permit efficient
optical coupling to a phosphor crystal. The fact that it is an unfocused
multiplier means that the gain for a given overall voltage is somewhat
lower than for a focused multiplier. Furthermore, the pulse height
distribution is considerably broader for this type of multiplier. This
will be taken up in greater detail in a later section. The general oper-
ating characteristics of this type of tube are listed in Table I.

EMI 5060—Like the EMI 4588, this multiplier employs a Venetian
blind type structure. There are, however, eleven multiplying stages
and the photocathode is on the glass end of the tube. The photocathode
in this tube has only about 1/25 the area of that in the EMI 4588.
The small area minimizes the dark current, while the on-the-glass
cathode permits good optical coupling. Both of these tubes have given

* Electric and Musical Industries, Ltd., Great Britain.




December 1949

RCA REVIEW

530

tN :N tN 7] *\n N :cxﬁ :@w@ﬁ tcx,ﬂ tcx,ﬂ HW“—WE.ﬂmﬁ m_.hﬂ-m.m
t@mw :@mw :C.Hl :O\hm tcw\_;m §¢ﬁ\ﬁ~m tc*.ﬂm twgﬁm ..mHM_hm; I._HN_HM._HH
er T° erd 10° er g0 en g —_— e g’ el 1> er gz’ JUAXIND HABP
ew T ewl [ ew [ ew g)° ew ¢'Z vw ([ ew T’ ew ('| (93eadsae ‘wnuwxsw) °[jod jusaan)
08T 08I 0St 0st 082 092 083 083 apouAp jse[ 03 ‘[[0d>
00ST 0gat 0gat 0sat 0geat 0ge1 (wnuwirxew) [[eiaao a3ejjop
Jrid 8 EE— Jrin 8 Jin g9 Jin g9 Jrin g9 i g9 alnjonais [ejo} 03 °[{od
Jrin ¢ Jin y Jod p Jin p Jid p apoufp 3se[ 0} '[[0d £10ede)
201 101 90T~ 0T X9 0T XZ 0TX3Z 0IX3 90T ured a3erase
091 091 0¢1 06 00t 00T 001 00T a3e)s Jad s3[oa uren
11 11 6 ot 6 6 6 6 sade)s jo dsqunu
/e 03 I/ed 03 1/ed 0v 1/ OF [/en g1 [/en ¢ VAK}4 /87 01 £1an31su9s
oV 000L .,V 000L .,V 0008 ,VO000L .V 000L Joind saem3uof
oV 0087 ,VO0OFE .V O003F .V 0007 .V 000F asuodsal yead apoyjed
6-S eIl 6-S Al " S ANl 6-S g-S 8-S ¥-S ¥-S sse[d [Bajoads -ojoydq
WO g W L0 W9 03 WO TT WO 6°T WO 6°T WO 6T W2 6°1 eaJae
Pus aqny pusaqn} [eudajul pus3qny JeUIIUl [BUIIUL  [BUII)UI [euaajut ad£y
1188 0909 88S¥ 6189 82d1 %3d1 13d1 Vg6 adA], aqny,

INd INA INY vOodu vOod vod vodu vod

'saatdinwojoyd [eI2IBWWOD JO SIIISIANIRIBRY)—] 219D,



SCINTILLATION COUNTERS 531

excellent results in scintillation counting. Working data on the EMI
5060 is given in Table I.
EMI 5311—Like EMI 5060 but with large photocathode.

PHOTOCATHODE AND ELECTRON COLLECTOR SYSTEM

The photocathode and electron optical system for directing the
photocurrent to the first dynode must meet the most exacting require-
ments of the entire multiplier. Losses here, as with those in the first
stage of a high sensitivity amplifier, contribute directly to poor signal-
to-noise ratio, bad statistics, etc. Therefore, the utmost care must be
exercised in designing these parts. Furthermore, in using a multiplier
nothing must be done which interferes with the efficient operation of
these elements.

An intermetallic compound, CszSb, forms the basis of the photo-
cathodes of the six multipliers described in the preceding section. The
material is probably an internal photoemitter, by which is meant
photons absorbed within the volume of the film are effective in pro-
ducing external photoemission. The peak of its spectral response is
in the violet and its long wavelength cut-off above 6500 angstrom
units. This means that its work function is quite high and consequently

its thermionic emission small. The RESPONSE FOR
quantum efficiency of this photo- EQUAL ENERGIES
cathode is the highest of any ma- 100

terial known. The surface is pre- ‘§

pared in two ways, namely the ¢ 88,

caesium-antimony may be deposited g 6o

on a metal surface giving the S-4

(used in 931A, 1P21, EMI 4558) Z .

spectral characteristic or it may be E

coated on a transparent glass layer @ 20

forming the semitransparent S-9 . ; | | |
emitter (used in 5819, EMI 5060). 2000 4000 6000 8000 10000 A°
The S-5 (used in 1P28) uitraviolet WAVELIE 6 TH

material is identical with the S-4 Fig. 5—Photocathode spectral re-
but is in an ultraviolet transmit- EDORSE | GHIRVES)
ting glass envelope.

The spectral response of the S-4 surface is shown in Figure 5. Its
peak response is at approximately 4000 angstrom units. The quantum
efficiency, v, at this wavelength is about 0.3 per cent per microampere
per lumen measured with a tungsten source at 2870 degrees Kelvin
color temperature. Thus if a photosurface gives 30 microamperes per
lumen its quantum efficiency will be 9 per cent. In other words, one
photon.of each 11 causes the release of a photoelectron. Photosensi-
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tivities as high as 100 or more microamperes per lumen have been
reported for these surfaces.

The quantum efficiency for radiation of wavelengths other than
that corresponding to the peak response can be determined with the
aid of the spectral response curves. Since these are given on an equal
energy basis, a correction must be made for the difference in wave-
length. Thus the quantum efficiency, y,, to be determined will be

R)\ /\o
TR — Vo=~
100 A
where A = wavelength of radiation in question,

A, = wavelength of peak response,

R, = response at wavelength A,

Yro = quantum efliciency at peak response.

The room temperature thermionic emission is important in deter-
mining the dark current pulse performance of a photomultiplier.
Measurements indicate that the S-4 surface emits about 10% electrons
ber square centimeter at 30 degrees centigrade. The emission approxi-
mately doubles for each 10-degree rise in temperature.

As has already been pointed out, the S-5 surface is identical with
the S-4 except for the glass enclosing it. The spectral response of a
tube using the S-5 combination is shown in Figure 5. The thermionic
characteristics are of course exactly the same as those for the S-4
surfaces.

Although the S-9 surface is also a Cs;Sb film, its characteristics
differ somewhat from the S-4 photoresponse. This is primarily due to
the filtering action of the material on radiation passing through both
the emitting material and the semitransparent conducting film which
backs it up. The thinness of the photoactive layer may also in part
cause the difference in the response characteristic. The spectral re-
sponse of a typical S-9 surface is given in Figure 5. The exact position
of the response is quite variable since a variety of backing layers may
be used. For the 5819 the peak response is at about 4800 angstrom
units. However, for some on-the-glass caesium-antimony photocathodes
it may be below 4500 angstrom units. The quantum efficiency for this
response is lower than for the S-4 being about 0.2 per cent per micro-
ampere per lumen. A surface measured as 25 microamps per lumen
will give a photoelectron for one photon out of every 20, that is 5 per
cent quantum efficiency. There is some indication that the thermionic
emission for this surface may be very slightly lower than for the S-4

T ——

i
|
|
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surface. The difference, however, is so small as to be of little or no
practical importance.

The silver-caesium oxide-caesium S-1 photosurface has been used
in photomultipliers. The peak of response for such surfaces is between
8000 and 9000 angstrom units and the long wave cut-off 10000 to
14000 angstrom units. However, the quantum efficiency is much lower,
and a surface having a sensitivity of 40 microamperes per lumen has
a quantum efficiency of only 0.4 per cent. Furthermore, the thermionic
emission from such surfaces is many orders of magnitude higher than
for the caesium-antimony photoemitters (i.e., > 106 electrons per
second per square centimeter). For these reasons they have not been
widely used for scintillation counting.

High photosensitivity alone does not suftice to ensure that a mul-
tiplier will be entirely satisfactory for scintillation work. It is quite
possible for two multipliers to have the same photocathode sensitivity
and the same measured gain, and for one to exhibit excellent statistical
characteristiecs so that it gives a
narrow range of pulse heights for w'}ﬂ&“ > R ==
scintillations from mono-energetic
particles, while the other shows
poor statistical properties and pro-
duces a very broad band of pulse
heights under the same conditions.
This will occur when a large per-
centage of the photoelectrons are
collected and multiplied in one mul- i )
tiplier and a large fraction lost in Plg: 6—%%1115210;100"(93?1&?"0“0" of
the other.

Primarily the efficient collection of photoelectrons is a problem
of multiplier design. However, it is possible for a correctly designed
multiplier to be operated in such a way that a large fraction of the
photoelectrons is lost. One cause of loss is inadequate voltage between
the photocathode and first dynode. Figure 6 shows the effect of this
voltage on collection efficiency for different points of illumination of
the photocathode in the case of the 931A. Another cause of poor photo-
electron collection is the presence of magnetic field. The interfering
field may be the result of external causes or due to parts of the multi-
plier being magnetized. If the former, it can be corrected by shielding
or by compensating coils, if the latter, the multiplier must be demag-
netized. This can be done by passing the tube a few times through a
coil carrying alternating current,

It is not difficult to measure the photoelectron collection efficiency

OTOELECTRONS

hATIOan
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of a multiplier, and it is advantageous to make this measurement when
setting up a critical scintillation counter experiment (e.g. a scintilla-
tion spectrometer, etc.). This information, together with a knowledge
of the quantum efficiency of the photocathode and the statistics of
multiplication is necessary to interpret the data from measurements.

To carry out an efficiency measurement it is necessary to know the
gain of the multiplier. Methods of measuring multiplier gains will be
discussed in the next section. With the gain G and the output cur-
rent i, of the multiplier when a small amount of light is allowed to
fall on the photocathode, the number of photoelectrons, n,, leaving the
cathode is determined from the expression

n, = .
eG

Next an integrated pulse height curve is determined, the multiplier
being operated under the same conditions of illumination and gain.
This type of curve is measured with the aid of an amplifier, a pulse
height discriminator which passes all pulses above a preset and adjust-
able amplitude, and a scaler or register. The number of pulses per
second as a function of pulse height is measured and plotted. These
measurements cannot be extended to zero pulse height because of
amplifier noise, however, the curve can be extrapolated to zero pulse
height, giving the number of pulses per second n’, which exceed zero
pulse height. If the collection of photoelectrons were perfect, 7', would
equal n,. In practice n’, will be less than n, and the ratio = #’,/n, is the
efficiency 5, of photoelectron collection. Normally this ratio ranges in

value from 50 to 90 per cent depending upon the multiplier and condi-
tions of operation.

MULTIPLIER GAIN

For practical scintillation counting, the gain of the multiplier
should not be less than a few hundred thousand and preferably should
be one or more orders of magnitude higher. If, for example, the
multiplier gain is 8 X 105 and the total output capacity 10 micro-
microfarads, one electron from the photocathode will give a pulse of
5 millivolts. A pulse appreciably smaller than this is difficylt to amplify
with the type of wide band amplifier required for scintillation work.
On the other hand, if the multiplier gain is 109 the pulse will be 15
volts, and it may be possible to dispense with an amplifier ahead of
the pulse height selector and counting system.

The gain of a multiplier depends upon the secondary emission ratio,

1]

=k




SCINTILLATION COUNTERS 535

o, of the dynodes, the efficiency, 5, of transfer of electrons from one
stage to the next and the number of stages, m. Thus the average gain
G of a multiplier will be

G = (yo)™

The secondary emission ratio depends upon the material and
processing of the dynode and upon the bombarding voltage of the
primary electrons. The secondary AT
emission ratios of a number of sur-
faces commonly employed as dy-
nodes are shown in Figure 7. For P
antimony-caesium used in most of
the multipliers described above, the
ratio is about 4 at 100 volts bom-
barding voltage and almost 6 at
150 volts.

Vo = 100 VOLTS

R =%,

1 1 1

e |oo 1000 T 10p00 VOLTS ! 2 3 V/V°

Fig. 7—Secondary emission ratios. Fig. 8—Focusing curve (931A).

In a focused multiplier the transfer efficiency, », is close to unity
when the tube is operated with the correct voltage ratios. An unfocused
multiplier in general will have a much lower transfer efficiency (i.e.
around 60 per cent). If the voltage ratios between stages in a focused
multiplier are not correct the transfer efficiency falls very rapidly.
The curve given in Figure 8 illustrates the effect on efficiency when
the voltage on one dynode is changed for a multiplier of the type
931A. For most purposes this critical focus is disadvantageous in
that it places rather stringent requirements on the resistive voltage
divider generally used to supply the dynodes. However, this property
can be advantageously used to stabilize the gain against overall voltage
changes, as will be described in the section discussing multiplier
circuitry.

If the secondary emission ratio were proportional to the primary
voltage so that




536 RCA REVIEW December 1949

o=kV,

the total gain of a multiplier would be expressed as follows:

Vo \™
G=og"=)m
m+1

where V, is the overall voltage.

This relation holds for low voltage but it will be seen from Figure
7 that the secondary emission ratio, o, begins to increase less rapidly
than indicated by this expression at bombarding energies considerably
below 100 volts. Over the range where this relation is applicable the
fractional change, in terms of a change in voltage, will be

AG AV

—_—=m-—

G |4

Thus for a nine stage multiplier a 1 per cent change in voltage
would produce a 9 per cent change in gain. At the normal operating
voltage of 100 volts per stage a 1 per cent change in voltage causes
about a 7 per cent change in gain because of the rounding off of the
secondary emission curve.

Since the percentage change in gain is 7 times as great as the
percentage change in overall voltage, the power supply used with the
multiplier must have very good regulation, where the experiment
demands high multiplier stability. Suitable power supplies will be
discussed in a later section.

It is frequently useful to be able to measure the gain of a multiplier.
In general, the measurement cannot be made simply by putting current
meters in the input and output leads, because even when the output
current is the maximum permitted for the multiplier, the input current
will be too small to be conveniently measured. One method of making
the determination is as follows:

First the multiplier is operated with a low overall voltage (e.g.
300 to 500 volts) so that the gain is in the neighborhood of 1000, At
this low gain the input and output current can be measured with no
great difficulty. For example, a given amount of light may produce
100 microamperes at the output with an input current of 0.1 micro-
ampere. The light is then reduced until the output current is 0.1
microampere. The input current will then be 10—10 ampere since the
(low) gain remains unchanged. Next, leaving the illumination the
same, the voltage on the multiplier is increased until it is operating

]
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under normal conditions, and the output current again measured. In
the example cited above, the output current might be found to be 90
microamperes. The average gain G is therefore 90 X 10-6/10—10—=10.9
X 105, In other words, the average gain is the measured output current
divided by the calculated input current.

Other methods of making gain measurements will occur to the
reader. For example, the gain of the first m/2 stages may be measured
as one operation and then that of the remaining stages as a second
separate operation. The total gain will of course be the product of the
two partial gains.

In making gain measurements, care must be taken to correct for
dark current and electrical leakage. This can usually be done by taking
the difference in current in the lead being measured when the photo-
cathode is illuminated and when it is in darkness. Excessive dark
current can almost always be reduced by cooling the tube.

It should be pointed out that a different type of gain may be defined
for a multiplier. This is the gross gain G’ or gain experienced by the
electrons actually entering the multiplier. The gross gain is determined
from #»’,, the number of electrons actually entering the multiplier and
the output current ¢, by the following relation:

%
G =

’

en’,
Clearly the gross gain is related to the average gain G as follows:
G/G =n'p/n, =,

The concept of a gross gain is useful when considering the electron
statistics of a multiplier, discussed in the next section.

STATISTICAL CONSIDERATIONS

The secondary emission ratio, o, and the gain, G, have, in the pre-
ceding paragraphs, been referred to as definite values. Actually the
secondary emission ratio and consequently the gain are statistical
quantities. A primary electron striking a dynode has a certain prob-
ability P(Z) of producing Z electrons, the expectation for this distri-
bution being the secondary emission ratio, o. There is reason to believe
that the distribution may be close to a Poisson distribution. However,
experimental data is not yet available which establishes with certainty
the distribution law followed by secondary emission.
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Assuming a Poisson distribution law to be applicable, the proba-
bility that a primary electron will produce exactly Z secondary electrons
when the secondary emission ratio is o is

e—9g%

P(Z) =

zZ!

For such a distribution the root mean square deviation is \/o.

The properties of the distribution obtained by cascading stages
each having a Poisson distribution can be found by setting up a suit-
able generating function and solving it for the various statistical
moments. If the number of electrons entering a multiplier is § with
a root mean square deviation of \/§ and the dynodes have a secondary

emission ratio o, the fractional mean square deviation of the output
will be

AZ? 1 om+1 1 1 s

Z: 8 om(o—1) So—1

It will be noticed that the fractional square deviation is simply the

1
mean square deviation of the entering electrons — increased by the

8

ag
amount

) due to the effect of the multiplier.
o —

Where the secondary emitting surfaces are dynodes of a multiplier
with effective secondary emission ratio o, the root mean square devia-
tion may be Ves instead of Vo (due either to focusing losses in the
multiplier or to the distribution being other than that assumed above).

Under these circumstances the fractional square deviation becomes:

AZ? 1—e¢ € o 1 €
— == (14 .
VA ) do—1 S o—1

The coefficient ¢ can be evaluated from an integrated pulse height
distribution curve for photoelectrons, such as mentioned in a preceding
section. If the standard deviation for secondary emission is Vo the
fractional square deviation of this curve will be:

AZZ? 1 ¢ 1

Z2 co—1 0—1.
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On the other hand, if the standard deviation is instead ‘/es, the
fractional square deviation becomes

AZ2 .
22 o—1
By measuring the deviation of the photoelectron pulse height distri-
bution and comparing it with ' , the coefficient ¢ can be determined.
c—1

PHOTOELECTRON PULSE HEIGHT DISTRIBUTION CURVE

The integrated pulse height distribution curve is sufficiently valu-
able in giving information about the performance of a multiplier in
a scintillation counter chain to warrant further discussion. It has
already been pointed out that the number of electrons »n’, actually

?ni =
Ye A"= Zc{r = A =1
m SEC.- Lo
n rs \\
% %4 A
%3 S
36!52417 - at
i ~4.
OSCILLOGRAM @ OR V

DISTRIBUTION

Fig. 9-—Construction of distribution curve.

entering the multiplier can be determined by extrapolating this type
of distribution curve to zero pulse heights. The integrated distribution
can also be used to calibrate the amplifier and count indicator in terms
of electrons entering the multiplier as well as to determine the multi-
plier distribution characteristics.

Consider for the moment the significance of the distribution curve
in terms of the way in which it is made. Suppose the method of meas-
urement consisted of observing the pulse heights on an oscilloscope.
The series of pulses in a particular unit of time (e.g. one second) might
have the appearance shown in Figure 9. An integrated distribution
curve for these pulses would be constructed as shown in the figure and
really amounts to an ordering of the individual pulses in terms of their
height. Normally, these pulses would be measured in terms of volts at
the pulse height selector, and they each represent a certain charge, q,,
coming out of the multiplier. The relation between the pulse height in
volts, V,, and ¢, is
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C
Ge=—"Vi
A
where C = effective input capacity,

A = amplifier gain.

If the pulse height distribution curve is given in terms of the number
of units of charge in the pulse rather than the voltage of the pulse,
it is evident that the area under the curve represents the total charge
output from the multiplier per unit time, or, in other words, the area
is equal to 7,, the output current. While in actuality, each pulse, irre-
spective of the charge at the output, is the result of a single electron
entering the multiplier and being multiplied by a gain which varies
from electron to electron due to its statistical nature, the output pulses
can equally well be thought of as being the result of electrons of
different sizes entering the multiplier and being multiplied by a
constant gain. The distribution curve could therefore be plotted in
terms of the effective fraction p, of an electron entering the multiplier
and being multiplied by a gain G’ which gives the observed charge ¢,
at the output. Since p on the average must be one, it is clear that the
area under the curve plotted in this way must be equal to n’p. The
following sets of relations will help to clarify this point:

P = q,./eG’, A” =3 q,=1,,
, 2 (Ik 7’0
A= 2 P = = = n',”
eG’ eG’

where
A” is area under distribution curve in terms of output charge,
A’ is area under distribution curve in terms of electrons p.

If now the integrated pulse height distribution curve is taken in the
normal way and plotted in terms of pulse height in volts, the number
of volts corresponding to one electron from the photocathode is found
simply by taking the area under the distribution curve in volts counts
per second and dividing it by . e

There is considerable advantage to be gained in plotting scintilla-
tion pulse heights distribution curves in terms of electron heights, p.
This makes the results independent of the amplifier and multiplier
gain and also of the coupling circuit between the collector and amplifier

input. Also, as is evident from arguments given above, this way of

- rp
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plotting data permits an immediate evaluation of § needed for the
determination of the multiplier electron statistics.

A typical photoelectron distribution curve for a 5819 is given in
Figure 10. Here n’, is 5540 counts per second, and the area under the
curve is 149000 volts counts per second. Therefore, the pulse height

produced on the average by a single
electron entering the multiplier is
27 volts. The curve can now be
plotted in terms of electron heights
as abscissas. This scale has been
marked on the figure.

To evaluate ¢ for the statistical

€
correction factor 14+ — >
og—1
it is merely necessary to find the
mean square deviation of the nor-
malized derivative curve corre-

sponding to the integrated curve of

n'e9340

| ™~

0 — -
'

/f‘(ﬂ (p-1)dp = -1a20

1%0 vOLTS

1 4 HLECTHON I IOHT I (p)

Fig. 10 — Photo-electron pulse
height distribution.

the type shown in Figure 14. In other words, if the figure represents

n=f(p) then

AZ* € 1 o
S A — (o) (p— D)2 dp.
22 o—1 7, =

It is not necessary to actually perform this operation. Instead the
following shortcut may be employed:

Integrating by parts

o0
/ udv = uv
0

u= (p—1)2

dv=—f"(p) dp

where

Hence

du

v

w0 e ]
s / vdu,
0 0

=2 (p-].) dp
—f(p).

1 » (p—1)2
B —f'(P)(P—l)QdPI———,"—f(I')
w, Jo n,
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2 = 2 ®
——/ F(p)(p—1Ddp=1+— f(p) (p—1) dp.
0

’
' np Jo

-

The integral f(p) (p—1) dp can readily be evaluated from

Figure 14 by pickiong off appropriate values of f(p) at equal incre-
ments Ap and multiplying by the various values of (p—1) and summing.

Carrying out the evaluation for a Type 5819 multiplier operating
at a gain of 10%, the value for ¢ is found to be 1.54.

To illustrate the application of the methods outlined in the pre-
ceding sections to the general problem of scintillation measurements
consider again the system illustrated in Figure 1. Here the crystal
is being bombarded with 0.600-megavolt B-rays. The crystal produces
one photon for each 50 electron volts of energy. Thus 12000 photons
are produced. Approximately 3 of these reach the photocathode. If
the latter has a photosensitivity of 30 microamperes per lumen, its
quantum efficiency is 6 per cent and 240 electrons will be released.
The ratio »’p/n, in the multiplier may be taken as 0.5. This means
that 120 photoelectrons will enter the multiplier. The fractional

1
deviation of this number is = 9 per cent. The deviation is
V120
¢ %
increased by the factor <1 + > . If the multiplier has 10 stages
c—1 '

and a gain G =10% the secondary emission ratio is ¢ = 4. The co-
efficient ¢ has been determined for a 5819 and found to have a value
1.54. This means that the deviation will be increased by about 25 per
cent. In other words the output pulse distribution will have a root
mean square deviation of 11.2 per cent. Therefore, the pulse height
distribution curve obtained from the monocromatic 0.600-megavolt
B-rays would be a peak with a root mean square deviation of 11 per cent.

Another example is in the case of determining a figure of merit for
phosphor screens used in a particle detection. A distribution curve
is obtained for a particular monochromatic source which has a maxi-
mum corresponding to 150 electrons and a half height width of 50
electron heights. This means that the root-mean-squarg deviation is
about 25 electron heights out of 150 or 17 per cent. The standard
deviation of the 150 electrons entering the multiplier is 8.2 per cent
and the enhancement factor 1.25 making the total width 10.1 per cent.

The standard deviation of the screen alone is therefore /172 — 10% ~ 14 g

per cent. A 14 per cent root-mean-square deviation means that the

)

o — R = = ¥
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phosphor screen is quite good and entirely suitable for most applica-
tions.

So far the analysis has been confined to distributions which are
of the form of single peaks. To round out the discussion, the problem
of analyzing a general distribution will be considered very briefly.

Assume that a general distribution has been measured with a
scintillation counter giving a derivative distribution curve of pulse
heights n=F(p). The multiplier distribution curve of number of
pulses of height p when p electrons enter the multiplier is measured
to be: f(p, p—p). Further, let it be assumed that the true function
giving the photon distribution is » = G (p), which is to be determined.

Then, the relationship between the quantities is given by the following
o0

integral equation: F(p) = G(p) f(p,p—p) dp. Both F(p) and

f(p, p— p) are empirical quangities which have been determined dur-
ing the course of the measurements. It would be necessary, therefore,
to evaluate the above integral equation by graphical or numerical
methods which is a very difficult and frequently impossible problem.

It is possible to make certain approximations and simplifications
which lead to a much less cumbersome equation relating the above
quantities, yet capable of giving quite good results. The function
f(p, p—p) can, in general, be fairly closely approximated by a Gaussian

1 —(p—p)2

e 2kp
27 kp

f(p,p—p) =

€

where 1/k is the enhancement factor < 1+ > . This assumes that
vy—1
p and p are large compared with unity. Hence:

® G(p) ~(p—p)*?
F(p) = —— e up gy,
o V2mkp

If now the variables are transformed by x = P —p and it is assumed
that the integrand is zero except for x small (which is obviously the
case if the multiplier statistics are good), the following approximation

is valid:
Gp+zx) -—=
F(p) = - e 2rp dzx.
Ver kp
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Next, G is expanded in powers of x and integrated, giving

1 » (kp)n
F(p) =—— 3 G*™(p)-
Verkp "7° (2n) ! 2 n!

Finding the successive derivatives of F(p) with respect to p and
- simplifying leads to:

kp (kp)?
F(p) =G(p) +—4—G”(7)) +

GV (p) + -
192

k kp k2p
Fl(p) =G'(p) +—G"(p) + —— G (p) + — GV (p) + -
4 4 96

k kp k2 kzp
Fi(p) = G'"(p) +— G (p) + +— |GV (®) +—G"(p) +
2 4 96 48

3k
Flli(p) = G (D) + — GV (p) + - --
4

Solving these simultaneous equations, the following first approxi-
mation can be readily obtained:

kp
G(p) =F(p) —TF”(p)

G'(p) = F'(p) —k/4 Fl (p)
G"(p) = F''(p) —k/2 F11 (p)
Glll(p) e Flll(p) _3/4 FIV(p).

Higher approximations can be found if the particular circumstances
make it advisable. Usually, however, the two terms of the above
approximation give all the accuracy that most data will warrant.

NOISE PULSE DISTRIBUTION

For certain applications the dark current pulses generated by a
multiplier will set a definite limit to what can be done with a scintil-
lation counter. This occurs for example when the wanted pulses are
very infrequent, when the energy of the particles producing the secin-
tillations is small, or when a very large or remote crystal is being used.

4
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Within limits, the dark current itself does not interfere with scin-
tillation counting. Rather, it is the fluctuations in this current which
are harmful. The dark current is the sum of several contributing
causes. The first and most basic source is thermionic emission from
the photocathode. The thermionic electrons are multiplied by the
succeeding dynodes exactly as are photoelectrons. Second, any small
amount of residual gas left in the tube may become ionized and give
rise to dark current. Third, sharp points or edges at any of the
electrodes may lead to field emission due to high gradients. Finally,
electrical leakages, either ohmic or nonohmie, over insulating surfaces
which support the multiplier parts will contribute to the dark current.

Thermionic electrons from the photocathode give rise to a pulse
height distribution which is exactly the same as the photoelectron
distribution discussed in preceding sections. The dynodes may also
be thermionic emitters and these electrons will also be multiplied, but,
depending upon which dynode is the - =
source, they are amplified by less F
than the full gain of the multiplier F
and thus give rise to small pulses. L
Field emission can also give rise to
pulses, but in general, these pulses
will be small (unless there is actual
sparking in the tube) since the
emitted electrons are not multiplied
by the full gain of the tube. Ions,
on the other hand, may give rise
to pulses which are considerably -
larger than those due to thermionic ol
emission. This occurs when posi-
tive ions are accelerated back to the
photocathode and cause the emis-
sion of several electrons at once. o " L L L L
Ohmic leakage in general contrib- PULSE HEIGHT s
utes almost nothing to the pulse Fig. 11—Noise pulse distribution.
output.

The dark pulse output of the RCA 931A type, and the 5819, are
shown in Figure 11. It will be noticed that some of these curves are
different from the photoelectron distribution curves. This is not sur-
prising since they may include a large number of small pulses due to
electrons originating from later stages of the multiplier, as well as
large pulses due to ions and other effects. The curves shown are
plotted in terms of electron heights entering the multiplier. In this

1000} 5819

93IA
100}—

PULSE RATE

T T T TrorrT
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form the distributions are essentially independent of voltage as long
as the sources of the pulses remain unchanged. Experimentally, this
has been shown to be true over a considerable voltage range (i.e. from
~ 70 to 130 volts per stage). At higher voltage, effects of field emis-
sion and ion feedback become increasingly serious and the dark pulse
rate tends to become higher.

The temperature at which the tube is operated has a very pro-
nounced effect upon the dark pulse output. At temperatures in the
neighborhood of dry ice the dark pulse rate drops to a very low value
and is even lower when the tube is cooled to liquid air temperature.
In the neighborhood of room temperature, the dark pulse rate doubles
for each 10-degree-centigrade rise in temperature.

The pulse performance of certain multipliers can be greatly affected
by the voltages of external shields which are in contact with the glass
envelope. This is particularly so when the glass used is somewhat
conducting, and hence the shield potential can affect the fields in the
vicinity of the photocathode. It is most frequently found that the
pulse rate becomes a minimum when the shield potential is brought
close to that of the photocathode. It should be noted that this expedient
can be used to reduce the dark pulses from a particularly noisy multi-

plier but it will not significantly improve the performance of a good
multiplier.

MULTIPLIER RESOLVING TIME

One reason for the importance of the scintillation counter is its
high speed. It is faster by one or more orders of magnitude than any
of the gas discharge types of particle detectors. The points of limit
of the resolving time of the system are the crystal phosphor, the
multiplier and circuitry following the multiplier. The flash duration
of certain crystals is extremely short, being of the order of 10-8
second. The circuitry which follows the multiplier can in general be
arranged in such a way that it does not limit the speed of the system.
For example, the crystal diode coincidence circuits discussed in the
next section can be designed so as not to constitute a limit. The re-
solving time of the multiplier itself is the subject of this section.

When an electron starts from the photocathode of the multiplier
and proceeds to produce generations of secondary electrons which
eventually reach the collector, a certain amount of time is required.
This transit time in itself does not limit the resolving time of the
multiplier, but rather simply acts as a delay. '

. .However, the electrons produced by one or more photoelectrons"
initiating simultaneously from the photocathode do not reach the

14
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collector at exactly the same time. This spread in transit time sets
the ultimate limit of the resolving time of the multiplier.

A number of possible causes must be examined in determining the
nature and magnitude of the transit time spread. These are

1. Emission time of secondary electrons.
2. Effect of initial velocities.

3. Difference in electron path lengths.
4. Space-charge effects.

Considering these factors in order, the secondary emission time is
one or two orders of magnitude shorter than some of the other delay
effects. The exact emission time has not yet been determined, but
frequency measurements on certain devices where secondary emission
is involved show that this time is less than 10—1° second. Indeed, it
was shown by Greenblatt and Miller that a certain fraction at least
of secondary electrons must be emitted in less than 10—1!2 second.

The spread in initial velocities of secondary electrons is important
in its effect on transit time spread. A good secondary emitter will
emit most (85 per cent) of its electrons with initial velocities in the
range of 0 to 3 volts. The fractional decrease in transit time for
electrons between parallel plates with a potential difference V between
them if an electron is emitted with a velocity AV volts is

at /av
= 7

This approximation is sufficiently good for the present estimate of
transit time effects. At 100 volts per stage an electron leaving with
3 volts initial velocity will require 17 per cent less time to reach the
next dynode than one leaving with zero velocity.

The difference in path lengths of electrons leaving from different
points on a dynode is the largest factor involved in transit time spread.
A single stage of one form of linear electrostatic multiplier is shown
in Figure 12 giving electron trajectories and equipotential surfaces.
Computing the transit time difference between the longest and shortest
paths, it is found to be about 1.7 X 10—? second. If the effect of initial
velocity is included the difference becomes 1.9 X 10—, Where several
stages are involved the spread does not increase linearly with the
number of stages, but rather, more nearly with the square root of
the number of stages. Therefore, the spread in transit time for a
9 stage multiplier would be something less than 6 X 10—? second. This
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is in fair agreement with frequency response measurements made on
multipliers.

Space charge was mentioned as a factor in determining transit
time effects. It can be shown that the transit time for electrons from
a space-charge-limited emitter is increased by about 50 per cent. Space-
charge effects can only occur in the final stages of a multiplier where
very large gains are employed. If the gain is taken as 10% and the
transit time spread as 10—9 second, one electron produces an instan-
taneous current of 10—+ ampere at the collector. This is well below
the current which will produce any serious space-charge effect. How-
ever, if the gain of the multiplier is 10!% then the current is the order
of an ampere and space charge may well increase the transit time
spread.

o vOLTS

Fig. 12 — Electron
trajectories and po-
tential distribution
between two succes-
sive dynodes of a
typical multiplier.

100 VOLTS

MULTIPLIER CIRCUITRY

Most of the circuitry used with a scintillation detector is unique
to the particular experiment being carried out, and therefore its design
must be predicated on general circuit theory rather than on data from
an article on photomultipliers. However, a few elements of the cir-

cuitry are characteristic of the multiplier and consequently fall within
the scope of this discussion.

<

The multiplier requires for its operation an overall voltage of one
to two thousand volts divided into steps of 100 to 150 volts each. With
an unfocused multiplier the steps do not need to be uniform,
frequently be larger (150 to 200 volts) than for a focused multiplier.
Because of having to satisfy conditions of electrostatic 'focus, the volt-
age steps for a focused multiplier (i.e. 9314, 5819 etc.) must be uni-

form or nearly uniform. Normally, with these multipliers, uniform
steps (70 to 120 volts) are used. Sometimes,

ous to use a somewhat non-uniform arrangement of steps such as:

[

and can

. - g
however, it is advantage-
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Potential Potential
Stage Difference Stage Difference
(Volts) (Volts)
p-1 120 5-6 140
1-2 100 6-7 140
2-3 100 7-8 140
3-4 100 8-9 140
4-5 120 9-¢ 150

for a 931A or 1P21. Here a slightly higher voltage is used with the
photocathode to ensure good collection, and higher voltages are used
on the later stages to obtain higher gain without increasing the dark
pulse rate. It might be pointed out that with a 5819 the photocathode
to first dynode voltage does not affect the multiplier focus. Conse-
quently, it is advantageous to make this voltage as high as possible
without introducing additional dark pulses.

It is evident from the discussion of multiplier gain that the voltage
source must be well regulated for any precise experiment. A given
percentage variation in overall voltage produces nearly ten times as
large a variation in gain. While the need for a large number of voltage
steps complicates the power supply and regulation problem, the very
small current required by the multiplier is a simplifving factor.

It has been found most practical to obtain the voltage steps re-
quired for a multiplier from a resistance voltage divider. This divider
can be made up of small resistors soldered directly to the multiplier
socket, to avoid complicated wiring. When this is done, the overall
resistance should not be less than a megohm, otherwise the power dis-
sipated by the divider may raise the temperature of the multiplier
unduly. On the other hand, difficulties may be encountered with sta-
bility, etc. of resistors, if the resistance value is above one or two
hundred megohms. Where the divider is separate from the multiplier
and wired to the various socket connections, the lower limit of resistors
used is only determined by practical power supply considerations and
cooling requirements.

It is frequently necessary to use small condensers to by-pass the
resistors supplying the last few stages of the multiplier. This is
particularly so when the multiplier gain is high and a high resistance
divider is employed. In general, the average current at the output of
a scintillation counter never exceeds a few microamperes: however,
the instantaneous current may be quite high.
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Fig. 13—Regulated power supply.
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Fig. 14—Vibrator power supply.

Any one of a large number of
fairly conventional 60-cycle power
supplies may be used as the voltage
source. Figure 13 illustrates an
electron-tube-regulated supply

which is entirely suitable. It is also practical to use magnetic regula-
tion, the only added condition being that the filter between the rectifier
and the multiplier must have a long enough time constant to match
the relatively slow speed of this type of regulator. With a high im-
pedance divider, the filter problem, using a number of resistor-con-
denser stages, is very simple. In order to simplify the circuits following
the multiplier, the positive side of the supply should be grounded.

Radio-frequency power supplies are also very practical for multi-
plier work. When this form of supply is employed, care must be exer-
cised in shielding to prevent electric and magnetic pickup.

For portable scintillation counters it is necessary to power the
multiplier with batteries. For this purpose three or four 300 volt
batteries, or a battery-powered impulse high voltage generator may be
used. Two types of impulse supplies are common. One employs a
vibrator and transformer, and may be operated from three- or six-
volt batteries. The second uses a relaxation oscillator (e.g. a gas
discharge tube-condenser-resistor combination) and a transformer. In
general 90 or more volts are required to power this form of supply.
Schematic diagrams for these two forms of supplies are shown in

Figures 14 and 15.

Neither vacuum tube nor magnetic regulators lend themselves par-
ticularly well to the last mentioned group of power supplies. Practical
regulators for them can be made using a large number of neon dis-

= TO
= MULTIPLIER

Fig. 15—Gas tube oscillator power
supply.

charge tubes (NE51). However,,
this type of regulator requires hand
selecting of neon tuf)es, and tends
to change with time and use. Re-
cently corona discharge regulator
tubes have become available which.
are fairly practical. It is also pos-

L]
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sible to use the focusing properties

of a multiplier to obtain constant =

gain even when there are quite ; TP

large variations in overall voltage. o ‘ }s :

Figure 16 illustrates a regulator of £ P ol

this type, together with its gain- / e }L, v
.

voltage characteristic. The prin- | A sl
ciple here is that an overall increase /

in gain, due to a rise in voltage, is /
balanced by the focusing loss at L
dynode 6 where t?le voltage between Fig. 16— Gain regulation by focus
dynodes 5 and 6 is held constant by compensation.

a zero-current 90-volt battery. The

battery may of course be replaced by a constant voltage gas discharge
tube.

The output circuit of the multiplier should follow general good
pulse-circuit practice. Where a multiplier of the 931A or 5819 type is
resistance coupled to the grid of an amplifier tube, the coupling re-
sistor must be of low value (i.e. < 1000 ohms) if the pulse is to be
limited by the multiplier transit time spread. In all cases lead lengths
should be short and capacitances to ground etc. minimized.

The very short resolving time of a multiplier makes it very useful
for coincidence work. In order to take advantage of this speed, it is
necessary to use very wid_e band amplifiers where conventional coinci-
dence circuits are used. By using multipliers at voltages somewhat
higher than their rated voltage (this cannot be done with all multi-
pliers) sufficient output signal can be obtained to operate coincidence
circuits based on rectifying crystals (e.g. 1N34) without amplification
between the crystal and multipliers. This greatly decreases circuit
complexities. Two examples of this are shown in Figures 17 and 18.
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The three crystal circuit has greater
sensitivity and better discrimina-
A p tion ratios than the two crystal sys-
tem, but is much harder to adjust.

OUTPUT These examples are given sim-
ply to illustrate two of the many
\l ll 3 3 * 3 * "
L = ways in which circuit “tricks” can
% '3 % 34 % simplify making use of the valuable
time characteristics of the multi-

Fig. 18 — Two-crystal coincidence  plier. Many similar simplifications

cireuit. can be found which help in the solu-
tion of problems connected with the various experimental applications
of this tube in scintillation detection.

LIST oF SYMBOLS

A Amplifier gain.
A’ Area under integrated pulse height curve (input electrons).
A” Area under integrated pulse height curve (charge output).
C Effective coupling capacity between multiplier and amplifier.

f(p) Integrated pulse height distribution (pulse rate versus
number of electron-equivalents input).

G Average gain.
G’ Gross gain.
i, Photo current.
i, Output current.
m  Number of stages.
n  Pulse counting rate.
n, Number of electrons from photocathode per second.
n’, Number of electrons entering multiplier per second.
» Number of photons per second,
q; Charge in k* output pulse.
V  Voltage per stage, voltage,
V, Overall multiplier voltage,
Z  Arbitrary number of electrons.
Y Quantum efficiency (of photocathode).
8 Number of electrons entering multiplier.
€

Coefficient of departure of mean square deviation of second-
ary electrons from that given by Poisson’s relations,

n  Transfer efficiency.

7, Photoelectron collection (transfer) efficiency.

P p  Effective charge (in electron units) entering multiplier.
o Secondary emission ratio.,
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DIRECT-READING ELECTRONIC TIMER*%
By

R. R. FREAS

Engineering Products Department, RCA Victor Division,
Camden, N. J.

Summary — The application of resistance-coupled multivibrators to
binary and decade counter chains is described, with suggestions for im-
proved stability. Several independent counts may be selected and registered
on counter dials from one continuously operating electronic counter with
the coincidence indicator circuits shown. The electronic counter may be
automatically reset to zero or any advance count with the reset circuit
presented.

BINARY COUNTER CIRCUIT

counter or divider.! See Figure 1. This type of multivibrator,

in which one side is conducting and the other cut off, requires
a driving pulse to change from one of its two stable positions to the
other. If this pulse is applied at the common plate resistor, a second
identical pulse will cause the multivibrator to return to its original
condition. Thus the circuit completes one cycle in response to tw?
driving pulses, and may be used as a binary divider.

If driving pulses are equally spaced, one plate waveform will be alt
symmetrical square wave and the waveform at the other plate will bﬁle
identical except for opposite polarity. A differentiating circuit at
either plate would produce an output pulse similar to the driving pulse
but of half the frequency. This may be used to drive another stage,
and so on.

The change from one stable condition of the multivibrator to the
other is accomplished as follows:

Q_ RESISTANCE-coupled multivibrator may be used as a binary

(a) A negative pulse is applied at the common plate resistor.

(b) This negative pulse appears, attenuated, at the grid of the
conducting section.

* Decimal Classiﬁcation: R355.913.5.
. .T The work described in this paper was performed for the Engineering
Division of the Air Material Command on Contract W-33-038-AC-174217.

'I. E. Grosdoff, “Electronic Counters’ ]
b. 438, Septamaoly B ers”, RCA Review, Vol. XII, No. 3,
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(¢) The conducting section is rapidly cut off and the plate rises
toward a more positive value determined by the resistance
divider from B+. Assuming a driving pulse of negligible
width, the rate of rise is determined by the value of the
resistance divider and the stray capacity to ground.

(d) The grid of the previously cut-off section rises and causes
conduction of plate current and a corresponding plate voltage
drop. This completes the action.

ELECTRONIC COUNTERS

Binary counters can be arranged in cascade, so that the system
will count to any integral power of B+
two. In such service each binary
will be used to drive the following
binary through a differentiating 6J6
circuit. For example, if it is de-
sired that the system be capable of
counting to 128, or any number be-
tween 64 and 128, seven binaries
could be arranged in cascade. If it
is not desired to count to a full 128,
the system could either be reset
'when the desired count is reached,
by suitable circuitry, or the chain
could be reset to an advance number
(i.e., other than 0), so that the
additional number of desired counts
would complete the counter cycle. Fig. 1—Binary schematic.

Four binary counters may be arranged in cascade to count to ten
by using feedback. Feedback effectively introduces extra driving pulses
to the binary counters during the normal cycle, thereby acting as the
equivalent of various numbers of input pulses. For example, suppose
four binaries are arranged in cascade. Feedback is applied so that
every time the third stage turns over in a certain direction, a driving
pulse will be applied to the second stage. This feedback pulse would
be the equivalent of two input pulses to the first stage. This would
decrease the normal count by two each cycle, or would make three
stages count to six instead of eight. Similarly, if feedback is utilized
between the fourth and third stages, the feedback pulse to the third
stage would be the equivalent of four pulses to the first stage. If both
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feedbacks are used, the count for one cycle will be ten instead of sixteen
for the four cascade stages, by virtue of the fact that the first feedback
pulse is the equivalent of two input pulses, and the second feedback
pulse is the equivalent of four input pulses. This subtracts six pulses
from the required sixteen to complete the cycle.

The arrangement just described is typical, but not the only feedback
arrangement that is feasible to reduce the normal count of a series of
binary stages. By using the same principle, virtually any count may
be achieved.

The binary arrangement is the simplest from a standpoint of con-
struction, stability of operation and efficiency of circuits. As we are
not used to counting in binary numbers, however, it is sometimes diffi-
cult to adapt such a counter to read in the system of numbers with
which we are familiar; i.e., the decade system. The advantage of the
decade counter is that it is directly adaptable to an indicating device
which will read in the decade system. Such a counter, however, pre-
sents additional circuit problems from a standpoint of stability and
is necessarily more complex for counting to a given number than a
binary system would be.

An electronic timer is of little use if it cannot be depended upon
for continuous accurate counting. An unstable counter may divide
erratically or divide by the wrong number; the result in either case
being an improper count. Fortunately, it is possible to design this
type of counter circuit in such a way that a high order of reliability
may be secured from either decade or binary counters.

The driving pulse supplied to the first stage of a counter chain
from the oscillator or other driving source is exceedingly important
in the stability of the chain. As a rule, an ordinary sine wave oscillator
is seldom suitable as a driving source directly. Suitable circuits must
be utilized to provide a short, sharp driving pulse. See Figure 2. One
such circuit utilizes a tuned-plate, tuned-grid, crystal controlled sine
wave oscillator whose output is fed to a self biased amplifier. The
amplifier’s plate load includes a ringing inductance which will ring at
its natural frequency and produce one wave train for each cycle from
the oscillator. The output of this ringing coil is damped with a suitable
resistor, and this succession of damped wave trains is then fed to
another self biased amplifier. The most positive portion -0f the first
cycle of the wave train sets the bias on the self-biased amplifier and
causes conduction of plate current at that amplifier. The output of
the amplifier is a short sharp pulse of negative polarity and great
amplitude which is essentially independent of slight changes of wave

1
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form on the crystal oscillator. This pulse is well suited to the task of
driving a -counter.

If the optimum in wave shape is not required for purposes of coin-
cidence indication, each stage may be used as a source of driving pulses
for the following stage. This is true in either the binary or the decade
system. The differentiating circuit used by the stages to transform
the square wave of the driver to a pulse for the driven stage should
be capable of producing a sharp, short pulse in each case. The driving
pulses to each stage should be as nearly identical as possible if the
maximum stability is to be secured. Under such conditions the timer

Tl

b1 |
T

- LAY

ouTPUT

Fig. 2—Oscillator-pulse former.

will not be critical to reasonable changes in B+ voltage, filament
voltage, tubes, or normal variations in other circuit components.

If sharp rise and fall times are required on the output wave form
of the counter stages, it will be necessary to minimize. the loading on
these stages. In order to accomplish this; interstage amplifiers must
be employed to drive the counter stages, as in the typical decade shown
schematically in Figure 3. A differentiating circuit is still used to
drive the amplifier, but its input impedance is much higher than the
input impedance of a counter stage. It is obvious that the opposite
side of a counter stage must be employed to drive the amplifier, due to
phase reversal of the latter. The plate load resistor for the amplifier
may be the common plate resistor of the driven counter stage, as in

Figure 8.
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In some instances it has been found necessary to use special circuits
in order to sharpen the pulses used for driving counter stages part of
the way down the timer chain. A typical circuit, see Figure 3, might
include a clipping amplifier whose output would be a steep-sided square
wave, a suitable differentiating circuit, and a self-biased pulse ampli-
fier. The use of such circuits may greatly add to the reliability of a
counter system.

METHOD FOR CHOOSING SIGNALS FOR A DESIRED COUNT

An electronic timer, composed of a series of cascaded counters and
a coincidence indicator, may be used to provide an output pulse after
any given number of input pulses. Assume that at the start of a
counter cycle the multivibrators each start out with a given half of
the multivibrator conducting. Let us call this “Plate B”. The other
plate will be designated as “A”. It

. . FIRST STAGL SLCOND STasL
is possible to show that after the  wer iy 1y 1 pommmsa, |
. . . DIFFERENT AT
application of any given number of I Mm./:!nfﬂ"
input pulses, the counter plates will
have a pattern unique to that count.
INPUT PULSES 0 1t 2 3 4 § ¢

This assumes, of course, that the vrsmse 4 LT LU
given number of input pulses does )

not cause the counter to go through st ol [ UL
one or more complete cycles. For o stase 4 [ | [

example, assume we have a two- ot ale I [ E

stage counter, as shown in Figure - ome
4. 5 ? '

At the start (?f tbe counter cycle, Fig. 4 — Two-stage countar. and
before the application of the first wave form.

input pulse, the “A” sides of each

stage are cut off and therefore are at a higher voltage than the “B”
sides. Let us designate the higher voltage plates as plus and the lower
voltage plates as minus. Now assume three input pulses have been
applied. It is obvious that both of the “B” plates are now plus. If it
were desired to indicate the count of three when a coincidence indicator
would be connected to each of the “B” plates, the indicator would be
so arranged as to provide an output each time both of its input signals
were positive simultaneously.

It will be noted that having both “B’” plates plus is unique to the
count of three, and that this condition will last until the count of four,
therefore providing an output equal in duration to the spacing between
the input pulses. The principle illustrated by this simple example may
be utilized to indjcate practically any count, however large. With a
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sufficiently long chain of multivibrators, the maximum count is limited
only by the complexity of the coincidence indicator.

In the case of a binary counter chain, it is necessary to use the
signal at each plate in the chain for coincidence indication. However,
when four counter stages are arranged with feedback so as to count
to ten, it is not necessary to use all four stages to feed the coincidence

AT YRR peaTe veerases  indicator. For example, if a decade
PULSES IN system with feedback from the

0 1 2 3 4 5 6 7 8 9 q
COUNTER fourth stage to the third stage and
P“;: s s . v 7] from the third stage to the second
stage is employed, a unique combi-
. s . ; 0 . nation of plus plates may be
achieved by using only three plates.
v L This is true for every count — 0
“ P_—l | I__I I through 9. While all the plates are
28 e v e used for one count or another, it is
necessary to select only three for
ul’ﬁl | | each particular count. The method
of doing this may be seen from Fig-
a8 [T l ure 5. The dots on the wave form
under each number indicate the
[ O -I | plates that are selected to indicate
the count for that number of input
8| v e v e pulses. The above-mentioned figure
assumes that the coincidence indi-
fg;sM/gff‘;gs/glg»‘}fi_"’gg‘“ cator operates on positive signals.

counT. If an indicator operating on nega-

Fig. 5—Counter decade plate sig- tive signals is used, the plates
nals selected i‘;’;ig]’mc‘de"ce indi-  Colected would be the opposite to

those indicated in Figure 5.

COINCIDENCE INDICATORS FOR ELECTRONIC COUNTERS

Coincidence indicators may be divided into two groups; namely,
those which produce a pulse output and those which produce a pedestal
output. In the former type the output of several counter stages may
be fed to as many triode grids, and the plates connected to a common
load resistor. See Figure 6. The grids are so biased as to cause con-
tinuous conduction of plate current, except at the time when all grid
signals are negative simultaneously. The output of the common plate
resistor is a positive square wave, which will have the same width as
that of the shortest square wave applied to the grid. It is easily pos-
sible to combine four or five signals in this manner. As 2 rather high
value of plate resistor must be used, the output is not generally a good

—
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square wave, but will be somewhat rounded, especially on the positive
going side where the strayv capacity must be charged through the plate
resistor. The negative going side, where the tubes again start to draw
current and discharge the stray capacity is somewhat sharper, and
differentiating this output will give a negative pulse which is suitable

for driving an amplifier which has T e
slight positive bias. The output of 2cst 5 sest Led L eourmr
this amplifier will be a sharp posi- 4 :®7§ s o= i!’:

tive pulse, which will coincide with 3 ’ 38 doal

the end of the highest frequency ‘' ... .... ° '

square wave impressed on the con- 0 100

trol grid which has been selected
for coincidence indication.

This type of coincidence indica-
tor has been found to be especially
stable. Because the tubes are op-
erated from grid current to cutoff, frf’fh{"f‘/fhﬁ,f’fv! 3
it is essentially independent of rea-
sonable variations in tube charac-
teristics, component values, or B+
voltage. The grid wave form need (FJAFFJ (o
not be especially good in order to
provide a good pulse output. In gen-
eral, no adjustments are required.

A type of coincidence indicator
for producing positive pedestal out-
put which has been found quite
satisfactory employs a pentode with
dual control grids, such as the
6AS6. In this tube the suppressor
may be used as a control grid with
about half the G,, of the standard
control grid. This tube may be
operated with, for example, a com- ] . o
bination of two superimposed coun- Fig. G—H]ghiflﬁ?g:f&.cy B
ter square waves impressed on the
control grid, and one counter square wave impressed on the suppressor
grid. In this case, the control grid would be operated with a negative
bias to select the proper operating point. A negative output pedestal
would be obtained from the plate at the time when all three signals at
the two grids became positive simultaneously. If the wave form at the
grid has good frequency response, and if a low value of plate resistor is
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employed, the output pedestal may have good high-frequency response.
This produces a steep-sided square wave. The duration of the output
pulse will be exactly equal to the duration of the shortest square wave
at either grid.

1t is possible to operate this circuit with more signals on the control
grid and suppressor grid if some stability in operation can be sacrificed.
As the number of signals increases, the bias setting for a clean output
becomes more and more critical. However, it is entirely feasible to
operate with three signals at the control grid, and one signal on the
suppressor grid. In this case the suppressor grid resistor may be
returned directly to ground and the negative side of its signal will be
used to bias oft the pentode. See Figure 7. The control grid is so
operated as to cause plate current conduction only on the most positive

B WUl o1 23456189008
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Fig. 7—Pentode coincidence circuit.

part of the impressed signal, together with the positive suppressor
signal.

If it is decided to combine the output from several such pentodes,
a series of triodes may be fed from the negative plate signals of the
pentodes with the plates of the triodes connected to a common load
resistor. The triodes are so arranged as to be normally conducting in
the absence of signal. The output of the common plate resistor will be
a positive pedestal, whose duration will be equal to that of the shortest
square wave at the pentode plates. As the grid driving signals can be
very large, a small plate load resistance may be employed to provide
good high frequency response. See Figure 7.

An entire coincidence indicator system may consist of a combination
of both the pulse type and the pedestal type indicators. In this case,
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the pulse type coincidence indicator is operated from the highest fre-
quency stages of the counter, and the pentodes are operated from the
lower frequency stages. One complete cycle of selected counts from
the high frequency coincidence indicator will equal in time the pedestal
produced by the pentode with the shortest output pedestal. If the pulse
and pedestal are combined in a common impedance mixer, the pulse
may be selected by a biased amplifier if a rather high impedance output
is desired, or the combination may be impressed on the grid of a
thyratron, which will produce an output pulse of great amplitude across
a very low impedance. See Figure 8. Thyratrons operated in this
gservice obtain their plate current Jueses ) )V Pl
from a storage capacitor, which is

fed slowly from B+ through a large  &°5% m

resistor. A very small resistor in

the cathode of the thyratron may be ?;’,(‘:z‘,:a‘;:‘z%;’ LLL1LL l'L'L' LLiL]
used to develop the output pulse

QeD.
and quickly discharge the capacitor Tolare " | /

at conduction, thus extinguishing

the thyratron. FhreaTeoy |
The combination of pedestal and
pulses would result in only one ;Z‘,g““,’,‘r‘ ol
pulse being elevated by the pedestal, ]
and this pulse could be selected to comevag]
occur at the desired count. There- "
fore the firing of the thyratron by - BIAS
this pulse would indicate the de- Fig. 8 — Thyratron indicator

i ci it.
sired count. rcuit

The signals to operate the coincidence indicators are supplied from
the multivibrator plates. Due to the fact that several plate wave forms
may be combined at one grid of the coincidence indicator, it is neces-
sary to have some mixing network between the counter plate and
indicator grid in order to avpeid tying the counter plates together. An
isolating impedance from each plate, consisting of a large resistance
in parallel with a low value capacitor may be used for this purpose.
The other end of these impedances may be connected together and to
the grid of the coincidence indicator. A normal grid return resistor
is used in addition.

It is the purpose of the capacitor in the isolating impedance to
maintain the same rate of rise of the square wave at the coincidence
indicator grid as was obtained at the counter plate. The combination
may be thought of as an impedance divider; one leg being the grid leak
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resistor and the stray wiring capacity to ground. The other leg is the
isolating impedance. The ratio of reactance to resistance should be
the same for each leg if the wave form is to be reproduced faithfully.

The need for faithful reproduction arises when it is desired to
obtain coincidence indication near the start of a square wave. It is
obvious that the rise time of the square wave at the coincidence indi-
cator grid will determine how closely the coincidence indication may
occur to the start of the changeover of the square wave.

Generally all isolating impedances are the same value in order that
they may be interchanged by switches and supplied to the coincidence
indicator grid. If this is the case then it is necessary that all counter
stages be identical. Switching from one isolating impedance to another
should then necessitate no adjustment of coincidence indicator bias
whatever.

If the isolating impedances are of a high enough value, many
isolating impedances may be connected to one counter plate. There-
fore, more than one count may be selected from a timer chain by
having more than one coincidence indicator. The only limit to the
number of coincidence indicators that may be attached to an electronic
counter is the ability of the counter to operate under load. As many
as three coincidence indicators are entirely practical and it is reason-
able to assume that double or triple this number could be used without
difficulty if desired. Of course, each coincidence indicator is entirely

independent. The setting of one will have no influence on the setting
of any other.

RESET MECHANISM

It is frequently desirable to interrupt a counter chain before it
has reached its full count. At the time of interruption the counter
chain may be reset to 0 or some other definite number. The coincidence
indicator may be simplified (because it always selects one definite
count) by arranging the counter chain to run to the completion of its
count and reset to a definite number other.than 0. If the reset can be
switched from one number to another, the counter cycle duration will
be varied in exactly the same way as it would have been if the chain
had been reset to 0 and interrupted before the finish of its cycle. A
satisfactory reset device would feed a pulse into the grid of the multi-
vibrator stage in such a way that the multivibrator would assume a
definite polarity every time the reset pulse was applied, regardless of
whether or not it was in that position at the time of application of the
pulse.

It is desirable to maintain as much symmetry as possible between

H
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the two sides of the multivibrator. Therefore, as the reset pulse affects
only one side, it should be developed either across a low resistance
placed in series with one grid resistor, or should be applied through
loose capacity coupling to the grid.

For some applications the thyratron makes an admirable reset tube.
If its plate is fed from a storage capacitor which is slowly charged
from B+ during the timer cycle, and if the cathode resistor is small,
a short sharp pulse of great intensity is available for use as a reset
pulse. The thyratron may be easily triggered by the coincidence indi-
cator as its grid circuit is high impedance. The cathode resistor may
be so low as to be the grid return for each multivibrator stage in
common. The small value of resistor results in a negligible amount
of coupling among stages.

The time required for reset is very short. A pulse on the order of
one microsecond, for example, will give reliable triggering if the
amplitude is great enough. The width of the pulse depends upon the
time constant of the thyratron circuit, which is composed of the storage
capacitor, the tube itself, and the cathode resistor. The plate resistor
is generally made so large that its effect will be negligible.

It is occasionally desirable to broaden the reset pulse to prevent
unusual effects within the counter chain. For example, it has been
found that a very narrow reset pulse will allow a stage which is being
reset to complete its action shortly after the reset pulse has died away.
The stage in turn may then trigger the following stage.

In the case of a counter where the reset must be less than a micro-
second, it is generally advisable to use a hard tube as the reset tube.
The pulse output from such a tube may be much shorter than that
of the thyratron although, of course, the impedance across which the
pulse is developed must be much higher. If a chain of counters is
operated so that some multivibrators operate at a high frequency and
others at low frequency, the high frequency stages may be reset by a
hard tube and the others reset by a thyratron.

APPLICATIONS

The requirements of timers for Loran receivers are ideally met
by this type of electronic counter and coincidence indicator.?

A Loran timer must be capable of counting to sixteen basic repeti-
tion periods. Any of the sixteen may be selected by means of a switch.
It is a further requirement that the timer must produce an output
pulse whose spacing from the start of the counter cycle is variable in

¢ F, E. Spaulding, Jr. and R. L. Rod, “A New Direct-Reading Loran
Indicator for Marine Service”, p. 567 of this issue.
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one microsecond steps over most of the counter cycle. It is advan-
tageous to provide a mechanical counter which will display the count
being selected directly on a dial. Other previous systems have resorted
to pulse counting on a cathode ray tube in order to measure the selected
time.

In the application of these timers to Loran the highest input
frequency was 100 kilocycles, and the division was done by three
decades and two binary stages. In order to interpolate between the
pulses selected by the coincidence indicator in steps of ten micro-
seconds, a delay line composed of nine one-microsecond sections was

Fig. 9 — Experi-
mental loran timer.

employed. Each of the decades had a knob on the front panel which
determined the count which would be selected from that decade by the
coincidence indicator. The knob also controlled the corresponding digit
on the dial. A special mechanism provided carry-over from units to
tens, etc. Figure 9 shows a preliminary Loran timer for airborne use.

Another application of this type of counter is in relation to control
of a great many closely-spaced frequencies from a single crystal con-
trolled oscillator. To achieve this the crystal frequency is divided down
to a low audio frequency by means of fixed dividers. The output of
the variable oscillator, controlled by a reactance tube, is divided down
by a chain of variable dividers to approximately the same frequency.
If the two audio frequencies are compared in a phase detector, and the
output of the detector is used to control the reactance tube, the division
ratio of the variable divider will determine the frequency of the vari-
able oscillator. This frequency will be held with the same accuracy
as that of the crystal oscillator. The channels may be as closely spaced
as the audio frequency which is used at the phase detector.
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A NEW DIRECT-READING LORAN INDICATOR
FOR MARINE SERVICE*

By

FRANK E. SPAULDING, JR. AND ROBERT L. RoD

Engineering Department. Radiomarine Corporation of America,
New York, N. Y.

Editors note: It is with deep regret that we must inform our readers that
Mr. Spaulding lost his life in the tragic airline crash at Washington, D. C,,
November 1, 1949.

Summary—This paper describes in detail a new Loran indicator espe-
cially designed for shipboard use. The discussion treats many of the more
recent improvements, including a direct-reading feature, pulse rate auto-
matic frequency control and others. Block diagrams are shown to help
explain the operation of various circuits and a summary of performance
characteristics is given.

INTRODUCTION

new Loran marine receiving equipment, it is felt that a brief
historical resume would be of value. Like Radar, the Loran
System of Long Range Navigation was a wartime development which
proved to have definite peacetime value. Through use of pulsed radio
signals, synchronously transmitted from pairs of shore based trans-
mitters, navigators aboard ships and aircraft are able to determine
their positions accurately and at great distances.

Since the time of its inception in the early years of the war, the
shore based Loran transmitters have been operated under the jurisdic-
tion of the United States Coast Guard. Initially covering only the
North Atlantic area, the Loran system has been extended to the
Pacific Coast and serves large portions of the Pacific Ocean. Further
extension to areas of the globe not presently served is now under
serious consideration.

For many years the Coast Guard has maintained active leadership
in improving and extending the Loran system as an aid to mariners
and has done much to encourage advances in equipment design. They
are now preparing minimum advisory standards for the receiver-
indicator units as a guide to those concerned with development and
use of this instrument.

}:3 EFORE entering into a discussion of the technical aspects of the

* Decimal Classification: R512.2.
b67
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During the war, many thousands of Loran indicators were pro-
duced and installed on ships and aircraft in military service. Many
of these are still in service and will continue so for some time.

Since the war, active development has continued in commercial and
government laboratories to devise simpler, more reliable and accurate,
as well as less expensive indicating equipment for utilization of Loran
signals. RCA has been notably active in this respect. Continued
research in the field of electronic timing by members of the RCA
Laboratories Division at Princeton resulted in new and more stable
methods of using binary and decade multivibrator circuits for fre-
quency division.!

These techniques were extended and applied to the problem of
Loran timing by members of the RCA Victor Aviation Engineering
Section at Camden.> Their efforts led to a unique electromechanical
design which greatly simplified the task of determining time difference
intervals on the Loran indicator. Older methods required the Loran
operator to first superimpose the two received pulses and then operate
a switch and count a series of markers on the scope to ascertain the
correct time difference. With this new direct-reading system, the time-
difference reading is continuously and automatically registered on a dial
while the pulses are being matched, with the result that readings may
be obtained more quickly and with considerably less possibility of error,

Another recent improvement has been the perfecting of automatic
frequency control circuits which correct the drift inherently present
due to slight differences between transmitter and indicator pulse
repetition rates. With automatic frequency control, the pulses of the
desired stations are automatically made to stand still on the desired
portions of the cathode-ray tube sweeps so that they can be readily
matched.

These features are incorporated in a new direct-reading Loran
instrument recently introduced by Radiomarine Corporation of Amer-
ica. This new indicator is designed to meet the rigorous requirements
of marine service with a minimum of maintenance., Performance of
this instrument meets all requirements of the latest Coast Guard
specification for equipment of this type.

It also includes a new “S” rate for reception of 20-cycle pulses in
addition to the standard “L” (25-cycle) and “H” (331/35-c3fcle) basic
rates.

11I. E. Grosdoff, “Electronic Counters”, RCA Review, Vol. VII, No. 8,
pp. 438-447, September, 1946,

2R. R. Freas, “Direct-Reading Electronic Timer”, RCA Review, pp.
554-566 of this issue.
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Another advance in the design of this indicator is its ability to
handle stronger signals than earlier models. This is in keeping with
the trend toward use of higher power Loran transmitters, necessitating
greater receiver capabilities.

To meet operational requirements, it was apparent that the equip-
ment should have extremely stable timing circuits. From experience
with older Loran indicators, it was obvious that substantial efforts
should be made to reduce the number of field adjustments. One of the
outstanding handicaps of Loran indicators has been the great depend-
ence of their performance on tube parameters. Changing of tubes
usually had a large effect on the counting; and thus, auxiliary controls
usually required readjustment at such times. By utilizing the more
stable binary and decade counters in place of blocking oscillator and
thyratron frequency dividers formerly used, the influence of tube con-
stants was minimized, and the auxiliary non-operating controls were
reduced substantially.

Receiver circuits have been modified to enable reception of master
and slave signals differing in amplitude by as much as 1000:1 with
one of the signals being as large as ten volts peak at the receiver input
terminals. Over this wide range of signal inputs, the allowable time
difference error introduced by receiver distortion is kept below 0.5
microsecond.

Miniaturization techniques have been used throughout the equip-
ment to reduce weight and space. For example, forty-four small printed
circuits replace 256 individual resistors and capacitors. Ceramic disc
type capacitors used in coupling and by-pass circuits further reduce
the space requirements.

THE LORAN SYSTEM

The capabilities of a Loran receiver-indicator may best be under-
stood by reviewing the requirements imposed upon it by the overall
Loran system.® Basically, this consists of two or more pairs of pulsed
transmitters at fixed locations supplying navigational information to
Loran-equipped vehicles. If, for a moment, a pair of widely separated
transmitters on the same frequency is considered to be emitting pulses
simultaneously, it is clear that a receiver located half-way between
them will receive both pulses at the same instant. Moving the receiver
closer to one station results in one pulse being received before the
other. The time difference in microseconds, between pulse arrivals

3LORAN—LONG RANGE NAVIGATION, M. I. T. Radiation Labora-
tory Series, Vol. 4, Chapter 3, McGraw-Hill Book Co., New York, N. Y.,
1948.
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may be observed and measured on the Loran indicator. If both trans-
mitters pulsed simultaneously, similar time differences would exist
on either side of the imaginary line half-way between the stations.
Thus, a certain time difference would not represent a point in space
but rather an infinite number of points along two hyperbolas, one on
either side of the dividing line between transmitters. In practice, one
hyperbola is eliminated, thus removing the ambiguity existing as to
which is the nearest station. This is accomplished by first pulsing one
transmitter, then later the second,
instead of two simultaneously. One
station, known as the “master”,
transmits 40-microsecond wide
pulses at rather low pulse repetition
rates (PRR) ranging from 20 to
33VYz cycles per second. A second
station, known as the “slave”, lo-
cated several hundred miles from
the master, receives the master
pulse and retransmits it after wait-
ing a precise interval of time always
exceeding one half the pulse repe-

Fig. 1—Direet reading Loran tition period, the latter being called

indicator. the “L/2 interval”.

A simple example would be on the so-called “S-rate”, wherein the
PRR is 20 cycles, corresponding to a 50,000-microsecond period. Both
stations transmit at 20 cycles, however the slave does so at least L/2
(or more than 25,000 microseconds) later than the master. A receiver
located within the service area of these two stations, correctly designed
to measure only the time difference between arrival of the slave and
master pulses respectively, will place the vehicle somewhere along only
one hyperbola or “line of position”. Then by repeating the process
using another pair of stations, a fix may be obtained where the two
lines intersect. In practice, the two pairs usually consist of three sta-
tions, one of which serves as the master for the other two slaves.
Identification between pairs is accomplished by slight differences in
PRR between the two pairs or by changes of radio frequency.

Suitable navigational charts have been prepared by the United
States Hydrographic Office on which accurate Loran lines .of position
have been overprinted. Hyperbolas corresponding to each service pair
are similarly colored to permit easy identification and also bear the
necessary receiver tuning information. Once a time difference from
a particular pair has been measured and noted and the correct hyper-

.
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bola charted, a second hyperbola is then found by selection of another
pair. The crossing point of the two lines is the desired fix. A simplified
Loran chart is illustrated in Figure 2.

Usg oF THE LORAN INDICATOR

In obtaining a time-difference reading, the Loran operator first
notes his general location with respect to known Loran transmitter
sites. Reference to the Loran charts identifies existing stations within
the usable range of some 600 miles during daylight and about 1,200
miles at night. The correct receiver radio-frequency channel is selected,
followed by choice of both the basic PRR of the desired pair and the
“station rate”, or small incremental differences about the basic PRR.
Observation of the cathode-ray tube
indicator then should show a pair
of stationary pulses located some-
where along either the upper or
lower traces, or both. Each trace
length is nearly 1% the pulse repeti-
tion period being transmitted by
the pair, thus causing the desired
station pulses to stand still, while
those on other rates will travel
rapidly by. Figure 3 illustrates
this presentation.

In addition, a pedestal is pro-
vided for each of the sweeps. The
one at the left of the upper trace
(called the master pedestal) is fixed
in position 1,010 microseconds from
the left edge while the pedestal on
the lower trace moves along as de- . . .

Fig. 2 — Simplified Loran chart—

termined by the “time difference” 2L5—3500 indicates radio-frequen-
controls of the receiver-indicator. cy channel 2, basic rate L, station
The lower pedestal is calld the ° *nd 3500 microseconds time dif-
“delay” or “slave” pedestal.

By altering the synchronism between the transmitter pair and the
receiver-indicator slightly, using the “left-right” switch, the pulses
are “drifted” across the trace until the master pulse sits atop the
master pedestal. The slave pulse thereby automatically appears on
the lower trace, since the interval between master and slave exceeds
L/2, or Y the pulse repetition period, as mentioned earlier. The oper-
ator then moves the slave or delay pedestal under the slave pulse. The




572 RCA REVIEW December 1949

measured time difference is the horizontal distance between the master
and slave pedestals with the received pulses in corresponding positions
atop the pedestals. For accuracy, the operator switches to another
presentation showing the pulses expanded on the tops of the pedestals
only, as shown in Figure 3, whereupon he slightly readjusts the time
difference controls for a closer match, one pulse above the other. The
final step is accomplished by superimposing the two received pulses
atop one another so that they may be accurately matched by a final
time-difference adjustment using 1-microsecond steps. When this is
done, the time-difference dial shows the reading for the correct Loran
line of position.
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TIMER CIRCUITS

In addition to receiving the pulses and displaying them on the
cathode-ray tube, the Loran receiver-indicator must be ‘eapable of
locking itself in step with the transmitter pair at any one of the 24
different combinations of PRR and station rates. Synchronism must
be precise, otherwise the received pulses will drift across the sweeps
rendering them useless for measurement purposes. The receiver-
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indicator also must measure the displacement of the slave pedestal
from the master pedestal with an accuracy of one microsecond.

The synchronization and time-difference measurements are func-
tions of the “timer” portion of the apparatus. Referring to the block
diagram, Figure 4, it can be seen that sharp pulses derived from a
100-kilocycle crystal oscillator drive three decade and two binary
multivibrators in cascade. Each decade itself consists of four binaries
in cascade modified by intra-feedback to divide by a factor of 10 rather
than 16 which would otherwise be produced by the four binaries.*
The unsymmetrical plate waveforms at each of the individual binary
multivibrators are fed through appropriate selector switches to sepa-
rate PRR and delay coincidence amplifier systems. Operation of these
circuits is deseribed in detail in an accompanying paper in this issue.?
A series of pulses spaced L/2 microseconds for each of the 24 different
PRR’s is generated by these circuits. For the L-0 Rate and Station,
for example, the PRR coincidence amplifier system produces pulses
spaced 15,000 microseconds, while for S-7, the spacing changes to
24,650 microseconds. Each L/2 pulse synchronizes a trace on the
CRT and also resets the entire series of multivibrators to zero so that
a new count is immediately initiated.

The delay coincidence amplifier system produces an output pulse
every other L/2 pulse which may be adjustably delayed from the reset
interval or zero time anywhere to a maximum of 20,000 microseconds.
The maximum delay can be obtained only when the L/2 interval
exceeds 20,000 microseconds; however, this is clearly no operational
barrier inasmuch as a measured time difference can never exceed the
L/2 interval. With the new 20 cycle S rate, the full 20,000 microsecond
capabilities of the delay system may be realized, because the L/2
interval itself varies from 24,650 to 25,000 microseconds. This ex-
tremely long interval makes the S rate suitable for locations where
the two stations constituting a pair must be very widely separated
due to terrain considerations.

INDICATOR CATHODE-RAY TUBE DispLAY CIRCUITS

Each output pulse of the delay coincidence system is fed to the
indicator where it initiates the lower movable pedestal by triggering
the pedestal generator multivibrator, V-112. The pedestal generator
also receives a trigger pulse 1,010 microseconds after every other L/2
pulse to create the master (upper) pedestal which appears indented
on the upper trace in the Function 1, or slow sweep operation. Each

4 Reference (1), p. 444. . .
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pedestal is approximately 1,200 microseconds wide except for Function

3, or the fast sweep operation, where the multivibrator output is
reduced to 200 microseconds.

Since the measured time-difference is taken as the horizontal
distance along the slow sweep between the leading edges of the master
and slaves pulses, a correction of 1,010 microseconds must be inserted
into the timing system to overcome the error caused by the delay
coincidence system as it starts counting from the L/2 instant rather
than from the start of the master pedestal. One thousand microseconds
is accounted for by rotating the scale on the 1,000s place of the time-
difference dial back one digit. The additional 10 microseconds is made
up with a 10-microsecond delay line in the circuit driving the slave
pedestal generator. This fixed amount of delay is purposely introduced
to overcome an inherent “system time delay” which accumulates in
the timer circuits.

Sweep and sweep intensifier circuits are shown on the block dia-
gram, Figure 4. The Function 1 slow sweep generator produces a
continuous series of linear sawtooth sweeps having a length a few
microseconds shorter than the L/2 interval. At the onset of the next
L/2 pulse, the generator resets itself in a few microseconds and
resumes the production of another sweep. This sweep voltage is fed
to the horizontal deflection plates of the 3KP1 oscilloscope in the usual
manner at the same time a voltage square wave is being applied to one
of the vertical deflection plates to effect trace separation. This square
wave is the output of an extra binary that is being triggered by the
PRR coincidence amplifier L/2 output pulses; and thus each half-period
part of the square wave is also L/2 microseconds long. The net result
is the shifting of every other sweep so that the observer sees two
sweeps, one above the other, and each of L/2 microseconds duration.
At the correct instant, and on alternate sweeps, the master and slave
pedestal voltages are injected on a vertical deflection plate.

For the two faster sweeps, an aperiodic sweep generator is utilized.
Gating pulses applied to the grid of this “fast” sweep generator are
derived from the two pedestals produced by the pedestal multivibrator.
The sweeps thus developed are as long as the pedestals or 1200 micro-
seconds for Function 2 and 200 microseconds for Function 3. Received
pulses which have been correctly positioned atop the pedestals within
the first 200 microseconds from the left edges may then be matched.

Sweep intensification is used on Functions 2, 3 and 4 to achieve
a constant trace intensity. These three Functions have their traces
automatically intensified by positive grid modulation to the level of the
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slow sweep Function 1 presentation, and thus, the conventional inten-
sity control may be eliminated from the front panel of the instrument.

SELF-CHECKING FEATURE

The complex nature of Loran indicators makes it almost mandatory
that the technically unskilled operator be furnished some indication
of equipment performance and accuracy. Consideration was given to
the problem of devising a single-scope presentation which would imme-
diately self-check the entire equipment in a simple, reliable manner.
A solution was devised which proves extremely useful and which self-
checks the entire Loran instrument in a matter of seconds.

It will be recalled that the time interval measured between the
slave and the master pulses is always less than the L/2 interval. This
fact makes it feasible to trigger the special Function 4 self-checking
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sweep with the leading edge of the slave pedestal. The resulting
aperiodic sweep of approximately 7,000 microseconds has presented
upon itself a notch corresponding to the onset of the next L/2 pulse.
The procedure used merely requires the operator to set his time-differ-
ence controls to either 8,000, 13,000 or 18,000 microseconds on Fune-
tion position 4, when checking the H, L and S rates respectively. When
the equipment is operating properly, the time interval between the
start of the sweep (or slave pulse) and the notch (or L/2 pulse) is
then always a constant 6,000 microseconds on the zero station rates, as
shown in Figure 5. Thus the notch appears near the end of. the 7,000-
microsecond sweep. For station rate 1, the interval is redhced by 50
microseconds, 100 microseconds for 2, ete.

A series of 100- and 1,000-microsecond calibration marks is fed to
the scope to assist the operator in measuring the sweep length from
the left starting end to the onset of the notch. For convenience, the
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first 5,000 microseconds of the sweep is compressed, and the last 1,000
microseconds expanded by a dual slope sweep generator circuit which
abruptly changes the sweep linearity to a steeper waveform at the
right hand portion of the trace. The operator merely selects the basic
rate to be checked, sets the corresponding time-difference reading noted
from a convenient plate on the front panel, and switches through all
8 station rates while observing that the notch jumps 50 microseconds
to the left or one-half a division between 100-microsecond marks, for
each successive station. Any circuit faults will prevent this operation
from being performed, either by removing the trace or altering the
6,000-microsecond figure sufficiently to indicate that the instrument
readings are questionable.

LEFT-RIGHT POSITIONING

As mentioned in the previous section on the method of making
a Loran reading, the synchronism between the transmitters and the
receiver-indicator is slightly altered in order to drift the received
pulses along the sweeps when positioning them atop their respective
pedestals. One method, frequently used, achieves this change in syn-
chronism by detuning the 100-kilocycle frequency standard crystal
with lumped capacity as required. In this instrument, decreasing
changes in synchronism of 100 microseconds per L/2 interval for the
slow sweep are achieved by zero resetting one of the binaries in the
counter chain 100 microseconds earlier, causing the received pulses
to drift to the right. The left drifting action is obtained by increasing
the L/2 interval by 100 microseconds. This is accomplished by gating
out ten successive 10-microsecond driver pulses to the counter chain
every L/2 interval. For the fast sweeps, the drift speed is reduced
to 10 microseconds change per L/2 interval by either resetting one
of the binaries to zero 10 microseconds earlier than normal for right
action or by gating out only one 10-microsecond driver pulse for the
left action.

AUTOMATIC FREQUENCY CONTROL

It is convenient in a Loran receiver-indicator to incorporate provi-
sions to “lock’ the received Loran pulses atop their respective pedestals
once they have been correctly positioned. To do this, means must be
provided to synchronize the 100-kilocycle crystals in both the Loran
shore transmitters and the receiver-indicator to precisely the same
frequency. The apparatus incorporates an automatic frequency control
circuit to make slight changes in frequency of its own 100-kilocycle
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crystal as necessary to keep the receiver-indicator in synchronism with
the master or slave transmitter pulse repetition rate.

The automatic frequency control system requires some form of
intelligence to indicate the direction and magnitude of change in
frequency necessary to keep the pulses on the cathode-ray tube from
drifting across the sweep. Crystal oscillator V-201 is frequency
modulated over a narrow range by a reactance tube (V-244) whose
direct-current input grid voltage varies about an average value cor-
responding to synchronism. Departures in a negative direction from
the average grid voltage raise the frequency of V-201, and, conversely,
changes in a positive direction lower the frequency. A total range
of approximately = 25 cycles about 100 kilocycles is provided by the
automatic frequency control circuits. This is more than enough to
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accommodate any non-synchronism encountered in the field. This grid
voltage variation is produced by the discriminator circuits (V-243)
which compare the incoming master and slave video pulses (having
a PRR set by the Loran transmitter) with the master and delay trigger
pulses from the receiver-indicator (which have a PRR set by the timer
itself).

Referring to Figure 6, a block diagram of the automatic frequency
control circuit, the discriminator can be seen feeding the reactance
tube which, in turn, controls the frequency of the 100-kilocycle crystal
oscillator. To insure that the automatic frequency control circuit will
only lock in on the particular Loran pair of interest, the system is made
operative for a 200-microsecond interval starting at the lea'ding edge
of the master pedestal, and again for a similar interval at the leading
edge of the variable slave pedestal. The Loran pulses should be posi-
tioned so that the master pulse is on top of the master pedestal and
near the left edge so as to fall within the above mentioned interval
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with the automatic frequency control switched on. Sufficient automatic
frequency control action is then available to immediately stop any
pulse drift until the slave pedestal can be moved under the slave pulse,
whereupon additional automatic frequency control “pull in” is provided.
This 200-microsecond “gating” action is secured by the use of a “one
shot” multivibrator (V-245) triggered by the master and delay trigger
pulses. )

Receiver video output is fed to the signal grid of the coincidence
amplifier (V-241) through cathode follower (V-239B), while the sup-
pressor grid of this same tube is fed positive 200-microsecond “gate”
pulses from V-245. The coincidence amplifier delivers output only
when both inputs occur simultaneously, or during the 200-microsecond
“gate” interval.” Thus, only the Loran pulses atop the 1,200-micro-
second pedestals and within the first 200 microseconds are fed to the
diseriminator (V-243) in the form of equal and opposite sets of
“gated” video pulses.

The discriminator receives, in addition to the video pulses, a 200-
microsecond sawtooth waveform starting at both master and delay
trigger instants. The sawtooth generator (V-239A and V-240B) is also
started and stopped by the automatic frequency control multivibrator
to keep the circuit synchronized. With the video pulses superimposed
on the sawtooth, the discriminator develops a negative 3-volt direct-
current potential when the positive and negative video pulses are
approximately half way-up the sawtooth. Assuming the Loran shore
transmitter drifts lower in frequency, the pulses will tend to drift up
the sawtooth causing one of the discriminator diodes to conduct more
heavily, thereby decreasing the bias on the reactance tube. Conversely,
a transmitter drift kigher in frequency will shift the video pulses down
the sawtooth (to the left) and thus cause the other diode to conduct
and raise the reactance tube bias.

Manual Drift Control is also provided for use under adverse con-
ditions such as when skywaves are present or under excessively noisy
conditions. The drift control manually varies the reactance tube
(V-244) bias voltage over a range sufficient to permit the stopping

of any normal pulse drift.

AMPLITUDE BALANCE

One of the requirements for new Loran receiver-indicators is the
ability to furnish differential gain control to received master and slave
signals differing in amplitude by as much as 1000 to 1. To accomplish
this without introducing distortion in the pulse wave shape requires
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careful design of receiver circuits. Time-difference errors due to this
cause are held to less than % microsecond for signals differing by
1000 to 1 and with the stronger signal equaling 10 volts peak value.

Amplitude or gain balancing is accomplished by the application of a
variable amplitude reversible polarity square wave to two vacuum tube
suppressor elements in the Loran receiver. The same square wave is
used for this application as that mentioned previously for the cathode-
ray tube trace separation function. Its period equals the Loran pulse
repetition period, and therefore, each half of the square wave is L/2
microseconds long. Referring to Figure 7, a simplified diagram of the
amplitude balancing and receiver gain system, the “balance” control
selects either one or the other of two identical but opposite polarity
square waves which are fed to the receiver as variable bias. In the
center of its range, this potentiometer will have zero output, while
all other positions will allow the selection of either polarity square
wave at any desired amplitude up to that existing at the ends of the
potentiometer.
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Assuming for example that at the receiver antenna input, the slave
pulse is 1000 times weaker than the master, the amplitude balancing
system is capable of equalizing both pulses by the application of less
bias to the rveceiver during the lower trace interval and more bias
during the upper trace period. Over the whole operating range from
1:1 to 1000:1 difference in pulse amplitudes, errors introduced by
leading edge distortion of the received pulses are kept exceedingly low
by using two control tubes rather than one in the manner shown by
the heavy lines in the diagram. Before deciding upon this particular
grouping of controlling elements for amplitude balance, several other
combinations were tried resulting in greater distortion to the pulse
envelopes. This distortion is the result of varying input capacities
with changing grid bias and nonlinearity of tube characteristics. The
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system as applied in this instrument makes best use of the linear
portions of the characteristics of the selected tubes, so that the output
pulse shapes suffer a minimum of clipping and leading-edge distortion.

MECHANICAL DESIGN

Figure 8 shows the front panel layout of the instrument. Controls
for channel, function, station and rate are grouped around the cathode-
ray tube on the upper portion. These dials, plus the time-difference
dial below, are indirectly illuminated from behind the panel, with a
dimmer rheostat, mounted at the upper left, to provide continuous
control of brightness. In addition, a hooded panel lamp at the center,
also controlled by the dimmer, furnishes a proper amount of external

Fig. 8—Front panel
view.

illumination for night time use. The left-right and drift controls are
at the upper right with the automatic frequency control on-off switch
below them. Receiver gain and amplitude balance knobs are sym-
metrically positioned above the time-difference controls. There are
three time-difference knobs, providing coarse, medium and fine adjust-
ment for this important item. Each may be used independently of the
others with the lower order controls (units and hundreds) effecting
“carryover” of the higher ones. Depressing the “thousands” or “hun-
dreds” knobs disengages them from the mechanism so that the units
knob does not have to spin rapidly when the former are rotated.

The main power switch is located on the left side of the front panel.
This switch additionally serves to turn on or off auxiliary rotary power
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Fig. 9—Left side view. Indicator rolled out of cabinet for inspection.
conversion equipment when the equipment is being operated from
other than 115-volt alternating current.

There are three major subassembly units combining to make up
the receiver-indicator. The left side, seen in Figure 9, contains the
receiver near the top and the sweep and deflection circuits near the
bottom. The right side, seen best in Figure 10, is the complete timer
unit, beginning with the 100-kilocycle ecrystal at the top rear, and
concluding with the 25-cycle multivibrator circuits. The automatic
frequency control circuit is also found on this unit. All tubes on these
chasses are miniature seven- and nine-pin types. The third section at
the rear is the power supply unit which generates high voltage for
the cathode-ray tube and furnishes filament power for all tubes in the
indicator. A small blower unit, mounted in the right rear corner,
draws in cool air from beneath the cabinet, and, after filtering, blows
it into the central area within the indicator.

The direct-reading switch mechanism mounts immediately behind
the front panel and wires into the various timer circuits using an
arrangement of low-capacity spaced leads to insure rapid rise time
of the many and complex waveforms present.

Fig. 10—Right side
view showing timer
chassis.
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To facilitate service and preventative maintenance operations, the
equipment is track mounted and may be withdrawn giving easy access
to tubes and adjustments.

An external power supply is furnished. It provides regulated plate
voltage for the entire equipment and contains line filter units for
interference suppression as well as the necessary protective fuses.

Every effort has been made to effect a sturdy, dependable instru-
ment in as compact a unit as possible.

GENERAL CHARACTERISTICS OF DIRECT-READING LORAN INDICATOR,
MobpEL LR-8802

Receiver Tuning

Channel 1 ...........iieeeeeean.. 1950 kilocycles
Channel 2 ........ ... 1850 kilocycles
Channel 3 = v sciom »e slas 0o ni dra ldve £ 1900 kilocycles
Channel 4 .. ..... ..., 1750 kilocycles
Basic Pulse Rates
o SE AW D h D 4 b R s wlh a0 e BN 20 cycles
T2 054 5r & fhim o sim G5 i e laeele e bls b & P X A 25 cycles
a7 it o T e Sy L ey S 331, cycles
Station Pulse Recurrence Rates ........... 24 (8 on each basic rate)

Time-Difference Measuring Range

S rate ........... 100 to over 17,000 microseconds
Lrate ........... 100 to over 15,000 microseconds
Hrate ........... 100 to over 11,000 microseconds

Time-Difference Presentation—Readings directly displayed on simple
five-digit dial. No interpolation necessary. Error due to signals
differing in amplitude by as much as 1000:1, with 10 volts maximum
peak signal, will not exceed 0.5 microsecond. Overall time differ-
ence reading accurate within one microsecond.

Power Requirements—115 volts = 10 per cent, 50-60 cycles, approxi-
mately 3 amperes at 0.9 power factor (310 watts). Direct-current
operation is possible using auxiliary conversion equipment.

Automatic Frequency Control—Includes circuits to automatically sta-
bilize drift, and make the received pulses stationary on the working
portions of the traces. Locks on either or both the master and slave
pulses. When locked on both pulses, one pulse may fade out without
destroying the stabilization. Operates on signal-to-noise¢ ratio of
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1:1 with pulse amplitude as low as one-fourth inch on the cathode-
ray tube.

Timer and Counter Circuits—Binary and decade counters actuated by
stable 100-kilocycle crystal oscillator.

Receiver Sensitivity—8 microvolts peak input signal gives 1-inch de-
flection on 3-inch scope with at least 3:1 signal-to-noise ratio. Ten
decibels additional gain is provided.

Receiver Selectivity—Within the following limits:

Decibels Band Width in Kilocycles
> DA g A o N e 40 to 50
AU =Ry S T T ) g A e e 90 maximum
JOT S A ~lare o i A e 716 P 43 v 130 maximum
I R 3 £ S 1 ey T 180 maximum
B0 s o dms ik 22 bia 41510 e smie rd a1 el e e 250 maximum

Itermediate Frequency—1100 kilocycles,

Radio Frequency Oscillator—Crystal controlled,

Spurious Responses—More than 80 decibels down.
Antenna-—Single vertical wire 35 to 125 feet long is suitable.

Indicator Controls—Power switch, dimmer, channel, rate, station, func-
tion, left-right, automatic frequency control-manual, manual drift,
delay controls (thousands-hundreds-units). (Display presentation
shown on 3-inch scope and time-difference shown in microseconds
on direct-reading illuminated dial).

Unit Height Width Depth Weight
Indicator 1414” 15" 225" 93 lbs.
Power Supply 8164¢” 143%4¢” 8%¢” 33 lbs.
Antenna Coil

Unit T1%e” 8%e” 338" 8 1bs. 2 oz.
Junction Box B 114" 3” 2 lbs. 8 oz.
Mounting

Indicator—Table or shelf-mounted
External Power Supply—Table or shelf-mounted
Antenna Loading Coil—Interior or exterior bulkhead mounted.
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Accessory Equipment—RM-89A Junction Box, provides means for cable
connection when indicator is more than 10 feet from external power

supply.
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A NEW IMAGE ORTHICON:*t
By

R. B. JANES, R. E. JOHNSON AND R. R. HANDEL

Tube Department, RCA Victor Division,
Lancaster, Pa.

Summary—The design of a new panchromatic high-sensitivity photo-
surface has resulted in the development of a new image orthicon, RCA-5820,
which permits the televising of low-level illuminated scenes with a faithful
yray-scale rendition of colors. Performance results of this new tube in
comparison with other types for both remote and studio pickup are given.

INTRODUCTION

use.! In spite of drawbacks such as a rather low signal-to-noise

ratio and unfaithful gray-scale color rendition because of its infra-
red sensitivity, the versatility of the 2P23 in picking up scenes having
wide ranges of illumination quickly led to its nearly universal adoption
for remote pickups. Further development? brought about a consider-
able improvement in its signal-to-noise ratio and resolution, but the
color rendition still presented difficulties, especially for studio use. In
1947, the 5655 was brought out to fill the urgent need for a studio
tube.” The use of a different photosurface with no infra-red response
gave a considerably better color rendition. The signal-to-noise ratio
was also improved by a change in the target structure which raised
the target capacitance. The photosurface of the 5655, however, had a
lower sensitivity, particularly to incandescent light, than that of the
2P23. Because of the lower sensitivity and the greater capacitance
of the target, the 5655 requires the use of more light. Studio lighting
levels of 200 to 300 foot-candles of incandescent light or 150 to 200
foot-candles of fluorescent light have been needed for use with this
tube in order to obtain good depth of focus. The better color rendition,
however, was so advantageous that in 1948 the 5769, which has the
same target structure as the 2P23 but with the photosurface of the

1[1\' 1946 the 2P23 image orthicon was introduced for remote pickup

* Decimal Classification: R583.6.

T Presented at the Nat’l Electronics Conf Chicago, Se
; i , September 26, 1949.
! A. Rose, P. K. Weimer and H. B. Law, “The Image Orthicon — A
Sensitive Television Pickup Tube”, Proc. LR.E., Vol. 34, No. 7, pp. 424-432
July 1946. ’ ’ ’
2R. B. Janes, R. E. Johnson and R. S. Moore, “Development and Per-

formance of Television Cam T ” 3
191-223, June 1949, era Tubes”, RCA Review, Vol. X, No. 2, pp.
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5655, was introduced. The 5769 has found wide use in both remote
pickups and studio use. In the studio, it has been preferred by many
over the 5655 because it requires less light and because of its ability
to handle a wide range of illumination.

Although the 5655 and 5769 have better color rendition than the
2P23, they have two shortcomings. First, their over-all sensitivity is
only about one-third that of the 2P238 for incandescent lighting. For
fluorescent lighting and daylight, the tubes are more comparable
partly because the sensitivity of the 2P23 falls off for this type of
lighting. Second, the spectral response of the 5655 and 5769 is largely
in the blue end of the spectrum. Unless a considerable amount of
incandescent “modeling” lighting is used, facial tones which are largely
in the yellow and red come out too dark. For example, light beards
when televised would appear almost black.

Experience with these three image orthicons has pointed to the
need for a high-sensitivity photosurface which more closely matches
the response of the eye. Such a surface has now been incorporated
in a new image orthicon, the RCA-5820. The 5820, which uses the
wider-spaced, lower-capacitance target structure of the 2P23 and 5769,
is especially useful for remote pickups. In addition, it may be pre-
ferred by many for studio use because of its ability to handle wide
ranges of illumination.

SPECTRAL SENSITIVITY CHARACTERISTICS OF IMAGE ORTHICONS

Curves comparing the spectral sensitivity characteristics of all the
image orthicons are given in Figure 1. The curves are plotted on an
absolute scale, i.e., for any given wavelength of light the response is
given in microamperes of photo current for one microwatt of light
energy falling on the photo cathode. The over-all response of the
different surfaces to incandescent light of 2870 degrees Kelvin is also
given. This figure must be used with care because incandescent light,
which contains a good deal of red and infra-red, makes the response
of a tube with infra-red sensitivity higher than it would be for
sources with less red.

Two curves (C and D) are given for the 2P23 to show the wide
range of response that may be encountered in different tubes of this
type. The higher-sensitivity tubes (curve C) have a high infra-red
sensitivity resulting in a high sensitivity to tungsten illumination (20
microamperes per lumen). These tubes have been useful in the past
for picking up scenes illuminated with low-level incandescent light.
The infra-red response, however, causes peculiar color renditions.
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Reds appear almost white and objects which reflect infra-reds such as
green grass appear a light gray. Tubes of lower sensitivity (curve D)
have a smaller response to infra-red, but also lack high sensitivity to
incandescent light. Because of the wide range in spectral response,
it is difficult to obtain two matched 2P23’s. In one tube grass might
appear gray and in another nearly white. Usually, in operation, a
higher-sensitivity tube tends to lose infra-red response and sensitivity
so that its characteristics gradually shift towards those of the lower-
sensitivity tube.

The 5769 and 5655 make use of a photosurface that has a fairly
good blue response but is deficient in the vellow and red compared to
the response of the human eye. Curve B of Figure 1 is a typical
curve for these two tube types. The sensitivity to 2870 degrees Kelvin
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incandescent sources is much lower than that of the higher 2P23. For
blue-rich sources such as fluorescent lights or blue skylight, however,
the sensitivity of the 5769 or 5655 may be actually higher. In the
studio, the use of a proper balance of fluorescent base lighting and
incandescent ‘“‘modeling” leads to a fairly good color rendition with
the 5655 or 5769, but the lack of good yellow and red response tends
to give flat facial appearances.

CHARACTERISTICS OF THE 5820

Curve A of Figure 1 shows the spectral sensitivity characteristic
of the new photosurface incorporated in the 5820. The surface has a
high sensitivity to 2870 degrees Kelvin incandescent sources—on the
average 40 microamperes per lumen. Because its spectral response is
fairly close to that of the eye, the total response does not depend
greatly on the type of light source. For incandescent, fluorescent, and

et e e e e aran
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daylight sources, the response of the surface will average about the
same. The curves of Figure 2 show how the spectral response of
the 5820 compares with that of the eye. Curve A of Figure 2 gives
the uncorrected response of the tube, Curve B the response when a
Wratten No. 6 filter is used, and Curve C gives the eye response. If
a picture of various colored objects is observed critically on a 5820
without a filter, it can be noted that although the reds and yellows
give about the same response as the eye, the blues and greens appear
to be somewhat lighter to the tube than to the eye. This characteristic,
however, will be objectionable only under special conditions. The use
of a Wratten No. 6 filter drops the blue and green response to nearly
the eye value with a loss of sensitivity of only about one lens stop.
The closeness of the response to that of the eye makes the problem of
proper scenery and makeup a much simpler one. In general, if lighting
and makeup look satisfactory to the eye, the camera will also give a
good color rendition. Any further changes that are made can be
checked with the eye without the
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Figure 3 gives the spectral response characteristic of three differ-
ent 5820’s all with the new photosurface. As these curves indicate,
there is some variation in spectral response from tube to tube, espe-
cially in the region of 5000 to 6000 angstrom units. This variation is
much less than that encountered among 2P23’s and, under normal use,
is not noticeable.

OPERATING CONSIDERATIONS

The much higher sensitivities of the 5820 poses some problems in
its use. With a lens aperture of £:2.8 it is possible to obtain a usable
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picture with only 1 or 2 foot-candles of illumination. Such low light
levels, however, should be used only when there is no other way of
obtaining a picture. To obtain good depth of focus and to pick up
the grays near black, a light level of 20 to 30 foot-candles should be
used. In the studio, it is very seldom worthwhile to drop below about
100 foot-candles. With too low a light level, modeling lights will give
too sharp contrasts which are undesirable unless special effects are
wanted. It is better to use a base lighting of perhaps 50 to 60 foot-
candles of fluorescent light and to use modeling lights to build up the
total illumination to approximately 100 foot-candles. In the studio,
slim-line instant-start white fluorescent lights of 3500 to 4500 degrees
Kelvin are satisfactory for base lighting.

When the 5820 is used for outdoor pickup, operators will encounter
a problem of too much light on very bright days. In this case, the use
of neutral filters is helpful. When the illumination is of the order of
several thousand foot-candles, as is obtained with bright sunshine, a
Wratten neutral filter with a transmission of 5 per cent can be used.
For slightly cloudy days with an illumination of 500 to 1000 foot-
candles, a filter with a transmission of 10 per cent should be satis-
factory. Because of the higher sensitivity of the 5820, stray light also
will be troublesome. Wherever the possibility of stray light entering
the lens exists, a lens shield should be used.

FEATURES OF PHOTOSURFACE

In addition to the gain in sensitivity and the improvement in
spectral response, the use of the new photosurface has led to other
desirable characteristics. In the 5769 and 5655 the photosurface is
quite transparent so that a good deal of light passes through it. This
light may be reflected from different parts of the image section and
return to the photocathode where it will cause unwanted photo emission.
Also, because all of the targets are somewhat photosensitive, light
passing through the photosurface can cause trouble in the darker parts
of the picture. The lower degree of transparency of the new surface
reduces both of these effects. In addition, the much higher photo-
sensitivity of the new surface will in itself cause a reduction in the
amount of light reaching the target and, therefore, reduce the emission
of unwanted electrons from the target. Because of these features, the
5820 gives a picture with a better gray scale and more “snap”. The
new tube also has, on the average, better resolution than its predeces-

sors although all the reasons for this improvement have not as yet been
fully determined.
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Figure 4 is a simplified curve of the signal output of the 5820.
This curve is for a small white object on a black background, but it
holds reasonably well for a more complicated pictuve. Photocathode
illumination at the knee of the curve averages about 0.01 foot-candle.
The curves of Figures 5a and 5b show how much illumination is
needed for a given angle of view and for a lens with a given f: number.
Two sets of curves are given—one for black-and-white rendition and
one for better half-tone rendition. These curves are calculated from
the simple formula,
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tion on the scene measured with a light meter positioned
towards the lens of the camera,
f = f: number of lens,
I1,. — photocathode illumination in foot-candles,
m — linear magnification of scene to target,
T — total transmission of lens,
R = reflectance of principal subject in scene.

For black-and-white rendition, the conditions are set up for a
barely acceptable picture, i.e., one in which the high lights just reach
the knee of the curve. The reflectance R for these high lights is taken
as 0.5, the lens transmission as 75 per cent (there will be some error
here as not all the lenses will have this transmission), I,, is taken as
0.01 foot-candle, and m can be neglected. For half-tone rendition, the
conditions are the same as for black and white except it is assumed
that the reflectance of the object when the high lights just reach the
knee of the curve is 0.16. Figure 5a shows the effective lens diameter
or opening in inches plotted against the £: number of the lens. Curves
are given for many of the lenses used with television cameras along
with their respective angle of view. Figure 5b gives the lens diameter
plotted against angle of view for different values of scene illumination
for both black-and-white and half-tone rendition. The following ex-
amples illustrate how these curves can be used. In the studio, a scene
has an illumination of 100 foot-candles. For half-tone rendition and
an angle of view of 8.7 degrees, the required lens diameter of 0.5
inch is determined from Figure 5b. In Figure 5a, it can be seen that
for an 8.7-degree lens with a diameter of 0.5 inch, an f: number
of 17 is satisfactory. For an outdoor shot with a scene illumination
of only 10 foot-candles where black and white may be useful, Figure 5b
shows that a 2.9-degree angle of view calls for a lens diameter of 2.6
inches. In Figure 5a this value of lens diameter corresponds to an
f: number of 10.

For complete information, curves of depth of focus for each lens
should be included. These curves, however, would be very complicated
because a separate curve is needed for each f: number and each object
distance. This information, in most cases, is either given on the lens
or can be obtained from the lens manufacturer.
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THE EVALUATION OF CHROMIUM-IRON ALLOYS
FOR METAL KINESCOPE CONES*

By

ARNOLD S. ROSE AND JOHN C. TURNBULL

Tube Department, RCA Vietor Division,
Lanecaster, Pa.

Summary—A series of tests on chromium-iron alloys is described which
establishes the suitability of each of the alloys for sealing to the glasses
used in the manufacture of metal-cone kinescopes.

These tests are based upon the behavior of the alloy as it is heated
to the sealing temperature of 1200 degrees centigrade and include micro-
scopic examination of the structure of the alloy, a thermal expansion test,
and a seal test. The tests provide quantitative data which may be used to
evaluate the alloy.

INTRODUCTION

metal-cone kinescope are standard, readily available metals and
glasses, concerning which a considerable technology has been
established. Thorough utilization of this fund of engineering data
has contributed materially to the successful solution of the many
problems encountered and has permitted the establishment of a series
of standard test procedures which ensure control of the properties of
the materials involved. It is the purpose of this paper to review some
fundamental metallurgical principles and to describe how they are used
to evaluate the chromium-iron alloys used for metal kinescope cones.
The metal cone of the 16AP4 kinescope, shown in the outline draw-
ing (Figure 1), is fabricated by a spinning process' from a 28 per
cent chromium-iron alloy known commercially as AISI Type 446
modified. The large end of this cone is sealed to a circular face plate
of 8/16-inch high-quality window glass which is formed to a uniform
radius of curvature from center to edge. The small end of the metal
cone is sealed to a pressed lead-glass cone. When the metal cone and
the glass components are sealed by heating them with gas fires, they
attain a temperature of close to 1200°C in the immediate vicinity of

THE materials of construction used for the popular 16AP4

* Decimal Classification: R331. .
1 A. Hildebrandt, “Automatic Spinning of Stainless Steel”, The Tool

Engineer, Vol. XXI, p. 21, 1948.
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the sealing surfaces. It is the effect of this high temperature on the
thermal expansion characteristics of the 28 per cent chromium-iron
which constitutes the basis for these evaluation tests.

IEFFECTS OF TEMPERATURE ON CHROMIUM-IRON ALLOYS

The phase relationships that prevail in the chromium-iron alloys
at various temperatures have been investigated thoroughly by Bain.2
IFigure 2 is adapted from curves in this reference to show the relation-
ships graphically. Reference to it will help to clarify the problems
involved in the use of the alloys. Figure 2 shows that when an alloy
containing 28 per cent chromium is heated to a temperature of 1200°C
it will retain without change its predominantly ferritic (+ carbides)
crystalline structure. A photomicrograph of such an alloy, water-
quenched after heating at 1200°C for 15 minutes, is shown in Figure
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3a. In terms of thermal expansion, since no change in structure has
been experienced, the slope of the expansion curve will remain uni-
form and without discontinuity as the alloy is heated to and cooled
from the 1200°C temperature. Curve A of Figure 4 illustrates the
typical expansion characteristics of a chromium-iron alloy containing
28 per cent chromium. Because the value of the expansion coefficient
generally obtained for this type of alloy ranges from 108 to 110 X 107
per degree centigrade between 25°C and 500°C, no difficulty is
experienced when glass seals are made during the tube manﬁfacturing
processes.

As a contrast to the behavior of this 28 per cent alloy, which does

*E. C. Bain, “The Nature of the Alloys of Iron and Chromium”, Trans.
Amer, Soc. Steel Treaters, Vol. 9, 1926,
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not undergo any transformation with heating, compare the behavior
of a chromium-iron alloy containing 17 per cent chromium. Figure 2
shows that a typical commercial alloy containing 17 per cent chromium
undergoes a transformation at the 1200°C temperature from a pre-
dominantly ferritic crystalline structure to one which is partially
austenitic. A photomicrograph showing such a structure is given in
Figure 3b. The expansion curve of this alloy heated to 1200°C and
subsequently cooled will, of course, be changed by the transformatton.

e

Fig. 3a—Photomicrograph at 500 Fig. 3b—Photomicrograph at 500X

of 2 chromium-iron alloy contain-
ing 28 per cent of chromium and
quenched after heating to 1200°C.
The structure shows only the fer-
rite phase plus scattered carbides.

of a chromium-iron alloy contain-
ing 17 per cent of chromium and
quenched after heating to 1200°C.
The structure shows clearly the
presence of transformed austénite

in the predominant field of ferrite.

Curve B of Figure 4 shows that the alloy containing 17 per cent
chromium expands from room temperature at a constant rate until a
temperature of approximately 800°C is attained. At this point the
alloy undergoes a transformation to the gamma austenite phase. The
rate of thermal expansion of the alloy is increased by the formation
of this high-expansion constituent and on cooling remains high. Be-
cause the chromium content of the alloy renders the reverse (gamma-
alpha) transformation sluggish, the reverse transformation will
generally not occur until the alloy has cooled to a temperature of
approximately 200-300°C. Inasmuch as this reverse transformation
is below the setting point of the glass (530°C) and is accompanied by
a sudden expansion, the seal between metal and glass fails as a result
of the increased tensile stresses. The radial cracks observed in the
face-plate seal of Figure 5 clearly illustrate this type of failure. Ob-
viously an alloy which undergoes such a transformation is not suited

for tube manufacture.
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Some lots of the 28 per cent alloy show a variation from the general
behavior which merits description. Such alloy lots when heated to
1200°C are subject to a transformation in the neighborhood of 1150°C.
The resultant austenite, however, is an extremely stable phase which
does not undergo the reverse transformation to the alpha-ferrite state
even when the alloy is held at temperatures as low as that of liquid air

185°C). Moreover, holding the alloy at 350°C for 48 hours has
fatled to cause the gamma-to-alpha transformation to take place. The
thermal-expansion curve of this material, Curve B, Figure 4, shows a
slight although definite increase in the rate of expansion following
the transformation to austenite at elevated temperatures. The use of
this tvpe of material is not recommended because of increased stress
in the glass-to-metal seal caused by the formation of the higher-
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—Face-plate cracks in a 16-

inch kinescope made with a chro-

mium-iron alloy cone containing
17 per cent of chromium.

expansion phase which in some instances has increased the thermal
expansion coeflicient between 25°C and 500°C to a value of 120 X 10—7
per degree centigrade.

As a result of these considerations, an evaluation of the accepta-
bility of the chromium-iron alloy for use in metal-cone kinescopes may
be written, based upon the appearance of the microstructure of the
alloy after it is heated to 1200°C. When a sample of the alloy to be
tested is heated to 1200°C (= 10°C) for 15 minutes, water quenched,
and then examined microscopically at a magnification of 500 X, the
sample should exhibit no evidence that any transformation has oc-
curred, i.e., the field should consist essentially of ferrite and carbides.
Should any austenite or other transformation product be present, the
value for thermal expansion coefficient of the alloy, which is given
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below and which actually allows for the appearance of a small amount
of austenite, will govern the acceptability of the alloy.

THERMAL EXPANSION

The effects of high glass-sealing temperature on glass strains can
be investigated directly, as noted above, by measurements of the
thermal contraction curve of the metal. The sealing schedule used in
the manufacture of the metal-cone kinescope is approximately the
following: (1) heat to 1200°C for 3 minutes (glass sealing), (2)
transfer to an oven at 550°C and hold for 8 minutes (glass annealing),
and (3) remove from the oven and cool in air to room temperature.
The cooling rates in this schedule are too rapid for accurate dilatometric
measurements, but, since only that portion of the contraction curve
between the setting point of the glass (530°C) and room temperature
is significant in determining glass strains, the required change in test
procedure affects only step 3. The test procedure follows: (1) heat a
pointed specimen 4 inches long by placing it in a furnace at 1200°C
for 15 minutes, (2) transfer the specimen rapidly to the dilatometer
and insert specimen and dilatometer promptly into the dilatometer
furnace (held at 550°C) before the sample temperature drops below
550°C, and (3) measure the contraction curve by lowering the tempera-
ture of the dilatometer furnace at a slow rate (two degrees centigrade
per minute to 40°C). The measurement is made on a recording instru-
ment? consisting of a quartz tube dilatometer with an electrical strain
gauge for measuring sample expansion or contraction.

In order to establish a factor of safety for the test, the metal is
heated at 1200°C for a somewhat longer time than would actually be
used for glass sealing. As an acceptance specification for the alloy,
it is required that after the specimen is heated to 1200°C there be
no sudden change in length between 530°C and —40°C, and that the
average coefficient of expansion between 500°C and 30°C be less than
114 X 10—7 per degree centigrade.

GLASS-SEALING TEST

A rapid check of the thermal expansion of metals can be made with
a glass-sealing test, in which a glass of known physical properties is
sealed to the metal and then annealed. Strains which depend on the
difference between the contraction curve of the glass and the metal

3 J. C. Turnbull, “A Recording Dilatometer for Measurement of Thermal
Expansion”, Bulletin of the American Ceramic Society, Vol. 28, p. 121,
March. 15, 1949.
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will be developed in the glass. Because the expansion of the glass can
be maintained as a constant factor, the glass strain can be taken as
an indication of the over-all contraction of the metal for the approx-
imate temperature range of 500°C to 30°C. It is necessary in this
test, to standardize the composition of the glass, the dimensions of
the seal, and the sealing and annealing conditions.

A lot of drawn sheet glass, which is the same as thut used for
the face plate of the metal-cone kinescope, is used for this test. This
glass hys g thermal expansion coefficient between 30°C and 300°C, of
91 X 107 per degree centigrade. The dimensions of the metal strip
used for the seal are %5 X 1% X 4 inches, and of the glass strip
316 X % X 3 inches (Figure 6). The metal strip is prepared for

sealing by cleaning one of the

W T llé X 4-inch §u1‘faces by sandblast-
, ing. The sealing procedure follows:

WA (D Tawollor ‘ (1) the metal strip is placed in an
l"@SI‘f‘IS S ”‘_';_, air-atmosphere furnace at 1200°C

for 15 minutes, (2) the glass is
placed in the furnace on top of the
metal strip, (3) the sealed sample
iIs removed after the glass has
melted and fused to the metal but
before the edges of the glass strip
i"ig. 6—Glass-sealing test sample: flow out over the metal appreciably,
gt d Elass stripe prior € () the seal is cooled rapidly to

about 600°C and placed in an an-
nealing furnace held at 525°C for at least 30 minutes to allow the
glass and metal to come to an equilibrium temperature, and (5) the
furnace is cooled slowly (1 degree centigrade per minute) to a tem-
perature of 400°C, after which the seal can be cooled rapidly to room
temperature. '

{ T
IO 1 b Py s d

After the glass is cooled, it is examined by means of a polariscope
parallel to the plane of the seal to determine the amount of residual
strain in the glass. The Goranson-Adams arrangement? in which a
Ya-wavelength plate is used gives good results when these strain
measurements 'are made on w!polariscope. As an acceptance specifica-
tion for the material,1it is' required that the seal strain,” measured
utider the above cbnditions, should be less than 700 millimicrons per
centimeter,

4R, W. 'Gorangon’ ard L. H. Adams, “A Method for the Precise
Measurement’ of Optical PathtDifferences, Especially in Stressed Glass”,
Jour. Frank. Inst., Vol. 216, p. 475, 1933.
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CONCLUSION

The tests described above establish the criteria which may be used
to evaluate the suitability of a particular chromium-iron alloy for use
as the cone of a kinescope. Inasmuch as each of these tests is based
upon the reaction of the alloy to the thermal treatment imposed upon
it during the glass sealing operations incurred in the actual manu-
facture of the tube, the data obtained may be utilized with complete
assurance. Confidence in the validity of the test procedures arises
from a background of experience in testing 28 per cent chromium-iron
alloys for kinescope use and from the successful utilization of several
hundred approved alloys in the manufacture of many thousands of 16-
inch metal-cone kinescopes.



THE PROVISIONAL FREQUENCY BOARD#*
By PHILIP F. SILING

Engineer-in-Charge, RCA Frequeney Bureau,
RCA Laboratories Division, New York, N. Y.

Sununary—The Provisional Frequency Board was created at the Inter-
national Radio Conference which met at Atlantic City in 1947, Its purpose

s to prepare a master list of frequency requirements for international
communications. The functioning of the Board and its proyress to date are
described.

INTRODUCTION

in session in Geneva since January 8, 1948, has been engaged in

the monumental task of endeavoring to formulate, on the basis
of sound engineering principles, a master frequency assignment plan
for the radio stations of the world. Subdivisions of the overall task
have been undertaken by the International Aeronautical Administrative
Radio Conference', the International High Frequency Broadcasting
Conference?, and by a marine group of the Provisional Frequency Board
membership. Upon the success of these negotiations depend the fulfil-
ment of the Atlantic City radio agreements and the coming into force
of the Atlantic City frequency allocations table which is the heart of
the Atlantic City agreements’. The impact of the radio frequency
allocations problem upon all usage, present and contemplated, of the
frequency spectrum, makes a review of the history and accomplish-
ments of the Board to date of general interest throughout the radio
industry.

Due to traditional random and haphazard methods of international
frequency selection, the added chaos in international registration pro-
duced by World War 11, and the new developments in radio since the
Cairo Conference of 1938, it was found necessary at the Atlantic City
Conference of 1947 to make a fresh start in the formulation of a
frequency allocations table and in the setting up of the world’s radio
stations on a new and orderly basis of radio frequency listing. Since,

THE Provisional Frequency Board, which has been continuously

* Decimal Classification : R007.1 % R084.

1 19’4geneva, April 19-October 1, 1948; sessions resumed, Geneva, August

3Mexico City, October 22, 1948-April 9, 1949.
2 P. I. Siling, “Frequency Allocations”, RCA Review, Vol. VIII, No, 4,
p. 737, December, 1947,
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in the Atlantic City allocations table, frequency space now used was
withdrawn from certain services, primarily the fixed services, in order
to make provision for the expanded services of aviation and broad-
casting, it was recognized that planned frequency assignments would
have to be prepared as a point of beginning before there could be
implementation of the Atlantic City agreements. It was for the pur-
pose of formulating an initial master list meeting these needs that
the Provisional Frequency Board was created.

FUNCTIONS OF THE PROVISIONAL FREQUENCY BOARD

The Provisional Frequency Board was given responsibility for list-
ing all classes of stations on frequencies between 10 and 30,000 kilo-
cycles. The critical problems of the Board, however, have been those
relating to international point-to-point stations in the fixed service
bands between 4 megacycles and 27.5 megacycles.

A detailed resolution creating the Provisional Frequency Board
was adopted at Atlantic City. This resolution includes, in summary,
the following directives to the Board governing its work:

(a) To compile the technical principles to become the basis for

forming the new international frequency list.

(b) To compile a list of the requirements for communications cir-
cuits from the statements filed with it by the various govern-
ments.

(¢) To prepare a frequency list by the application of the principles
referred to in (a) above to the requirements referred to in (b).

Into this list would be integrated the assignment plans prepared
by the aeronautical and broadcasting groups (hereafter discussed).
The resulting master plan would not only permit the coming into effect
of the Atlantic City allocations table but also serve as the starting
point for future international frequency selection and registration.

It was agreed at Atlantic City that, at the conclusion of the work
of the Provisional Frequency Board, a Special Administrative Radio
Conference would be convened to review the actions of the Provisional
Frequency Board, finalize them, and take appropriate action for im-
plementation.

At the initial meeting of the Board in Geneva, 17 nations were
represented directly or by proxy and this representation was aug-
mented so that by August 1, 1949 fifty-nine countries were represented,
(nine by proxy), and there were also nine members of the International
Frequency Registration Board taking part in the Provisional Fre-
quency Board work.

During the first eight months of the existence of the Board, its
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substantive work was divided between the preparation of a list of
circuits, or requirements list (Committee 8), and the preparation of
engineering and technical principles to guide the preparation of the
new master frequency list, (Committee 4).

A Committee 5 was later established whose functions were to co-
ordinate the work of Committees 3 and 4 and prepare a list of circuits
with proposed complements of frequencies (by megacycle band order
only) which would satisfy the needs of the circuits accepted under the
rules of the Board. Finally a Committee 6 was created whose functions
were to take the lists prepared by Committee 5 and assign specific
frequencies to each circuit as close as possible to the megacycle orders
proposed.

The Board has fallen far behind its schedule of completion dates
for its tasks. This has been due in part to the lack of adequate co-
operation on the part of a certain few countries. A further reason for
the long period of time which has been consumed in the work of the
Board has been the complexity and magnitude of its undertaking.

With the exception of the data applicable to these few countries, the
work of Committee 3 has now been completed. There has been com-
piled a list of the radio communications circuits of the world, with
the data regarding each circuit required in the work of assigning
frequencies. The list includes presently operated circuits and those
expected to be operated according to the filings of the respective
countries. The claim of the non-cooperating countries has been that
the Board should not approach the problem on the basis of frequency
assignments necessary to satisfy specific circuit requirements but on
the basis of assignments to the particular radio transmitting station;
and that the committee should have used the data as published in the
1939 Berne List of Frequency Registrations.

Regardless of the final result of the Provisional Frequency Board’s
effort — and this will not be known for several months — the achieve-
ment of its Committee 4 in securing the establishment and acceptance
of sound technical engineering principles is of far reaching significance
and value. These principles, it is believed, will necessarily be utilized
as the basis for frequency assignments by the nations in the years
to come.

Committee 4 has established rules for determination of maximum,
minimum and interposed working frequencies for typical transmission
paths. It has determined the appropriate channel spacing between
frequency assignments and determined the rules for channel sharing
on both a simultaneous and non-simultaneous basis. There have also
been prepared circuit data such as maximum-usable-frequency charts,
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radio path propagational studies for all regions, a study of the regional
density of circuits in operation, an assessment of minimum frequency
requirements of typical circuits having varying operational character-
istics, calculation of the megacycle band loadings for each transmitting
area, aggregating a very large mass of technical studies and data.
One of the principal contributions to the science of frequency utiliza-
tion has been the obtaining of agreement almost universally among
the radio technicians of the world, on the application and use of iono-
spheric prediction data. The Provisional Frequency Board has adopted
the technical principles as a guide to its future work.*

By the middle of June, 1949, the work of the circuit planning
groups constituting Committee 5, in allocating megacycle orders of
frequencies to the list prepared by Committee 3, had been completed
except for gaps due to declinations by the certain few countries to
furnish information.

The Board has made limited progress on the final task of formu-
lating actual frequency assignments. The situation encountered is well
indicated by the following remarks quoted from the report of the
Chairman of the Board of August 15, 1949, applicable to the 4-7 mega-
cycle frequency bands:

“There is no possibility of a plan being prepared for many areas
of the world which will provide for all frequency requirements. This
is particularly so in the higher bands where the overload varies from
about four hundred per cent to about eighteen hundred per cent in
extreme cases.”

This report was prepared for consideration by the Administrative
Council of the International Telecommunications Union which began
its sessions August 17, 1949. By this time the Provisional Frequency
Board had reached a critical point with regard to most of the bands
allocated to the fixed and land mobile services. A number of alterna-
tive proposals as to whether or not the Board should continue its work
and as to the basis for continuation were presented to the Administra-
tive Council by various countries. It was apparent from the proposals
offered by a majority of the delegations that the prospect of ultimate
success still existed; however, there was implied recognition that
further progress could be made only by a new approach to the problem.

The direction of the new approach will be determined early in the
future proceedings of the Board. The indicated direction of attack is

4 The RCA Frequency Bureau maintains a complete file of the many
hundreds of conference documents for reference regarding the proceedings
of the Board.
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to arrive, on a country-by-country basis, at the order of priorities in
which the particular country desires fulfilment of its requirements in
terms of frequencies which are to acquire international protection
through registration. It will be borne in mind that while the objective
is to acquire international protection of as many frequency assign-
ments as possible through registration, failure of registration does
not preclude frequency utilization on the basis of non-interference to
international services.

In the United States itself the reduction of requirements, or re-
assessment of proposals on a priority or other acceptable basis, con-
tinued to present grave difficulties. One of the reasons why the United
States had not by September 1949 been able to present to the Board
a realistic proposal applicable to its own services was that the military
services of the United States had not agreed to return to a peace-time
basis in stating frequency requirements. At the highest levels within
our government, actions were being taken for the review of the United
States international registration requirements.

SERVICE CONFERENCES
Concurrently with the work of the Provisional Frequency Board,
aeronautical, international broadcasting and marine meetings have
been held for the framing of assignment plans in the frequency bands
allocated to these services.

Broadcasting. The International High Frequency Broadcasting Con-
ference, which remained in session for six months at Mexico City,
found itself confronted initially with the same basic difficulty, i.e., the
listed requirements far exceeded the total frequency space available.
A Planning Committee of the Conference had held previous meetings
at Geneva and Mexico City which had indicated that the High Fre-
quency Broadcast Plan would have to make provision for the use of
frequencies on an hour-by-hour basis, even though this type of plan-
ning was extremely difficult. The complete loading of the high fre-
quency broadcast bands was expected to yield about 6,000 broadcast
hours per day whereas the requirements filed by the various countries
totaled 15,000 channel hours.

The program of specifying for each country the frequency to be -
used, power, direction of transmission and exact hours, necessarily
involved preparation of several plans in order to take account of vari-
ations in propagation due to sunspot activity and seasonal changes.
However, it was finally realized that there was no other feasible
alternative. Even on this basis, concessions were required by the vari-
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ous countries as to shifting hours of broadecasting and in making
other changes in requirements. The first of the several necessary plans,
that covering the No. 70 or June median sunspot phase, was finally
prepared by the Mexico City Conference. Insufficient time remained
to prepare the additional plans for the other seasons and the other
phases of the sunspot cycle, and a Technical Planning Committee was
established to carry out the principle of the June median plan in
establishing the remainder of the high frequency broadcasting assign-
ments.

Most of the countries parties to the Mexico City Conference signed
the resulting agreement. Among the countries not signing were two
major powers. Both countries had succeeded in obtaining, in the final
agreement, all the frequency hours that they had requested or the use
of which was contemplated. It can only be deduced, therefore, that
the refusal of the two governments to sign rested on political grounds.
One factor which undoubtedly had an effect on this situation was the
matter of numbers; one of the countries had been allocated three times
as many frequency hours as had the other. While analysis shows that
these numbers are without true significance, considering the require-
ments and geographical situations of the two countries, the fact
standing alone of the disparity in numbers was apparently deemed to
have political significance. In the statement on refusal to sign by the
delegate of one power, reference was also made to the program of
“jamming” its international broadcasting which had by that time
(April 1949) been launched by the other.

The effect of these actions is that neither country is able to par-
ticipate as members in the further work of the Technical Planning
Committee; and there will remain for resolution, at the time of the
final integration of all services by the Special Administrative Radio
Conference, the problem of adoption or rejection of the High Fre-
quency Broadcasting Plan.

Aeronautical. The first sessions of the International Aeronautical
Administrative Radio Conference at Geneva occupied more than five
months and were characterized throughout by the non-cooperative
actions of certain countries. The work of the Conference was further
complicated by the existence in certain European countries, notably
France, of a basis of assignment of frequencies for aeronautical mobile
purposes which visualized CW telegraphy as the exclusive method of
working. It was desired by other countiries, led by the United States,
to formulate a plan based on the band widths required for radio-
telephone so that maximum advantage could be taken, in the future,
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of developments in the art, employing CW where that was necessary,
by subdivision of the telephone channels and at the same time per-
mitting telephony, high speed radioteletype or other high capacity
means of communication.

The Aeronautical Conference began its work, much as the Pro-
visional Frequency Board had done, by endeavoring to list require-
ments and by establishing technical principles and standards of good
engineering practice. Furthermore, the Aeronautical Conference
worked out a formula for assessing load factors to serve as a starting
point for the final task of reducing requirements to the supply level.

After the adoption of technical principles with regard to channel
widths, protection ratios, power and other factors, the Conference
undertook without success the final stage of its activities. As has
invariably been the case, the requirements exceeded the frequency
supply. The principal reason for the inability of the Conference to
complete its task was the necessity of going back to the respective
administrations for re-assessment and drastic reduction of the stated
requirements. The Conference adjourned at the end of September
with an agreement to reconvene August 1, 1949 and with the setting
up of detailed arrangements for review of requirements by in