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RCA phototubes are
of two principal groups—
gas types and high-vacuum
types. Most of the gas types are
designed primarily for sound re-
production, but their high sensitivity

makes these types suitable for many relay

applications. All of this group employ either
the SI or the $2 photoactive surface. These sur-
faces give high response to red and near infra-red
radiation. Included in this group are the 868, a tube long
used for sound reproduction; the 918, a tube similar to the

868, bur having improved sensitivity; the 923, a tube similar
to the 918 in a short bulb; the 927, a small tube especially for
16-mm sound equipment; the 920, a twin tube for use in push-pull
sound reproduction from a double sound track; and the 930, a tube
similar electrically to the 923 but having the same simple, rugged, short con-
struction and physical dimensions as the 929. Other gas types more especially

designed for relay applications are the 921, a compact cartridge-type tube; the 924,
a small end-on type with cathode facing the end of the bulb; and the 928, a tube
with a cathode arranged to respond to light from many directions.

The high-vacuum group is of primary interest to the designer of light-operated relays
and light-measuring equipment. Tubes in this group are made with four different kinds of sur-
faces. Among these four surfaces, the S3 surface used in the 926 has the spectral response closest

to that of the cye. This tube is, therefore, of partcular interest for colorimetric work, The S4 surface
of the 929 has an exceptionally high response to blue and blue-green radiation and a negligible response
to red radiation. This feature is of importance in flame-control work where it is desired that the tube respond
to the flame and not to heated objects in it.

All other RCA high-vacuum types have the same S1 ot S2 surfaces utilized in gas types. These vacuum types differ
chiefly in structural details. They include the 917 and the 919, two exceptionally low-leakage types which are alike except
that the anode is brought out to a top cap in the 917, and the cathode to the top cap in the 919; the 922, a compact cart-
ridge type; and the 925, a tube with short bulb.

Additional information on the choice of a phototube type for a specific relay or measurement circuit is given under
APPLICATION. Inquiries regarding the use of any RCA phototube will be welcomed.
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INTRODUCTION

A phototube consists principally of two electrodes in an
evacuated glass envelope. One electrode, the cathode,
emits electrons when its sensitized surface is exposed to
light or other radiant energy. These electrons are drawn
to the second electrode, the anode, because this elec-
trode is operated at a positive potential. The number
of electrons emitted by the cathode depends on the wave
length and the amount of radiant energy falling on it.
The phototube thus provides an electric current whose
magnitude can be controlled by light or other radiant
energy.

Sensitivity of Phototubes

The sensitivity of a phototube is basically defined as
the quotient of the current through the tube by the
radiant flux received by the cathode. When sensitivity
is stated in accordance with this basic definition, it is
usually given in terms of microamperes per microwatt
of radiant flux. The term “radiant flux” includes both
visible radiation, or light, and invisible infra-red and
ultra-violet radiation. For con-
venience, sensitivity is fre-
quently stated in terms of vis-
ible radiation only. When it
is given in this way it is
known as “luminous sensi-
tivity” and is usually given
in terms of microamperes
per lumen of light flux.

The sensitivity of a photo-
tube depends on the color of
the light or the spectral dis-
tribution of the radiant flux
used to excite the tube. For
example, the 929 phototube
has much higher sensitivity
to blue-rich light, such as
light from a mercury-vapor
lamp, than to blue-deficient
light, such as the light of an
incandescent lamp. It follows
that, when two phototube
types are compared on the basis of their sensitivity rat-
ings, the comparison will be valid only if the rated
values have been measured with radiations of the same
spectral distribution. Also, when two phototube types
are being considered for use with a certain light source,
if the two types have different color-response curves, a
comparison of the sensitivity rating of one type with
that of the other may be misleading unless both ratings
are for light similar in color to that which is to be used.
The sensitivity ratings of RCA phototubes are always
accompanied by a description of the radiation used when
the sensitivity was measured. For many types, sensitivity
is measured with radiation provided by a tungsten lamp

operated at a filament color temperature of 2870° Kelvin,

Exciter lamps used in sound-on-film equipment are gen-
erally operated at approximately this temperature.

Gas and High-V acuum T ypes

The presence of a small amount of inert gas in a
phototube increases the tube’s sensitivity, or in other
words, the gas increases the amount of current passed
by the phototube for a given amount of cathode illum-

The RCA-929 and the RCA-930 have the same physical

dimensions, but different spectral-response characteristics.

The 929 has extremely high sensitivity to blue-rich radia-

tion while the 930 gives high response to red and near
infra-red radiation.

ination. Therefore, in the manufacture of several photo-
tube types, a controlled amount of gas is introduced in
the tube after evacuation. These gas types have higher
gensitivity than the corresponding vacuum types and
are generally preferred for some applications, princi-
pally those involving sound reproduction. High-vacuum
types, on the other hand, have higher internal resist-
ance, more constant sensitivity throughout life, and are
less likely to be damaged by accidental operation at
higher-than-rated voltage or current. The high-vacuum
types are, therefore, preferable for many light-operated
relay and light-measurement applications.

The action of gas in increasing the semsitivity of a
phototube is briefly as follows: Electrons moving from
cathode to anode collide with gas atoms. In such a col-
lision, the electron may disrupt the atom, knocking an
electron out of the atom and leaving a positive ion. This
disruption of the atom increases the current through
the tube because the new electron is drawn to the
anode and the positive ion is drawn to the cathode.
The positive ion can further increase current, when it
arrives at the cathode, by
causing secondary emission
from the cathode. Therefore,
the presence of gas in the
tube increases current in two
ways, (1) by the production
of ions, and (2) by the in-
crease in cathode emission.
The total current in a gas
phototube can be several
times that of a correspond-
ing high-vacuum type oper-
ated with the same light in-
put and anode voltage.

Static and Dynamic
Sensitivities of Gas Types

When a phototube is used
under steady illumination, its
luminous sensitivity can be
defined as the quotient of the
direct anode current by the
incident light flux of constant value. This sensitivity is
called the static luminous sensitivity.

When a phototube is used for sound reproduction, the
light input to the phototube varies at audio frequency.
For this operating condition, the luminous sensitivity of
the tube is conveniently defined as the quotient of the
amplitude of variation in phototube current by the
amplitude of variation in light input. In a gas photo-
tube, this sensitivity, identified as the “dynamic sensi-
tivity,” is smaller for a light input varying at high audio
frequency than for low frequencies. The reason can be
understood from the preceding explanation of how gas
increases sensitivity, Because gas lons are relatively large
and move relatively slowly, there is a time lag between
the disruption of a gas atom and the increase in cathode
emission due to the resultant positive ion. Because of
this time lag, fluctuations in the emission due to positive
ions lag behind fluctuations in the primary photoemis-
sion. For high frequencies of light variation, the lag
tends to smooth out the variations in the total photo-
tube current and thus, by definition, reduces sensitivity.

The effect is illustrated by the curve below which
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shows how the sensitivity of RCA gas phototubes changes
with the frequency of variation in light input. It can be
seen that the decrease in sensitivity occurs only at high
audio frequencies and that the decrease is small enough
8o that the tube can reproduce audio signals with good

fidelity.
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INSTALLATION
General

The socket required by phototubes having a 4-pin
base, i.e., the 868, 917, 918, 919, 920, 923 and 928, is of
the standard 4-contact type. The cartridge phototubes
921, 922, and 926 employ a clip type of mounting. The
924 employs a standard intermediate screw lamp socket.
The 925, 929, and 930 employ a standard octal socket.
The 927 employs a peewee 3-pin socket. Sockets for all
types except the 928 should be mounted so that light is
intercepted by the concave surface of the phototube’s
cathode. The socket for the 928 may be mounted in any
suitable position since the cathode of this tube responds
to light striking it from any direction.

Shielding of the phototube and its leads to the am-
plifier or relay tube is recommended when amplifier
gain is high or when the phototube load resistance is
high. In a circuit employing the 928, when the tube is
operated with low impedance between cathode and
ground, the cathode shields the anode from stray elec-
trostatic fields. Whenever frequency response is import-
ant in a phototube circuit, the leads from the phototube
to the amplifier or relay tube should be made short so as
to minimize capacitance shunting of the phototube load.
Since a phototube is a high-resistance device, it is im-
portant that insulation of associated circuit parts and
wiring be adequate.

The maximum ambient-temperature rating of a photo-
tube should not be exceeded because too high a bulb
temperature may cause the volatile cathode surface to
evaporate with consequent decrease in the life and sen-
sitivity of the tube.

In relay or measurement circuits where the phototube
must respond to a very small amount of light, photo-
tube leakage currents should be made small. A low-
resistance leakage path between the phototube terminals

reduces the effective load resistance and thus decreases
the circuit’s sensitivity. Also, leakage currents may vary
erratically and may mask the effect of the photoelectric
current when this current is small. These leakage cur-
rents can be reduced by removing dust and grease from
insulating surfaces between the phototube terminals with
a cloth dampened in alcohol.

In the top-cap types 917 and 919, and the cartridge
types 921, 922, and 926, leakage across moisture films
on the surface of the glass can be prevented by coating
the glass with pure white ceresin wax, or other non-
hygroscopic wax. The bulb should be first cleaned, then
dipped in the molten wax and held there for a short
time so that the heat of the wax will vaporize any
moisture from the bulb surface. In the dipping opera-
tion the temperature of the wax should not exceed
100°C, the maximum ambient-temperature rating for
the phototubes listed above. It is not necessary to coat
the whole bulb. A continuous band of wax, approxi-
mately a half-inch wide, around the top-cap or around
the bulb is sufficient to interrupt all external leakage
paths across the phototube surface.

When an amplifier tube is used in a circuit where
extremely low leakage is important, the tube should
preferably be a glass type having the grid brought out
to a cap at the top of the tube; the bulb of such a tube
can be waxed around the top-cap so as to minimize sur-
face leakage. It has been found that the type 38 meets
these requirements quite satisfactorily and is, therefore,
often used in phototube circuits. In a circuit employing
one of the cartridge phototubes (921, 922 or 926), when
low leakage is important, the phototube terminal which
is connected to the amplifier grid-cap should not be in
contact with a support that can cause leakage to ground.

Gas Types

If the voltage or current ratings of a gas phototube
are exceeded, a gas discharge may occur. This discharge
is indicated by a faint blue glow within the tube. Once
started, this discharge will continue independently of the
illumination on the phototube. When a glow occurs, the
anode supply voltage should be disconnected immed-
iately in order to prevent permanent damage to the tube.

The minimum d-c load resistance ratings shown in the
CHART are set up for gas phototubes to prevent a blue
glow discharge. With the specified values of load resis-
tance, supply voltage, and maximum current, the d-c
voltage drop across the load is large enough to protect
the tubes. In most relay circuits, the phototube current
exceeds 2 microamperes; in usual sound-on-film equip-
ment, the phototube current is less than 2 microamperes.

When the anode-supply voltage for a gas phototube
is obtained from an a-c line without rectification, a
voltage divider should be connected across the line so
that the peak voltage supplied to the tube will never
exceed 90 volts. For line voltages of 110 to 125 volts, the
voltage divider should provide a phototube supply vol-
tage of not more than half the line voltage. In addition,
a series protective resistor, as recommended above,
should be included in the phototube circuit.
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Gas phototubes 918, 921, 923, and 930, give sensitive
operation in relay circuits. However, these four types are
primarily designed for applications where the illumina-
tion on the phototube is low. These types can be used
with large values of illumination but may lose sensi-
tivity in such use. Most of the loss takes place in the
first few hours of high illumination with little loss
thereafter. The loss can be made small by including in
the circuit a large voltage-dropping resistance between
the phototube and voltage supply. When a change in
sensitivity of the 918, 921, 923, or 930 is not desirable,
the light flux on the cathode should not exceed approxi-
mately 0.02 lumen.

Exposure to intense illumination, such as direct sun-
light, may cause a temporary decrease in the sensitivity
of a gas phototube even though no voltage is applied to
the tube. The magnitude and duration of this decrease
depend on the length of exposure.

In sound-on-film equipment employing gas phototubes,
the amount of light passing through the slit and film
to the phototube is usually so small that there is no
danger of a rapid loss of phototube sensitivity so long
as the tube is operated within ratings. When film is
removed from the camera, the exciter lamp should be
switched off so as to prevent excessive illumination of
the phototube,

Vacuum Types

For constant calibration of high-precision devices
using a vacuum phototube, ‘it is essential that the photo-
tube be operated at an anode voltage of not more than
about 20 volts. Higher anode voltages may cause ioniza-
tion of minute traces of residual gas within the tube.
The gas current resulting from this ionization may pro-
duce slow changes in the tube’s characteristics which
would change calibration. When a phototube is oper-
ated at low anode-supply voltage, the combination of
large light input and high phototube load resistance is
to be avoided. With this combination, the voltage drop
across the load resistance may be so large that the vol-
tage across the phototube is inadequate. In general, when
the anode supply voltage is 20 volts, the d-c voltage drop
across the load resistance should not exceed 10 volts.

A further consideration for the maintenance of con-
stant calibration is that the light incident on the photo-
tube should be spread over as large a portion of the
cathode surface as possible. This procedure will mini-
mize variations in sensitivity that might be caused by a
shift in the position of the light spot on the cathode.

APPLICATION
Circuits for Sound Reproduction

A typical phototube circuit for use in sound repro-
duction is shown in Fig. 1. The value of phototube load
resistance for this circuit depends on the desired signal-
output voltage and the permissible distortion. Increas-
ing the phototube load resistance increases signal output
but also increases distortion.

A typical circuit for the 920% twin phototube is shown
in Fig. 2. In this circuit, the contact on resistor R, should
be set so as to balance out any difference which may

AMPLIFIER
L TUBE
L1}
0.1 uf %
0.1-5.0 1.6-5.0 A
GAS MEG. MEG.
PHOTO-
TUBE
+90V. = = =
MAX

Fig. I—Typical circuit for sound reproduction.

exist between the sensitivities of the two units of the
920. Since the two units of the 920 are mounted in the
same gas atmosphere, the ratio of sensitivities of the
two units remains approximately constant throughout
the life of the tube. Hence, once the circuit is balanced,
the 920 tends to maintain balance.

TO
AMPLIFIER

AMPLIFIER

OUTPUT

C
4 AMPLIFIER
TUBE

Ri, Rz Ry Ry, R; — 05 MEGOHM Ry, R, — | TO 5 MEGOHMS
Ri R; = 0.1 TO 5 MEGOHMS Ci, Cs Cyy Gy = 0.1 uf

Fig. 2—Typical circuit for twin phototube type 920 with either
transformer or resistance coupling for sound reproduction.

Circuits for Light-Operated Relays

and Light Measurements
Choice of Phototube T ype

Circuits for light-operated relays and for light mea-
surements are shown in Figs. 3 to 13. The choice of a
phototube type for ome of these circuits depends on
several factors including the important one of the color
of the light source. With respect to color sensitivity,
RCA phototube types can be divided into three classes.
In the first class are types having an S1 or S2 photo-
surface. These types have high sensitivity in the red and
infra-red region of the spectrum. Hence, circuits de-
signed for high red sensitivity or for operation with
infra-red radiation generally employ a phototube of
this first class.

In the second class is the type 926 having an S3 photo-
surface. The spectral sensitivity of this type extends
throughout the visible spectrum and peaks in the blue.
The relative response of this type to the light reflected
from colored objects approximates that of the eye.

*For description of push-pull system of sound reproduction for

which 920 is designed, see “An Improved System for Noiseless

Recording,” G. L. Dimmick and H. Belar, Journal of the Society
of Motion Picture Engineers, July, 1934.
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Hence, circuits used for colorimetry often employ the
926.

In the third class is the type 929 having an S4 photo-
surface. The sensitivity of this type is very high in the
blue-violet and low in the red. For blue-rich light, such
as daylight or light from a carbon arc or mercury-vapor
lamp, a 929 gives much higher sensitivity than other
vacuum types. Although the 929 has low red sensitivity,
this type gives better sensitivity than other vacuum types
to light from an incandescent lamp operated at a fila-
ment color temperature of 2870°K. When the filament
of an incandescent lamp is operated at lower tempera-
ture, its reduced blue radiation will decrease the sensi-
tivity of the 929,

When a phototube having either an S1 or an S2 sur-
face is preferable, a choice can be made between gas
and vacuum types. The presence of gas in a phototube
increases the tube’s sensitivity but decreases its internal
resistance. As a result, in a circuit where it is imprac-
ticable to use a phototube load resistance higher than
10 megohms, a gas phototube may give more sensitive
operation than a vacuum type; in a circuit where the
phototube load resistance can be made larger than 10
megohms, a vacuum phototube may give more sensi-
tive operation.

The sensitivity of a vacuum phototube is more nearly
constant throughout tube life than that of a gas type.
Also, a vacuum type is less likely to be damaged by acci-
dental application of higher-than-rated anode voltage.
Hence, in a circuit where the phototube load resistance
can be made high, or where constant calibration or elec-
trical ruggedness is important, a vacuum phototube
should be used.

The RCA-2051 Gas Tetrode in Phototube Circuits

The RCA-2051 is a gas tet-
rode especially well suited
for use in phototube circuits.
The 2051 is a relay tube; a
small change in its grid po-
tential can cause its plate cur-
rent to change from zero to
a comparatively large value.
The value of grid potential at
which plate current starts is
called the critical value. Once
plate current has started, its
magnitude is determined by
the anode supply voltage and
the impedance in the anode
circuit, and is practically in-
dependent of control-grid bias
for all normal values of bias.
In the conducting condition,
the tube voltage drop is quite
low and is substantially in-
dependent of the value of both anode current and con-
trol-grid bias, »

Phototube relay circuits employing the 2051 are
shown in Figs. 3 and 4. In circuits like these, where the

6

2051 is operated with an a-c anode supply voltage, anode
current in the 2051 is zero during negative half-cycles
of the a-c voltage on the anode because, during these
half-cycles, the anode is negative with respect to cath-
ode. As long as the grid bias is less negative than the
critical value, the tube will break down and conduct
on positive half-cycles. However, if the grid is made
more negative than the critical value, it will prevent
conduction on positive half-cycles. In other words, in
a-c operation, a change in grid potential can cause a
2051 not only to close a relay but also to open it. This
action is different from that obtained in d-c operation
where a change in grid potential can cause the 2051 to
close a relay, but normal changes in grid bias can not
cause the relay to open. In d-c operation, the only satis-
factory methods for opening the relay, once closed, are
to open the anode circuit, or to reduce the 2051 anode
supply voltage to a very low value.

One of the advantages of the 2051 for use as a relay
tube is its low anode-to-grid capacitance. This capaci-
tance has been made low by inclusion of a shield-grid
within the tube. Because this capacitance is low, the
tube is Insensitive to line-voltage surges. In order that
this advantage can be utilized, circuit wiring should be
laid out so as to introduce as little external capacitance
as possible between the grid and anode.

The RCA-2050 is a gas tetrode similar to the 2051
but having higher voltage and current ratings. Although
the 2051 can provide enough current to operate most
relays, special magnetic devices handling large power
may require one or more 2050’s. The 2050 has longer
life and more constant characteristics throughout tube
life than the 2051. The 2050 is recommended for use in
circuits where extremely long tube life and constant
calibration are of primary importance. A 2050 can be
substituted for the 2051 in the circuits of Figs. 3 and 4
with no change in circuit constants.

Amplifier Tubes in Relay and Measurement Circuits

In many relay and measurement circuits, it is desirable
to use a phototube load resistance much higher than 10
megohms. When this resistance is connected between the
grid and cathode of an amplifier tube designed for radio
use, precautions are necessary because these tubes, in
general, are rated for operation with not more than 10
megohms d-c resistance between grid and cathode. For
power amplifier types, the maximum rated resistance
generally is 0.5 megohm.

The reason amplifier tubes have a maximum d-c grid-
circuit resistance rating is that gas current and grid
emission can cause trouble if this resistance is too high.
The diagram below illustrates how this trouble arises.

ARROWS [INDICATE DIREC- - -
TION OF FLOW OF GRID-
EMISSION CURRENT AND
GAS CURRENT TO GRID

Gas current occurs because there is always a minute
amount of residual gas in an amplifier tube. Atoms of
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this gas are ionized by collision with electrons flowing
from cathode to anode. The resultant positive ions are
drawn to the negative grid and flow to the source of
negative bias voltage through the grid resistor R. The
flow of these ions through R builds up a voltage drop
across R which makes the grid less negative with respect
to cathode. This decrease in negative grid bias increases
plate current and thus causes an increase in gas ioniza-
tion and in gas current to the grid. If the grid-circuit
resistance is large enough, the action becomes cumulative
and plate current may rise to a large value. Another
effect that may contribute to the rise in plate current is
emission of electrons from the grid. Positive gas ions
bombarding the grid raise its temperature and may
cause it to emit electrons. The flow of these electrons
through R builds up a voltage drop across R which re-
duces the negative grid bias. Thus, when the grid-circuit
resistance is very large, gas current and grid emission
may cause the plate current to vary erratically over a
wide range or to rise to such a large value that the tube
is damaged.

In phototube circuits where it is desired to operate
an amplifier tube with a very large grid-circuit resist-
ance, gas current can be reduced by operating the tube
at low plate and screen voltages and low plate and
screen currents. When the voltages across the tube and
the currents through the tube are small, there is little gas
ionization, and therefore little gas current. Grid emis-
sion can be reduced to a very low value by operating
the heater at less than rated voltage so that the grid is
at a reduced temperature.

From this discussion it can be understood why many
relay and measuring circuits use two amplifier tubes.
The first tube employs a high grid-circuit resistance and
is, therefore, operated at low plate current. The second
tube usually has to supply enough current to operate a
relay and, therefore, must have a comparatively small
grid-circuit resistance. The first tube may, or may not,
provide voltage amplification of the signal from the
phototube. Its primary purpose usually is to act, not
necessarily as a voltage amplifier, but as a “buffer” or
“resistance transformer.” That is, it must transfer the
signal from the high-resistance load of the phototube
to the comparatively low resistance in the grid circuit
of the output tube.

In the circuits of Figs. 5,6, 7,8,9,10,and 12, the heater
of the amplifier tube following the phototube is oper-
ated at approximately 4 volts nstead of the normal
value of 6.3 volts. Because of this large voltage reduc-
tion, it may be found that some individual amplifier
tubes do not give satisfactory operation in these circuits.
Hence, these circuits are not well suited for use in
equipment which is commercially manufactured and
sold in large numbers of units. The relay circuits of
Figs. 3 and 4 are well suited for use in such equipment.

In relay and measurement circuits where the output
tube is a pentode or beam power tube, adjustments
should be made prior to operation so that the plate cur-
rent of the output tube will never become large enough
to damage the tube or associated relay or meter. In gen-

eral, the procedure is to set the screen voltage and grid
bias of the output tube at zero volts and then increase
the screen voltage until the plate current is at the maxi-
mum permissible value. The screen voltage is left at this
value during use of the circuit. In most circuits, the grid
can never become appreciably more positive than zero
bias during normal operation; hence, the adjustment in-
sures that, during normal operation, the plate current
will not exceed the permissible value. When the adjust-
ment is made, consideration should be given to the fact
that, during use of the circuit, line voltage may swing
higher than its value at the time the adjustment is made.
Until the adjustment of screen voltage has been made,
the screen voltage should be kept at a low value.

Circuit Precaution

In the circuits of Figs. 3, 4, 5, 9, 10, and 12, circuits
which are connected directly to the a-c line, a double-
pole on-off switch is shown. This switch makes it simple
to disconnect the circuit from both sides of the line
when repairs or adjustments are to be made and thus
reduces the danger of shock.

Relay Circuit, Fig. 3

A relay circuit in which the relay is energized by an
increase in light is shown in Fig 3. In this circuit, posi-
tive voltage is supplied to the 2051 anode and the
phototube ancode during every other half-cycle of line

R
s R
| RELAY dc
T
]

PHOTO- —-

TUBE ¥
A.C. Rp = TZEF;%

! =
(s gs_g R J

*GAS OR VACUUM TYPE

C = 2.8 pf, 250 V.; USED IF NEEDED TO PREVENT RELAY CHATTER
FOR YACUUM-TYPE PHOTOTUBE: R; = 0 OHMS
R, = 20000 OHMS, | WATT
FOR GAS-TYPE PHOTOTUBE: R, = 10000 OHMS, 2 WATT
Rz = 9000 OHMS, I/, WATT

Ry, Ry

Rz = 1000 OHMS, | WATT
R, — [-10 MEGOHMS
Rs; == CURRENT-LIMITING RESISTOR, SEE TEXT
S = DOUBLE-POLE ON-OFF SWITCH

= HEATER TRANSFORMER, 6.3 V., 0.6 AMP.
RELAY SHOULD OPERATE ON 25 MA. OR LESS

Fig. 3—Relay circuit employing type 2051. Relay energized by
increase in light.

voltage, when the upper side of the a-c line is positive.
During these half-cycles, negative bias voltage is sup-
plied to the 2051 grid from R,. The potential of the
grid is made less negative by the IR drop across R,
resulting from the flow of phototube current through
R,. In the use of this circuit, the contact on R, is
adjusted so that, as long as the illumination on the
phototube is less than a certain value, the 2051 grid
potential is sufficiently negative to prevent conduction
of plate current. When the illumination rises above this
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PHOTOTUBES

value, the IR drop across R, reduces the negative grid
potential, the 2051 conducts, and the relay closes. The
resistance of R, is high enough to keep the current
through the 2051 within the tube’s maximum rating.

The function of R; in this circuit is to keep the relay
current within the relay’s maximum rating. To deter-
mine the proper value of this resistance, set the contact
on R, so that the relay stays closed, and adjust R; to a
value such that the relay current is within the relay’s
maximum rating. In many relays, the resistance of the
relay supplemented by the resistance of R, is sufficient
to hold the relay current to a safe value. With such a
relay, R; can be omitted.

Relay Circuit, Fig. 4

A relay circuit in which the relay is energized by a
decrease in light is shown in Fig. 4. The operation of
this circuit is similar to that of Fig. 3, the difference
being that in Fig. 4, a decrease in phototube current
makes the 2051 grid less negative. The relay closes,
therefore, whenever illumination drops below a certain
value. This value can be controlled by adjustment of the
contact on R,.

*GAS OR VACUUM TYPE

C = 2.8 pf, 250 V.; USED IF NEEDED TO PREVENT RELAY CHATTER
Ri, R» FOR YACUUM-TYPE PHOTOTUBE: R, — 0 OHMS
Ry = 5000 OHMS, 4 WATTS
FOR GAS-TYPE PHOTOTUBE: R; — 3000 OHMS, 2 WATTS
R: = 2000 OHMS, | WATT

Ry, Rz

R; = 100 OHMS, | WATT

Ry = 1-10 MEGOHMS

Rs = CURRENT-LIMITING RESISTOR, SEE TEXT
§ = DOUBLE-POLE ON-OFF SWITCH

T = HEATER TRANSFORMER, 6.3 V., 0.6 AMP.
RELAY SHOULD OPERATE ON 25 MA, OR LESS

Fig. 4—Relay circuit employing type 2051. Relay energized by
decrease in light.

When a gas-type phototube is used in this circuit, the
current through the 2051 should be limited to a value
such that the IR drop across R; cannot cause the peak
voltage on the phototube to exceed 90 volts. Sufficient
limitation is provided by making the total resistance of
R; and the relay not less than 1500 ohms. When the
phototube is a vacuum type, the function of R, is the
same as that of R, in Fig. 3.

Relay and Measurement Circuit, Fig. 5

A circuit which can provide faster response than the
circuits of Figs. 3 and 4 is shown in Fig. 5. Because the
circuits of Figs. 3 and 4 operate on a.c. without rectifi-
cation, the relay in these circuits must be sluggish

enough so that the 60-cycle variations in line voltage will
not make the relay chatter. Also, the phototube in Figs.
3 and 4 is in operation only during alternate half-cycles
of line voltage when the upper side of the a-c line is
positive. As a result, the circuits of Figs. 3 and 4 do not
give good response to a change in light whose duration
is on the order of one-sixtieth of a second or less. The
circuit of Fig. 5, which includes a rectified d-c power
supply, can respond to changes shorter than a sixtieth
of a second.

A further difference between the 2051 circuits and the
circuit of Fig. 5 is that the 2051 plate current changes
abruptly from one value to another when phototube
illumination rises above a certain value. In Fig. 5, the
25L6-GT plate current changes continuously with change
in phototube illumination. The circuit of Fig. 5 is, there-
fore, suitable for use not only as a relay circuit but also
for illumination measurements.

When the phototube is connected as shown in solid
lines in Fig. 5, an increase in phototube illumination
causes an increase in the plate current of the 25L6-GT.
When the connections are as shown in dotted lines, an
increase in illumination causes a decrease in output
current.

VACUUM

TYPE
25L6-GT

= e
Ll LL
< C2
TYPE
2526-GT
3
H H2 H3
Ry Ej:t:]
H7 V. R2

0 ac. O

C,, C, = 8uf, 250 V. R: = 50 OHMS, | WATT
H, = 25Z8-GT HEATER Rz = | MEGOHM
H, = 25L6-GT HEATER R, = 100 MEGOHMS
Hy = 38 HEATER R; = 0.5 MEGOHM
M = D-C MILLIAMMETER OR Re, R; = 0.1 MEGOHM
RELAY (0-25 MA.) S = DOUBLE-POLE ON-OFF SWITCH
R; = 200 OHMS, 20 WATTS

Fig. 5—Fast-acting circuit for relay or measurement operations.

When the circuit is to be connected as shown in solid
lines, the procedure for adjusting it to give best opera-
tion is as follows: Set the contacts on R, and R, at the
positive end of their ranges, and adjust the 25L6-GT
screen voltage by means of R, so that the plate current
of the 25L6-GT has the desired value of maximum out-
put current. If the circuit is to operate a relay, this cur.
rent should be slightly larger than the value which
closes the relay. Next, move the contact on R, toward the
negative end of R, until the IR drop across R; has the
value such that the grid of the 25L6-GT is slightly nega-
tive with respect to the 25L6-GT cathode. The correct
setting of R, can be determined by measurement of the
25L6-GT plate current. When the movement of the con-




tact on R, starts to affect this plate current, the 25L6-GT
grid has a small negative bias, and R, is correctly ad-
justed. Next, set the phototube illumination at the value
at which the relay is to close, or at the largest value to
be measured, and move the contact on R, toward the
negative end of R, until the movement of the contact
starts to affect the plate current of the 25L6-GT. The
circuit is then ready for operation. A small decrease in
phototube illumination will produce comparatively
large decrease in output current.

When the phototube is to be connected as shown in
dotted lines, the adjustment procedure is the same ex-
cept that during the adjustment of R, and R, the photo-
tube illumination should have the value at which the
relay is to open or the smallest value to be measured.
After the adjustments have been made, a small increase
in illumination will produce a comparatively large de-
crease in output current.

In adjustment of the circuit with solid-line connec-
tions, if the phototube illumination during adjustment of
Ry is large, it may be found that moving the contact on
R, all the way to the negative end of R, does not affect
the 25L6-GT plate current. This finding indicates that
the sensitivity of the circuit is too high for the amount
of light being used. The light on the phototube cathode
should be reduced, or else the circuit sensitivity should
be reduced by reducing the resistance of R,. Similarly,
in adjustment of the circuit with dotted-line connec-
tions, if the phototube illumination used during adjust-
ment of R; and R; is so large that the 25L6-GT plate
current is much smaller than 25 millamperes, the photo-
tube illumination or the circuit sensitivity should be
reduced.

Battery-Operated Relay and Measurement Circuit, Fig. 6

A battery-operated circuit for relay and measurement
purposes is shown in Fig. 6. Because the current drawn
from the 45-volt and 2214-volt batteries is low, the use of
small batteries of the C-battery type for B, and B, will
give long life. The 6K6-GT requires a comparatively
large plate curreat in order to operate a relay and is,
therefore, supplied from a storage battery and vibrator-
transformer. The vibrator and transformer can be of
the type used in automobile radio receivers. Heater
voltages can, of course, be obtained from the storage
battery.

When the phototube is connected as shown in solid
lines, the plate current of the 6K6-GT increases when
phototube iilumination increases. In the dotted-line con-
nection, output current increases when illumination
decreases.

A simple procedure for adjusting this circuit is as
follows: Set the contact on R, at the lower end of R,
and set the grid bias of the 6K6-GT at zero by short-
circuiting R,. Move the contact on R, until the 6K6-GT
plate current has the desired maximum value. The con-
tact should never be moved so high that plate current
exceeds 30 milliamperes; a plate current higher than 30
milliamperes may cause the maximum plate-dissipation

rating of the 6K6-GT to be exceeded. After R, is ad-

PHOTOTUBES

justed, the short-circuit connection across R, should be
removed and R, should be adjusted so that the circuit
gives best operation over the range of illumination
values to be encountered in use of the circuit.

By
VR
s
6v. + (B2
-+
45v. =
+| B3
22.5V. = av.
B VACUUM TYPE
PHOTOTUBF

B, — STORAGE BATTERY
B., B; — DRY CELLS,
"C" BATTERY TYPE
M = D-C MILLIAMETER OR
RELAY 0-25 MA.,
R, = | MEGOHM

R; = 1-100 MEGOHMS, SEE TEXT

R3, Ry = 0.1 MEGOHM

T = VIBRATOR-TRANSFORMER DE-
SIGNED TO DELIVER 30 MA.
D.C. AT 250 V. D.C.

VR = VIBRATOR

Fig. 6—Battery-operated circuit for relay or measurement operations.

If the maximum illumination of interest is very low,
highest sensitivity will be obtained by use of a high
value of resistance for R,. However, if the circuit is to
respond to changes in a large value of illumination, it
may be advisable to use a lower value for R, between
1 and 10 megohms. The reason is that the supply voltage
for the phototube is low. If illumination is large and if
R, is large, the voltage drop across R, may be so large
that the voltage across the phototube is inadequate.

Matching Circuit, Fig. 7

Matching measurements of photometric qualities such
as candlepower, color, and turbidity can be made with
high precision by means of the circuit shown in Fig. 7.
This circuit can be used, for example, to determine
whether the candlepower of a lamp is precisely equal
to that of a standard lamp. For this use, the circuit is
first adjusted so that the microammeter reads mid-scale
when one phototube is exposed to light from the stand-
ard lamp and the other phototube is exposed to light
from a comparison lamp. The standard lamp is then re-
placed by the unknown lamp. If the unknown lamp sup-
plies exactly the same amount of light to the first photo-
tube that the standard lamp did, the meter reading will
be the same as for the standard lamp. However, if there

Fig. 7—Sensitive circuit for matching measurements.




is a difference, even though very small, between the
amounts of light supplied by the standard lamp and the
unknown lamp, the bias applied to the 38 will be dif-
ferent and the meter reading, therefore, will change.
Thus, the circuit can be used to detect a very small mis-
match between the lamps. By exposing the phototubes
to light reflected from materials or transmitted by
liquids, the circuit can also be used to match or measure
color, turbidity, and other photometric qualities.

The action of this circuit can be best understood by
considering one phototube as the load for the other. In
Fig. 8, Curve 1 is the current-voltage characteristic of
one phototube; Curve Il is the current-voltage charac-
teristic of the other tube drawn as a load line on Curve
I. The intersection of the two curves gives the distribu-
tion of voltage across the phototubes because the photo-
tubes, being in series, must pass the same current. When
the circuit is so adjusted that the intersection is on the
flat portion of the curves, a small change in the illum-
ination on one phototube produces a large shift of the
point of intersection. This is shown by the dashed-line
curve which represents the current-voltage characteristic
for one phototube under slightly decreased illumina-
tion. The wide shift in the intersection means a large
change in the bias on the grid of the 38. Consequently,
the circuit has high sensitivity.
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Fig. 8

The circujt can be adjusted for operation as follows:
Short-circuit the grid to the cathode of the 38 and adjust
contact P, so that the microammeter deflection is
slightly less than full scale. This adjustment assures that,
during the operation of the circuit, the plate current of
the 38 will not exceed the meter’s full-scale value. Then
remove the shorting connection from the grid and, with
zero illumination on the phototubes, adjust P, so that
the microammeter deflection is approximately mid-scale.
Next set the illumination on one phototube at a con-
venient value and adjust the illumination on the other
phototube so that the meter deflection is again mid-
scale. The circuit is then ready for operation. This ad-
justment procedure compensates for differences in the
insulation resistance and sensitivity of individual photo-
tubes.

For high sensitivity, it is important that grid current
in the 38 be small. Emission current from the heater to
the grid can be minimized by a positive bias of 9 volts
applied to the heater, as indicated in Fig. 7. Leakage
current to the grid can be made small by means of the

PHOTOTUBES

precautions described in the fourth, fifth, and sixth
paragraphs under INSTALLATION. The response of the
meter to a change in illumination may be slow, espe-
cially at Jow light levels. The reason is that the dynamic
resistance between the grid and the cathode of the 38
may be so large that this resistance, when multiplied
by the input capacitance of the 38, gives a large time
constant.

A-C Operated Circuit for Matching Measurements, Fig. 9

An a-c operated circuit for maiching measurements is
shown in Fig. 9. This circuit employs two phototubes
and a 38 connected in the high-sensitivity arrangement
of Fig. 7, but requires no battery or microammeter.

TYPE
6H6 Cqa [T

VACUUM
TYPE
PHOTO- 38

TUBE

R3

VACUUM TYPE

_C2
PHOTOTUBE

H; = &E5 HEATER

H. = 6Hé6 HEATER

H; = 38 HEATER

Ci,CoCy, == 4pf 250V,

Cs Cii 6, C7 = 0.1 1f, 200 V.

Ry = 15,000 OHMS, '/, WATT
R: = 100,000 OHMS, //; WATT
Rs, R; = | MEGOHM, !/, WATT

R, = 50,000 OHMS, !, WATT

Rg, R, Riy == 2ZMEGOHMS, !/, WATT

Ry == 50 OHMS, I/, WATT

Ro = 320 OHMS, 30 WATTS

Riy = 0.5 MEGOHM, !/, WATT

S = DOUBLE-POLE ON-OFF
SWITCH

Fig. 9—A-C operated sensitive circuit for matching measurements.

Anode voltage is supplied to the phototubes by the 6H6
connected as a voltage-doubler rectifier. Positive plate and
screen voltages are supplied to the 38 and 6E5 on every
other half-cycle of the a-c line voltage. The magnitude
of the plate current of the 38 is indicated by the 6E5.
The applications for this circuit are the same as those
for the circuit of Fig. 7. The procedure for adjusting the
circuit is similar to that for the circuit of Fig. 7. First,
with zero illumination on the phototubes, set potentio-
meter R, at about the middle of its range and adjust R,
so that the shadow angle of the 6E5 is half closed. Then
apply a convenient value of illumination to one photo-
tube and adjust the illumination on the other phototube
so that the 6E5 shadow angle is again half closed. The
circuit is then ready for operation. For illumination
levels as low as 0.0001 lumen, an unbalance of 1 of 1
per cent in the light on the phototubes will cause the
6E5 shadow angle to open to 90° or close to 0°. This
sensitive response is obtained only when leakage cur-
rents are made small as described in the fourth, fifth,
and sixth paragraphs under INSTALLATION. At higher
illumination levels, the 6E5 shadow angle gives full re-
sponse to an even smaller percentage unbalance because
the ratio of photoelectric current to leakage currents is
larger.
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Circuit for Measurement of Light-Intensity Ratios, Fig, 10

Ratios of light intensities can be measured by means
of the circuit of Fig. 10. Within the operating range of
this circuit, the reading it provides is not affected by
variation in the absolute magnitudes of the light inputs
to the two phototubes as long as the ratio between the
light inputs remains constant. The applications of this
circuit are similar to those of the circuit of Fig. 9. The
circuit of Fig. 9 has the advantage that it can detect an
extremely small inequality between two light sources.
The circuit of Fig. 10 has the advantage that it can
measure iirectly the ratio between the intensities of
two sources.

Re
N7V
AC.
VACUGM
T TYPE
PHOTO
TUBE M
s c -
( 2T T
C; = 0.001 pf R., Ry — 0.25 MEGOHM, 1/, WATT
C, = 0.25 uf R; = 50 OHMS, | WATT
C; = 0.1 uf R; == 280 OHMS, 25 WATTS
C, =4yt Re -~ 20,000 OHMS, 5 WATTS
M == D-C MILLIAMMETER S — DOUBLE-POLE ON-OFF
(0-25 MA.) SWITCH

R, == 20,000 OHMS, | WATT

Fig. 10—Circuit for measurement of light-intensity ratios.

The operation of this circuit is illustrated by the
curves of Fig. 11. Condenser C, is charged by the a-c
line through the two phototubes. On one half-
cycle of line voltage, the line charges C, through one
phototube; on the next half-cycle, the line charges the
condenser in the opposite direction through the other
phototube. If the two phototubes have equal sensitivities
and equal illuminations, the opposite charging effects of
the two phototubes are equal, as indicated in Figs. 11a
and 11b. Under this condition, the 6F5-GT grid is at
the same d-c potential as the lower side of the a-c line.
If the light on phototube No. 1 is suddenly doubled, the
d-c voltage across condenser C, changes because C, re-
ceives more charge from phototube No. 1 than from
No. 2. The d-¢ voltage built up across C, reduces the
time during which phototube No. 1 conducts current be-
cause the tube conducts only, of course, when its anode
is positive with respect to its cathode. The condenser
will finally charge up to an equilibrium voltage at which
the conducting time of No. 1 is reduced enough so that
the charge supplied to C, by No. 1 is equal to that sup-
plied by No. 2, as indicated in Figs. 11d and 1le. This
equilibrium voltage is determined by the ratio of the
illuminations on the phototubes. For example, with
twice as much illumination on No. 1 as on No. 2, the
equilibrium voltage must be such that No. 2 conducts
during approximately twice as much time as No. 1. The
voltage across C; is amplified by the 6F5-GT and con-

trols the plate current of the 25L.6-GT. The meter in the
plate circuit of the 25L6-GT can be calibrated to show
directly the illumination on one phototube as a multiple
or fraction of that on the other.
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Fig. 11b— Equal illumina-
tions on phototubes, Shad-
ed areas == current X time
== charge. Algebraic sum

Fig. 1la—Equal illumina.
tions on phototubes.
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twice that on No. 2. C,

charges up, shifting zero

line, and reducing conduc-
tion time of No. 1.
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Fig. 11e—Equilibrium condition attained by circuit with twice as
much light on No. I as on No. 2. Conduction time of No. 1 is reduced
sufficiently so that shaded areas add to zero.

The adjustment procedure for this circuit is as fol-
Jows: Set the contact on R, at the upper end of R, so
that the screen of the 25L6-GT is at zero volts with
respect to its cathode, and set the grid bias of the 25L6-
GT at zero by short-circuiting R,. Increase the screen
voltage of the 25L6-GT by means of R, until the plate
current brings the meter M to full scale. Remove the
shorting connection from R, and adjust R, so that the
circuit operates best over the range of illumination ratios
to be encountered in use of the circuit. The value shown
for C, in Fig. 10 is for use with small values of light
input. For larger values of light input, this capacitance
should be made larger. The only undesirable effect of
increasing this capacitance is that the circuit is made
more sluggish in its response to changes in the ratio of
light inputs.
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Exposure-Control Circuit, Fig. 12

A circuit for automatically controlling photographic
exposure time is shown in Fig. 12. This circuit is used
in making photographic enlargements, photostats, micro-
photographs, etc. In use of the circuit, the phototube
receives light reflected or transmitted from the film
being exposed. The circuit measures the product of the
intensity and duration of the illumination on the photo-
tube and thus measures the exposure of the film. When
the exposure has reached the desired value, the circuit
automatically opens a relay which removes light from
the film.

The circuit measures exposure by measuring the
change in voltage across a condenser in series with the
phototube. This voltage change is proportional to the
charge supplied by the phototube. The charge is equal
to the time integral of the current flowing into the con-
denser through the phototube. Since the phototube cur-
rent is proportional to the light coming to the phototube
from the film, the change in voltage across the condenser
is proportional to the exposure of the film.

l

B\

C, — 10-250 uuf, 0.001 uf,
0.01 uf, 0.1 uf, 1.0 uf

C, = 0.1 uf

C.=8uf, 250V

H, = 25L6-6T HEATER

H: — 6F5-GT HEATER

L = LAMP OR SOLENOID-
OPERATED SHUTTER

R, = 280 OHMS, 25 WATTS

R; — 50 OHMS, | WATT

Ry = | MEGOHM

Ry, Rs == 5000 OHMS, | WATT

R = 10,000 OHMS, 2 WATTS

RELAY SHOULD OPERATE ON
25 MA. OR LESS

S, — DOUBLE-POLE ON-OFF

SWITCH

Fig. 12—Photographic-exposure control circuit,

In operation of the circuit, switch S, is first opened.
Opening this switch applies full line voltage to the 6F5-
GT grid through R,, R;, C, and S,. Current flows from
the grid to the cathode on positive half-cycles of the a-c
voltage until condenser C, is charged to a voltage ap-
proximately equal to the peak line voltage. This charg-
ing process takes only a fraction of a second. Switch
S, is then closed. Closing the switch returns the positive
side of C, to the 6F5-GT cathode and thus applies the
d-c voltage across C, as negative bias to the 6F5-GT grid.
This negative bias cuts off plate current in the 6F5-GT
and reduces the voltage drop across R,, the bias voltage
for the 25L6-GT grid, to zero. Closing switch S, also
applies plate and screen voltage to the 25L6-GT. With
plate and screen voltage on the 25L6-GT and with zero
bias on its grid, the relay closes and exposure of the
film and phototube staris. The phototube feeds positive
charge into condenser C, and thus reduces the negative

charge built up in the condenser during the time S, was
open. As C, is discharged by the phototube, the 6F5-GT
grid becomes less negative and plate current starts to
flow in the 6F5-GT. The flow of this current through
R, produces a voltage drop across R, which makes the
grid of the 25L6-GT negative with respect to its cathode
and reduces the plate current through the relay. When
C, is discharged by the phototube sufficiently, the relay
current is reduced to the value at which the relay opens.
In this way, the circuit cuts off the light on the film
when exposure has reached the desired value.

The procedure for adjusting this circuit is to set the
contact on R, at the upper end of R, so that the voltage
on the screen of the 25L6-GT is zero with respect to its
cathode, and to connect the grid of the 25L6-GT to its
cathode instead of to the 6F5-GT plate. Increase the
25L6-GT screen voltage by means of R, until the relay
current is a little larger than the value required to close
the relay. Re-connect the 25L6-G'T grid to the 6F5-GT
plate and the circuit is ready for operation. For control
of exposure time, switch S, can be used as a coarse con-
trol and R, as a fine control.

Circuit for Measurement of Very Small Values of
Hlumination, Fig, 13
A circuit for measurement of very small values of

illumination is shown in Fig. 13. This circuit can meas-
ure illuminations corresponding to a phototube current

O
+250V.

TYPE
VR105-30

VACUUM TYPE
6.3V, PHOTOTUBE

i N7 V. l
A.C.

Ry = 500 OHMS, | WATT

Ry = 900 OHMS, | WATT

C,, C., = 0.0 uf

M = MULTI-RANGE MICROAM-
METER, 0-10, 0-100, 0-1000
MICROAMPERES.

Ry = 1000 OHMS, | WATT

Rz, Ry — 50,000 OHMS, | WATT
Ry, Rz = 5 MEGOHMS

Rs = 6,000 OHMS, 4 WATTS
R; == 10,000 OHMS, | WATT
Ry = 2500 OHMS, | WATT

Fig. 13—Circuit for measurement of very small values of
illumination.

of only 10'° ampere. The bridge arrangement of the
circuit makes the zero setting practically independent of
supply-voltage variations. The use of a voltage-regulated
screen supply makes the sensitivity of the circuit very
little affected by supply-voltage variations. Because the
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drain on the 22l5.volt battery is only a fraction of a
microampere, a small C battery will give good life.
The procedure for adjusting the circuit is to switch
the microammeter to its 0-1000 microampere scale,
reduce the phototube illumination to zero, and bring
the meter reading to zero by adjustment of R, as a
coarse control and R, as a fine control. The ecircuit is

then ready for operation. Because the variation of meter
current with illumination is practically linear, the circuit
can be calibrated at comparatively large values of illu-
mination and the calibration can be extended to small
illumination values. It is, of course, especially important
in this circuit that phototube leakage currents be made

small as described under INSTALLATION.

The license extended to the purchaser of tubes appears in the License Notice accompany-

ing them. Information contained herein is furnished without assuming any obligations.
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