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Fig. 28. Average anode characteristics for a small gas-filled phototube. (Types 930,
921, and 923))

given in Fig. 25. These curves apply as well to the types 921 and 923.
Two curves are given. The lower curve traces the plate-current rise
in the tube as the anode voltage is increased from zero to 85 or 90
volts with an incident flux of 0.02 lu; the upper curve repeats for
the performance of the tube when the incident flux is 0.1 lu.

At an anode potential of approximately 20 volts, i.e., before ioni-
zation begins, a change of 0.08 lu results in an increase of 1.5 pa of
anode current. When the anode voltage is raised to 85 volts, the
same increase in luminous flux gives rise to a current increment of
9.6 microamperes. The gas amplification ratio is, therefore:

9.6
15
Any attempt to raise the gas amplification ratio by further increase
of anode potential may give rise to a self-sustaining glow discharge in
which all the gas molecules are ionized.* Because of the large num-
ber of massive positive ions that form when this occurs, there is

Gas amp. ratio = = 64

¢ For a discussion of glow discharge and cathode sputtering, see Schure, A., Gas
Tubes, New York, John F. Rider Publisher, Inc., 1958.
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serious danger of ruining the tube due to cathode sputtering. For
this reason, the maximum anode potential permitted on most small
gas-filled phototubes does not exceed 90 volts.

45. Ratings of Gas-filled Phototubes

In general, the ratings of gas-filled phototubes are similar to those
given for vacuum types with the exceptions discussed below. A com-
parison chart for the gas-filled 930 and the comparable vacuum tube
(925) shows the difference at a glance.

TABLE I

COMPARISON BETWEEN GAS-FILLED AND
VACUUM PHOTOTUBE

Type 925  Type 930

Spectral response S-1 S-1

Wavelength of maximum response (A) 8000 8000

Max. anode supply voltage, d-c or peak 250 90
a-c volts

Average cathode-current density, pa/in2. 30 30

Average cathode current (pa) 5 3

Ambient temperature, max. (°C) 100 100

Radiant sensitivity with anode supply 0.0018 0.012
= max. in pa/pw

Max. anode dark current at 25°C with  0.0125 0.1

max. anode voltage (ua)

The important differences are apparent. The gas tube must not
be operated with more than 90 anode volts as compared with the
250 volts permitted for the vacuum tube. This may at times be an
annoying restriction requiring careful precautions to avoid over-
voltage. The average cathode current is somewhat less for the gas
tube than for the vacuum type. The gas-filled tube has a much
higher radiant sensitivity than the vacuum tube due to its gas am-
plification ratio. The dark current in the gas type is likewise greater;
this characteristic, among others, makes a gas tube unsuited for
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Fig. 26, Average sensitivity characteristic of a type 930 gas-filled phototube.

photoelectric instrumentation intended for use under low-intensity
illumination conditions.

Luminous sensitivity ratings have been omitted from Table III.
This subject is of sufficient importance to warrant a brief separate
discussion.

Phototubes may be rated in terms of either static or dynamic sensi-
tivity. Static sensitivity may be defined as the ratio of d-c anode
current to the incident luminous flux of constant value. When
phototubes are used with modulated light sources as in sound-on-
film projection or long-distance modulated light relays, the sensi-
tivity may be defined as the ratio of the alternating component of
the anode current to the alternating component of the incident lumi-
nous flux. This dynamic sensitivity characteristic is the same as the
static characteristic for vacuum phototubes but not for gas-filled
types. For this reason, the luminous sensitivity of the gas tube must
be either a set of figures for various frequencies or a graph that shows
the variation of dynamic sensitivity with frequency.

For a gas-filled phototube, the sensitivity falls off with increasing
frequency of modulation or interruption of the light from the source.
The average sensitivity for various frequencies for a type 930 gas
tube is given in Fig. 26.
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The explanation of the shape of this curve is found to lie in the
finite time required for photoelectrons to build up to the steady-
state value of the amplified current in the phototube. Many workers
are under the impression that this build-up time is due to the slow
motion of collision-generated ions in the gas; this has been shown to
be untrue. Despite the relative massiveness of these ions and their
slower acceleration in the electric field in the tube, their transit
times are measured in microseconds. Hence, they could not pos-
sibly account for the drop-off of output at the higher frequencies in
the order of 10,000 cycles.* It has been found that the more im-
portant limitation on flat response is caused by the slow diffusion of
so-called “metastable,” electrically neutral atoms that drift toward
the cathode. Upon impact, these atoms give rise to additional elec-
tron emission. Since this emission accounts for much of the steady-
state anode current, the delay described is sufficient to cause the loss
of amplification encountered in gas tubes.

If the manufacturer of the gas phototube does not provide an am-
plification response curve such as that of Fig. 26, he will probably
supply specific information for definite frequencies. Thus, for the
type 930:

TABLE IV
TYPICAL GAS PHOTOTUBE AMPLIFICATION FACTOR

Max. Gas Amplification Luminous Sensitivity
Factor pa/lu, source 2870°K
0 cps 5000 cps 10,000 cps
10 135 111 101

46. Nonlinearity of Response

Figure 27 compares the anode current-illumination characteris-
tics of two phototubes that are identical in structure except that one
is a vacuum and the other a gas-filled type. The rapid anode current
rise of the gas tube is quite evident, but a departure from linearity

* For an account of these measurements, see Skellet, A. M., J. Appl. Phys.,
vol. 9, 1938.
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also begins to be displayed at higher illumination levels. The anode
current increases at a faster pace than the illumination for anode
voltages that are greater than the ionization value for the gas. This
nonlinearity makes gas tubes unsuited for instruments but has little
effect when they are used in relay and sound reproduction applica-
tions.

47. Multiplier Phototube Principles

A multiplier phototube does not contain gas but is included here
because it has something in common with gas tubes: inherent ampli-
fication of phototube current. Instead of utilizing additional elec-
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trons and ions for amplification, the multiplier phototube makes use
of electrons produced by secondary emission.

In a typical multiplier arrangement, a conventional cathode emits
electrons under excitation from a radiant source, the photoelectrons
being collected by a nearby positively charged element called a
dynode. The primary electrons are given sufficient energy by means
of electrostatically induced acceleration to dislodge more secondary
electrons from the dynode than there were primary electrons initi-
ally. The secondary electrons are then impelled toward another
dynode that is still more positive than the first, again causing the
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emission of an excess number of new secondary electrons. The im-
pact-secondary-emission-impact sequence may be repeated as many as
14 times (as in the type 6810-A and 7046) with the result that there
is a tremendous increase in the total number of electrons that reach
the final anode compared to the original number. For example, the
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Fig. 28. Basic action of {

a multiplier phototube. I
+i00 +300

6810-A, a 14-dynode multiplier phototube has a current gain of
125 x 108. This means that for every initial primary electron,
twelve and one-half million electrons (on the average, of course)
reach the final anode. This fantastically large increase in current is
responsible for the very high sensitivity of the multiplier phototube
to low illumination levels.

The basic principle underlying multiplier action is shown in Fig.
28. The tube must be designed so that each successive dynode, at a
higher positive potential than the one preceding it, receives most of
the secondary electrons from its forerunner. In some tubes, especi-
ally those of earlier design, magnetic focusing was used to ensure
that the electrons remained in the right path. The present trend,
however, is based upon proper shaping of the dynodes and the es-
tablishment of electrostatic fields of the proper curvature to accom-
plish this without the use of externally generated forces.

Current multiplier phototubes run the gamut from 9 dynodes in
tubes such as the 1P21 and 1P22, 10 dynodes as in the 2020 and 6342,
and 14 stages as in the 6810-A and 7029. Through the series, we find
current amplifications ranging from 1.2 X 105 (type 2020 with a
total supply voltage of 1250 volts) up to 12.5 X 108 (6810-A) . Their
applications include: scintillation counters, detection and measure-
ment of ultraviolet radiation of low intensity, automobile headlight
control service, detection of alpha particles, color densitometers,
spectrometers, flying-spot signal generators, light-operated relays,
x-ray exposure control, and facsimile transmission. (See Fig. 29.)



TABLE V
RATINGS FOR MULTIPLIER PHOTOTUBES

* Absolute values.

f Between anode and cathode.

Note 1: Direction of light is into end of bulb.

multiplie:r typesis 75°C

is limited to 50° C.

except for ty,

pe 1P22 which

A This value is also the max. focusing-electrode volt-

age.

$ On basis of tungsten-filament light source operated
at 2870° K.

give luminous sensitivity of 20 am
except that for the 1P22 the luppf;'“

Wave- Maximum Ratings *§ Charactoristics
feagth ™ cyppiy VOLTAGE  |Avarate | Supsly SENSITIVITY Corrent Mar. T,
Spes- | of Mar £ T vemeen Jopoeds | oo V:E;" Rad L 71 st A!:l'n e}
. s 3 anl miny ) -
Destrigtion E:: g:‘ S’RC‘I.I‘II h:«t::d )’h.l ﬂ‘ll Briween v * Dak- A
Fisal Anede Curront
Type poase | spense | dce | Dysede | deor tY] lagat
g [peak ac | de o paak | peak oc Calmde ]
strom: it | avlls valts ma, | develts [ua/uwatt |amp/men umes lemen
9-stage type for specialized
1P21 | scientific applications in-\,, {54 | 4000 |1250] 250 | — |0.1 1000 {80800 | 80 2 x 10¢ Sx107°| 5x10"
volving extremely low light
levels.
9-stage type having re-
1P22 | sponse similar to that ofl,, | g g | 3650 [1250] 250 | — |1.0 |1000 | 768 | 1.0 | 3.3x10°[3.75x107 | 7.5 x 1072
eye. Especially useful in
colorimetry.
9-stage type for use in light-
931-A | operated relays, X-ray ex-|y, | 5.4 | 4000 [1250] 250 | — | 1.0 {1000 |24000 | 24 0.8x10%| 2.5x 107 |9.5x 10-"
posure control, and facsim-
ile transmission.
2020 10-stage, head-on, flat-face s . s o8
type similar to 6342 but ~ " 12 4800 6 1.2 x 10% | 2.25 x 10~ 7x 1072
having low-resistivity 5| S-111 4400 1500) 250 | 4004} 2.0 11540 (52400 | 28 5.6 x 108 — =
photocathode.
® Averaged over any interval of 30 seconds maximum, § The bi rating of all £ At 25° C and with supply voltage (E) adjusted to

es per lumen,

voltage (E) is

adjusted to give luminous sensitivity of 0.4 amperes
per lumen.

#% Under conditions of 25° C tube temperature, tung-
sten-filament light source of 2870°
plifier bandwidth of 1 cps.

. and ac am-
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48. Multiplier Phototube Ratings

An examination of a typical set of ratings for a multiplier photo-
tube gives insight into the circuits required as auxiliaries, such as the
power supply for the phototube and the amplifier that follows it.
Let us use a 931-A as an example. See Table V for its ratings.

49. Review Questions

1. Prove that a statement of Boyle's law for gases is implicit in the general gas
law given in equation (32).

2. Why is the concept of mean free path of importance in any discussion of
ionization of gases?

3. Both argon and neon are commonly used in the manufacture of gas-filled
phototubes. In which type does ionization start at lower anode voltages? Is
this an advantage or disadvantage? Why?



70

(414

10.

PHOTOTUBES

. Explain why gas pressure is a critical factor in the performance of gas photo-

tubes.

. Define gas amplification ratio. Why cannot the gas amplification ratio of a

phototube be raised without limit?

. What may occur if the anode potential of a gas tube is raised too much?

Why does this not happen in a vacuum tube?

. Is a large dark current in a phototube a desirable or undesirable character-

isticc. Why is the dark current in gas tubes usually greater than in vacuum
tubes?

. Explain the causes for decreasing phototube current output with increasing

frequency for gas tubes. Why is this not true of vacuum phototubes?

. With the aid of diagrams, explain why multiplier phototubes have large

current amplifications.

Draw the diagram of a power supply that might be used in setting up the
voltages required for operating a type 931-A multiplier phototube.



Chapter 6

ESSENTIALS OF PHOTOTUBE AMPLIFIERS

50. Application Objectives

Phototubes are used in literally thousands of industrial devices
but, in general, these may be grouped so that any individual func-
tion can be cataloged in one of the following:

(1) Relay operation as in intrusion alarms, machine safety con-
trols, door openers, counters, etc.

(2) Instrumentation as in photometers, exposure meters, colori-
meters, densitometers, pyrometers, etc.

(8) Signal reproduction as in sound-on-film recording, facsimile
transmission, television, communication via light beams, etc.

(4) Servomechanisms as in automatic sorting devices, counting
and speed controls, crucible heat controls, illumination controls for
street and indoor lighting, loom and knitting machine controls, etc.

The functional operations involved in these four groups are:
(1) relays — on-off, all-or-nothing action; (2) instrumentation —
gradual change of output with equally gradual changes of luminous
flux, usually involving some form of d-c amplification; (3) signal
reproduction — fluctuating currents, always containing an a-c com-
ponent, often without a d-c component of any kind; (4) servo-
mechanisms — generally closed-loop systems for industrial control,
using either d-c or a-c amplifiers, or both.

In this chapter we shall discuss the four major application groups
listed above. Although the emphasis will be placed on general prin-
ciples, specific circuits will be used as explanatory illustrations. The

A
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reader is reminded that every new application problem introduces
needs that normally cannot be met by standard, previously published
designs and that limitless combinations and permutations of basic
ideas are possible for the solution of an individual design problem.

51. Phototube Relay Operation

Single Vacuum-Tube Amplifier: As we have pointed out previ-
ously, the photocurrents in the normal phototube, even with intense
illumination, are generally too small to operate even a sensitive type
of relay. This calls for amplification of the phototube current to a
value great enough to operate a relay. An ordinary power amplifier
such as the 6K6 or 6V6 is made to order for this task.

Let us first examine the basic circuit given in Fig. 30. We start
with a triode since this lends itself to somewhat easier circuit analy-
sis. Battery E, provides the potential needed for the anode of the
phototube. For a vacuum type, this might be anything up to 250
volts; for a gas type, the limit would be about 90 volts. E, provides
bias for the vacuum triode, while E,, is the normal plate supply for
this tube. When light impinges on the cathode of the phototube,
anode current flows as indicated by the arrows, and a voltage drop
having the polarity shown occurs across the grid resistor, R,. This
drop, being in series-opposing with the bias voltage, cancels some
negative bias from E,, making the triode grid more positive. With
circuit constants and illumination properly chosen, the triode plate

LIGHT
\ PHOTOTUBE
VAGUUM RELAY
TUBE —0
. = 7 L
-— 50000
5MA
Rg PULL-IN
‘ 1 =1 MEG
+ LI - =1t = LWL
i — —iit
Eg Ec Epb

Fig. 30. Basic single-stage triode phototube amplifier.
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Fig. 31. A practical pentode single-tube phototube amplifier.

current will now rise sufficiently to cause pull-in of the relay arma-
ture. Note that the coil resistance of the relay (5000 ohms in this
example) is large enough to serve as the plate load for the triode.

It is relatively easy to progress from the basic battery-operated
circuit just described to a line-operated, a-c system of practical value,
using a 6K6 pentode as the relay tube (Fig. 31). This particular
circuit, originally designed to protect workers from coming too close
to high-speed gears in a machine, is wired so that the relay drops out
when the light beam is interrupted. Since the lower contact of the
relay is used, dropout causes machine turnoff.

The circuit operates as follows: at a given instant in time, the
instantaneous voltages at the secondary taps of the special transfor-
mer have the values and polarities shown. With light shining on the
photocathode, the phototube conducts and causes a voltage drop
across the 10-megohm grid resistor. The polarity of this is such as
to make the grid positive enough with respect to the cathode so that
the plate current of the 6K6 is sufficiently high to energize the relay.
When the beam is interrupted, the phototube current ceases to flow
and the grid returns to whatever negative voltage exists at the wiper
of the 1000-chm potentiometer.

With this control initially adjusted under dark conditions to bring
about cutoff or near cutoff of the pentode, the relay must then drop
out, shutting off the controlled machine. During normal operation,
the capacitor connected across the relay coil is depended upon to
hold the relay pulled in as the ac reverses during each half cycle.
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CIRCUIT VALUES
Gas tube (868, 927, etc.) Yacuum tube (925, 917, etc.)
c 8 uf 8 uf
R 10,000 ohms 0 ohms
Rz 9000 ohms 20,000 ohms
Rs 1000 ohms, 1 watt 1000 ohms, 1 watt
Re 10 megohms 10 megohms
Ry 5000-ohm, 10-ma pulk-in 5000-ohm, 10-ma pull-in

Fig. 32, Forward-action thyratron photo-relay circuit. RCA,

Since all plate and anode currents must drop to zero when the upper
taps of the transformer are instantaneously negative, the relay would
tend to chatter were it not for the presence of the stored energy in
the capacitor.

The presence of this capacitor, however, renders the circuit some-
what sluggish in response. A definite interval must elapse between
interruption of the beam and relay dropout since the capacitor re-
quires some time to discharge through the relay coil. All single tube
a-c relay systems are characterized by this defect. Fast action can be
obtained by using two tubes, as we shall demonstrate shortly.

Single Thyratron Amplifier: A small thyratron can be used quite
successfully as a phototube trigger device because of its inherent
“all-or-nothing” action. Thyratrons are either in a conducting or
nonconducting state, depending upon the anode and control grid
voltages.* If a thyratron is biased so that its grid is more negative

* For complete details on thyratron structure and circuit action, see Schure, A.,
Gas Tubes, New York, John F. Rider Publisher, Inc., 1958.
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COMPONENT VALUES

Gas tube Vacuum tube
C 8 uf 8 uf
R 3000 ohms, 2 watts 0 ohms
R 2000 ohms, | watt 5000 ohms, 5 watts
Rs 1000 ohms, 1 watt 1000 ohms, 1 watt
R¢ 10 megohms 10 megohms
Ry 5000 ohms, 10 ma 5000 ohms, 10 ma

Fig. 33. Inverse-action circuit. RCA,

than the critical potential for the anode voltage being used, the tube
behaves as an open circuit and a relay in series with its anode will
not be energized. With a phototube as an input device, incident flux
can be made to raise the thyratron grid voltage in a positive direc-
tion sufficiently to cause the tube to fire or conduct. This action is
virtually instantaneous, the anode current going from a near-zero
value to its maximum in a matter of microseconds when the plate
load is purely resistive. The rise time of the anode current is, of
course, somewhat greater when a relay coil serves as a load due to
the L-R time constant, but this increase is generally of little conse-
quence.

A single thyratron can be used with either a vacuum or gas-filled
phototube. The circuit may be arranged to provide either forward
action, relay pull-in with increase of light, or inverse action, relay
dropout with increase of light (Fig. 32 and Fig. 33).

In the forward-action circuit of Fig. 32, R; is adjusted in the ab-
sence of light so that the control grid is more negative than the
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critical potential. This holds the relay open since the tube is non-
conducting for this condition. When light reaches the photocathode,
the anode current of the phototube flows through R, — a very large
resistance — causing a voltage drop as shown in the diagram. The
control grid of the thyratron then rises above the critical potential
and the thyratron fires, activating the relay. With the interruption
of light to the phototube, the control grid returns to its below-
critical voltage and the thyratron extinguishes. It might be re-
marked here that the thyratron stops conducting when the grid goes
negative because the anode supply is ac. If this potential were dc,
the tube would continue to conduct even after the grid voltage was
restored to its former negative potential; this is a thyratron charac-
teristic. Since the anode potential passes through zero twice in each
a-c cycle in this case, the tube’s conduction is stopped by the tem-
porary absence of anode voltage. If, in the meantime, the grid has
gone sufficiently negative, conduction will not begin again until the
grid is made positive once more.

Inverse action may be obtained by converting the circuit above
to that of Fig. 33. In the absence of light the thyratron conducts
when R, is properly adjusted to maintain the control grid above
the critical potential. As light falls on the phototube, the anode
current flowing through R, causes the grid potential to drop below
critical value and the thyratron extinguishes, releasing the relay.
Thus, this system brings about relay action when the light is inter-
rupted.

Fast-Acting Relay Circuit: The use of ac calls for a capacitor to
be connected across the relay coil to prevent chatter. Due to the L-C
circuit formed by this capacitor and the coil, there is an appreciable
lag in the response of this relay circuit when the light value changes.
Extremely fast action, limited only by the inertia of the relay arma-
ture, can be obtained by employing dc and a cathode-follower circuit
in which there are no capacitors, hence no time-delay components
(Fig. 34) . This circuit contains but one control and a rather unique
triggering arrangement wherein the relay tube is activated by a
change in voltage on its screen grid.

To analyze the circuit, let us start by assuming that the phototube
is in darkness and that its anode current is nearly zero. For this
condition, the grid of V, is at ground potential while the grid of V,
is at about 9 volts positive with respect to ground. The combined
plate currents of V; and V, flow through the common cathode re-
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Fig. 34. A high-speed response, cathode-follower phototube relay circuit.

sistor Ry, resulting in approximately cutoff for the cathode-follower
(V1) . At the same time, there is enough conduction in V, due to
the 49 volts on its grid so that its actual plate potential is in the
vicinity of +50 volts. Since the screen grid of the relay tube (V)
is connected to the V, plate, this electrode is also at about 50 volts.
Resistors Rg and R, furnish the cathode with about 10 volts positive
with respect to ground. For these voltages (250 plate, 50 screen,
and 10 cathode) the 6V6 is nearly cut off and the relay is unenergized.

When the 927 is illuminated, its anode current drives the grid of
V, positive causing the cathode follower to rise out of cutoff. This
increased current places the common cathode at about 24 volts above
ground, causing the second 6SN7 section (V) to cut off. As V, cuts
off, its plate voltage surges up to about 170 volts carrying the screen
of V; with it. This is enough to make the 6V6 conduct heavily and
pull in the plate-circuit relay.

52. Phototube Instrumentation

All phototube instruments are based upon the conversion of radi-
ant flux (or luminous flux if the user is concerned only with visible
light) into an electric current or voltage that can be read on a suit-
able meter or recorded for future interpretation. A photometer, de-
termines luminous flux in illumination units (foot-candles, lumens) ;
a densitometer measures the optical transmission of translucent
solids, liquids, or gases; a colorimeter is used to analyze the color of a
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Fig. 38. A highly sensitive photometer that can be used as a densitometer, reflec-
tometer, or colorimeter when supplied with suitable filters.

material to determine the relative percentages of the primary
colors it contains;* a pyrometer is employed for temperature meas-
urements and is nothing more than a specially adapted colorimeter;
and a goniophotometer is essentially a special type of reflection-meas-
uring instrument.

The principles underlying photoelectric instruments can be fur-
ther reduced to two fundamental processes: (1) measurement of
current, usually with the aid of d-c amplifiers, although a-c ampli-
fiers are sometimes used, and (2) voltage balance and measurement,
generally set up in some form of bridge circuit. The examples that
follow illustrate each of these basic approaches.

A Sensitive Photometer: The instrument shown schematically in
Fig. 35 will display a full-scale deflection of the indicating instrument
for a light intensity change of only 2 X 10—¢ lu. This circuit is an
illustration of process (1) above in that phototube current is meas-
ured with the help of a two-stage d-c amplifier.

* The primary colors as used in color television are: red, 6710 A; green, 5050 A;
and blue, 4700 A.
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The 954 pentode vacuum tube acts as a very high load impedance
for the 919 vacuum phototube. The potential of point A with re-
spect to ground is determined by the point where the average anode
characteristics of the 954 and 919 intersect. As we will show in the
discussion of bridge instruments to follow, this arrangement causes
a change in potential at point A of several volts when the light in-
tensity changes even slightly. This output voltage is applied to the
grid of the 38 output tube whose plate current is indicated on a
100-pa meter.

With the 954 serving as a high grid impedance for the 38, pre-
cautions against grid emission and residual gas current are neces-
sary. Grid emission is discouraged by running the heater of the 38
at only 4 volts. Thus the elements of the tube are kept cool enough
to prevent the grid from emitting. Heater emission is prevented by
keeping the heaters at a positive potential with respect to the plate
of the 954 and the grid of the 38. Gas current in the 38 is prevented
by using very low electrode voltages so as to minimize any tendency
toward gas ionization.

In operation, the 10K cathode resistor of the 954 is adjusted for
cut-off bias of the 38 so that the meter reads zero or very close to zero,
with the 919 in darkness. When light is incident on the phototube,
point A becomes more positive, and the plate current of the 38 is
read on the meter.

A Bridge Photometer: The action just described will be clarified
by the text that follows and by the accompanying diagrams.

The circuit of Fig. 36 is generally known as a comparator. One of
the two phototubes is illuminated by a “standard” source of light
which is to be compared with an “unknown.” The second phototube
is illuminated by a comparison source used merely to establish a
balance in the meter reading as will be explained in a moment.

In operation, the grid of the 38 is first connected to the cathode
and the wiper of potentiometer R, adjusted for maximum meter
reading (fullscale). This adjustment establishes conditions for
maximum possible current in the 38 plate circuit and prevents
pinning of the needle regardless of how unbalanced the circuit may
be during use. The grid-to-cathode short is then removed and R,
adjusted for halfscale reading with both phototubes in complete
darkness.

Next, the phototubes are exposed to the light from the standard
and comparison sources whose distances are arranged so that the
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Fig. 36. A photoelectric comparator circuit using a bridge input arrangement,

meter again reads half scale. When the standard is then replaced by
the unknown test lamp, the meter reading will be off center by an
amount that depends on the difference in intensity between the
standard and the unknown. A difference of only 0.05% is sufficient
to produce a measurable reading, hence such a circuit is never used
to compare lamps or sources of greatly different intensities. Its sig-
nificant use lies in its ability to detect tiny differences between
sources.

Its excellent sensitivity results from the action that takes place
relative to the average anode characteristic curve intersection when
the light on one of the phototubes is varied. The two halves of Ry,

INTERSECTION
| / AT START
e
ANODE | [/ ANODE
A | NEW LA
3 INTERSECTION #2
925 925

ANODE VOLTS ANODE VOLTS

- o\ +
ZERO GRID POTENTIAL

RELATIVE TO GROUND

Fig. 37. Average anode characteristics of both 925s plotted on the same axis.
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together with the two 925 phototubes form a bridge input circuit,
with the grid and cathode of the 38 in the indicator position in the
bridge. If both phototubes are identical, if the light on each is the
same, and if R, is set exactly in the middle of its range, then the
potential between grid and cathode is zero and the bridge is bal-
anced. Due to the initial setting of R,, this condition must result
in a fullscale reading of the meter. Since adjustment of R, origi-
nally made,was such as to cause a halfscale indication, the grid of
the 38 must be slightly negative to accomplish this.

Thus the grid voltage on the 38 is a function of the ratios of the
voltage drops across both phototubes. When the average anode
characteristics of the 925's are drawn, therefore, they must be shown
in opposite directions since one phototube is effectively acting as the
load for the other. The intersection of the curves, when projected
down to the voltage axis, represents the resultant grid voltage. In
Fig. 37, we have shown the grid slightly negative according to the
half-scale adjustment described previously.

The action with a change in incident light is immediately evident
from the curves. Suppose that the luminous flux falling on the #1
phototube (due to the use of a slightly weaker “unknown”) falls by
a small amount. The resulting anode current (dashed line) is very
slightly less than before, but the intersection of the curves, hence
the 38 grid potential, shifts a relatively large distance to the right.
This, of course, brings about an appreciable increase in the plate
circuit meter reading.*

53. Signal Reproduction — A-C Amplification

Relays and instruments usually involve d-c amplifiers. As an ex-
ample of another type of application, we consider next the kind of
amplifier required for reproducing sound-on-film in the movie pro-
jector.

The normal sound track used in most projection systems today is
the variable-density type (Fig. 38C), although the variable-area sys-
tem has been successfully used. As illustrated in the block diagram
(Fig. 38D), a small lamp called the exciter supplies an unvarying

* The magnitude of the voltage change has been exaggerated in Fig. 37 for pur-
poses of clarification. Obviously, any real shift as large as this would drive the
grid positive and produce a sizable grid current — a highly undesirable situation.
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Fig. 38. (A) Position of sound track on motion-picture film. (B) Variable-area sound
track. (C) Variable-density sound track. (D) Block diagram of sound-reproduction
system.
beam of light through a suitable optical system to the varying den-
sity sound track. As the film moves past the beam, the intensity of
the illumination falling on the photocell varies in accordance with
the original sound used to make the track. The proportional pul-
sating d-c is then amplified and reproduced as sound by the amplifier

and speaker system.

The standard input system to the sound amplifier is shown in
Fig. 39. The remainder of the amplifier is quite standard. Every
effort is made to maintain high fidelity during the amplification pro-
cess; hence the amplifier circuit is designed to meet modern hi-fi
specifications.
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Similar a-c amplifiers are required in the transmission and recep-
tion of facsimile, a system in which still pictures are photoelectrically
scanned at the transmitting end. The varying current thus obtained
from the photocell is amplified and used directly for wire transmis-
sions, or is used as a modulating signal for radio transmissions. A
synchronized scanning and reproducing system at the receiving end
then prints the picture either by photographic or chemical means.

Similar basic principles are used in television. Camera tubes such
as the image orthicon and vidicon are not two-element phototubes,
of course, and are beyond the scope of this book. Television video
amplifiers differ from other a-c types principally in bandwidth since
the requirements for high-fidelity reproduction of television pictures
are considerably more rigorous in this respect. It is not at all un-
usual to encounter a camera video amplifier with a bandwidth of 8
to 10 mc. This, of course, is far beyond the bandwidth normally
used in sound-on-film and facsimile systems.

54. Photoelectric Servomechanisms

By definition, a servomechanism is an electrical or mechanical sys-
tem in which automatically reacting devices cause the elements of the
system to behave in accordance with previously issued “instructions.”
Some familiar examples of servomechanisms are: (a) The home ther-
mostat, which accepts instructions in the form of a preset tempera-
ture level on a dial and turns the burner on or off to maintain this

e
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Fig. 39. Standard input system from pholotube to first voltage amplifier of sound
system.
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Fig. 40. Schematic diagram of simple photographic enlarging exposure control.

level. (b) The automatic pilot on a ship or plane. Instructions are
given in the form of a course (and altitude) setting on appropriate
dials; the autopilot observes errors as time proceeds and makes the
necessary corrections to maintain the preset course and altitude.
(c) Photographic exposure control. In a high-grade commercial sys-
tem, a phototube evaluates the intensity of light passing through the
photographic negative and then automatically adjusts the exposure
time for the best print quality. For proper operation, the phototube
control must be given “information” relative to the paper speed; as
long as one type and grade of paper is employed, the remainder of
the process is fully automatic.

A very simple photographic enlarging exposure control is shown
in Fig. 40. This circuit measures exposure by detecting the change
in potential across a capacitor connected in series with the photo-
tube. This voltage change is proportional to the charge supplied by
the phototube which, in turn, depends upon the magnitude and
time of flow of the current going into the capacitor. In use, the light
reaching the phototube can be reflected from the paper surface or
transmitted through a part of the film.

When S, is open, the plate and screen of the output tube are at
zero potential; the relay is, of course, dropped out for this condition.
Due to grid-circuit rectification, the timing capacitor that happens
to be switched in the circuit takes on a charge close to that of the
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peak a-c line voltage. When S, is closed, a major portion of the grid.
cathode voltage of the buffer stage is removed, and the voltage ap-
plied by the timing capacitor cuts off the plate current of the buffer
stage.

At this instant, the voltage drop across the 1-megohm plate resistor
becomes zero, bringing the grid of the output tube to the same po-
tential as its cathode. Since closing S; also applies plate and screen
voltage to this stage, the relay pulls in and turns on the enlarging
lamp. The phototube now receives light from the film or paper
causing its resistance to decreasc. The timing capacitor gradually
discharges through the phototube at a rate determined by the
amount of light falling on the latter. As this occurs, the plate cur-
rent of the buffer begins to flow, a voltage drop develops across the
plate load resistor (negative at the bottom), and the output-stage
plate current begins to drop due to this increasing bias. The expo-
sure interval for a given paper and enlarger lamp intensity must be
determined experimentally for the purposes of adjusting the 5000-
and 10,000-ohm potentiometers. Some judgment on the operator’s
part is still required to determine the best setting for the 5000-ohm
potentiometer to compensate for differences in film contrast.

55. Review Questions

1. Draw the schematic diagram of a single-pentode phototube relay amplifier.
Explain its operation in detail.

2. What are the advantages of using a thyratron rather than a vacuum tube as
a relay amplifier? What about the principle of operation of a thyratron
gives it this characteristic?

3. Explain why a-c operated, single-tube relay circuits cannot give fast response.

4. Explain the difference between an ordinary current-measuring photometer

and the use of a balanced bridge circuit to accomplish the measurement of
light values.

. Describe the steps followed to determine the intensity of an unknown source

of light using the comparator method.

6. What characteristics are desirable in an amplifier intended for use with a
sound-on-film reproducer?

7. Describe the general arrangement of the phototube, the light source, the
sound track, and the amplifier in a motion-picture sound projector.

8. Explain why a bridged phototube arrangement for light measurements is
very sensitive, using the interpretation of Fig. 36 to help you.

9. Define a servomechanism. Give several examples of servomechanisms.

10. Explain the operation of the photographic exposure control illustrated in

Fig. 40.

S
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APPENDIX 1

UNITS AND PHYSICAL CONSTANTS

Quantity to be

measured

Units

Conversion factors

Wavelength

Wien displacement

constant
Temperature

Frequency (v)
Planck’s constant

Electrical charge (Q)

Mass of electron

Energy (E)
Velocity of light

Luminous intensity
(candle power)

Luminous flux
Illuminance

Potential
Velocity
Mass
Energy
Sensitivity
Resistance
Current

Current density

Pressure

Centimeter (cm)
Angstrom (4)
Millimicrons (mp)

Degree Kelvin (°K)
Degree Centigrade (°C)
Cycle per second (cps)

Coulomb

Joule

International candle

Lumen (lu)

Lumen per square foot

Lux

Foot-candle

Volts

Meter per second

Kilogram (kgm)

Electron volt

Microampere per lumen
at 2870°K

Ohms

Megohms

Ampere

Microampere

Microampere per
square inch

Atmosphere

10-2 meter
10-® centimeter
107 centimeter

¢ = 0289 cm°K
0°K = —273°C
0°C = 32°K

h =6.62 X 10-* joule-
seconds

m =91 x 10 kgm

(kilogram mass)
¢ =3 X 10° meters

per second
1/680 watt

1 lumen per square meter

1.6 X 10 joules

10° ohms

10-* ampere

14696 Ib/in 2
1033.2 g/cm*
760 millimeter of mercury
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A-c amplification, 81, 82, 83 Geitel, 3, 4
Amalgamated alkali metals, 4 Glass envelope, 31, 32
Anode dark current, 55 Glow discharge, 62
Antimony, 38 Goniophotometer, 78
Argon, 36 Hallwachs effect, 3
Headlight control, 67
Blackbody, 7
Bridge photometer, 79 Hertz, 2, 4

High-frequency waves, 5
Home thermostat, 83
Central-anode construction, 41 Hydride crystals, 4
Cesium dichromate, 79
Cesium oxide phototube, 37

Classical theory failure, 20, 21 Iluminance, 13, 14, 15

Color sensitivity, 26, 27 llll{mlnatlon, 10

Composite layer phototubes, 29 Incident flux, 62

Corex, 31 Incident radiation, 5

Cosine characteristics, 40 Infrared, 7

Current-light flux relation, 49, 50 I“W“S“X'Wa"elength curves, 6
Current-voltage relation, 44, 45 International candle, 11, 12

Inverse square law, 14, 15
Ionization, 58, 59, 60

Densitometer, 77

Dumet metal, 32 Kinetic energy, 22, 43

Koller's phototube, 29

Einstein's photoelectric equation, 6,

22,23 Lambert's law, 16, 17, 18, 40, 41, 42
Electrode arrangements, 32, 33 Layer emissivity, 28, 29
Electron emission, 40, 41, 42 Light-giving power, 10
Electronic action, 1 Lime glass, 32
Electrostatic fields, 42-45 Load lines, 45-48
Elster, 3, 4 . Lumen, 12, 13, 54
Empirical law of photoelectricity, 4, 5 Luminous flux, 12

Luminous intensity, 11, 12
Luminous sensitivity, 5¢

Fast-acting relay circuit, 76, 77 Lux, 14

Foot-candle, 13

Frequency of radiation, 5

Fundamental photoemissive experi- Maximum anode supply voltage, 53

ment, 19 Maximum ambient temperature, 53

Maximum average cathode current, 53
Maximum average cathode-current

Gas density, 53
amplification ratio, 61 Maximum velocity, 20
general law, 57 Mean free path, 59, 60
mechanical behavior, 57, 58 Metastable, 65
mole, 58 Millikan, 6, 23
molecule, 58 Monatomic layers, 28
phototube ratings, 63, 64, 65 Multiplier phototube
pressure, 58, 60, 61 principles, 66, 67
universal constant, 58 ratings, 69
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Nonlinearity of response, 65, 66

Optics, 2

Photocurrent, 19
Photoelectric equation, 6, 25
Photoelectric servomechanisms, 83, 84,
85
Photoelectric spectrum, 6
Photoelectricity
beginning, 2
empirical law, 4, 5
Photoelectrons, 20, 21
Photometer, 15, 77, 78
Photosensitivity, 29
Photosurface, 20
Phototube
absence of gas, 35
cesium oxide, 36, 37
direction characteristics, 35
electrode terminations, 35
electronics, 2
clement spacing, 35
mounting method, 33
multiplier, 66, 67
presence of gas, 35
ultraviolet, 37, 38
vacuum, 46
Phototube amplifiers
application objective, 71
instrumentation, 71, 77-83
relay operation, 71, 72-77
signal reproduction, 71, 81, 82, 83
Physical structure, 33, 35, 36
Planck’s constant, 10
Planck’s quantum theory, 6, 9
Practical photosensitive devices, 3, 4
Pyrex, 32

Radiant sensitivity, 53, 54

Radiation, 1, 2

Reflected light, 10

Review questions, 17, 18, 29, 30, 38, 39,
56, 69, 70, 85

Saturation voltage, 45
Scintillation counters, 67
Secondary emission, 55
Sensitivity

dynamic, 64

radiant, 63

static, 64
Signal reproduction, 81, 82
Space charge, 45
Spark spectrograph, 6
Spectral response, 51
Standard candle, 13
Stopping potential, 20

Threshold frequency, 24, 25
Thyratron amplifier, 74, 75, 76
Tungsten, 32

Ultraviolet phototube, 46
Units and physical constants, 86

Vacuum phototube, 46
ratings, 51-55
characteristics, 51-55
Vacuum tube amplifier, 72, 73, 74

Wavelength, 24, 25, 53
Wien’s displacement law, 8
Work function, 22



