







































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 9

GLOW- AND ARC-DISCHARGE TUBES

Preceding chapters have dealt only with electron tubesin which
the gas density is so low that the probability of collision of
electrons with gas molecules is small and relatively few ions are
present. This chapter will deal with the flow of current through
regions of comparatively high gas density, in which the proba-
bility of ionizing collisions of electrons with molecules is com-
paratively high and many ions are consequently present in the
gas, and with the construction, characteristics, and applications
of practical gaseous conduction tubes. The student should
review Chap. 1.

The early experiments on gas-filled tubes were performed
years before the discovery of thermionie emission, but the devel-
opment of useful gas-filled tubes, particularly of the grid-con-
trolled type, lagged far behind that of high-vacuum tubes. It
was not until careful experiments suggested the fundamental laws
and processes governing the phenomena involved that great
strides were made in the design, manufacture, and application of
gaseous tubes. A knowledge of these laws is important in the
understanding of gaseous tube operation.

9-1. Current-voltage Characteristics of Glows.—A gas or
vapor containing no ions would be a perfect insulator. No cur-
rent could flow as the result of a potential applied between two
nonemitting electrodes immersed in such a gas. Ion-free gases
are hypothetical only, for cosmic rays, radioactive materials in
the walls of containers, photoelectric emission, and other ionizing
agents ensure the presence of some ‘““residual’” ions. In an
actual gas the application of potential between electrodes will
cause a migration of the residual ions and give the effect of
current flow.

The magnitude of the current associated with the drift of resid-
ual ions evidently depends upon the rate of production of ions

and upon the rate at which ions are swept away, which depends
233



234 PRINCIPLES OF ELECTRON TUBES [Crar. 9

in turn upon the applied voltage. This current is sometimes
called the dark current because it is not accompanied by appreci-
able radiation. The relation between voltage and dark current
under static conditions is shown graphically by the portion oab
of the typical characteristic curve of Fig. 9-1. That the increase
of voltage over the range ab causes no increase in the current
indicates that residual ions are being swept out of the gas by the
electric field at the same rate as they are being created. The dark
current is usually of the order of a microampere.

As the voltage is increased, a value is reached, as at b, at
which the current again begins to rise The increase of current
above the saturation value maintained from a to b is the result

of ionization of gas molecules by
collision with electrons that have
been accelerated by the applied
electric field and of secondary
emission from the cathode caused
by positive-ion bombardment. If
the electrode spacing is very close
m and the gas pressure low, the likeli-
hood is small that an electron in
Voltage moving from the cathode to the

Tia. 9-1—Current-voltage anode will strike and ionize a neu-

charaoteristic of a fypical g8 tra] gas molecule. The current can

then be increased beyond b only by
increase of voltage and the characteristic is of the form
shown by the dashed curve bm. With electrode spacing and
gas pressure used in most glow-discharge tubes, on the other
hand, an electron may make many ionizing collisions in moving
from the cathode to the anode and the electrons released near
the cathode as the result may in turn produce other ions in
moving to the anode. The positive ions are drawn to the
cathode, where they may liberate secondary electrons. The
number of secondary electrons released for each initial electron
that leaves the cathode increases with the applied voltage.
Because each secondary electron can in itselfl cause further
ionization, the rate at which the current rises with voltage
increases with voltage. A critical point is finally reached at
which one secondary electron is released for each initial electron.
Since each secondary electron will in turn cause, through ioniza-

Current
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tion, the release of still another secondary electron, the current
continues to increase without further increase of voltage. In
fact, as.shown in Fig. 9-1, the voltage actually falls. The
increase of current without increase of voltage is called breakdown,
and the voltage at which it commences is called the breakdown
voltage. The current that flows just prior to breakdown is
called the threshold current. In Fig. 9-1, breakdown occurs
at the point ¢. The breakdown voltage depends upon the
cathode material, the tube and electrode structure, the kind or
kinds of gas used, and upon the gas pressure. In many tubes
it is also reduced by illumination of the cathode.! Low break-
down voltage is attained by treating the cathode with barium.

(
7

-1
Tan B

Current

Voltage Epb
F1G. 9-2.—Anode diagram of a glow-discharge tube.

Appreciable ionization by collision does not take place until
the electrode voltage greatly exceeds the ionization potential
of the gas, and so the breakdown voltage in practical tubes is
rarely less than 70 volts, and may range to hundreds of volts.
The threshold current is of the order of 1 or 2 ga. The behavior
of the tube subsequent to breakdown is dependent to such a
great extent upon the characteristics of the external circuit that
it is difficult to determine with complete assurance the character-
istics of the tube itself. Experiments appear to indicate, how-
ever, that if the terminal voltage could be reduced rapidly
enough by increase of circuit resistance or decrease of applied
voltage, the voltage would change from ¢ to d without change in
current. Normally, however, the applied voltage and the circuit
resistance remain constant, and so the tube voltage falls only
as the result of circuit IR drop. The current increases abruptly

1 Oscawarp, U. A., and TarraNT, A. G., Proc. Phys. Soc. London, 86, 241
(1924);Rurcw, H. J., J. Opt. Soc. Am., 17, 271 (1928).
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and the tube voltage falls to values determined by the intersec-
tion of the characteristic with a load line corresponding to the
circuit resistance, as shown in Fig. 9-2 by point p. After break-
down the current can be increased to values above p by increasing
the applied voltage or by decreasing the ecircuit resistance;
conversely, it can be reduced by decreasing the voltage or by
increasing the resistance. If the current is reduced below the
value at d, however, it falls abruptly to a value in the dark-
current range. The .voltage at d is, therefore, called the
extinction voltage. The extinction voltage ranges from about
60 volts to several hundred volts in practical tubes and is usually
from 10 to 100 volts less than the breakdown voltage.

Between d and f, the current increases with very little change
in voltage. The current range covered by this portion of the
characteristic depends upon the area of the cathode, and may
extend to values of 50 ma or more. In order to indicate the
difference in magnitude of the very small currents below ¢ and
the relatively large currents above d, a gap is shown in the curve.
A value of current is reached, at f, beyond which a much larger
increase of voltage is required to produce a given change in
current. In the vicinity of g, however, the current is so high that
if it is maintained for an appreciable time the cathode becomes
hot enough to emit electrons. The thermionic emission reduces
the voltage drop through the tube in a manner that will be
explained (Sec. 9-11), causing further increase of current and
greater emission. The cumulative action may result in an abrupt
decrease of potential to about the ionization potential of the gas,
at point h, and, unless limited by circuit resistance, the current
may rise to destructive values. In the region from b to g, the
discharge is characterized by comparatively low current density
and high voltage drop and is called a glow. Beyond h, the dis-
charge is characterized by high current density and low voltage
drop and is called an are. Actually, as will be explained in a
later section, the fundamental distinction between an arc and a
glow does not lie so much in the current density and electrode
voltage, as in the fact that in an arc there exists at the cathode
some copious source of electron emission other than secondary
emission.

If the circuit resistance is small, the current jumps directly
from the threshold value at ¢ to a high value at n. In some
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tubes the current at n may be so high as to cause a very rapid
rise in cathode temperature to a value sufficient to cause therm-
ionic emission. The time taken may be so short that break-
down appears to be accompanied by the immediate formation
of an arc. In other tubes, on the other hand, several seconds
may elapse between breakdown and the formation of an are.

A characteristic obtained with steady voltages, of which the
curve of Fig. 9-1 is a typical example, is called a static character-
istic. The shape of such a characteristic depends upon the
kind of gas; the gas pressure; electrode material, structure, and
temperature; tube age; and initial cathode emission, which in
turn varies with cathode illumination and with the strength of
other ionizing agents in the gas, electrodes, or tube walls. Char-
acteristics obtained with varying voltages and currents are called
dynamic characteristics. Because of the time required for
ionization to build up to an equilibrium value when the current
is increased and for deionization to take place after the current
is interrupted or decreased, the voltage corresponding to an
instantaneous value of varying current depends not only upon
that current and upon the factors just listed, but also upon the
current that flowed at previous instants. It is evident that a
particular glow-discharge tube has not a single current-voltage
characteristic, but an infinite number of such characteristics, and.
that the breakdown and extinction voltages depend upon the
manner in which the tube is used. For this reason, the pre-
determination of the behavior of a glow tube in a given eircuit
is difficult, if not impossible.

9-2. Physical Aspects of the Glow Discharge.—Ionization
following breakdown is accompanied by excitation of some of
the gas molecules. In transitions to states of lower internal
energy these molecules emit visible radiation in the form of a
soft glow that gives the name to this type of discharge. The glow
is made up of a number of distinet regions. The general form
of a glow at gas pressures of the order of 1 mm or less of mercury®
is shown in Fig. 9-3a.2 In the vicinity of the cathode is a
relatively dark region, called the cathode dark space, or, in honor
of two of the early workers in the field of glow discharges, the

11 atm = 760 mm Hg

1 micron of Hg = 0.001 mm Hg
?SLepIaN, J., and Mason, R. C., Elec. Eng., 58, 511 (1934),
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Crookes or Hittorf dark space. The brightness of the cathode
dark space increases toward the cathode, culminating sometimes
in a luminous layer very close to the cathode, called the cathode
glow. In hydrogen and the noble gases there is a much darker
layer immediately adjacent to the cathode, usually not more
than 1 mm in length, called the primary dark space. Toward
the anode, the cathode dark space terminates quite sharply

Ca;‘/m/\c/)’e o’?rk s,c;ace
egative glow
677(/7 ode 1, v ,Fa/gaa’ay dork space
GOSN Y / / - Positive column +Anode
y n glow
Y
Cathode Anock
\ Z
t - Blye in aur R-Pink in air
‘Very faint bluish //9/772 //; arr
1
/
Volts
C Distance A
b)

Fic. 9-3.—(a) Appearance of the glow discharge between plane-parallel
electrodes; (b) potential distribution in the glow discharge between plane-
parallel electrodes.

and distinctly in a luminous region called the negative glow.
The brightness of the negative glow decreases toward the anode,
and the glow gradually merges into another relatively dark
region, the Faraday dark space. Beyond the Faraday dark
space is the positive column, a fairly luminous region which
may contain striations and which extends to the anode. Some-
times the surface of the anode is covered by a luminous layer
called the anode glow.

If the anode is moved toward the cathode while the tube is
glowing, the various regions of the discharge remain fixed relative
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to the cathode, and the positive column and the Faraday dark
space in turn appear to move into the anode. If the current is
maintained constant during this experiment, the voltage across
the tube falls slowly. As the anode enters the negative glow,
the voltage begins to rise rapidly -with further movement of the
anode until it equals the supply voltage and the tube goes out.
If the electrode spacing is kept constant on the other hand, and
the pressure is lowered, the cathode dark space increases in
thickness, appearing to push away the negative glow, Faraday

dark space,
in turn. A
becomes les
anode, the
charge. A
fills the wh

This pheng

high-speed
ated throug
of energy |
glow-discha
50 microns

and positive column, which disappear into the anode
s the cathode dark space expands, the outer boundary
s distinct. 'When the cathode dark space reaches the
voltage must be raised in order to maintain the dis-
t extremely low pressures, at which the dark space
le interelectrode space, the walls of the tube fluoresce.
menon is caused by the impact upon the walls of
electrons (cathode rays), which have been acceler-
rhout the interelectrode space without suffering loss
by collision with gas molecules. In most practical
rge tubes, the pressure is in the range from 0.1 to

9-3. Potential Distribution in the Glow Discharge.—Experi-

ments hav

cathode an

greatest pa
dark space,

e shown that the potential distribution between
d anode is of the form shown in Fig. 9-3b. The
rt of the applied potential appears across the cathode
a'region in which positive space charge predominates.

Preponderance of positive ions is caused by the fact that positive

ions move t

ated by th
positive ion

space is cal

oward the cathode, and electrons away. It isaccentu-
e large mass and consequent low velocities of the
1s.  The fall in potential through the cathode dark
led the cathode fall of potential, or cathode drop.

The potential maximum in the negative glow is caused by
positive-ion space charge, in a manner analogous to the produc-

tion of a p
thermionic

otential minimum by electrons near the surface of a
emitter in vacuum.

Measurements show that if there are no striations the field

in the posi

cating that
mately equal.
column mu

tive column is small and practically constant, indi-
the electron and positive-ion densities are approxi-
The potential gradient (field) in the positive
st be great enough to supply the energy that is lost
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through diffusion of ions to the walls. The ratio of the diffusion
current to the anode current at constant current density increases
with decrease of tube radius, and hence the gradient varies
inversely with the tube radius. This is an important considera-
tion in the design of small-diameter tubes of the type used in neon
signs. The gradient also decreases with increase of current and
with decrease of pressure.

Adjacent to the anode there is usually a jump in potential,
which may be either positive or negative, depending upon
whether the current is high or low and the electrode area small or
large. At some value of anode current the anode drop is zero
for an electrode of given area.

9-4. Normal and Abnormal Glow.—When the glow current
is limited to a sufficiently low value by means of external resist-
ance, the discharge covers only a portion of the cathode. An
increase of current causes the discharge to spread over a greater
portion of the cathode, the current density, cathode drop, and
the thickness of the cathode dark space remaining constant.
‘When the cathode is not completely covered by the glow, the dis-
charge is said to be normal and the current density, cathode
drop, and dark-space thickness are designated by the same
terms. The normal cathode drop is a function of the gas used
‘and the material of which the cathode is made, and is inde-
pendent of gas pressure. It is small in the noble gases and is
usually smaller in gas mixtures than in pure gases. It decreases
with decrease of electron affinity of the cathode material. The
normal cathode drop usually exceeds 100 volts and may be as
high as 400 volts or more but by proper choice of gases and
cathode material may be made as low as 37 volts.! The “nor-
mal”’ current density (current per unit area of the cathode
covered by glow) and the thickness of the dark space depend not
only upon the gas and the cathode material but also upon the gas
pressure. '

When the whole surface of the cathode is covered by glow, the
cathode drop and the current density increase with increase of
current, and the thickness of the cathode dark space decreases.?

1 SLEpIAN, and Mason, loc. cit.; Tuomson, J. J., and Tuomson, G. P.,
“Conduction of Electricity through Gases,” Vol. II, pp. 231-232, Cambridge
University Press, London, 1928.

2If one makes the assumption that the current through the dark space
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The discharge is then said to be abnormal. The terms normal
and abnormal are, unfortunately, misleading, inasmuch as the
abnormal type of discharge is fully as common as the normal,
both in experimental and in practical tubes. To avoid possible
ambiguity, quotation marks will be placed about these terms
when they are used to differentiate between the two types of
discharge. In Fig. 9-1 the “normal” range of current extends
from d to f; the “abnormal” range from f to g.

9-5. Applications of Glow Tubes.—Applications of glow-
discharge tubes include the production of light, voltage stabiliza-
tion, generation of nonsinusoidal voltages, control of current
or power, rectification, protection of apparatus or circuits, and

-Anodle
-Grid
-Cathodle

(o) (b) (¢)
Fi1c. 9-4.—Symbols for glow-discharge tubes.

amplification. For most of these applications special types of
tubes have been developed.

Glow tubes are unquestionably used most extensively in
the form of the familiar neon sign, in which the light is emitted
from an extended positive column. Various colors are obtained
by the use of different gases and of fluorescent glass tubing.
Although principles discussed in the foregoing sections are
applicable to such tubes, the particular requirements of this field
make it a specialty best discussed in books devoted to the sub-
ject.! Because of the limited use of glow tubes in rectification,
amplification, and apparatus protection, no further space will
be devoted to these applications. Figure 9-4 shows symbols
that will be used for glow-discharge tubes. Symbol (@) repre-
sents a two-element tube in which the electrodes are of equal
area, symbol (b) one in which the area of one electrode exceeds

is limited by space charge, then a derivation similar to that which gives
Child’s law (see Sec. 2-10) shows that the dark space should decrease in
thickness as the current density increases.

1 See, for instance, S. C. Miller and D. G. Fink, “Neon Signs,” McGraw-
Hill Book Company, Inc., New York, 1931.
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that of the other, and (¢) a grid-controlled glow tube. In such
a tube the larger electrode ordinarily serves as cathode. The
shading indicates that the tube contains gas or vapor in sufficient
quantity to allow the formation of a glow or an arc. The
electrode structure of glow tubes is determined by such factors
as the desired values of current capacity, breakdown voltage,
and light-emitting area.

9-6. The Glow-discharge Tube as a Voltage Stabilizer.—
Because a large increase of current in the
“normal” range is accompanied by only a
small increase of tube voltage, a glow tube may
be used as a simple voltage stabilizer. The
circuit is that of Fig. 9-5. The resistance R is
high enough to limit the tube current to the
“normal” range when the load current is zero.
Load current increases the voltage drop in the

Fia. 9-5.—Cir- )
cuit diagram of a resistance and so reduces the tube voltage. A

glow-tube voltage g a]] reduction of tube voltage in the “normal”

regulator. A
current range, however, results in a compara-

tively large decrease in tube current, which decreases the
IR drop. BSmall variations of load current therefore cause
compensating variations of tube current, the voltage across the
tube remaining essentially constant. A tube designed for this
purpose should have large cathode area in order to give a large
range of “normal” current. The 874 neon or argon-filled tube,
which has a ‘“‘normal” voltage of ap- R

proximately 90 volts, an ignition voltage g
of approximately 120 volts, and a maxi- =g, e =C
mum current rating of 50 ma, was designed T ]

for this service.! Fic. 9-6.—Basic cir-

9-7. The Glow-tube Relaxation Oscil- cuit of the glow-tube
. . relaxation oscillator.

lator.—A useful application of the glow-

discharge tube is made in the glow-tube relaxation oscillator,

the simplest circuit of which is shown in Fig. 9-6. A

glow tube, shunted by a condenser C, is connected to a d-c

supply through a high resistance R (usually not less than 1 meg-

ohm). When the circuit is first closed, the condenser charges

1 The current-limiting resistors mounted in the bases of some types of
small glow tubes must be removed if the tubes are to be used as voltage
stabilizers.’



Sec. 9-7] GLOW- AND ARC-DISCHARGE TUBES 243

through the high resistance. The condenser voltage rises
exponentially, as indicated by the relation

V = Ew(l — /20 (9-1)

The curve of condenser voltage is shown in Fig. 9-7. When
the condenser voltage becomes equal to the firing (breakdown)
voltage V; of the tube, the tube breaks down, and the condenser
discharges through the tube. Since negligible resistance is
ordinarily used between the condenser and the tube, the initial
discharge current approximates the
relatively high value corresponding to
point n of the characteristics of Fig. 9-1,
The condenser discharges very quickly
to a voltage equal to the extinction
potential V,, at which the tube goes
out and the condenser commences
recharging. The condenser voltage e
varies periodically between the volt- 0. o .. ;con_
ages V, and V; at a frequency deter- denser voltage in the glow-
mined by these voltages and by the tF‘;;’f’gfgllaxation oscillator of
circuit constants.

The time of discharge is so short that the frequency of oscil-
lation depends almost entirely upon the time taken to charge
the condenser from the extinction potential to the breakdown
potential. The frequency decreases with increase of the differ-
ence between the breakdown and extinction voltages, of the
capacitance of the condenser, and of the resistance. It decreases
‘with increase of applied voltage.! It is not possible to predict
exact values of frequency from known circuit constants because
the breakdown and extinction voltages are themselves compli-
cated functions of the frequency, the tube temperature, illumina-
tion of the electrodes, and the magnitude of the discharge
current.

Frequencies as low as 1 eycle in 15 min may be readily obtained.
The chief difficulty encountered in obtaining such a low fre-
quency results from the increase of condenser leakage with

Battery voltage, Epp

-

Condenser Voltage
<
Iy
\
\

1 Ricu1, A., Rend. accad. Bologna, 6, 188 (1902); Pearson, 8. O., and
Anson, H. 8., Proc. Phys. Soc. London, 34, 175, 204 (1922). For bibliog-
raphy, see F. Bedell and H. J. Reich, J. Am. Inst. Elec. Eng., 46, 563
(1927).
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condenser capacitance. The upper frequency limit, which
usually does not exceed 10,000 cycles, is attained without the
use of a condenser, the electrodes and leads furnishing the
required capacitance. The upper frequency limit results because
there is a lower limit to the resistance, below which the tube
glows permanently. Some change in oscillation frequency with
illumination of the cathode is sometimes noted.!
Like other types of relaxation oscillators, discussed in Chap. 8,
R the glow-tube oscillator can be locked
VWA -l- into step with a frequency equal, or
c

L contros very nearly equal, to the oscillator fre-
= voltoge quency or a multiple or submultiple of
'{_gm T that frequency. The control voltage is

best introduced through a transformer
T 08— Glowtabeos. D series with the terminal of the tube
cillator stabilized by con- that does not connect to the resistance,
trol voltage. as shown in Fig. 9-8.

The wave form of the condenser voltage is shown by Fig. 9-7.
The wave shape is virtually that of a right triangle, except that
the hypotenuse is curved because of the exponential rise of
voltage. For given ignition and extinction voltages the curva-
ture decreases with increase of battery voltage, and may be made
very small. A true saw-tooth wave of voltage in which the
hypotenuse of the triangle is straight is obtained if the charging
current is maintained constant, so that the condenser charge
and voltage increase linearly with time. TUnder the assumption
of instantaneous condenser discharge, the oscillation frequency
is then

1

F= v, = vy (9-2)

in which I is the constant charging current in amperes, C is the
condenser capacitance in farads, and V, and V., are the firing
and extinction voltages. Since these voltages are complicated
functions of the frequency of oscillation (Sec. 9-1), Eq. (9-2)
cannot be used in the exact predetermination of frequency. It
is of value only in indicating the manner in which the various
factors affect the frequency.

1 OscawaLp, U. A,, and Tarrant, A. G., Proc. Phys. Soc. London, 36,
241 (1924); Reicy, H. J., J. Opt. Soc. Am., 17T, 271 (1928).
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The best method of obtaining nearly constant charging current
is by the use of a voltage pentode, as shown in Fig. 9-9, in place
of the resistance R of Fig. 9-6. 6SJ7

At the very small currents
(microamperes) required for charg-
ing the condenser, the plate cur-
rent of a pentode is practically
independent of plate voltage over
" a large range of voltage. An ad-
Flitional advar}tage O_f the pentOde Fia. 9-9.—Circuit of a glow-tube
is the ease with which the plate oscillator in which the condenser
current, and hence the frequency, voltage rises linearly with time.
can be controlled by means of the grid and screen voltages.

9-8. Applications of the Glow-tube Oscillator.—The glow-tube
oscillator can serve as a convenient generator of audio-fre-

6SJ7 6U5

+
F1a. 9-10.—Glow-tube oscillator and direct-coupled amplifier.

quency voltage for applications in which high harmonic content is
desirable, or at least not objectionable.! Since resistance across
the tube changes the frequency, dis-
torts the wave form, and may even
stop oscillation, the oscillator must
be followed by a capacitance-coupled
or, preferably, direct-coupled ampli-
fier if it is necessary to vary the out-
+o0—— put voltage or if current or power

Cor flﬁoa’e Anolde

E
bb . . . .
Fra. 9-11.Basic form of output is required. A typical circuit

grid-controlled glow-discharge i shown in Fig. 9-10.

tube. 9-9. Grid Control of Glow Dis-

charge.—The voltage at which breakdown occurs can be
controlled by means of a grid placed between the cathode

! Kock, W. E., Electronics, March, 1935, p. 92.
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and the anode, as illustrated in principle by the sketch of
Fig. 9-11. This tube is assumed to be of such construction
that the entire cathode surface is shielded from the anode
by the grid before breakdown. The grid is so close to the
anode that the grid-anode breakdown potential greatly exceeds
the grid-cathode breakdown potential, and the grid-anode
discharge, if it does form, is of the stable type corresponding to
the dotted curve bm of Fig. 9-1.

In the use of a grid-controlled glow-discharge tube the anode
supply voltage Ew exceeds the cathode-anode breakdown poten-
tial. If the grid voltage E, is zero, no discharge can take place
between grid and cathode. The anode is positive with respect
to the grid by the entire supply voltage Eu, but breakdown
between anode and grid is prevented by their close spacing.
Breakdown does not occur between anode and cathode because
the field of the anode terminates on the grid, rather than on the
cathode. If the grid voltage E. is gradually raised, breakdown
occurs between grid and cathode when the grid voltage equals
the grid-cathode breakdown potential. If the anode is suffi-
ciently more positive than the grid, the discharge at once transfers
to the anode. The anode voltage at which the transfer occurs
decreases with increase of grid-cathode current. Resistance in
the cathode lead limits the grid and anode currents to their rated
values.

After breakdown the grid has no further control over the
discharge. If the grid is made negative with respect to the
region of the discharge in which it is situated, then positive
ions are drawn toward the grid wires, and electrons are repelled
from them. - In the immediate vicinity of the grid wires, there-
fore, positive-ion space charge predominates. The resulting
positive-ion sheath, illustrated in Fig. 9-12, builds up to such a
thickness that at its outer boundary the negative field caused by
the voltage applied to the grid is just balanced by the positive
field from the sheath.! Beyond the boundary of the sheath, in

1 LANGMUIR, L., Science, 58, 290 (1923); LaNamUig, 1., and Morr-SMiTH,
H. M., Jr., Gen. Elec. Rev., 27, 449, 538, 616, 762, 810 (1924); ToNks, L.,
Mort-SmitH, H. M., JR., and LaNeMmUIR, 1., Phys. Rev., 28, 104 (1926);
Morr-Smita, H. M., Jzr.,, and Langmuir, 1., Phys. Rev., 28, 727 (1926);
Tonks, L., and LaNemuir, 1., Phys. Rev., 34, 876 (1929); LaNcMUIR, 1.,
Phys. Rev., 83, 964 (1928).
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the main part of the discharge, the discharge is completely
shielded from the grid by the sheath, so that electrons and positive
ions are not influenced by the grid. If the grid is positive with
respect to the discharge in its vicinity, then electrons are drawn
toward the grid and positive ions are repelled from it. An elec-
tron sheath forms of sufficient thickness to shield the main body
of the discharge from the positive grid. Although the space
charge within a sheath is constant for any value of grid voltage
and anode current, the charges that constitute the sheath move
in response to the field produced by the impressed grid voltage.
Current, therefore, flows to the

‘ Cathode Anode
grid. PR

If the spacing between the grid tf@{:‘
wires can be made sufficiently ":
small so that the sheaths surround- — E@: —
ing adjacent wires overlap, then ::"”6’9-9”'0/
the anode will be completely
shielded from the cathode by the s *’:gb;‘;%

sheath, and the discharge will stop.> gy, 9-12.—Formation of a posi-
Unfortunately, however, the thick- tive-ion sheath around a negative
ness of the sheath, like that of the grid in an ionized gas.

cathode dark space, decreases with increase of density of the
anode current. At values of anode current density that are high
enough to be of practical value, the sheath thickness is usually too
small to make complete grid control possible. The only external
effect of variation of grid voltage after the tube has broken down
is change in the grid current. Because electrons are more
readily accelerated than the more massive positive ions, the
electron grid current that flows when a positive voltage is applied
to the grid is considerably greater than the positive-ion current
that flows when an equal negative voltage is applied. Since
a grid-controlled glow-discharge tube has some of the character-
istics of the high-vacuum trigger circuits discussed in Chap. 6, it
is classified as a trigger tube.

The grid also prevents the tube from breaking down if it is
unconnected, or “floats.” If electrons and positive ions are in
temperature equilibrium, the electrons have a much higher aver-
age velocity than the more massive positive ions. When an

! LuBcks, E., Z. tech. Physik, 8, 445 (1927).
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insulated electrode is immersed in an ionized gas, therefore,
many more electrons than positive ions strike it per second.
The positive ions recombine with electrons at the surface, but the
excess electrons, which cannot leak off the insulated electrode,
charge it negatively. In vacuum, or if the electrode were
struck by equal numbers of electrons and positive ions, it would
assume a potential equal to the space potential at that point,
which is intermediate between the potentials of the cathode and
the anode. The negative charge acquired by the electrode
lowers its voltage relative to the space until the negative field
which it produces attracts additional positive ions and repels
electrons in such numbers that as many positive ions as electrons
strike the electrode per second If the grid of the tube of
Fig. 9-11 is left unconnected and the gas is ionized, the grid
assumes a potential that may be only
slightly positive with respect to the cath-
ode. Thesmall dark current, which must
'_—I flow between anode and cathode before
breakdown can occur, results in sufficient
ionization to charge the gridin this manner
] and thus prevent breakdown. When this
Fig.  9-13.—Circuit for charge is allowed to leak off the grid so
grid-controlled glow tube. rapidly that the resulting grid currentisat
least equal to the threshold grid-cathode current, then grid-to-
cathode breakdown takes place, and the current may transfer
to the anode if the anode voltage is somewhat higher than the
grid voltage after breakdown. Ome of the simpler methods of
causing breakdown is to touch a conductor connected to the grid
or suddenly to bring a large conductor close to a metal surface
connected to the grid.

Figure 9-13 shows a modification of the basie circuit of Fig,.
9-11. Dark current that flows through the high grid-circuit
resistance prior to breakdown reduces the grid voltage to a
value less than the breakdown value. Decrease of the resistance
raises the grid voltage. Anode-cathode breakdown does not
necessarily occur when the grid voltage equals the breakdown
value, but when the grid current that flows subsequent to
grid-cathode breakdown becomes large enough to allow transfer
of the discharge from the grid to the anode at the prevailing
anode voltage. The condenser ensures transfer by providing a

Lood
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large surge of grid current when grid-cathode breakdown occurs.
A phototube may be used in place of the grid resistor in the
circuit of Fig. 9-13 or in place of the left-hand portion of the
voltage divider P in the circuit of Fig. 9-11.

When direct voltages are used, the anode current of a grid-
" controlled glow tube can be stopped only by reducing the anode
voltage below the extinction value, or by opening the anode
circuit completely. For the grid to regain control, the grid
voltage must also be reduced below the extinction value at
least momentarily, and kept below the breakdown value until
breakdown is again desired. If one main electrode is very much
smaller than the other, then appreciable anode current can flow
only when the large electrode is used as
the cathode, and rectification will result
when alternating supply voltage is used.
The grid then regains control at the end
of each conducting half cycle, and the gnierr-§~
rectified current can be interrupted by
means of the grid voltage. A practical
tube constructed in this manner, the
grid-glow tube, is illustrated in Fig. 9-14.

The use of a small anode in the grid-
glow tube not only results in rectifi-  Fic. 9-14.—FElectrode
cation, but also accentuates the negative SUucture of the grid-glow
charging of the grid when it is free.
During the flow of dark current between anode and cathode
before breakdown occurs, the large number of electrons formed
in the large volume outside of the grid are drawn toward the
anode, and many of these strike the grid. The only positive
ions that can strike the grid, on the other hand, are the relatively
few formed in the small volume of gas between the grid and the
anode. Thus the number of electrons that strike the grid
exceeds the number of positive ions both because of the greater
speed of the electrons and beeause the grid is placed at a point
where large numbers of electrons are converging. Thus the
grid is always only slightly positive relative to the cathode when
the grid is free, and grid-to-cathode breakdown cannot occur.

/’1noa’e
/

Grid = #Caf/wo’e

|- 8-~ Glass
0 fube

* KnowwEs, D. D., Elec. J., 27, 232 (1930); KnowLgs, D. D., and SASHOFF,
S. P., Electronics, July, 1930, p. 183.
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The close spacing of the grid and anode prevents grid-to-anode
breakdown.

9-10. Starter-anode Glow Tubes.—A different method of
controlling anode-cathode breakdown is used in the OA4 “gas
triode.” This tube uses a starter anode in place of a grid.!
The tube is designed so that breakdown does not oceur directly
between the main anode and the cathode unless the anode voltage
is at least 225 volts. Breakdown occurs between the starter
anode and the cathode, on the other hand, when the starter
anode voltage is 90 volts or less. Starter-anode breakdown is
followed by breakdown to the main anode if the starter-anode
current and main-anode voltage are sufficiently great. The
required value of starter-anode current increases from zero to
approximately 250 ma with decrease of main-anode voltage
from its breakdown value to a value equal to the starter-anode
breakdown voltage. Since the main anode is very small
in comparison with the cathode, the tube rectifies and may
be used on alternating supply voltage. The tube can carry
25 ma continuously, which is ample for the operation of relays.
Because of the very small current required in the starter-anode
circuit, the tube may be controlled by voltages in tuned radio-
frequency circuits.! It has other applications as a control device.

Advantage of Glow Tubes.—The principal advantage of glow
tubes over high-vacuum thermionic tubes and hot-cathode are-
discharge tubes is that no source of cathode heating power is
required. In the control of power and of large currents, how-
ever, the lower voltage drop and higher current capacity of arc
tubes make them superior to glow tubes.

9-11. Arc Discharges.—So far in this chapter the discussion
has related to glow discharges, which are characterized by com-
paratively small currents and by voltages considerably greater
than the ionization potentials of the gases. The high voltage
drop in the glow discharge is accounted for mainly by the fall in
potential across the cathode dark space. The high cathode
drop is necessary in order to maintain the current flow, for in
this region the positive ions are given the requisite energy to
eject electrons from the cathode by bombardment. The increase
of cathode drop with current in the ‘“‘abnormal” range of current

tBanns, W. E. and Tuomas, C. H., Electronics, May, 1938, p. 14;
IngraAM, S. B., Trans. A.I.E.E., 58, 342 (1939).
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may be explained by the greater energy required to eject the
additional electrons involved in the increase of current.

That this explanation of the cathode drop in potential is valid
appears to be proved by the use of a cathode which can be heated
to a temperature high enough to cause thermionic emission.
It is found that, when the cathode is heated, the voltage drop
across the discharge falls. If the thermionic emission is sufficient
to supply all of the electrons required to carry the anode current,
the potential across the tube drops to a value that is usually
approximately equal to the ionization potential of the gas or
vVapor.

Discharges in which current density is high and the voltage
drop is of the order of the ionization potential are commonly
called arcs. As stated in Sec. 9-1, distinction between glows and
arcs on the basis of voltage drop and current density is not a
fundamental one. The essential distinction lies in the copious
emission of electrons at the cathode of an arc by some process
other than positive-ion bombardment. Possible emission proc-
esses include thermionic emission or emission resulting from the
intense electric field caused by positive-ion space charge at the
cathode. Glow currents are normally limited to low densities
because of heating of the cathode and subsequent change to an
arc when the density is high. High—current-density glows may
be maintained for time intervals that are too short to allow the
cathode to heat to the temperature required for emission (as
in the discharge of a large condenser through a glow tube).
Likewise, low—current-density arcs may be maintained if the
cathode is heated by external means.

The transformation of a glow into an arc does not afford
a satisfactory method of forming an arc in cold-cathode tubes
with ordinary solid metallic cathodes because the resulting high
temperature usually destroys the cathode. By the use of a
special cathode made in the form of a cup containing a cesium
compound, enough emission can be obtained at low cathode
temperature to allow an arc to be maintained without damage to
the cathode (see Sec. 9-42).! Although the peak current that
can be handled by such a cathode may be of the order of several
hundred amperes, the average current is usually a fraction of an

1 GerMESHAUSEN, K. J., and Epcerron, H. E., Elec. Eng., 55, 790 (1936).
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ampere. More commonly used is the mereury pool type of cold-
cathode are, in which electron emission from the cathode is
probably obtained because of high positive-ion space-charge
field at the surface of the mercury cathode. In mercury pool
tubes, the arc is started by making and breaking contact between
the anode and the mercury cathode, or between an auxiliary
anode and the cathode. After the tube fires, discharge takes
place between the anode and a luminous area on the mercury
surface, called the cathode spot, which furnishes electrons for
the discharge. The area of the cathode spot is very small,
and the current density' at the spot is of the order of 1000 to
5000 amp/sq cm. Because of positive-ion bombardment, the
surface of the mercury is depressed in the vicinity of the cathode
spot. The tendency of the spot to climb the sides of the depres-
sion, and consequent displacement of the depression, causes the
spot to skim over the surface unless means are provided to fix
its position.? Very large currents can be carried by mercury
pool tubes. A third type of practical arc-discharge tube is
that in which copious electron emission is obtained by the use
of a cathode of high emission efficiency, heated by a separate
electrical source.

9-12. Arcs with Separately Heated Cathodes.—Usually,
practically the entire voltage impressed between the electrodes
of an arc is accounted for by the cathode drop, which is approxi-
mately equal to the ionization potential. The low cathode drop
that distinguishes an arc from a glow is maintained only as long
as an emission current equal to the anode current is obtained
without the need of a higher drop. When the arc current in a
tube with separately heated cathode exceeds the thermionic
current from the cathode, a positive-ion space charge develops
near the cathode that raises the cathode drop sufficiently to
supply the required additional electrons by positive-ion bombard-
ment. Although the secondary emission from the cathode or
the increased thermionic emission resulting from the rise in
cathode temperature may not be harmful to the cathode, oxide-
coated cathodes disintegrate under positive-ion bombardment

1 There appears to be evidence that, when the current is large, it may
divide among a large number of spots, each of which carries from 5 to 15
amp. See H. W. Lord, Electronics, May, 1936, p. 11.

2 WaGNER, C. F., and Lubpwig, L. R., Elec. Eng., 53, 1384 (1934).
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when the ion velocity exceeds & eritical value. The value of
the disintegration voltage above which the positive-ion velocity
becomes so high as to deactivate or destroy coated cathodes
lies between 20 and 25 volts for the inert gases and mercury
vapor.! The ionization potentials of some of the noble gases
and of mercury vapor are sufficiently lower than the disintegra-
tion voltage to make it possible to design hot-cathode are-
discharge tubes in which the cathode does not disintegrate if
the average anode current is kept below the value corresponding
to the electron emission from the cathode. Such tubes will pass
currents considerably in excess of the emission current for periods
of time that are too short to allow much rise in temperature of
the cathode.

In tubes with separately heated cathodes the arc voltage is
usually nearly independent of current in the working range of
current. For this reason the current is determined practically
entirely by the applied voltage and the circuit impedance, which
must always be chosen so that the average current does not
exceed the emission current.

Hot-cathode arc diodes (rectifiers) are of two types: high-
pressure, which carries the trade name fungar or rectigon; and
low-pressure, designated by the trade name phanatron. Grid-
controlled hot-cathode arc tubes are known as thyratrons. This
was originally also a trade name but has now been released for
general use.

9-13. Tungar Rectifier.—The first type of hot-cathode arc
rectifier to be developed was the tungar.? One of the principal
functions of the argon gas or mercury vapor used in this tube is to
protect the oxide-coated cathode against evaporation of the
barium so that the cathode can be operated at high temperature
and hence high emission efficiency. To accomplish this the pres-
sure of the gas or mercury vapor must be about 1 mm. Glow
breakdown voltage at this relatively high pressure is so low that
the tubes cannot be used at high voltage, and satisfactory grid
control cannot be attained. The principal application of tungar
rectifiers has been in battery charging.

tHurr, A. W., Trans. Am. Inst. Elec. Eng., 47, 753 (1928); Gen. Elec.

Rev., 32, 213 (1929).
*Huwr, A. W., Trans. Am. Inst. Elec. Eng., 47, 753 (1928).
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9-14. Cathode Structure of Low-pressure Hot-cathode Arc
Tubes.'—At low gas or vapor pressures, such as must be used
in grid-controlled arc tubes and high-voltage arc rectifiers, the
gas does not exert a protective action upon the cathode. Since
the cathode cannot be operated at high temperature, as in the
tungar, high cathode efficiency must be attained by the use
of special cathodes that have low heat loss. This is made
possible by the characteristics of the are discharge. In high-
vacuum tubes the electrons that leave the cathode must follow
the electric field, and any emitting surface to be of value must be
placed so that some lines of force from the anode will terminate
upon it. In the arc tube, on the other hand, as soon as the tube
fires, the whole tube is filled with large, and practically equal,
numbers of positive ions and electrons. The flow of current
consists of a relatively slow drift of electrons toward the anode
and of positive ions toward the cathode. Electrons in the
immediate vicinity of the anode are drawn toward it, leaving
excess positive charge behind them which immediately causes
the advance of other electrons that are nearer the cathode.
At the cathode, electrons that drift away are replaced by those
emitted from the cathode. This drift is superimposed upon the
high random velocity due to the temperature of the gas and need
not take place along the initial field from cathode to anode. In
effect, the presence of the ionized gas enables the electrons to
move in curved paths which do not coincide with the field, so
that portions of the cathode surface that are not subject to the
initial field set up by the anode voltage are effective in supplying
electrons as soon as the tube is allowed to break down. Hence
cathodes may be made up in forms that greatly reduce the loss
of heat.

High emission efficiency is attained at the expense of rapid
heating, since the greater heat capacity and reduced heating
energy increase the time taken to establish thermal equilibrium.
In practice a compromise must be made between high efficiency

1 Howy, loc. cit.; HoLt, A. W., Gen. Elec. Rev., 32,213 (1929). HuLy, A.
W., and LANGMUIR, 1., Proc. Nat. Acad. Sci., 16, 218 (1929). HuLr, A. W,
Physics, 2, 409 (1932), 4, 66 (1933). Lowry, E. F., Electronics, October,
1933, p. 280; December, 1935, p. 26; Elec. J., April, 1936, p. 187. KNOWLEs,
D. D., Lowry, E. F., and Gessrorp, R. K., Electronics, November, 1936,
p- 27. '
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and short heating time. In small arc tubes the heating time of
indirectly heated high-efficiency cathodes usually ranges from
1 to 5 min.

In Fig. 9-15a is shown the type of filamentary cathode orig-
inally used in the FG-27 thyratron. Heat that is radiated
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F1a. 9-16.—Typical indirectly heated cathodes used in hot-cathode arc tubes.

by any of the inner turns of the spiral filament is absorbed by
adjacent turns. Radiation from the outer surface is reduced
by the bright nickel cap which surrounds the filament. Heat
loss may also be reduced by crimping the ribbon, as in the
filament of Fig. 9-15b, or by folding it, as in the filament of
Fig. 9-15¢.1 Figure 9-16a shows the construction of the indirectly

1 Lowry, loc. cit.
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heated cathode used in the FG-67 and other types of thyratrons.
Heat loss is greatly reduced by reflection from the outer con-
centric eylinders. The active coating covers the outside of the
inner cylinder which surrounds the heater, the inner surface of
the first outer cylinder, and the connecting vanes. Figures 9-16b
and 9-16¢ show two cathodes that combine direct and indirect
heating.! The cathode of Fig. 9-15¢ has an average emission
current rating of 23 amp at a power consumption of 35 watts,
that of Fig. 9-15¢ a peak current rating of 65 amp at 200 watts,
and that of Fig. 9-16a an average emission current rating of
23 amp at 223 watts.

The difference in potential between the ends of the filament or
heater of a grid-controlled hot-cathode arc tube must be less
than the ionization potential of the gas or vapor. Otherwise
discharge takes place and produces a continuous supply of ions
that prevent the grid from controlling the anode current. In
filamentary cathodes the crest potential drop through the filament
must be less than the difference between the ionization and
disintegration potentials. If the filament voltage is higher
than this, the anode potential relative to the negative end
of the filament exceeds the disintegration potential when the
anode voltage relative to the positive end is equal to the ioniza-
tion potential. Special care must be taken in preventing
discharge between the ends of 110-volt heaters. Five-volt
cathode heaters or filaments are usually used.

9-15. Choice of Gas or Vapor.—Either mercury vapor or the
inert gases may be used in hot-cathode arc-discharge tubes but
mercury vapor is used in most types. The inert gases have the
advantage of not being greatly affected by changes of tempera-
ture. Because the vapor pressure of mercury is dependent
upon the temperature, mercury vapor tubes are very susceptible
to small changes of tube temperature such as may result from
air currents or changes of cathode temperature. The disad-
vantages of the rare gases are their higher ionization potentials,
which result in higher tube drop than with mercury; their very
much lower ignition voltages, which greatly reduce the maximum
alternating voltage that can be applied to the anode without
breakdown in the reverse direction and without loss of control
by the grid; and their likelihood of being ‘““cleaned up” as the

1 LowRry, loc. cit.
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result of absorption by the walls and electrodes. The tube
drop under load is about 10 or 11 volts in mercury vapor tubes
and about 16 volts in argon tubes. Only a small quantity of
mercury, usually not more than a few drops, is sufficient to
supply ample vapor. The vapor pressure is controlled by the
temperature of the tube, and usually lies in the range from 1 to
50 microns. In this range of vapor pressure, any glow that
may form when the cathode is cold, or when the anode is nega-
tive, is of the stable type, illustrated by the dotted characteristic
bm of Fig. 9-1. Such a stable glow is followed only rarely
by arc breakdown.

9-16. Grid Control of Arcs.—The most commonly used method
of controlling the firing of hot-cathode arc tubes is by means
of a grid. The grid acts primarily as a shield between the anode
and the cathode, preventing electrons emitted by the cathode
from moving into the accelerating field between the grid and
the anode. Inasmuch as only a few electrons in the grid-
anode space are enough to start the discharge, the effectiveness
of the grid depends upon how completely the grid shields the
cathode. Hence, the largest hole in the grid structure is the
determining factor, rather than the average mesh as in high-
vacuum tubes. By proper design of electrode shape and spacing,
the grid may be made to shield the cathode so completely that a
positive grid voltage is required to start the arc. The perform-
ance of a grid-controlled arc tube as a control device is specified
by its grid-control characteristics. These are curves of anode
voltage ws. critical grid voltage below which the tube fires.
Grid-control characteristics for several types of thyratrons are
shown in Figs. 9-19, 9-21, 9-23, and 9-25.

The critical grid voltage depends not only upon the electrode
structure and the anode voltage, but also upon the pressure,
which, in mercury vapor tubes, is a function of the temperature
of the condensed mercury. The vapor pressure not only affects
the critical grid voltage directly, but at high temperature the grid-
anode glow breakdown potential may be so low that a glow may
form between the grid and the anode at relatively low anode
voltage, and the grid thus lose control. At low temperature, on
the other hand, the vapor density may be too low to make pos-
sible sufficient ionization for the neutralization of negative space
charge near the cathode. The voltage therefore cannot fall to
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the low value that is characteristic of an arc, and the current 1s
limited by space charge.

Experiments have shown that the time required for complete
breakdown of grid-controlled arc tubes is of the order of a few
microseconds.! No study appears to have been made of the
mechanism of breakdown. The following is a possible theory.
Electrons that pass beyond the grid are accelerated by the field
between the grid and the plate and cause ionization in the grid-
anode region, the resulting positive ions being drawn to the
grid. Because the positive ions are greater in number than the
initial electrons that pass through the grid, a positive-ion sheath
is formed adjacent to the grid. As the grid is made less negative,
or more positive, more initial electrons enter the grid-anode
space, and the ionization increases. The resulting inecrease of
charge density in the sheath strengthens the field in the vicinity
of the grid. At some critical grid voltage the field strength
becomes great enough to cause glow breakdown. This is immedi-
ately followed by arc breakdown to the cathode. In negative-
grid tubes another possible factor in the breakdown process is the
shielding of the grid by positive-ion space charge, which causes
the grid to become ineffective in holding back electrons from the
cathode. Transfer of the discharge from the grid to the cathode
is probably caused by the high voltage drop through the dark
space that forms at the grid when glow breakdown occurs, the
number of electrons from the cathode that pass beyond the grid
being insufficient to neutralize the positive-ion space charge. In
positive-grid tubes the transfer is favored by the greater voltage
that exists between the cathode and the anode than between the
grid and the anode. In some tubes the critical grid voltage at
low anode voltage may be so positive that the initial breakdown
is between grid and cathode. In order that the discharge may
transfer to the anode the grid current must then exceed a
minimum value which decreases with increase of anode voltage.

Although experimental arc tubes have been built in which
large currents can be interrupted by a grid,? in practical tubes

1 NorrincguaM, W. B, J. Franklin Inst., 211, 271 (1931); HoLr, A. W,
and Sxoopy, L. B., Phys. Rev., 37, 1691 (1931) (abstr.); S~voppy, L. B,
Physics, 4, 366 (1933).

2 LUBCKE, E., Z. tech. Physik, 8, 445 (1927); KoBEy, A., Schweiz. elektro-
tech. Verein Bull. 24, 41 (1933); Riscw, R., Schweiz. elekirotech. Verein Bull.
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only very small anode currents can be stopped by the grid.!
For all practical purposes, therefore, it is correct to say that in
thyratrons the grid loses control of the anode current after
firing. The anode current is determined by the applied voltage,
the circuit impedance, and the essentially constant voltage drop
through the tube.

9-17. Grid Current Previous to Firing.—One very important
factor in the application of thyratrons is the grid current that
flows prior to firing. Grid current is particularly objectionable
in tubes used in control circuits in which the grid current must
flow through a very high resistance such as a phototube or a
coupling resistance. The resulting voltage drop may prevent
firing of the tube.2 By supplying electrons to the region between
the grid and the anode even when the grid is negative, grid
emission may also result in loss of grid control.

Grid current results from five principal causes: (1) electrons
attracted to the grid from the cathode, (2) positive ions attracted
to the grid, (3) electrons emitted by the grid, (4) capacitance
between the grid and other electrodes, and (5) internal or external
leakage between the grid and other electrodes. Electron flow
from cathode to grid is obtained only when the grid is positive or
insufficiently negative to counteract the initial velocities of
electrons emitted by the cathode. When the grid is negative, the
grid current results both from positive ions drawn to the grid and
from electrons emitted by the grid as the result of emitting
material deposited upon the grid. The closer the grid is to the
cathode, the greater is the amount of emitting material that is
condensed upon the grid, and the higher is the grid temperature
during operation. The grid current resulting from grid emission,
therefore, increases with decrease of spacing between the grid and
the cathode. It also increases with the grid surface available
for the depositing of emitting material and for subsequent
electron emission. Because positive-ion bombardment tends to
remove active material deposited upon the grid, grid emission is

26, 507 (1935); BouMEESTER, H., and DruyvesTEYN, M. K., Philips Tech.
Rev., 1, 367 (1936); Litp1, F., Helvetica phys. Acta, 9, 655 (1936); Electronics,
May, 1937, p. 66 (abstr.).

‘ReicH, H. J.,, Elec. Eng., 55, 1314 (1936).

tFrencH, H. W., J. Franklin Inst., 221, 83 (1936).
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less with tubes designed to operate with a negative grid.? Cur-
rent caused by capacitance between the grid and other electrodes
naturally increases with decrease of electrode separation.

9-18. External Grid Control.—An electrode on the outside of
the tube, in contact with the glass, can induce a charge on the
inner surface of the wall or change the charge that collects from
the ionized gas. If the electrode structure is such that negative
charge on the walls of the envelope can prevent emitted electrons
from leaving the cathode, then such an external grid can be used
to control firing of a hot-cathode are.? Because charge induced
on the inside of the glass wall rapidly becomes neutralized by
charge of opposite sign from the ionized gas, the external grid
voltage is effective only for short time intervals, and the external
grid is of principal value in a-¢ operation.

9-19. Control by Magnetic Field.—Another type of control
of breakdown of thyratrons is by means of magnetic fields.?
A field at right angles to the line between anode and cathode
raises the anode firing voltage, whereas a field parallel to the
anode-cathode axis usually lowers the firing voltage. The
control results from deflection of electrons leaving the cathode.
A field normal to the axis deflects the electrons in such a manner
as to reduce the number passing through the grid into the region
between grid and anode. A field parallel to the axis, on the
other hand, increases the number of electrons that enter the
region between the grid and the anode (see Sec. 1-21). Strong
radio-frequency fields, especially at very high frequencies, also
affect the firing of grid-controlled ares.*

9-20. Deionization.—The application of discharge tubes,
particularly of the grid-controlled type, is limited by time taken
for deionization after interruption of the anode current. In order

! Morack, M. M., Gen. Elec. Rev., 37, 288 (1934).

2 Cratg, Paumer H., Electronics, March, 1933, p. 70; WaranNaBg, Y.,
and Takano, T., J. Inst. Elec. Eng. Japan, 54, 131 (1934); Craig, P. H,,
and SaNrorp, F. E., Elec. Eng., 54, 166 (1935).

3 8avaaNONE, R., Elettrotecnica, 19, 689 (1932). Rgeicu, H. J., Rev. Sct.
Instruments, 8, 580 (1932); Electronics, February, 1933, p. 48. WATANABE,
Y., and Takano, T., J. Inst. Elec. Eng. Japan, 63, 62 (1933). Kano, 1., and
Tagauasui, R., J. Inst. Elec. Eng. Japan, 53, 83 (1933). McArTHUR, E.D.,
Electronics, January, 1935, p. 12. Penning, F. M., Physica, 3, 873 (1936).
Jurriaanse, T., Physica, 4, 23 (1937).

4+ RE1cH, loc. cit.
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that the grid shall be able to prevent firing when the anode
voltage is reapplied it is necessary that the ions remaining in the
interelectrode space shall be so few that anode-to-grid breakdown
cannot take place and positive-ion sheaths cannot shield the
grid. The completeness of deionization necessary to reestablish
grid control increases with anode voltage. For this reason the
time required for the grid to regain control increases with anode
voltage. Although a single nominal value of deionization time
is often given, it may not adequately indicate the performance
of the tube. The behavior of the tube can be specified com-
pletely by means of curves of voltage necessary to cause reignition
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Fia. 9-17.—Typical curves of arc reignition voltage of grid-controlled hot-
cathode arc tubes as a function of time after extinction.

as a function of time after extinction, for given values of grid
voltage, temperature or pressure, and current previous to
extinction. Typical curves of reignition voltage vs. time are
shown in Fig. 9-17.1

The most effective method of deionization in discharge tubes is
by recombination at electrodes and walls (see Sec. 1-11), and so
deionization is favored by reducing the distance that ions must
travel to walls and electrodes. Experimental curves such as
those of Fig. 9-17 show that pressure, magnitude of anode cur-
rent, and potential of the grid relative to the surrounding space
also affect the rate of deionization.? Because of increase of ion
density, the deionization time increases with inerease of current

L BErkeY, W. E., and HauLer, C. E., Elec. J., 31, 483 (1934).

? Huwn, A. W., Gen. Elec. Rev., 32, 222 (1929); BErxEY and HavLLER, loc.
cit.  See also 8. 8. Mackeown, J. D. Cobine, and F. W. Bowden, Elec. Eng.,
63, 1081 (1934); J. D. Cobine, Physics, T, 137 (1936); J. D. Cobine, and
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previous to extinction. Negative grid or anode voltage pulls the
positive ions out of the interelectrode space, and so speeds up
deionization. Resistance in the grid circuit causes a lowering of
negative grid voltage as the result of flow of positive-ion grid
current and thus slows down deionization. Increase of gas
pressure retards diffusion to the walls, increasing the deionization
time. Since the vapor pressure in mercury vapor tubes increases
with condensed mercury temperature, the rate of deionization
decreases with increase of tube temperature.

9-21. Voltage and Current Ratings of Phanatrons and Thyra-
trons.'—Because of the possibility of the formation of a glow
discharge between the anode and the grid and resultant loss of
grid control, there is a limiting value of positive anode voltage
above which a grid cannot prevent an arc tube from firing. This
is called the peak forward voltage. Likewise, there is a limiting
negative anode voltage, called the peak inwverse wvoltage, above
which a glow discharge may form between the anode and the
grid or cathode. There is then the possibility of arcback, which
is the flow of arc current in the reverse direction to the normal
flow. When arcback occurs, the tube ceases to rectify. Both
the peak forward voltage and the peak inverse voltage depend
upon the material of which the electrodes are made (or with
which they become coated), upon the kind of gas or vapor, and
upon the gas or vapor pressure. In vapor tubes, the large
change of vapor pressure with temperature makes these voltages
dependent upon tube temperature. The peak forward voltage
is greatly lowered if the grid becomes hot enough to give appreci-
able thermionic emission. Similarly, the peak inverse voltage is
lowered by undue heating of the anode. In periodie operation
of the tube, the peak forward and peak inverse voltages are also
dependent upon the time intervening between extinction of the
tube and reapplication of anode voltage and upon the magnitude
of the anode current previous to extinction. Because of danger
of excessive anode heating and of destructive positive-ion bom-

R. B. Power, J. Applied Physics, 8, 287 (1937); C. Concordia and W. F.
Skeats, Trans. A.I.E.E., 68, 371 (1939).

1 General Electric Company Bull. GET-426. See also H. C. Steiner,
A. C. Gable, and H. T. Maser, Elec. Eng., 51, 312 (1932); O. W. Pike and
D. Ulrey, Elec. Eng., 53, 1577 (1934); Standards on Electronics, p. 4,
Institute of Radio Engineers, New York, 1938.
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bardment of the cathode, current limitations also exist. The
maximum tnstantaneous anode current is the highest instantaneous
periodic current that the tube can stand under normal operating
conditions without damage to the anode because of overheating
or to the cathode because of positive-ion bombardment. The
length of time during which a given tube can stand this instan-
taneous current or the frequency with which it can stand an
instantaneous current surge of a given duration depends upon
tube heating.

The maximum average anode current is a rating based upon
tube heating. It represents the highest
average anode current that can be car-
ried continuously through the tube. In
the case of a rapidly repeating cycle of
operation, this may be measured on a
d-c meter. Otherwise, it is necessary to
calculate the average current over a
period not to exceed a definite interval
of time which is specified for each design
of tube. For instance, a tube with a
maximum instantaneous anode current
rating of 15 amp, a maximum average
anode current rating of 2.5 amp, and an
integration period of 15 sec could carry
15 amp for 2.5 sec out of each 15 sec or g, 9-18—KElectrode
7.5 amp for 5 sec out of every 15 sec.  structure of the type FG-67

. . . . thyratron.

The grid current ratings are given in
terms of the maximum instantaneous grid current and the maxi-
mum average grid current, and the integration period is the same
as for the anode current.

The tube voliage drop is the anode-to-cathode voltage under
normal anode current flow. It will be represented by the
symbol E,. The extinction voltage is equal to E,.

9-22. Electrode Structure and Characteristics of Thyratrons.—
In most applications in which thyratrons are operated with
direct anode voltage, or in which the frequency of the alternat-
ing voltage is high, it is necessary to use tubes that deionize as
rapidly as possible. Figure 9-18 shows the construction of a
typical tube of this type, the FG-67. Rapid deionization is
achieved by the use of close spacing and small volume between
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the grid ‘“baffle” (dotted in Fig. 9-18) and the anode and cathode,
small distance between the back of the anode and the glass bulb,
close spacing between the glass bulb and the upper part of the
grid cylinder, and small holes in the grid bafle. The rated
deionization time of the FG-67 thyratron is 100 microseconds.
The grid-control characteristics are shown in Fig. 9-19. Because
of the high shielding by the grid and the closeness of the grid
to the cathode, the grid current previous to breakdown is high,
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F1a. 9-19.—Grid-control characteristics of a type FG-67 thyratron. (From data
obtained by Robert Gitbson for Master's thests, University of Illinois, June, 1940.)

and the tube is not suitable for use in circuits in which the grid
current must flow through a high resistance.

In three-electrode thyratrons designed for control circuits with
high grid-circuit resistance, the grid current is kept small by the
use of adequate spacing between electrodes; by designing and
placing the grid so as to reduce depositing of emitting material
evaporated from the cathode, as well as heating of the grid by the
cathode; and by making the shielding action of the grid small
enough so that a negative voltage must be used on the grid to
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prevent firing. Figure 9-20 shows the electrode structure of a
typical heater-cathode thyratron triode of the negative-grid type,
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Fra. 9-20.—Electrode Fie. 9-21.—Grid-control characteristics of the
structure of the type FG-57 type FG-57 thyratron.
negative-grid thyratron.
the FG-57. The grid-control characteristics of this tube are
shown in Fig. 9-21. The rated deionization time of this tube is
1000 microseconds. Anode

In some control circuits it is advantageous 3
or necessary to use a tube in which a positive
grid voltage is required to start the arc.
Positive grid control can be attained at the
expense of increased grid current by making
the shielding action of the grid so effective
that the field from the anode cannot penetrate
to the cathode. This is accomplished by the
use of three baffles in the grid structure, in
place of the single baffle used in negative-grid
tubes. The holes in the grid baffles are also
much smaller than the single hole used in the
grid of the negative-grid tube. Figures 9-22  Fra. 9-22.—FElec-
and 9-23 show the electrode structure and z;c;dee E%‘_l;;ug;:ftgi
grid-control characteristics of the type FG-33 erid thyratron.
positive-grid thyratron, which has a rated deionization time of
1000 microseconds.

D-¢ Anode Voltage, Volts

---Cathode
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Even with the most careful design, the grid current of three-
electrode thyratrons previous to firing may be so great as to give
difficulty when the grid circuit contains very high resistance.
Furthermore, the changes in grid current as the tube warms up
or ages may necessitate frequent readjustment of the circuit
constants or voltages. These difficulties may be avoided by
the addition of a fourth electrode, which acts as a shield.?
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F1a. 9-25.—Grid-control characteristics of the type FG-95 shield-grid thyratron

The construction of a typical shield-grid thyratron, the FG-98,
is shown in Fig. 9-24. In this tube the shield grid consists of a
structure intermediate in form between the grids of negative-
and positive-grid three-electrode thyratrons, two baffles being
used. The control grid consists of a short cylinder whose
diameter is somewhat larger than the holes in the grid baffles, and
the grid is placed between the two baffles. It can be seen
that the form and position of the control grid are such as to
prevent the depositing of appreciable amounts of emitting
material from the cathode or the absorption of much heat

! LivingsToN, O. W., and Maser, H. T., Electronics, April, 1934, p. 114;
Jacosr, W., and KNIEPKAMP, H,ET.Z, 58 1233 (1937)



268 PRINCIPLES OF ELECTRON TUBES [CraP. 9

radiated by the cathode or anode. Moreover, this grid is
out of the direct path of the are, so that the grid current when
the tube conducts is also reduced and the grid receives little
heat from the arc. The small size of the control grid minimizes
the grid current resulting from electrons or ions drawn to the
grid or reaching the grid from the cathode as the result of initial
velocities. The small size of the grid and the grid lead, in
conjunction with the shielding afforded by the shield grid, also
results in low capacitance between the grid and the anode and
cathode. The short and direct grid lead minimizes both the
internal and the external leakage.

Another very important advantage of the shield-grid thyratron
is that the tube can be made to have either positive or negative
control characteristics by adjusting the voltage of the shield
grid. This is indicated by the characteristics of the type FG-95
thyratron, shown in Fig. 9-25.

9-23. Comparison of Thyratrons and High-vacuum Tubes.—
Thyratrons differ from high-vacuum tubes in more respects
than they resemble them. The similarity consists mainly of
the dependence of current in both types of tubes upon thermionic
emission and upon movement of electrons from cathode to
anode. The differences between the two types, in addition to
those involving the structure of the electrodes and envelopes,
the presence of gas or vapor and of positive ions in thyratrons,
and the emission of light from thyratrons, are shown in Table 9-1.

The high anode and emission efficiencies of hot-cathode arc
tubes make possible the control of large currents and high power
by means of relatively small tubes. The FG-57 thyratron, for
instance, has a maximum average anode current rating of 23 amp
and a peak anode voltage rating of 1000 volts and can, therefore,
control 2500 watts of power. This tube is only slightly larger
than the type 50 high-vacuum triode, which has a maximum
operating plate current of 55 ma and a power output that cannot
exceed about 20 watts, even in class C operation.

Hot-cathode arc tubes have been built in sizes ranging from
10 watts to 100 kw (load power). Current ratings range up to
100 amp average current, and voltage ratings up to 1500 volts.
There is a corresponding variation in tube structure and design,
ranging from small glass-enclosed argon-filled tubes to large
water-cooled metal-enclosed mercury vapor tubes.
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TaBLE 9-1.—CoMPaRISON OF THYRATRONS AND HigH-vacuum TUBEsS

Thyratron
Grid loses control after the tube fires.

Anode and grid currents are deter-
mined by the applied voltage and
the circuit resistance. Circuit
resistance is essential.

Essentially a high-current, low-volt-
age tube. Because of low tube
drop, anode-circuit efficiencies may
exceed 98 per cent.

Anode voltage is constant after the
tube fires.

Cathode emission efficiency may be
high.

Cathode heating time is high in types
using high-efficiency heater-type
cathodes. Tube heating time may
also be high in mercury vapor
tubes.

Cathode may be damaged if oper-
ated at low temperature or if the
anode current exceeds the thermi-
onic emission current for any other
reason.

Characteristics of mercury vapor
tubes are affected by tube temper-
ture.

Grid current flows when the grid is
negative.

Deionization time limits frequency
of operation to several thousand
cycles or less.

Arcback may occur.

High-vacuum

Grid has complete control of anode
current.

Anode current is determined by the
electrode voltages. No ecircuit
resistance needed.

Essentially a low-current, high-volt-
age tube. Plate-circuit efficiency
may approach 85 per cent in class
C operation, but is usually less
than 50 per cent.

Anode voltage may vary.

Cathode emission efficiency is rela-
tively low.

Except in large power tubes, heating
time is short.

Cathode temperature may be re-
duced without damage to the tube.
The cathode is not ordinarily
damaged by currents exceeding
rated values.

Characteristics are independent of
tube temperature.

Negligible grid current flows when
the grid is more than approxi-
mately 14 volt negative.

The frequency of operation may
exceed 100 Mec.

Tube conduets in one direction only.

Special Precautions in the Use of Arc Tubes.—Before pro-

ceeding to a discussion of circuits for hot-cathode arc tubes it
seems advisable to list special precautions that must be observed
in the use of these tubes. They are as follows:

1. The cathode should be brought to normal operating temperature
before anode voltage is applied. Failure to observe this precaution
results in excessive cathode drop and in eathode disintegration.
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2. Mercury vapor tubes should be heated for a sufficient time to allow
the vapor pressure to assume its normal value. Greater heating time
is required if the mercury has been scattered about the tube walls and
electrodes than is otherwise needed.

3. Enough anode resistance must be used to limit the maximum
instantaneous and average anode currents to their rated values. Failure
to observe this precaution results in cathode disintegration and over-
heating of the anode.

4, Sufficient resistance must be used in the grid circuit to limit the
maximum instantaneous and average grid currents to their rated values.
Excessive grid current may cause damage because of heating of the grid
or the grid-lead wires. If the grid resistance is omitted and an arc
forms to the grid, the current may rise to such a high value that the grid
wires may melt or the heating of the grid lead shatter the seal and
allow air to enter the tube.

9-24. Applications of Hot-cathode Arc-discharge Tubes.—
Applications of hot-cathode arc tubes include light production,
rectification, current and power control, oscillation (inversion),
commutation, and amplification. Some of these applications
will be discussed in the following sections.

Hot-cathode Arc Tube as a Light Source.—The use of arcs
as light sources is one of the early practical applications of
electricity. Arc-discharge tubes such as the mercury vapor
and sodium vapor lamps are efficient sources of light, for they
have the advantage of producing visible radiation in the man-
ner of the glow tube and have a much smaller voltage drop.*
Recently the fluorescent vapor lamp has taken its place among
practical high-efficiency light sources. Except during starting,
the filamentary cathodes in this type of tube are heated by
positive-ion bombardment. The light emanates mainly from a
fluorescent coating on the inner surface of the glass tube, a
great variety of colors being obtained by the use of different
fluorescent materials. For details of the design and operation
of arc lamps the reader will find it instructive to refer to the
technical literature on the subject.?

Thyratrons may be used as a stroboscopic light source.
Usually, however, the production of light of sufficient intensity

! Dusaman, S., Elec. Eng., 63, 1283 (1934).

? Mawey, R. D., Elec. Eng., 63, 1446 (1934); Burroren, L. J., Elec. Eng.,

65, 1174 (1936); McKENNa, A. B., Elec. J., 33, 439 (1936); Hawxkins, L. A,
Trans. Am. Iluminating Eng. Soc., 32, 95 (1937).
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for the observation of rapidly moving objects requires such high
values of peak current that cold-cathode tubes stand up better.
A second advantage of cold-cathode arc tubes for this purpose
is the more rapid deionization, which makes possible a light flash
of extremely short duration. Stroboscopes will, therefore, be
discussed in a later section dealing with
cold-cathode are tubes.

9-25. Hot-cathode Arc Diode as a
Rectifier.—Like its high-vacuum counter-
part, the hot-cathode arc tube is essenti-
ally a rectifier. At voltages for which
the tube is designed, current flows in only

~one direction. There are, however, two
essential differences, which have been
noted before. The tube voltage drop is
only from 10 to 20 volts, and the voltage
is almost independent of the current
passed by the tube. Hence the arc tube
acts like a switch of zero resistance in
series with a counter-e.m.f. of from 10 to
20 volts. Figure 9-26 shows the con-
struetion of the type FG-166 phanatron.

Rectifier circuits using hot-cathode arc
tubes are the same as those using high-
vacuum tubes, but provision must be
made to ensure that the tube is brought
to rated temperature before the anode
voltage is applied. The advantages of
arc tubes over high-vacuum tubes in
rectification will be discussed in Sec. 11-3.
Circuits and filters for rectifiers will also F o

. 1G. 9-26.—Cutaway
be taken up in that chapter. view of the type FG-

9-26. Arc Tube as a Control Device. 166 phanatron rectifier.

R A . (Courtesy of General Elec-
D-c Operation.—In most applications of #ric Company.)
thyratrons to the control of direct current
and power it is essential not only to control the firing of the tube
but also to stop the anode current at a subsequent time. Since
the grid usually has little or no effect upon the anode current
after the tube fires, it is necessary to find some other means of
stopping the current. The simplest method is, of course, to open
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the circuit, but this is usually not feasible, especially when the
anode current is large. Furthermore, convenience and flexibility
of control demand that the current should be interrupted by
electrical, rather than mechanical, means. Four circuits, called
the parallel, series, relaxation, and counter-e.m.f. circuits, have
been devised for this purpose. Because of its many applications,
the parallel circuit will be treated in detail.

9-27. Parallel Control.—The basic parallel circuit for the
control of direct current is shown in Fig. 9-27. Closing switch
S1reduces the negative bias on the grid (or applies a positive bias)
and causes the tube to fire. The grid no longer has control, and
the switch S; may be opened without affecting the anode cur-
rent. The potential drop across the load R, charges the con-
denser C to a voltage equal to the supply voltage less the tube
drop. The polarity is such that ter-

C
‘ b inal b of the condenser is positiv
——2|lp—— minalbo p e
L + | relative to terminala. If the switch
RL| Rg| #S21is closed, the positive terminal

i

1e an
YWY

Bde== s, ﬁ/ b of the condenser is connected to
XSI - the cathode, and, since the negative
| | terminal is already connected to
FIG-th9-21-—Basii {)a?alle,lt d-c the anode, the anode is made nega-
YYalrof control eirerit. tive with respect to the cathode.
The are current stops, and the current through the load is diverted
to the charging of the condenser. As the condenser charges, the
anode voltage rises. If the grid is negative and the tube deionizes
so rapidly that the anode voltage never becomes equal to the tube
reignition voltage (see Sec. 9-20), then the arc stays out and the
grid regains control. This is usually expressed somewhat less
precisely by stating that the grid regains control if the deioniza-
tion time is shorter than the time required for the anode voltage
to reach the value corresponding to the normal tube drop.
The rate of rise of anode voltage decreases with increase of con-
denser capacitance and of load resistance. The rapidity of deion-
ization, on the other hand, decreases with increase of load current.
The capacitance necessary to ensure that the grid shall regain
control, therefore, increases with load current. The purpose of
the resistance R, is to prevent a short circuit of the battery when
8. is closed.
1 HuLn, A. W, Gen. Elec. Rev., 32, 390 (1929).
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A much more useful circuit is obtained by replacing S, in
Fig. 9-27 by a second thyratron, as shown in Fig. 9-28.! When
either tube is conducting, the condenser charges to such polarity
that the terminal connected to the anode of that tube is negative
with respect to the other terminal. Firing of the other tube
by a positive grid impulse applies a negative voltage, equal to the
supply voltage less twice the tube voltage drop, to theanode
of the first tube, causing it to be extinguished. Similar action
is obtained if the resistors are adjacent to the cathodes and the
condenser is connected between the cathodes, as in Fig. 9-29.
The firing impulses may be applied to the grids directly, as in
Fig. 9-28, through resistance-capacitance networks, as in Fig.
9-29, or through one or two transformers, as in Fig. 9-30.

c
_._.li__
VT' v‘v‘v‘v_hv‘v"" V T2
R, R2 g|
+ Controf

Control =, vo/toge o
vo/toge - T

T T L

Fic. 9-28.—Two-tube parallel d-c¢ Fig. 9-29.—Alternative form of two-
control circuit. tube parallel d-c control circuit.

From the theory of operation of the circuits of Figs. 9-28 and
9-29 it follows that it is necessary to have rapid rise of arc
reignition voltage in order to ensure that one tube extinguishes
when the other fires. For this reason tubes with short rated
deionization time should be used in these circuits and their
derivatives. This is especially important when the circuits are
used as the basis of inverters or other types of oscillators. The
FG-67 and FG-43 thyratrons and other types having equal or
shorter deionizing time are suitable for this kind of service.

The circuits of Figs. 9-28 and 9-29 are the basis of many
interesting and useful circuits. One of these is the parallel type
of thyratron inverter.

9-28. Thyratron Inverters.—The use of direct current in
place of alternating current in the transmission of power has a
number of advantages, the most obvious of which is that direct
current involves only voltage and polarity, whereas alternating

! HuLr, A. W., Gen. Elec. Rev., 32, 399 (1929).
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current involves voltage, frequency, phase, phase sequence,
and power factor. From an economic point of view the advan-
tage of d-c transmission arises from the higher voltage which
can be used without danger of corona. The maximum r-m-s
alternating voltage that can be transmitted is less than the
maximum direct voltage because the ecrest voltage determines
the magnitude of corona effects. Other advantages of d-c¢ trans-
mission are elimination of dielectric losses and line reactance and
reduction of insulation stresses at a given effective voltage.
Disadvantages of d-c¢ transmission are the greater likelihood of
insulator flashover and resultant power arc, and the greater
difficulty of interrupting an arc when it does occur. Because
of the difficulty of generating high direct voltage and the impos-
sibility of transforming direct voltages, d-¢ power transmission
necessitates the use of rectifiers at the transmitting end of the
line and of equipment for changing back to alternating current
of suitable wave form at the receiving end.! An arc-tube
oscillator capable of changing appreciable d-¢ power into a-c
power at commercial frequencies is called an inverter. Four
types of single-phase inverters have been developed. These are
based upon the parallel, series, relaxation, and counter-e.m.f.
control circuits.

Another field of application of inverters may be developed
in the speed control of synchronous and induction motors. Since
the frequency of the a-c output of the inverter is easily controlled
by the grid excitation, speed control of motors connected to the
inverter may thus be obtained.

9-29. The Parallel Inverter.—The parallel type of inverter is
essentially the parallel d-e control circuit of Fig. 9-28, with the
anode resistors replaced by a center-tapped transformer.2 In the
simplest form of parallel inverter the grids are excited from an
external source of voltage of desired frequency through a center-
tapped grid transformer, as in Fig. 9-30. Each tube conduects
during one-half of the cycle of grid excitation voltage. Com-
mutation is obtained by use of the commutating condenser C, as
explained in Sec. 9-27. 'The output voltage wave form is depend-

! WiLwis, C. H., Beprorp, B. D., and ELDER, F. R., Elec. Eng., b4, 102
(1935); Beprorp, B. D., Evper, ¥. R., and Wiruis, C. H., Gen. Elec. Rev.,
89, 220 (1936); ALExANDERsON, E. F. W, Electronics, June, 1936, p. 25.

2 Prince, D. C., Gen. Elec. Rev., 31, 347 (1928); Houwy, loc. cit.
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ent upon the magnitude of the load current, the power factor of
the load, the leakage inductance of the transformer, and the induc-
tance in series with the d-¢ supply, and upon the capacitance of
the condenser. If the coupling of the transformer is close, as is
usually true, the wave form of the output voltage is approxi-

Fra. 9-30.—Circuit of separately excited parallel inverter.

mately that of the condenser voltage. Figure 9-31 shows typical
waves of output voltage.” Waves of the form of (a) or (b) are
likely to be obtained when the load is nonreactive; waves of
the form of (¢) are obtained when the ratio of the total effective
inductance to the total effective resistance of the circuit, includ-
ing the load, is high. The .
dotted lines indicate instants 5 /\ | A
at which the tubes fire. 5 ‘ \l(/ !
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. . induecti .
done, it is essential that the (©) inductive fon

exciting voltage should have the proper phase relation to the
output voltage. The phase of the grid voltage may be con-

1 Tompkins, F. N., Trans. Am. Inst. Elec. Eng., 61, 707 (1932); ScHILLING,
W., Arch. Elekirotech., 27, 22 (1933); Runce, 1., and BeckeneacH, H.,, Z.
tech. Physik 14, 377 (1933); WacenERr, C. F., Elec. Eng., b4, 1227 (1935); 65,
970 (1936).
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trolled by means of combinations of capacitance and resist-
ance. Figure 9-32 shows one form of self-excited circuit.!
The frequency is controlled by the constants of the grid
and anode circuits. The frequency varies with d-c line voltage
and with load current and power factor. To prevent excessive

A-c oufpuf A-c output

—-—1

oy

Fia. 9-32. Fia. 9-33.
Fias. 9-32 and 9-33.—Self-excited parallel inverters.

frequency variation and to ensure that incorrect phase relation
between grid and output voltages will not cause the operation to
become unstable and both tubes to fire simultaneously, consider-
able care is necessary in the design of the grid circuit. A type
of self-excited parallel inverter in which excitation involves grid
rectification is shown in Fig. 9-33.2

100 o] T 120 +
a — Ytout Va/fz%’; 1 |0 n_+
£75 ] I |000
a_‘_-_-’so E_Ff"cfeﬂc __—-——4 8
i | srrel=" 1§
E jnput s 13 g
825 D-c Voltarge =1I5V— 2 <
& frequency = 60~ | %
& RIeS/sfa'nce lood 2
0 —

Q 50 100 150 200 250 300
Watts Output

Fia. 9-34.—Performance curves for a parallel inverter.

Figure 9-34 shows curves of output voltage and efficiency
for a parallel inverter operating from a 115-volt d-¢ supply.?

1 BakeR, W. R. G., FitzceERALD, A. S., and WHITNEY, C. F., Electronics,
April, 1931, p. 581.

2 StansBURY, C. C., Elec. Eng., 62, 190 (1933).

s Baker, W. R. G., and CorNELL, J. 1., Electronics, October, 1931, p. 152.
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The low efficiency is caused by the comparatively small direct
supply voltage and the consequent high ratio of the tube drop
to the supply voltage. Both the efficiency and the output are
increased by raising the direct voltage.

9-30. The Thyratron as a Saw-tooth-wave Generator.—
Thyratron inverters are designed primarily for the generation
of large amounts of a-¢ power in applications in which sinusoidal
wave form is desirable. Thyratrons are used also in the produc-
tion of low-power alternating voltages of saw-tooth and rec-
tangular wave form. A rectangular voltage wave may be
obtained across the load resistors in the eircuit of Fig. 9-28
when the grids are excited with alternating voltage of the desired
frequency, as in the parallel inverter of Fig. 9-30.

As generators of saw-tooth voltage, thyratrons are used in a
manner- similar to that of glow tubes, but have a number of
advantages. Dependence of firing voltage upon grid voltage
makes possible simple control of amplitude. Because of the
amplifying property of the grid, smaller voltage is required
to synchronize the oscillator to a control frequency, and there
is less likelihood of distortion of the voltage wave than when the
control voltage is introduced in series with a glow tube. The
lower tube drop allows the use of smaller supply voltage and, in
conjunction with the use of negative grid bias to obtain high
firing voltage, results in large amplitude of oscillation. The
high instantaneous current that the tube will pass results in
shorter discharge time than with glow tubes and makes possible
the increase of amplitude of oscillation by the use of inductance
in series with the condenser. Shorter deionizing time allows
oscillation to take place at much higher frequency. Finally,
the presence of an ample supply of electrons at the cathode
makes the firing potential independent of cathode illumination
and of cosmic radiation and other random ionizing agents. The
frequency is, therefore, much more constant than with glow
tubes. The dependence of firing voltage of mercury vapor tubes
upon tube temperature makes it advisable to use gas-filled tubes
when frequency stability is important.

The circuit of Fig. 9-35 oscillates when the grid voltage is
insufficiently negative (or too positive) to prevent the tube from
firing at the maximum voltage to which the condenser charges.
The condenser charges exponentially, and the condenser voltage
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is of the form shown in Fig. 9-36. Because of the action of the
inductance L, the condenser discharge is nearly sinusoidal and
the condenser polarity reverses during discharge.! The total
change in condenser voltage is approximately equal to twice the
firing voltage V; minus the tube drop E.. The inductance should
be large enough to limit the discharge current to the rated

Synchronizing |
voltage
Ebb

Fia. 9-35.—Basic circuit of the thyratron relaxation oscillator.

maximum instantaneous anode current. The frequency of
oscillation is approximately

;= L (9-3)

Ey + Vf — E
R.Cy log =/ — - F
e & Ebb - Vf
The circuit also oscillates when L is replaced by a resistance, the
behavior being similar to that of the glow-tube oscillator of
Fig. 9-6. The change in condenser voltage is equal to the
difference between the ignition

R s B Ha and extinction voltages,? and the
Zero voltage;

/ |/ V <------ frequency of oscillation is

Thme — f= ! (9-4)
Fia. 9-36.—Wave f{)rm.of the. conden- RC lo g, Eilgb__f_Eg
ser voltage of the circuit of Fig. 9-35. E, -7V ;

If the resistance R is replaced by a voltage pentode operated on
the flat portion of the plate characteristie, the charging current is
nearly constant, and the condenser charges practically linearly, as
in the glow-tube oscillator of Fig. 9-9. A type 885 or 884
argon-filled tube is commonly used in this eircuit. The extine-
tion voltage of this tube is only about 15 volts, and the firing
voltage may be as high as 300 volts (with —30 volts on the grid).
Because of the large difference between V; and E,, the amplitude
of the condenser voltage is much greater than in the glow-tube

1 Note that L may be merely the inductance of leads betweeq the con-
denser and the tube.
2 The extinction voltage is equal to the tube drop E..
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oscillator. When the inductance L is used, the condenser voltage
may vary between the maximum limits of —300 and 300 volts.
The frequency of oscillation is approximately

1

I=wr=mc ®9

where I is the constant charging current, V; is the firing voltage,
E, is the tube drop, and C is the total capacitance, including
that of the tube and wires. In the derivation of Eq. (9-5), it
is assumed that the inductance L has negligible resistance and
that the condenser discharge is instantaneous. When L is
replaced by a current-limiting resistance, the frequency is given
approximately by Eq. (9-2), in which V, equals E,.

Since V; and E, are independent of frequency in arc tubes, Eqs.
(9-2) and (9-3) to (9-5) may be used in. predetermining the
frequency of oscillation or in designing an oscillator for a desired
frequency range. As in glow-tube oscillators, very low frequency
of oscillation may be attained by the use of large condensers.
Because of the greater difference between ignition and extinction
voltages, the condenser capacitance required for a given fre-
quency is lower in the arc-tube oscillator than in the glow-tube
oscillator. Frequencies higher than 20,000 ~ may be attained
with the are-tube oscillator, the upper limit of frequency resulting
partly from failure of the tube to extinguish when the period of
oscillation approaches the deionization time. '

In order to protect the tube against damage as the result of
excessive peak current, resistance or inductance must be used in
series with the tube. For a maximum condenser voltage of
300 volts, the type 884 tube requires a current-limiting resistance
of 1000 Q, or an inductance equal in henrys to the condenser
capacitance in microfarads.?

A typical circuit using a pentode to control the charging cur-
rent is shown in Fig. 9-37. P, adjusts the charging current by
varying the control-grid voltage of the pentode and thus controls

1 When a condenser of capacitance C, initially charged to a voltage E,, is
discharged through an inductance L, and the ratio of inductance to resist-
ance is high, the peak discharge current is approximately equal to £, +/C/L.
Thus, if the inductance in henrys is equal to the capacitance in microfarads,
the peak current is approximately Eo/1000 amp, which is the same as would
be obtained if the condenser were discharged through a 1000-Q resistance.
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the frequency. P, adjusts the 884 bias and thus the ignition
voltage. Since the ignition voltage affects both the amplitude
and the frequency of oscillation, P, changes the amplitude and
frequency simultaneously. P; varies the amplitude of the out-
put voltage. The principal application of this and similar
circuits is in providing a linear time axis for cathode-ray oscil-
lographs (see Sec. 12-5).

9-31. A-c Operation of Thyratrons. Phase Control.—When
a thyratron is operated on alternating voltage, the tube extin-
guishes near the end of the positive half cycle, and the grid regains
control without the use of special circuits for interrupting the
anode current. By controlling the time in the cycle at which the

Ol f
N |

Ouvfput
v /rl‘gge

2to/0megobms

50082 50000 20,000ﬂ

LL Synchronizing
° 350 fo 400 v. Q voltage input

Fia. 9-37.—Thyratron relaxation oscillator in which the condenser charging
current is controlled by a pentode.
tube fires, the grid can vary the average anode current. This
type of control may be attained by varying the phase of the grid
voltage with respect to the anode voltage.! The principle of
operation can be explained by the aid of the diagrams of Fig.
9-38, which apply to resistance load. The solid curve v, repre-
sents the sinusoidal applied voltage in the anode circuit, which
is equal to the instantaneous anode voltage e,, up to the time
of firing. The other solid curve v, represents the instantaneous
applied voltage in the grid circuit. Under the assumption that no
grid current flows previous to firing, the grid voltage ¢, is equal
to v, up to the instant of firing. The dotted curve indicates
the critical grid voltage at which the tube would fire at the
instantaneous anode voltage given by the curve of v,. The
critical-grid-voltage curve is derived from the grid-control
characteristic.
! Touron, P., U. 8. Patent 1654949.
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The tube fires at the instant in the cycle when the grid voltage
becomes less negative (or more positive) than the critical grid
voltage. The anode voltage then becomes equal to the normal
tube drop, and, with resistance load, the anode current rises
abruptly to a value equal to the applied anode voltage less the

-~Applied anog’f (\)/oolfage; Y

y

i lonization voltage
;e 7 —

/\ ———— - Applied grid voltage, \/g
‘Critical grid
voltage

(@

\

Jrooe s )!

0=/50°log
1YY

< 2
| @=/60°7
: fead

!

F1a. 9-38.— Variation of the firing period of a thyratron by change of phase angle
between grid voltage and anode voltage.

tube drop, divided by the load resistance. Current continues to
flow until the anode supply voltage falls below the ionization
potential toward the end of the positive half eycle. The wave of
tube current during the conducting portion of the cycle is of
nearly the same shape as the wave of applied anode voltage. To
avoid needless complication of the diagrams, the current waves
are not shown, but the portion of the ¢ycle during which current
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flows is indicated by shading. The instant in the cycle at which
the tube fires is that at which the intersection of the applied-
grid-voltage curve crosses the curve of critical grid voltage from
below.! Diagrams q, b, ¢, and d correspond respectively to 0-,
90-, 150-, and 180-deg lag of grid voltage relative to anode volt-
age. Inspection of these diagrams shows that the instant of
firing is retarded by increase of angle of lag 8 and that the portion
of the cycle during which current flows is decreased, becoming
zero when 0 is slightly less than 180 deg. The average anode
current therefore decreases progressively with inerease of angle
of lag.

The reader can readily show by means of similar diagrams that
if the grid excitation voltage leads the anode excitation voltage
by any angle up to about 170 deg, the tube fires as soon as the
anode voltage exceeds the ionization potential, near the beginning
of the cycle. Since the grid has no control after the tube fires,
current flows during practically the entire positive half cycle.
Diagram e corresponds to a 160-deg angle of lead.. When the
angle 6 approaches 180-deg lead, however, a value is reached at
which the grid voltage is more negative (or less positive) than the
critical value throughout the positive half eycle. For values of 8
greater than this, no current flows. Thus a small change of 6
in the vicinity of 170-deg lead causes an abrupt change of anode
current from full average value to zero. This will be termed
on-off control, in contrast to the gradual or progressive control
obtained when the grid voltage lags the anode voltage.

When the load contains inductance, the anode current wave
differs in shape from that of the applied anode voltage. The
current rises gradually after firing and continues to flow after the
anode supply voltage falls below the ionization potential,
the shape of the wave depending upon the ratio of inductance
to resistance in the load.

Figure 9-39 shows the manner in which the average anode
current varies through a resistance load as the phase angle 4 is
varied from 180-deg lag to 180-deg lead. This diagram is
derived under the assumption that the amplitude of the applied
grid voltage greatly exceeds the maximum critical grid voltage.

1 Since the grid has no control after the tube fires, nothing happens at an

instant in the cycle when the wave of applied grid voltage crosses the wave
of critical grid voltage from above.
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The fairly wide range of phase angle in the vicinity of 180 deg
throughout which the anode current is zero results from failure
of the tube to conduct at anode voltages lower than the ioniza-
tion potential. Because of reduction of the fraction of the cyecle
during which the anode voltage is less than the ionization poten-
tial, the zero-current range of the control characteristic of
Fig. 9-39 decreases with increase of anode voltage amplitude.

] I
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Fia. 9-39.—Theoretical curve of average anode current of a thyratron as a
function of the phase angle 6 of the grid voltage relative to the anode voltage.

A similar type of control is effected by keeping the phase of the
grid voltage constant and varying the amplitude. If v, lags v, by
slightly less than 180 deg, as shown in Fig. 9-40, the variation of
anode current is gradual. If the angle of lag is 180 deg, on-off
control is obtained. Phase control can also be used with tubes
controlled by external grids' or magnetic fields? or with the
ignitron (see Sec. 9-40).

The anode current can be
varied gradually over a smaller
range when alternating voltage
is used in the anode circuit and
direct voltage in the grid circuit.
If the grid voltage is insufficiently

X . Fig. 9-40.—Wave diagram show-
negative (or too positive) to pre- ing the variation of firing period by

change of amplitude of grid voltage.

vent the tube from firing at the
beginning of the cycle, then anode current flows during nearly
the whole positive half cycle. Increase of negative grid voltage
(or decrease of positive voltage, in the case of a positive-grid
tube) makes the tube fire later in the cycle. When the grid
voltage is only slightly less than that required to prevent firing
at the crest of the applied anode voltage, the tube conducts
for approximately a quarter of the cycle. TFurther increase of

1 See footnote 2, p. 260.
2 See footnote 3, p. 260.
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negative grid voltage prevents the tube from firing at all. The
current can be decreased continuously from a value correspond-
ing to half-wave rectification to half this value. A serious dis-
advantage of this type of circuit is that its behavior is influenced
by small changes of anode supply voltage. This type of control
is not applicable to external grid tubes but can be used with
magnetic control.

9-32. Phase-control Circuits.—Any
convenient method can be used to shift
the phase of the grid voltage. A simple
method is the use of a phase shifter (a
transformer having a single-phase second-
ary winding that can be turned through
360 electrical degrees within a polyphase
winding arranged to produce a rotating

Fro. 9-41—Simple typo ﬁelc'l) as in.Fig. 9-50a. A series combi-
of practieal phase-control nation of resistance and reactance is the
eirouit. basis of a number of practical phase-
control circuits, of which Fig. 9-41 is a typical example. The
phase of the grid voltage is varied by changing R or C. The func-
tion of R’ in series with the grid is to limit the grid current to a
safe value after the tube fires. The required value depends
upon the minimum values of the two phase-shifting impedances.
It may be omitted if both impedances are at all times large
enough to limit the grid current to the maximum average value.
With tubes in which appreci-
able grid current flows previous
to firing, the voltage drop
through this resistor may affect
the phase control adversely.
For this reason, this resistor
should in general not be much Fig. 9-42.—Vector diagram fo rthe cir-
larger than necessary to limit cuit of Fig. 9-41 previous to firing.
the grid current after firing. The resistor has little effect, how-
ever, in circuits using shield-grid thyratrons, which pass negligible
grid current previous to firing.

The vector diagram representing the voltages of the circuit of
Fig. 9-41 up to the time that the tube fires is shown in Fig.
9-42. The current I,; is used as reference, and the grid current
is assumed to be negligible previous to firing. The voltage Vs
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across the resistance is in phase with the current, whereas the
voltage V1 across the condenser lags the current by 90 deg. The
secondary voltage Vi3 is the vector sum of Vi and V. The grid
voltage V, is equal to Vg, which is the vector sum of V' and Vg,
or the vector difference of Vi and Vi,. The impressed anode
voltage V, is equal to Vas.

A vector diagram that is more susceptible to analysis may be
derived from that of Fig. 9-42 by
application of the theorem that the
significance of a vector diagram is un-
changed by displacing the vectors
without altering their magnitudes or
the angles between them.'! The result-
ing diagram for the special case in = o 27 vector
which the secondary is center-tapped diagram equivalent to the
is that of Fig. 9-43. Since Vi and vecter diagram of Fig. 9-42.
V4 are perpendicular and their sum is always equal to the
secondary voltage Vs, which is assumed to be constant, it
follows from a theorem of plane geometry that their inter-
section must lie on the circumference of a circle, the diameter
of which is Vi It can be readily seen from this diagram
that decreasing R, or increasing the capacitive reactance by
decreasing C, decreases 0, the angle of lag of the impressed grid

——= voltage relative to the impressed
anode voltage, and thus produces a
gradual increase of average anode
current.

When the resistance and condenser
are interchanged, the vector diagram
becomes that of Fig. 9-44.2 The angle

Fi1e. 9-44.—Circle vector
diagram for the circuit ob- N . 5
tained by interchanging C and 6 is now measured in the opposite

R In the irouit of Fig. 9-41.  girection, showing that the grid voltage

leads the anode voltage by the angle 6. If 6 is made to approach
180 deg by the use of very small resistance or capacitance, then
the current is zero, as shown by Fig. 9-39. A slight increase in
either B or C retards the phase of the grid voltage and causes

! WeiNBacH, M. P., “Alternating Current Circuits,” p. 98, The Macmil-
lan Company, New York, 1933.

* Note that transposing € and R is equivalent to changing the connection
of the anode circuit from terminal 3 to terminal 1 of the transformer.
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the average current to increase suddenly to full value. This
circuit evidently gives on-off control.

An inductance can be used in place of the condenser in the
circuit of Fig. 9-41. Since it is impossible, however, to con-
struet an inductance coil that does not have appreciable resist-
ance, the voltage across the inductance will not be 90 deg out of

TasLE 9-11
. Manner of { Manner of | Manner in
22 (adjacent to . . .
z varying varying which cur-
load) . .
resistance reactance rent increases
Resistance. .. .. .. Capacitance | Decrease Increase > Gradually
Capacitance. ... .. Resistance Increase Decrease Suddenly
Resistance. .. .. .. Inductance Decrease Increase Suddenly
~ Inductance....... Resistance Increase Decrease | Gradually

phase with the current, and the vectors representing the voltages
across the inductance and the resistance will not be perpendicu-
lar. The general behavior can, however, be determined from a
diagram in which the vectors are assumed to be perpendicular.
The reader will find it instructive to construct these diagrams
for the circuit obtained by replacing C in Fig. 9-41 by an induet-

- ance and for the circuit in which the

d N inductance and resistance are trans-
// \\ posed. Table 9-II, is convenient in
Va3 \\ determining the circuit to be used for

Ve V5 "o a particular application. [In Table
uT 9-11, 2z, refers to the impedance adja-

Fie. 9-45—Circle veotor CeDb to the load, an(‘i 71 to the ir'nped—
diagram for a phase-control —ance between the grid and the side of
circuit in which increase of = yho transformer to which the load is
resistance causes an abrupt .
increase of average anode 1Ot connected (see Flg. 9-41}).]
current. It is a simple matter to determine,
without reference to this table, the correct circuit to produce a
desired result. Suppose, for instance, that it is desired to increase
the current suddenly by an increase of resistance. Figure 9-39
shows that sudden increase of average current requires that the angle
of lead of the grid voltage relative to the anode voltage should be
reduced by asmall amount from a value somewhat less than 180 deg.
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The grid voltage must lie in the second quadrant of the circle
vector diagram, and so the diagram must be that of Fig. 9-45.- If
increase of resistance is to de-

crease the lead of V,, V1, must be

the voltage across the resistance,

and Vg, which lags V1 by 90 deg, Load

must be the voltage across a con- s,
denser. Thus the impedance ad- ||| _A:c supply

jacent to the load must be a Fia. 9-46.—Variant of the circuit
capacitive reactance’ and the of Fig. 9-41 in which the load current
. is taken directly from the line.

other must be the resistance.
When the line voltage is high enough to give the required load
current, some reduction in cost may be effected by drawing the
— load current directly from the
{Load] line. The center-tapped trans-
i former may then be replaced by

¥/
A.C. il QJ an untapped transformer shunted
E ;
by a center-tapped resistance as
T in Fig. 9-46. This transformer

F1a. 9-48.—Form of phase-control need have only sufficient current
circuit in which the load current is capacity to carry the Voltage_
taken directly from the line. L .

divider current and the grid cur-
rent after firing. To ensure the proper phase relations of the
voltages, the resistance of the voltage divider should be small in
comparison with the phase-shifting im-
pedances. A somewhat similar circuit
is shown in Fig. 9-47. It should be
noted that the circuits of Figs. 9-41,
9-46, and 9-47 are suitable only for use
with loads that will operate on direct or

A\

pulsating current. [ﬁﬂl—ll—%
Another modification of the circuit of 4-c o—
Fig. 9-41 that is particularly useful input

when the load current or voltage exceeds  F1¢. 9-48.—Phase-control
N N circuit useful when the cur-
the rated value for the tube is shownin rent or voltage of the load
Fig. 9-48.1 When the phase of the grid ‘zﬁgefgﬁethe rated value for
voltage is adjusted so that the tube does
not conduct, the current through the load cannot exceed the normal
1 Cralg, P. H., Electronics, March, 1933, p. 70; 10, 26 (1937). KNOWLES,
D.D.,Lowry, E. F., and Gessrorp, R. K., Electronics, November, 1936, p. 27.
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exciting current of the transformer. As the average tube current
is increased, the primary current also increases, both because of
the alternating component of secondary current and because of
the saturating effect of the direct component of secondary current.
If a step-up transformer is used, the load current exceeds the tube
current. In this manner a tube
can be made to control load cur-
rent many times as great as the
rated maximum average anode
current. The turn ratio, and
hence the load current, is limited
because the secondary voltage
AC. must not exceed the rated maxi-
Fia. 9-49.—Phase-control circuit .
in which the use of a vacuum tube as Mum peak inverse or forward
resistance Ipa,kes control by direct voltages. If a Step—down trans-
voltage possible. former is used, on the other
hand, the tube can be used with a supply voltage greatly in excess
of the rated maximum peak voltage, the turn ratio and voltage
being limited by the allowable average tube current. This circuit
is suitable only for loads that operate on alternating current.

—3 3-Phase AL
=

Load

:

Lood|

HI

s

C Uf?l R
1 |
(o) (b)

Fig. 9-50.—Full-wave phase control eircuits with (a) phase shifter and (b)
phase-shifting network.

A high-vacuum amplifier tube may be used in place of the
resistance in phase-control circuits. By this means a very
small direct voltage in the grid circuit of the high-vacuum tube
can control large amounts of current and power. Figure 9-49
shows one method of connecting the vacuum tube.
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The load current can be doubled by the use of two thyratrons
in a full-wave ecircuit such as that of Fig. 9-50a.! This circuit
also illustrates the use of a phase shifter, which may be replaced
by a combination of resistance and reactance as in Fig. 9-50b."

The field of application of most phase-control circuits in which
a very high resistance may be used as the controlling element can
be greatly extended by replacing the resistance by a phototube
(see Sec. 10-11).

9-32A. Use of Saturable Reactor in Phase-control Circuits.—
Sometimes it is necessary to apply phase control to loads that
require alternating current. Although this can be accomplished
by means of the circuits of Figs.

9-48 and 9-50, the fact that the core remetors.

anode currentin general consists L
of periodic pulses lasting only a = 2\ VT2
portion of the cycle causes the

wave form of theload current to

. . B
be poor even in full-wave cir-

cuits. This difficulty can be

avoided by using the thyratron

current to saturate the core of a A-c input

reactor, the reactance of which Fr6. 9-51.—Phase-control circuit using
R saturable reactor.

controls the load current. This

method has the additional advantage of making possible the con-

trol of larger ‘oad currents at higher voltages.

A typical control circuit incorporating a saturable reactor is
shown in Fig. 9-51. The load current is limited by the reactance
of the coils A and B. These coils are of equal dimensions and are
connected so that the fluxes that they produce add in the outer
arms of the core but cancel in the center arm, which holds the
winding €. For this reason no alternating voltage is induced in
coil C. The anode current of the thyratron V7T, flows through
coil C, producing a d-¢ flux which divides equally between the
outer arms of the core and thus reduces the reactance of 4 and B.
When the average anode current is zero, the load current cannot
exceed the exciting current of the reactor. If the maximum aver-
age anode current is sufficient to saturate the core, the resulting
reactance is so small as to have very little effect upon the

! Baker, W. R. G., Frrzeeralp, A. S, and WurrNey, C. F., Electronics,
January, 1931, p. 467.

g
N
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load current. The function of the rectifier VT, is to provide a
path for the direct current in coil C during the portion of the eycle
when V7T does not conduct.r If VT, were omitted, the voltage
induced in coil C would tend to maintain current flow in VT,
during the whole cycle and thus prevent the variation of saturat-
ing current by phase control of V7.

9-33. Tubes for Phase-control Circuits.—In most phase-
control circuits the grid-circuit resistance or impedance is high.
For this reason these circuits function best with low grid-current
tubes, preferably of the shield-grid type.

Applications of A-c-operated Control Circuits.—Phase-control
circuits are used for the control of illumination, for the con-
trol and stabilization of alternating load current and voltage,
for the control and stabilization of the voltage and frequency of
alternators, for temperature control and stabilization, for the
control of rectifier output voltage, and for many other purposes.
In the control of current, the advantage of phase-control thyra-
tron circuits over variable resistance lies in the great reduction
of power loss and heat generation and in the possibility of using
small variable condensers or low-current variable resistances as
the control units. As a switch the a-c—operated thyratron has
found its greatest application in the control of spot welders.
For a comprehensive treatment of commercial and laboratory
applications of thyratrons the reader should refer to other
texts.?

9-34. Welding Control.3>—In electric welding it has been
found to be advantageous to use a.series of equally spaced
spot welds, rather than a continuous weld. In order to accom-
plish this, the welder must be switched on and off periodically.
Because of the heavy currents, mechanical switches are unsatis-
factory. The value of the thyratron in this service arises from
the ability of the grid to control large currents without in itself
requiring large current, from the consistency with which the

t Basat, G., Proc. I.R.E., 22, 314 (1934).

2 Henney, K., ‘“Electron Tubes in Industry,” 2d ed., McGraw-Hill Book
Company, Inc., New York, 1937; GuirLikseN, F. H,, and Vepper, E. H,,
“Industrial Electronics,” John Wiley & Sons, Inc., New York, 1935.

3 GrirrFITE, R. C., Gen. Elec. Rev., 33, 511 (1930); MarTIN, 8., Jr., Weld-
ing, 8, 293, 361 (1932); Lorp, H. W., and LivinasTon, O. W., Electronics,

July, 1933, p. 186; CuamBErs, D. E., Elec. Eng., b4, 82 (1935); PaLMER, H.
L., Gen. Elec. Rev., 40, 229, 321 (1937). See also footnote 2, p. 302.
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grid can control the welding time, and from the absence of large
current transients when tube control is used.

Figure 9-52 shows one form of thyratron switching circuit for
welding control.! The operation is in some respects similar to
that of the circuit of Fig. 9-48. The thyratron grids are biased
negatively by the auxiliary rectifier tubes, so that no anode
current flows when the control switch is open. The current
through the welding transformer then cannot exceed the exciting
current of the series transformer. When the switch is closed,
there is applied to the thyratron grids an alternating voltage

Welding
transformer
A- Serses
Po wgr tfraonsformer § % Work¥
RO —

(00000000
[T TT0) rhyrive

800

————-fmmmu] Grid fransformer

Control switch
Fig. 9-52.—Thyratron welding control circuit.

that is in phase with the anode voltage and thus causes the
flow of full average anode current. When the thyratrons
conduct, the effective primary impedance of the series trans-
former is reduced to a very low value, and practically full line
voltage is applied to the primary of the welding transformer.
The thyrite resistor across the primary of the series transformer
prevents dangerous surges of voltage. The control switch of the
circuit of Fig. 9-52 is usually replaced by an intermediate control
circuit, which is in turn operated by the voltage from a thyratron
relaxation oscillator of the type discussed in Sec. 9-30. Adjust-
ment of the ecircuit constants of this oscillator and of the bias
applied to the intermediate control circuit makes it possible
to vary the frequency of the welding cycle and the portion of the
cycle during which welding current flows. Because the oscillator
is controlled by 60-cycle synchronizing voltage (see Fig. 9-35), the
timing is very accurate.
! CHAMBERS, loc. cit.; PALMER, loc. cit.
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In another type of circuit the welding time is limited to half a
cyele or less.! The portion of the cycle during which current
flows is controlled by the use of phase control.

9-35. Mercury Pool Arc-discharge Tubes.—Mercury pool arc-
discharge tubes may, in general, be used in the circuits and

ok plate
thermiostar

6rid
volforeters

. Anode
 insulato

 Grid
. resistors
Cooling
coil water
inlet —

Fig. 9-53.—Typical grid-controlled multi-anode tank rectifier. This rectifier
is approximately 9 ft high and can handle 2750 kw at 625 volts. (Courtesy
Allis-Chalmers Manufacturing Company.)
applications treated under hot-cathode arc tubes. Mercury pool
tubes are much more rugged than hot-cathode are tubes, and
are designed for types of service requiring high currents, measured
in tens and hundreds or even, instantaneously, thousands of
amperes. The fact that the cathode need not be heated results

L GRIFFITH, loc. ctt.; LorD and LiviNgsToN, loc. cit,
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in three other advantages over the thyratron: (1) the over-all
efficiency is higher, (2) the tube is instantly available for oper-
ation, and (3) freedom from danger of cathode deactivation or
destruction gives increased reliability in industrial service.

As rectifiers, mercury pool tubes have been used for many
years, first in glass envelopes, later in metal tanks continuously
evacuated, and finally, in small sizes, in sealed metal envelopes.

NVacvum- pump

Cooling-water outlet, #" connection

= I
I
i I - Conaernsing
Anode .| | -8 chamber
cooling \:t ;
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’ gr/'d‘
Anode - 14 oe}rmm
terminal "~~~
ALiI

Anode -~ _
Water ---- 2 N
Jjocket ~Grid
Auxiliory
t arode ~~_ _ T
P
Anode _--~
shreld Mercury cath oo’e‘\ Jgrition onode
Cathoade ferminoy ..

F1a. 9-54.—Cross section through typical Allis-Chalmers mercury-arc power
rectifier of the multianode type. Main anode, at left, is shown air-cooled. The
broken line indicates optional radiator for water-cooling.

For a detailed discussion of constructional and operational fea-
tures of these rectifier tubes the reader should refer to books on
the subject of commercial power rectification.!

! PrincE, D. C., and Voebes, F. B., “Principles of Mercury Are Rectifiers
and Their Circuits,” McGraw-Hill Book Company, Ine., New York, 1927;
Magrri, O. K., and Winoerap, H., “ Mercury Arc Rectifiers—Theory and
Practice,” McGraw-Hill Book Company, Inc., New York, 1930; JoLLEY,

L. B. W., “Alternating Current Rectification,” John Wiley & Sons, Inc.,
New York, 1931. See also bibliography at the end of Chap. 11.
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Grid-controlled mercury pool rectifiers provided with keep-
alive anodes are used as power rectifiers, phase control affording
a simple method of varying or regulating the output voltage.
(See Sec. 11-3.) The grids, which surround the anodes, also
serve to prevent mercury from depositing on the anode and
causing arcback. A typical high-power, grid-controlled tank
rectifier is shown in Figs. 9-53 and 9-54. Tubes of this type
have relatively long deionizing time and are not convenient
for use in the control of small amounts of power. The field of
application of mercury pool arcs has been greatly extended by
the development of igniter-controlied tubes.*

_c-Anode
Connection .= lgniter rod
Fomereuy-— & A~ Mercury-pool
3 cothode

Fig. 9-55.—Structure of typical glass thyratron. (Courtesy of Westinghouse
Electric and Manufacturing Company.)

9-36. Igniter Control.—The igniter is a high-resistance refrac-
tory rod which dips into the mercury pool, as shown in Fig. 9-55.
If the potential applied to the rod is such that the gradient
along the rod exceeds a critical value of about 100 volts/cm, an
arc forms between the rod and the mercury pool.? This arc
constitutes a source of electrons for the anode-cathode system,
and the main arc then strikes between anode and cathode. It
has been found by experiment that the main are strikes within
a few microseconds of the igniter are.?

1 SLEPIAN, J., and Luowia, L. R., Trans. Am. Inst. Elec. Eng., 62, 693
(1933); KnowLEs, D. D., Electronics, June, 1933, p. 164.

2 SLerIAN and Lupwie, loc. cit.

* Dow, W. G., and Powers, W. H., Elec. Eng., b4, 942 (1935).
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The igniter rod is made of a crystalline material that is not
wet by mercury, such as boron carbide or silicon carbide. Con-
sequently, contact with the mercury is made at a large number of
small points. The small area of these points, together with the
relatively high resistance of the rod material, results in such a high
potential gradient at the points of contact that either electrons
are drawn from the mercury or thermal explosion occurs, result-
ing in the formation of tiny arcs. The action is s:milar to the
formation of an arc between separating contacts. The currents
in these minute arcs rapidly rise. If the resistivity of the rod
is not too great, the resulting electron emission from the cathode
spots becomes adequate to allow the formation of the main
arc between the mercury and the anode. In order to limit
the energy required to initiate the arc, the rod diameter and
the shape of the end of the rod must be properly chosen.! The
starting current increases with rod diameter. In practice the
igniter arc may be formed by discharging a condenser through
the igniter and by other methods that will be discussed.

As in thyratrons, the anode current after firing is determined
by the applied voltage, the anode-circuit impedance, and the
constant tube drop. To prevent destructive rise of current,
anode-circuit impedance is essential.

9-37. Ignitron Construction.—A typical air-cooled ignitron,
the KU-637, is shown in Fig. 9-55. The capacity of air-cooled
tubes is limited by the allowable rise in temperature of the anode
and of the tube as a whole. The use of metal construction and
water cooling has resulted in tubes of greatly reduced size and
with smaller probability of arcback. It has been found that
tendency toward arcback in mercury pool tubes is favored
by the positive-ion back current that flows during the negative
half-cycle before deionization is complete.? Since the deionizing
time is reduced by lowering the temperature (see Sec. 9-20),
the efficient cooling attainable in water-jacketed metal ignitrons
is conducive to freedom from arcback.

The important features of construction of water-cooled igni-
trons may be discerned from Figs. 12-56 and 12-57, which show a

1 SLEPIAN, and Lupwig, loc. cit.; Cacg, J. M., Gen. Elec. Rev., 38, 464
(1935); TOEPFER, A. H., Elec. Eng., 66, 810 (1937).

2 Lupwig, L. R., MaxrieLp, F. A., and TogPFER, A. H., Elec. Eng., 53,
75 (1934).
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drawing of the type WL-651 ignitron and a cut-away view of
the type FG-258A ignitron. The shell is not insulated from the
mercury cathode and is, therefore, at cathode potential. The
igniter and anode leads are insulated from the envelope by
means of glass bushings. If the conducting time of the tube
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Fig. 9-56.—Structure of type WL-651 F1c. 9-57.—Cut-away view of type
water-cooled metal ignitron, (Courtesy FG-258A water-cooled metal igni-
of Westinghouse Electric and Manufactur- tron. (Courtesy of General Electric
ing Company.) Company.)
exceeds the time in which the spot can move to the edge of the
pool, it may anchor to the envelope and cause material to be
sputtered from the metal wall. For this reason, some ignitrons
are provided with a spof-fizer.® This is a metal strip at the

! WaGNER, C. F., and Lupwig, L. R., Elec. Eng., 63, 1384 (1934); Tonks,
L., Physics, 6, 294 (1935); Suerian, J., and ToerFer, A. H., J. Applied
Physics, 9, 483 (1938).
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surface of the mercury pool, which prevents the cathode spot
from moving about.

9-38. Comparison of Igniter and Grid Control.—There are
two fundamental differences between the hot-cathode thyratron
and the cold-cathode ignitron. The first is the mechanism of
electron emission at the cathode. In the cold-cathode are,
emission probably results from the formation by space charge
of very high fields at the surface of the cathode, rather than from
thermionic emission, as in the hot-cathode arc. The second
difference, the method of controlling the formation of the are, is
in reality the result of the first. In a hot-cathode arc tube the
continuous ample emission of electrons at the cathode makes it
possible for the arc to form when the anode voltage exceeds the
ionization potential of the gas or vapor. The function of the grid
in a thyratron is to prevent formation of the arc. Before the grid
can regain control after arc extinction, it is necessary that
deionization shall be so complete that the arc cannot form
between the grid and cathode and that the grid is not surrounded
by an ion sheath which prevents it from holding back electrons
emitted by the cathode. This may require as much as 1000 usec.
In the cold-cathode arc tube, on the other hand, the emission
mechanism is such that high current density and high ion
density in the vicinity of the cathode are necessary for its
maintenance. Within a few microseconds after extinction, the
deionization in the vicinity of the cathode is great enough so
that the required emission is not reestablished by reapplication
of anode voltage.! Furthermore, even if the anode voltage is
high enough to cause a glow, breakdown into an are occurs only
rarely and at random intervals. The function of the control
electrode in a mercury pool tube is not, therefore, to prevent
formation of the arc, but to initiate the arc by producing ioniza-
tion of density comparable with that maintained by the arc.
A heavy current from igniter to pool causes the formation of an
auxiliary arc which is followed within a microsecond by the
formation of the main arc.2

9-39. Comparison of Thyratron and Ignitron Characteristics.—
Because of the great rapidity with which control is reestablished,
the certainty of control is greater for the ignitron than for the

1 Knowwres, D. D., and BaNerarz, E. G., Elec. J., 80, 501 (1933).
?Dow, W. G., and Powgrs, W. H., Elec. Eng., 54, 942 (1935).
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thyratron. Arcbacks may occur occasionally, but it has been
shown that arcback is essentially a random phenomenon and
that the probability of its occurrence can be reduced to as low as’
one arcback in a month of use.! Other advantages of the
ignitron were discussed in Sec. 9-35. A serious disadvantage
of the ignitron is thé necessity for a large pulse of energy to
initiate the arc. An igniter current of the order of several
amperes for a time of about 100 psec may be required. During
this time the anode voltage must remain about 25 volts above the
normal tube drop of 10 volts in order that the tube shall fire. In
contrast to the hot-cathode arc tube, which will operate at small
anode currents, the mercury pool type of arc tube requires an
anode current of the order of 1 or 2 amps in order to maintain the
arc. This is sometimes a disadvantage but may, on the other
hand, assist in the extinetion of the arc in d-c¢ operation. The
maximum peak voltages at which ignitrons can be operated are
in general lower than those of thyratrons.

9-40. Ignitron Control Circuits.—The methods used in stop-
—_ ping the anode current of thyra-

VT2 trons are applicable to ignitrons.
The arc may also be extinguished
by reducing the current for an
instant below the value necessary
to maintain the cathode spot.
Because of the relatively high energy required to fire the ignitron,
the simple phase-control circuits discussed earlier in the chapter
cannot be applied directly to ignitron control. A phase shifter
capable of supplying the necessary power may be used. Several
circuits have been developed that allow the tube to be fired by
energy supplied by the line.?

Figure 9-58 shows the basic form of one type of ignitron firing
circuit. The rectifier tube VT, serves the dual function of pre-
venting the flow of igniter current during the negative half
of the cycle of applied voltage and of interrupting the igniter
current after the anode fires in the positive half cycle. After
the anode fires, the voltage applied to the igniter circuit is the
ignitron tube drop, which is approximately equal to the rectifier

F1g. 9-58.—Ignitron firing circuit.

1 SLEPIAN, J., and Lupwic, L. R., Trans. Am. Inst. Elec. Eng., 51, 92
(1932). See also D. C. Prince, J. Am. Inst. Elec. Eng., 46, 667 (1927).
2 KNowLEs and BaNGrATZ, loc. cit.
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tube drop. 'The igniter current therefore falls to zero. Substitu-
tion of a thyratron in place of the rectifier, as in Fig. 9-59, makes
possible the control of the time in the cyele at which the ignitron
is fired.

Phose
shiftin
networ

¥16. 9-59.—Ignitron phase-control circuit incorporating a thyratron.

In the circuits of Figs. 9-58 and 9-59 the igniter current flows
through the load. For this reason there is likely to be some
variation of the time in the cycle at which the anode fires. This
difficulty is avoided in the circuit of Fig. 9-60, in which the con-

I

Fia. 9-60.—Phase-control circuit in which the ignitron is fired by energy stored
in the condenser C.

denser C is charged through the rectifier VT and discharged
~ through the thyratron V7, at a time determined by the phase-
shifting network. Oscillograms show that with this circuit the
ignitron fires with regularity at a predetermined point of the
cycle of alternating supply voltage.! The rectifier circuit is

+0
D/'regré voltfage
Alfernating voltage J—IAW
o,
(a) (b

Fig. 9-61.—Ignitron firing circuit.

designed so that the charging current of the condenser is less

than that required to maintain the arc of the thyratron V7Ts.
Because of the high peak currents to which the thyratrons

are subjected in the circuits of Figs. 9-59 and 9-60, particularly

I KnowLEs and BaNGrATz, loc. cit.
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if anode breakdown fails to occur, the life of the thyratrons is
relatively short. The need for thyratrons is avoided in the
cireuit of Fig. 9-61a, in which direct and alternating voltages are
impressed simultaneously in the igniter eircuit, which contains an
iron-core choke.! As the result of core saturation, a high pulse -
of igniter current flows during the positive crest of impressed
alternating voltage, as shown in Fig. 9-61b. The average igniter
current and the reverse current during the negative half cycle
are, however, small. Phase control may be obtained by shifting
the phase of the impressed alternating igniter voltage relative
to the anode voltage.

The circuits of Figs. 9-59,
9-60, and 9-61 can be readily
converted into full-wave cir-
Igniter Ignifer cuits. Figure 9-62 shows a
control confrol  fyll-wave ignitron circuit that
Fie. 9-62.—Full-wave ignitron circuit. .

permits current to start flow-
ing at a predetermined point in each half cycle.? ‘

Ignitron Applications.—The applications of the ignitron are
in general the same as those of the thyratron. They include
spot-welding control, inversion and frequency transformation,
illumination control, and motor commutation.? At present spot-
welding control is by far the most important application of
ignitrons.

9-41. Externally Controlled Mercury Pool Arc Tube.—Break-
down of a glass mercury pool tube containing a small amount
of inert gas may be initiated by means of an external electrode
in contact with the glass wall. The sudden application of high
voltage between the external electrode and the cathode causes
the formation of a glow, with subsequent formation of an are
between the anode and the cathode. The objection to this type
of control lies in the lowering of the anode-cathode glow break-
down voltage by the use of gas, but it has found application in
stroboscopes.

1 KLEMPERER, HaNs, Electronics, December, 1939, p. 12.

28toppAarD, R. N., Elec. Eng., 53, 1366 (1934).

# WaGNER, C. F., and Lupwie, L. R., Elec. Eng., 53, 1384 (1934); Lupwig,
L. R., Maxriewp, F. A, and Toeprer, A. H., Elec. Eng., 53, 75 (1934);
SiLverMAN, D., and Cox, J. H., Elec. Eng., 53, 1380 (1934); Dawson, J. W,
Elec. Eng., b5, 1371 (1936); Packarp, D., and HurcHinags, J. H., Elec.
Eng., 56, 37, 875 (1937).
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9-42. The Strobotron.—Another type of cold-cathode are
tube has been developed by Germeshausen and Edgerton.!

The electrode structure of this tube
is illustrated in Fig. 9-63. The
cathode consists of a cup containing
a cesium compound that liberates
free cesium under the action of the
cathode spot. The cathode is sur-
rounded by a ceramic insulator
which concentrates the discharge on
the active portion of the cathode
and serves as a support for the
mner grid. This grid is a wire-
mesh screen directly above the
cathode. During the operation of
the tube, the inner grid becomes
coated with cesium, which lowers
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9-63.—Strobotron electrode
structure.

the breakdown voltage when this grid acts as a cathode.
A second or outer grid, a graphite ring, is mounted above
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9-64.—Strobotron control characteristic.
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The tube does not fire at com-
binations of grid voltages lying within the characteristic.

Graphite is used because the cesium

! GErMEsHAUSEN, K, T, and Epeerron, H. E., Elec. Eng., b5, 790 (1936).
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which condenses on it does not lower the breakdown voltage
between it and the cathode. The anode is about an inch above
the grid, the anode support wire being insulated by means of a
glass shield in order to prevent the discharge from taking the
shorter path to the support. One of the noble gases, usually
neon or argon, is used in the tube.

Breakdown is initiated as a glow discharge between two of the
electrodes, usually the two grids. If the glow current exceeds a
certain value and the anode source is capable of supplying
sufficient current to maintain an arc, a cathode spot immediately
forms, and the discharge changes into an arc. Because either
grid may be made either positive or negative relative to the
cathode, there is considerable latitude in the operating voltages
that may be used. A typical control characteristic is shown in
Fig. 9-64. By proper choice of grid voltages, the glow current
required to initiate arc breakdown may be made as small as
2 X 107? amp.! The tube will carry a peak current of 200 to
300 amp and an average current of 50 ma.

Developed primarily as a stroboscopic light source, the strobo-
tron has other applications.? It may, for instance, be used to
fire an externally-controlled mercury pool arc tube. Its advan-
tages as a stroboscopic light source result in part from the large
peak current that can be carried without damage to the cathode.

9-43. Stroboscopes.—An important industrial and scientific
application of the are tube is as a stroboscope. If an inter-
mittent source of light is synchronized to the frequency of rotation
or vibration of a mechanical device or to a multiple or submultiple .
of the frequency, the moving object will appear to be stationary
when examined by the light. The requirements of such a light
source are (1) easily controlled frequency of illumination, to
allow synchronization of light and motion over a large frequency
range; (2) extremely short duration of light flash, so that the
moving part under observation will not appear to move while it is
illuminated; and (3) light of great brightness, so that the moving
part will be clearly seen despite the short time of illumination.
By acting as a shutter of extremely high speed, the stroboscopic

1 Warte, A. B., Norrineuam, W. B., EpcertoNn, H. E, and GErMESs-
HAUSEN, K. J., Electronics, March, 1937, p. 18.

? GerMESHAUSEN, K. J., and Epcerron, H. E., Electronics, February,
1937, p. 12; Gray, T. 8., and NorrincuaMm, W. B., Rev. Sc¢i. Instruments,
8, 65 (1937).
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light source also makes possible the photographing of rapidly .
moving objects.

One type of stroboscopic tube, the strobotron, has already
been discussed. Where small il-
lumination suffices, thyratrons may FG-17 é
be used as the light source. Ordi-
nary thyratrons are not designed to
be efficient light sources, however,
and the production of intense illu-
mination necessitates the use of such
large peak currents that the life of = Fic. 9-65.—Stroboscope in
a hot-cathode tube is shortened. X;‘;:i‘r t:‘}fmiiﬁha;gecofé_c’; shoda
Mercury pool tubes are therefore arc tube is controlled by a
usually used in preference to thy- ‘thyratron.
ratrons. The tubes may be constricted where the discharge
takes place. The constriction not only concentrates the light-

2000 #o emitting region, but the prox-

50,000 ohms imity of the walls also speeds

dr deionization of the gas and

duer thus prevents serious
I : afterglow.

Strobotron<" To produce a sharply de-

Fig.  9-66.—Self-excited strobotron fined flash of light’ a condenser

stroboscope. is discharged through the

stroboscopic tube. Discharge may be initiated by a voltage

impulse applied to an external electrode or an internal grid

or by firing an auxiliary thyratron which is in series with

the tube and a source of limited current, so connected that
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F1a. 9-67.—Strobotron stroboscope controlled by a multivibrator.

the condenser discharges only through the main tube. The
inert gas which is essential to the use of external arc initiation
is not objectionable in stroboscopic tubes because the relatively
small diameter and large electrode spacing prevent the glow
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breakdown voltage from being too low. The complete circuit of
a stroboscope is complicated by the necessity of tripping the tube
by an impulse of steep wave front in order to ensure accurate
adjustment and synchronization, especially in the observation
of rapidly moving objects. Figure 9-65 shows a typical cireuit
in which a thyratron controls the tripping impulse applied
to the external grid of a mercury pool are tube.! Figure 9-66
shows a simple self-excited strobotron circuit.? A ecireuit using a
strobotron controlled by a multivibrator is shown in Fig. 9-67.}

Problems

9-1. a. Design a circuit in which a glow- or are-tube oscillator causes the
periodic opening and closing of a relay. The frequency of operation and
the fraction of the cycle during which the relay is energized are to be adjust-
able. All voltages except for cathode heating should be derived from a
single 220-volt d-c supply. The relay closes on 7 ma and opens on 6 ma.
Specify all tubes, circuit constants, and operating voltages.

b. By constructing a curve of plate current vs. time, on which the critical
relay currents are shown, prove that the.percentage of the cycle during
which the relay is energized cannot be varied progressively from zero to
100 per cent.

FG-57 9-2. Derive Egs. (9-1) to (9-5).
Loor

9-3. By means of a circle vector diagram,
determine which of the impedances of Fig. 9-41
< should be a resistance and whether the other

should be induective or capacitive in order that
e increase of resistance may produce progressive
m increase of average anode current.
~

Fra. 9-68—Cirouit dia- .9-4. a. Draw waves f)f anode voltage vs. elec-
gram for Prob. 9-5. trical degrees for sinusoidal anode voltages of 200
volts and 800 volts crest value; and, by the use
of the grid-control characteristics of Fig. 9-21, construct corresponding

waves of critical grid voltage for a type FG-57 thyratron.

b. Use the curves of (a) to derive curves of average anode current vs.
phase angle 6 between grid and anode voltages, for erest grid voltage equal
to twice and to ten times the maximum critical grid voltage.

9-6. The operation of the phase-control circuit of Fig. 9-68 is erratic,
regardless of the size of the condenser used. The phototube is found to be
good, and all tube voltages are correct. Suggest a probable cause of this
difficulty, and a remedy.

! EpgerToN, H. E., and GerMEsuAUSEN, K. J., Rev. Sci. Instruments, 3,
535 (1932). See also H. E. Edgerton, Elec. Eng., 50, 327 (1931) and Elec-
tronics, July, 1932, p. 220; R. C. Hitcheock, Elec. J., 32, 529 (1935); H. E.
Kallmann, Proc. I.R.E., 27, 690 (1939); C. C. Street, Electronics, April,
1940, p. 36.

2 GERMESHAUSEN and EpGerTon, Elec. Eng., loc. cit.



CHAPTER 10

LIGHT-SENSITIVE TUBES AND CELLS

In all tubes discussed in preceding chapters the flow of current
is controlled by means of voltages applied to the electrodes.
There is another very important class of tubes or cells, in which
the current and the output voltage are controlled by incident
energy radiant, and the operation of which depends upon some
form of the photoelectric effect. These devices have made
possible sound pictures, television, and many kinds of commercial
and laboratory control and measuring equipment.

10-1. Types of Photoelectric Phenomena.—The control of
current by light may be accomplished by the application of three
types of photoelectric phenomena: (1) the photoemissive effect,
or emission of electrons from metallic surfaces as the result of
incident radiation; (2) the photoconductive effect, or change of
resistance of semiconductors by the action of incident radiation;
and (3) the photovoltaic effect, or production of a potential differ-
ence across the boundary between two substances that are in close
contact, by illumination of the boundary. The best known of
these phenomena, the photoemissive effect, appears in practical
form in the phototube (photocell). The phototube is an electron
tube in which one of the electrodes is irradiated for the purpose of
causing electron emission.

10-2. Historical Survey.—The photoemissive effect was dis-
covered by Heinrich Hertz in 1887. In the course of his classical
experiments on electric oscillations and electric waves, Hertz
noticed that the maximum length of a spark that could be
made to jump across a small spark gap was increased when
light from another spark was allowed to fall upon it. By
means of a series of experiments he showed conclusively that the
effect was caused by ultraviolet light and that it was greatest
when the light fell upon the negative electrode of the spark gap.
Subsequent contributions to knowledge concerning the photo-

emissive effect were made by Wiedemann and Ebert, Hallwachs,
305
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Righi, Stoletow, Elster and Geitel, J. J. Thomson, Lenard, and
others.! .

Hallwachs proved that the photoemissive effect involved the
loss of negative electricity from the illuminated surface. Righi
connected two electrodes to an electrometer, by means of which
he observed the flow of current when the surface of one electrode
was lluminated. Stoletow added an external source of voltage
and measured the current by means of a galvanometer. FElster
and Geitel predicted and proved that the alkali metals should
be the most sensitive photoelectric emitters of all the metals and
found that sodium and potassium respond not only to ultraviolet
radiation, but also to visible light. Lenard measured the ratio
of the charge to the mass of the particles that carry the photo-
electric current and showed them to be the same particles as those
which Thomson had previously proved to carry the current in a
beam of cathode rays, and which were subsequently called
electrons.

10-3. Laws of Photoelectric Emission.—The early experiments
resulted in the formulation of two laws relating photoelectric
emission with the rate at which radiant energy strikes the
emitting surface and with the wave length of the incident energy.
The rate at which the radiant energy strikes is specified in terms
of radiant fluz (intensity of radiation), which is defined as the
time rate of flow of radiant energy and is usually expressed in
ergs per second or watts. The two laws of photoemission are:

1. The number of electrons released in unit time at a photo-
electric surface by radiation of constant spectral distribution is
directly proportional to the incident radiant flux.

2. The maximum energy of electrons released at a photoelectric
surface is independent of the amount of radiant flux incident
upon the surface but varies linearly with the frequency of the
radiation.

The first law was one of the factors that led to the formulation
of the quantum theory of radiation. This law is of practical
importance because of the desirability of a linear relation between
anode current and incident flux in applications of phototubes.

The second law was explained in 1905 by Einstein, who
assumed that incident radiant energy could be transferred to the
electrons only in quanta of magnitude hv and that a portion of

1 See references at the end of this chapter.
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this energy was used in removing the electrons from the emitter,
the remainder appearing as kinetic energy of the emitted elec-
trons. This is stated mathematically by Einstein’s equation,

hv = w + 3mo? (10-1)

in which » is the frequency of the incident radiation, w is the
electron affinity of the emitter, » is the maximum velocity of the
emitted electrons, 4 is Planck’s constant, and m is the mass of an
electron. Equation (10-1) holds only for the fastest electrons,
which are removed from the atoms at the surface of the emitter.
Some radiation penetrates through the outer layers of atoms,
liberating electrons within the emitter. These electrons may
lose energy in moving to the surface, so that their velocities after
emission are less than that indicated by Einstein’s equation. It
can be seen from Eq. (10-1) that there is a minimum value of »
below which the energy of the incident photon is less than the
electron affinity and no emission can take place. This limiting
frequency is called the threshold frequency and is indicated by the
symbol »e. Substituting » = 0 and » = », in Eq. (10-1) shows
that

w

Vo = ﬁ (10-2)

The wave length corresponding to the threshold frequency is
termed the long-wave limat, ho. Einstein’s equation was verified
experimentally in 1916 by Millikan,! who determined the maxi-
mum velocities of emitted electrons for various frequencies of
incident radiation by measuring the retarding potential necessary
to reduce the anode current to zero. Einstein’s equation is of
practical importance because it indicates that the electron affinity
of the emitter must be small in order that the emitter may be
sensitive to visible radiation.

10-4. Current-wave-length Characteristics.—Photoelectric
tubes and cells, like the human eye, are not equally responsive
to equal amounts of radiant flux of different wave lengths.
For this reason the response of a phototube to a given amount of
radiant flux depends upon the manner in which the energy
of the incident radiation is distributed in regard to wave length,
which in turn depends upon the source of the radiation. In

{ MiLLIkAN, R. A, Phys. Rev., 7, 355 (1916).
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order to indicate fully the manner in which a phototube responds
to radiation it is necessary to indicate not only the sensitivity
to radiation of specific energy distribution, but also the manner
in which the current varies with wave length at constant incident

|
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Fia. 10-1.—Current-wave-length characteristics for the alkali metals.

energy. For this reason, tube manufacturers usually specify the
performance of phototubes for illumination from a tungsten-
filament lamp operated at a temperature of 2870°K, and furnish
a current—wave-length characteristic, which is a graph showing the
relation between direet anode current per unit energy of incident
radiant flux, and the wave length

:§ 1o I — of theincident steady radiant flux.
28 Type 868 _ Current-wave-length charac-
s 6 \ J\Ph°+°+Ube teristics for the alkali metals are
g . L u shown in Fig. 10-1. Comparison
g J of these curves with the dotted
§ 2 curve, which shows the wvisual
S0 [ \ sensitivity of the human eye,
S 0 4000 8000 12000

Wavelengt Angstroms clearly indicates tha‘t cesium is

Fie. 10-2.—Current-wave-length by far the most Sa’tISfaCtory of
characteristic for the type 868 the alkali metals for use with visi-
phototube. e e

ble radiation.

Equation (10-2) suggests that the long-wave limit can be
pushed farther toward the red end of the visible spectrum by
reduction of the electron affinity. The electron affinity of
photoelectric emitters, like that of thermionic emitters, can be
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lowered by the use of composite films made up of consecutive
layers of different metals, of metals on oxides, and of metals on a
monatomic layer of oxygen. The use of composite emitters
results not only in response at much longer wave lengths, but also
in a marked increase of sensitivity over the whole visible range of
wave length. At present the most satisfactory type of cathode
for use with visible radiation consists of a thin layer of cesium
deposited upon a layer of cesium oxide formed upon a silver
surface. The sensitivity of cesium oxide tubes extends well into
the infrared band of radiation. This is shown, in Fig. 10-2, by
the current-wave-length characteristic of a typical cesium-oxide
tube, the type 868. The sharp cutoff at the ultraviolet end of
the spectrum is caused by absorption of the shorter wave lengths
of the radiation by the glass envelope. High sensitivity in the
ultraviolet region may be obtained by use of a pure sodium
cathode enclosed in an envelope of quartz or special glass such as
nonex, which transmits ultraviolet radiation. By the proper
choice of cathode materials, the use of color filters, and the
combination of two or more tubes of different color response, it
is possible to adjust the resultant characteristic curve to meet
special requirements.

10-6. Light Units.—Radiant flux incident upon a phototube
is ordinarily measured in lumens, and the
illumination or flux density in foot-candles. /
The lumen is defined as the flux through #7078~
a unit solid angle from a point source of
one candle. The foot-candle is the illu-
mination on a surface 1 sq ft in area on
which there is a uniformly distributed
flux of 1 lumen. When the flux is uni-
form, the illumination in foot-candles |
equals the flux in lumens divided by the T
areg in square feet. f

10-6. The Vacuum Phototube.—Photo- Fie. 10-3—Electrode
tube cathodes usually consist of a half structure of a typical

. . . phototube.
cylinder of silver or silver-plated copper
covered with a composite film. The shape of the anode is not
critical, the most important requirement being that it should inter-
cept as little light as possible. A common form of anode in tubes
with cylindrical cathodes is a wire located at the axis of the
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cylinder, as shown in Fig. 10-3. In such a tube the initial
velocities of only relatively few electrons are such as to carry
them to the anode. Voltage must, therefore, be applied in
order to draw all emitted electrons to the anode.

v
o0 .
S
%o Type9i7 F=0.5lumen
g 8 04
g
- 0.
- 0.2
L 4
S
0./
_%2
é 0 ] ! ] i ]

i 1 ] L e
0O 20 40 60 80 100 120 140 160
Anode Volts
Fig. 10-4.—Current-voltage characteristics for the type 917 vacuum phototube.

Phototubes may be classified as vacuum phototubes and gas
phototubes. A vacuum phototube is one that is evacuated to such
a degree that its electrical characteristics are essentially unaf-
fected by gaseous ionization. A gas phototube is one into which a
quantity of gas has been introduced,

4 " 3 usually for the purpose of increasing
§ 8 TYPE 917 5 «{ its sensitivity.

5| PHOTOTUBE y, /,ﬁo P Static current-voltage curves for
=6 ///f;:r:\" a typical cesium oxide vacuum
§ u /,’ /// phototube, the 917, are shown in
US - //// Fig. 10-4, and static curves of anode
o5 A current »s. luminous flux in Fig.
—‘8:‘ /’ 10-5. The solid curve of Fig. 10-5
< ' Loy applies to all anode voltages above

0 _Ol.l ofz 03 04 05 saturation;the dotted curves, which

Light Flux,Lumens are ordinarily of no great practical

Fie. 10-5.—Static curves of .

anode current vs. luminous fux interest, areforanode voltages below
for the type 917 vacuum photo- saturation. Curvature of the dot-
tube. ted eurves is probably the result
of space charge. It should be emphasized that the curves of Figs.
10-4 and 10-5 apply only to light from a tungsten filament at a
color temperature of 2870°K. Curves obtained with radiation of
different energy distribution are of similar form, but the current
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range may be different. Such curves may be derived by means
of the following procedure:

1. Multiply ordinates of the current—-wave-length characteristic by
the corresponding ordinates of the curve of Fig. 10-6, which shows the
relative energy distribution of radiation from a tungsten filament at
2870°K, and plot these products as a function of wave length.

2. Plot a similar curve of the products of ordinates of the current—
wave-length characteristic and those of the energy distribution curve
for the given source.

10 - g
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>
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3 4 0.l 12 13

5 6 7 .8 9
Wavelength in Thousands of Angstroms

Fic. 10-6.—Relative energy distribution for radiation from a tungsten filament
at a color temperature of 2870°K. [From data by W. E. Forsythe and E. Q.
Adams, Denison University Bulletin, J. of the Scientific Laboratories, 32, 70 .
(1937).]

3. Multiply the current scale of the current-voltage characteristics
by the ratio of the area under the second product curve to the area under
the first product curve. For approximate results, the ratio of the sums
of 15 or 20 uniformly spaced ordinates of the produet curves may be
used in place of the ratio of the areas, and so the product curvesneed
not be drawn.

10-7. Phototube Sensitivity.—Static sensitivity of a phototube
is the ratio of the direct anode current at a specified steady anode
voltage to the incident constant radiant flux of specified value.
It is usually expressed in microamperes per microwatt. When
the radiant flux is confined to a single frequeney or a very nar-
row band of frequencies, the ratio is ecalled the monochromatic
sensttivity.!

Variational sensttivity of a phototube is the ratio of the change
in anode current at a specified steady anode voltage to the change

11933 and 1938 reports of the Standards Committee of the Institute of
Radio. Engineers.
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in the total luminous flux entering the tube. As most precisely
used, the term refers to infinitesimal changes, as indicated by the
defining equation'

a1

= oF (10-3)

It is evident that the variational sensitivity is the slope of the
curve of current »s. flux at the given values of anode voltage and
flux. It may also be found from the family of current-voltage
characteristics by the use of small increments.

10-8. The Gas Phototube.—It can be seen from the curves of
Figs. 10-4 and 10-5 that the currents that are obtained from a

t
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] \
t g\ 2 A
5¢€ Glow -3\
Us 8 \
\
3¢ ‘
2. 4 \\\
<= ~

] |

60 80 100 120
Anode Voltage
Fia. 10-7.—Current-voltage characteristics for the type 868 gas phototube.

vacuum phototube are very small even with cathodes of high
sensitivity. The sensitivity of the tube can be greatly increased
by introducing a small quantity of gas. The increase of current
results mainly from ionization of gas by the emitted electrons in
moving to the anode. Ionization by collision takes place in a
gas phototube when the anode voltage approaches the ionization
potential of the gas. The new electrons thus released pass to
the anode, and the positive ions are drawn to the cathode. The
current is increased at every point between the cathode and
anode by an amount corresponding to the number of ionizing.
collisions per second between the cathode and anode. Increase
of anode voltage increases the number of primary electrons that
make ionizing collisions. When the voltage becomes sufficiently
high, then, after a primary electron makes one ionizing collision,
both it and the new electron may make one or more other

11933 and 1938 reports of the Standard Committee of the Institute of
Radio Engineers.
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ionizing collisions in moving toward the anode. Some inerease
of current also results from secondary emission produced when
positive ions strike the cathode. A tenfold increase of anode
current may be attained by the use of gas, the current increasing
rapidly as the voltage is raised above the ionization potential.
Figures 10-7 and 10-8 show static curves of anode current vs.
anode voltage and of anode current »s. luminous flux for the type
868 gas phototube. Below 15 volts the current-voltage curves
are of the same general form as those of a vacuum phototube,
since little ionization takes place below this voltage.

The gas that is used in phototubes must meet a number of
requirements. It must not react with the electrodes or be
absorbed by the electrodes or the

V; .

tube walls, it should have a low 2 |
.. . . . [ TYPE 868
ionization potential, and it should 916 PHOTOTUBE .
have a low molecular weight in 2 Ky

e Z 2Lk o/
order that the positive ions may it 5
be quickly accelerated. The only ¢ gk A30
gases that do not react with the 3
alkali metals used in the cathodes g 4|
are the inert gases, helium, neon, ;5 0 L F
argon, krypton, and xenon. The 0.1 ol;%)moésns 04 05
ionization potential of these gases g  10.8-Static curves of

decreases in the order in which they anode current vs. luminous flux for
are listed, whereas the atomic the type 868 gas phototube.
weight increases. Argon gives a satisfactory compromise as
regards these factors and is relatively inexpensive. Neon and
helium are used in some tubes, but the use of argon is more
common.

The ratio of the sensitivity of a gas phototube at a given voltage
and flux to the sensitivity obtainable at the same voltage and flux
without ionization resulting from presence of gas is called the gas
amplification factor. This factor depends upon the gas pressure.
If the pressure is too low, the spacing between the gas molecules
is relatively so great that there is slight probability that an
emitted electron will strike a gas molecule in moving from the
cathode to the anode. If the pressure is too high, on the other
hand, the probability is great that an electron will be stopped by
a gas molecule before it has been accelerated far enough to have
acquired sufficient energy to cause ionization. As the pressure is
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increased from a very low value, the number of collisions made
by an electron in moving from the cathode to the anode increases,
but the kinetic energy acquired between collisions with molecules
decreases. It is not surprising, therefore, that there is an
optimum gas pressure. This is found to be about 0.2 mm Hg
for the noble gases.

The gain in sensitivity resulting from the use of gas is partly
offset by a number of disadvantages. One, shown by Fig. 10-8,
is the loss of linearity between anode current and flux. A
second disadvantage is that a glow discharge may take place
at voltages above about 90. The breakdown voltage falls with
increase of flux, in a manner indicated roughly by the dotted
curve in Fig. 10-7. Glow is objectionable not only because it
causes the current to be independent of illumination, but also
because it may permanently reduce the sensitivity of the tube.
The anode voltage must, therefore, be
kept below the value at which glow break-
down can occur. Limitation of supply
voltage to 90 volts makes the maximum
output voltage that can be obtained less
than that attainable with vacuum photo-

Fio. 10-9.—Lag in the tubes. To prevent destructive rise of
response of a gas photo- anode current in the event that glow
tube. breakdown does occur, a resistance of
100,000 € or more must always be used in series with a gas photo-
tube. Since a high resistance is also necessary in order to produce
high voltage output, the need of such a resistance is not a
disadvantage.

The third disadvantage resulting from the use of gas in photo-
tubes is caused by the relatively large mass of positive ions.
Because the time taken for a positive ion to pass from the vicinity
of the anode to the cathode is appreciable, there is a perceptible
time lag in the response to a change in flux. The manner in
which a gas phototube responds to an abrupt increase and
decrease of flux is shown in Fig. 10-9. The effect of the time
lag is similar to that of inductance in the phototube circuit, as
it tends to prevent changes of anode current and produces a
phase difference between sinusoidal periodic light fluctuations
and the resulting alternating component of anode current.
It also causes the variational sensitivity of the tube to decrease
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with increase of modulation frequency of the light.! This is
illustrated by the dynamic response curve of Fig. 10-10, which
shows the relative variational sensitivity of a type 868 gas photo-
tube as a function of modulation frequency. When a gas
phototube is used in conjunction with an amplifier to convert
changes of light into sound, the effect of a drooping dynamic
response curve can be offset by the use of an amplifier that has a
rising frequency characteristic.

10-9. Phototube Circuits.——Phototube currents are so small
that a galvanometer is the only current-operated device that they
can operate directly. One or more stages of amplification must

4 100 S
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Fi1a. 10-10.—Dynamic response curve for the type 868 gas phototube.

be used in practical applications of the phototube. Since
vacuum-tube amplifiers are voltage-operated devices, the changes
of phototube current must be converted into voltage changes by
means of impedance in series with the tube. Because the currents
are very small, the impedance must be high, usually from 1 to 25
megohms. Although transformers have been designed for use
with phototubes, the difficulty of obtaining adequate primary
reactance at the lower audio frequencies makes it simpler
and cheaper to use resistance or resistance-capacitance coupling
between the phototube and the amplifier.

In order to simplify diagrams of circuits discussed in this
chapter, all tubes are shown as triodes, and all direct voltage
sources as batteries. Tetrodes and pentodes of proper char-
acteristics (Sec. 10-14) may be used in place of triodes, and
batteries may be replaced by other types of power supplies.

When a relay or other current-operated electrical device is to be
controlléd by changes of steady or average flux, a direct-coupled

1 Modulation frequency, the frequency at which the illumination varies,
should not be confused with the radiation frequency of the incident light.
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amplifier must be used. A circuit in which increase of illumina-
tion causes an increase in plate current of the amplifier tube is
termed a forward circuit; one in which increase of illumination
causes a decrease of plate current is called a reverse circuit. Figure
10-11 shows a simple forward circuif in which increase of illumina-
tion causes a relay to be energized. Figure 10-12 shows a similar
reverse circuit. The forward circuit of Fig. 10-13 is operated

' I+:? :
Cathode-~ | .
atho e/ Ll -Rc ﬂ L
Anoade-’ A
It

Fia. 10-11.—Forward d-¢ photo- F1e. 10-12.—Reverse d-c¢
tube circuit. phototube circuit,

entirely from a single source of direct voltage. If the relay is
shunted by a condenser in order to by-pass the alternating com-
ponent of plate current, or if a slow-acting relay is employed, this
circuit can also be used on an alternating voltage supply. The
phototube and amplifier then pass current during only one-half
of the cycle.

Improved forward and reverse a-c—operated circuits are
shown in Figs. 10-14 and 10-15.* The
purpose of the grid condensers is to elimi-
nate the difference in phase between grid
m and anode voltages resulting from the
Iy capacitance of the phototube and amplifier

electrodes. The sensitivity of these a-c
o~ +o circuits is less than half that of the cor-
Fia. 10-13.—Forward . . .
phototube circuit oper- responding d-¢ circuits at the same volt-
ated from a single volt- gges. The illumination at which the relay
age sourae. closes is adjusted in the circuits of Figs.
10-11 to 10-15 by variation of grid bias of the amplifier tube.

Another a-c—operated circuit is that of Fig. 10-16. The action
is as follows: During the half of the cycle in which the anode
and the amplifier plate are negative, a positive voltage is applied

t Although the phototube is shunted between the amplifier grid and plate
in Figs. 10-13 and 10-14, the only actual difference in the phototube con-
nection from that in the circuit of Fig. 10-11 is that the phototube current
flows through the relay. The voltage drop through the relay is small and
so does not affect the operation.
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to the grid through the condenser C. The flow of grid current
charges the condenser to a voltage approximately equal to the
peak voltage between A and B, the side of the condenser adjacent
to the grid being negative. During the half of the cycle that

:{E“‘:

)

AC. . AC.
Fre. 10-14.—A-c—operated for- Fic. 10-15.—A-c—operated re-
ward phototube circuit. verse phototube ecireuit.

makes the plate and the anode positive, the grid is negative with
respect to the cathode of the amplifier by an amount equal to the
sum of the condenser voltage and the instantaneous voltage
between A and B. If the phototube is dark, the charge on the
condenser cannot leak off; but if the phototube is illuminated,
the charge flows off through the phototube, lowering the negative
voltage of the grid and increasing the plate current. Adjustment
of the potentiometer varies the average
grid bias and thus changes the illumina-
tion at which the relay closes. It
should be noted that the circuit is in
effect a bridge, the voltage of the grid
during the negative half of the cycle
depending upon the relative size of C and
the sum of the phototube and amplifier
grid-to-plate capacitances. If C is too
small, no charge is stored during the
negative half cycle. If C is too large,
on the other hand, the reduction of
condenser voltage during the positive half cycle, caused by
the phototube current, is too small and the sensitivity is
low. A 0.0005-uf condenser gives satisfactory results with a
type 6J5 amplifier tube and a 0.00025-uf condenser with a type

Fig. 10-16.—A-c—operated
forward phototube circuit.
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6SK7 amplifier. The over-all sensitivity is considerably higher
with the 68K7 than with the 6J5 amplifier tube.

10-10. Circuits for Measurement of Illumination.'—The fore-
going circuits may be used for measuring illumination if the relay
is replaced by a meter. Because the variation of plate current
may be only a small fraction of the operating plate current
of the amplifier, it is usually necessary to balance out the steady
component of plate current in order to
obtain accurate readings. This may
be accomplished by the circuit of Fig.
10-17. The voltage divider P is ad-
justed so that there is no difference of
potential across the meter and all the
plate current flows through the resist-
Fia. 10-17.—Phototube ance. Any change in plate ecurrent
glfrfﬁl&nfifa:i};.measurement results in the flow of current through the

meter. For high sensitivity the resist-
ance R must be large as compared with the meter resistance, but
increase of resistance necessitates an increase of plate supply
voltage. Steady current can also be eliminated from the meter
by the use of the two-tube balanced circuit of Fig. 10-18.2 This
eircuit is unaffected by fluctuations of battery voltage and reads
linearly over a wide range of illumination. The meter in the
circuits of Figs. 10-17 and 10-18 may be replaced by other types
of current-operated devices.

10-11. Use of Phototubes in
Phase-control and Trigger Circuits.
Phototubes can be incorporated in
the thyratron phase-control circuits
of Figs. 9-41 to 9-51, thus making
possible the control of load current | _
by light. The phototubes are used Fic. 10-18.—Balanced circuit
as the variable resistance elements i";ti(fgf’ measurement, of illumi-
in the phase-shifting circuits, being
connected so that the phototube and thyratron anodes are posi-

! For more complet treatments of this subject, see W. E. Forsythe
(editor), ‘* Measurement of Radiant Energy,” McGraw-Hill Book Company,
Inc., New York, 1937; also Keith Henney, ‘““Electron Tubes in Industry,”
MeGraw-Hill Book Company, Inc., New York, 1937.

? BeLin, J. M., J. Opt. Soc. Am., 18, 393 (1929); Korrer, L. R., J. Western
Soc. Eng., 36, 15 (1931).
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tive during the same half of the cycle. Because of the very high
resistance of phototubes and the difficulty of obtaining com-
parable reactance at commercial frequencies by means of an
inductance, a condenser must be used as the reactive element
in the phase-shifting circuit. Two typical circuits are shown in
Fig. 10-19. The function of the resistance R in circuit b is to
provide a leakage path for electrons that collect on the grid side
of the condenser.

Phototubes may also be used to control the trigger circuits
of Figs. 6-26 and 6-27. Phototubes in series with or in place of
the resistances R, of Fig. 6-26 allow the current transfer to be
initiated by the interruption of light beams. Phototubes in

(a)

Fia. 10-19.—Thyratron phase-control circuits incorporating phototubes, by
means of which large currents may be controlled by illumination.

parallel with or in place of the resistances R.’ allow the circuit to
be tripped by increase of illumination.

10-12. Limitations of Direct-coupled Circuits.—The circuits
of Figs. 10-11 to 10-18 respond both to periodically repeated
changes of illumination and to sustained changes of steady
illumination. Greater sensitivity may be obtained by the use
of an additional stage of amplification, directly coupled to the
first; but it is then difficult to adjust the ecircuit to operate at
different illumination levels, and small variations in the illumina-
tion level alter the bias of the second stage. The difficulty of
obtaining high amplification in direct-coupled circuits imposes
a lower limit to the change in illumination that can be used to
operate circuits of this type. Aside from their relatively low
sensitivity, these circuits are unsatisfactory for the amplification
of modulated light because they are thrown out of adjustment
by changes of average illumination.
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10-13. Circuits for Use with Modulated Light.—To amplify
only the varying component of anode current produced by
fluctuating or modulated light, as in the reproduction of sound
recorded on film, the phototube is usually coupled to the first
amplifier tube by means of resistance-
capacitance coupling, as shown in

Ouiput Fig. 10-20. The coupling condenser
prevents the variation of amplifier
= bias with changes of average illumina-

Fra. 1090 Cireuit for con. 00  After the first stage, any type
verting modulated light into of amplifier having the desired char-
alternating current or voltage. acteristics ma v be used.

10-14. Sensitivity of Phototube and Amplifier.—The theoreti-
cal sensitivity, or change of plate current per lumen change in
light flux, of the eircuits of Figs. 10-11, 10-12, and 10-13 can be
readily determined. For a vacuum phototube the change in
voltage across the coupling resistor per lumen change of flux is
equal to the product of the tube sensitivity in microamperes per
lumen by the coupling resistance in megohms, or

i;,” = sk, volts/lumen (10-4)

If the change of voltage is not too great, the resulting change of
plate current is

C_ TV g
Aty P amp (10-5)
and
A’L'b . S,U.Rc
AF " 1+ R amp/lumen (10-6)

in which the resistances r, and R, are measured in ohms. The
resistance of milliammeters and of relays suitable for use in the
plate circuit of an amplifier tube is usually negligible in com-
parison to the plate resistance of the tube, so that Eq. (10-6) may
be simplified to

Ay _

N sgmB:. X 103 ma/lumen (10-7)
in which s is the phototube sensitivity in microamperes per
lumen, g. is the amplifier tube transconductance in micromhos,
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and R, is the coupling resistance in megohms.! If the cathode
is uniformly illuminated, or if the light is concentrated upon
the cathode by means of a uniformly illuminated lens, . the
sensitivity ean be expressed also in milliamperes per foot-candle
change in illumination and is equal to sg.RK.A X 10~% ma/ft-
candle, where A is the effective cathode area or the area of the
lens. It is important to note that the sensitivity is proportional
to the transconductance of the amplifier tube.

If the changes of flux are very large, the value of the trans-
conductance of the amplifier tube may vary considerably over the
range of operation. A more accurate determination of the
sensitivity of the circuit can then be made by using in place of g..
the ratio of the change in plate current to the change in grid
voltage, as determined from the plate diagram or the transfer
characteristic of the amplifier tube. If a gas phototube is used in
place of a vacuum phototube, the phototube sensitivity is not
constant, and the ratio of the actual change of anode current
to the change in flux should be used in place of s. This may be
determined from the anode-circuit diagram.

10-15. The Anode Diagram.—Anode diagrams similar to the
plate diagrams of amplifier tubes are often of value in determining
the performance of phototubes.
An anode diagram for a vacuum

138 . M'  F=05/umen

phototube is illustrated in Fig. § ~ 0.4
10-21. The load line passes g N - 03
through the point on the voltage © N '0 N
axis corresponding to the anode < —

2 X N\, 0./
supply voltage and makes an £ y a2

< Tan™ /R \N NN /e

angle with the voltage axis whose
tangent is equal to the reciprocal Anode Voltage  Ebb  Ebd
of the load resistance (expressed Y'¢ 10-2l.—Anode diagram for
. vacuum phototube.

in volts per ampere). Above

saturation the characteristic curves of Fig. 10-21 corresponding to
equal increments of flux are practically horizontal, equidistant,
straight lines, and therefore intersect the load line at equidistant
points. This shows that if the anode voltage of a vacuum photo-
tube is always sufficiently high to give saturation current, the

! Note that rp, 1, gm, and s must be determined for the given operating
points.
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current and the voltage across the load resistor are essentially
proportional to the flux.

Except over a very small range of voltage, the characteristics
of gas phototubes are not equidistant, parallel, straight lines, and
so the anode current and output voltage are not proportional to

TYPE 918 PHOTOTUBE

o

o

o

IS

~

Anode Current, Microamps

(o]

T 1 1 1 { i
0 10 20 30 40 50 60 70 80 90e
Anode Voltage

F1a. 10-22.—Anode diagram for the type 918 gas phototube.
flux. The anode current may be expanded in an infinite series
similar to the plate-current series for an amplifier tube. It is
difficult, however, to evaluate the coefficients of such an expan-
sion in the solution of problems. It is more practical to deter-

40 . . =]
Type 918 o
o Gas Phototube qoh
) 30 [ ! _ {ne
<o Ebb =90V, 2 \0 5
o / <
RN e
> 2L—
10|24 V/ S~
_E_ L]
Ny =

0.02 004 006 008 01
Lumens

Fia. 10-23.—Curves of output voltage vs. luminous flux for the type 918 gas
phototube with load, derived from the anode diagram of Fig. 10-22.
mine the output voltage and harmonic content by means of the
anode diagram. Figures 10-22 and 10-23 show the anode-circuit
diagram of the type 918 phototube and the curves of output
voltage vs. luminous flux which are derived from it. Harmonic
content can be determined from the anode diagram of Fig. 10-22
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or the voltage-flux curves of Fig. 10-23 by the use of equations
given in Chap. 4, in the same manner as for amplifier tubes.

10-16. Design of Phototube Circuits.—The fact that the
anode current of a vacuum phototube is practically independent
of anode voltage above saturation means that the anode current
is also independent of coupling resistance if the anode voltage is
always above saturation. The output voltage, therefore,
increases linearly with coupling resistance. If the coupling
resistance is made very large, however, the anode voltage may fall
below saturation at high values of flux, destroying the linearity
between current and flux, as shown by the load line MN in
Fig. 10-21. This difficulty can be remedied by increasing the
anode supply voltage, as indicated by the load line M’-N'.
The size of the coupling resistance that can be satisfactorily
used at a given maximum flux is limited by the maximum
allowable anode voltage (usually not less than 250 volts in
vacuum phototubes), by tube and ecircuit leakage conductance,
and by resistor “noise.”” With special care in the elimination
of circuit and tube leakage it is possible to use properly designed
coupling resistors as large as 100 megohms, but ordinarily it is
not advantageous to exceed 25 megohms. When extreme
sensitivity is essential, as in the measurement of minute quanti-
ties of light, leakage in the phototube and phototube socket
should be minimized by the use of a phototube in which the anode
terminal is at the top of the tube, and of low anode voltage.
If the anode voltage is kept below 20 volts, the danger of ioniza-
tion of residual gas in vacuum phototubes is avoided. Grid
leakage in the amplifier tube is reduced by the use of low screen
and plate voltage and low cathode temperature. High sensi-
tivity may be attained without the need of high anode supply
voltage by using a pentode! (see Fig. 6-6) or a second phototube?
in place of the coupling resistor.

When gas phototubes are used in the conversion of modulated
light into alternating voltage or current, the harmonic content
of the output increases with coupling resistance. Allowable
amplitude distortion, therefore, usually limits the coupling
resistance to 1 or 2 megohms. In control circuits, however,

1 Suerarp, F. H., Jr.,, RCA Rev., 2, 149 (1937); Buir, H. 8, and

Lafferty, J. M., Electronics, November, 1940, p. 31 and December, 1940, p. 71.
2 SHEPARD, ibid.
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large values of coupling resistance can also be used with gas
phototubes.

Danger of cumulative increase of plate current as the result
of primary and secondary grid emission and of ionization of
residual gas imposes a limit on the grid-circuit resistance that
can be used with many amplifier tubes at rated plate voltages.?
To make use of the large values of coupling resistance that are
desirable in order to give high sensitivity, it is necessary, there-
fore, to use low values of plate and screen operating voltage.
This is normally not a disadvantage, since enough plate current
to operate small relays may be readily obtained with most
tubes at plate voltages of 100 or less. A second amplifier
stage, operated at normal voltages, may be used if necessary.
Care must also be taken to ensure that the allowable amplifier
plate dissipation is not exceeded for any value of light flux at
which the phototube is operated. Since IR drop in the grid
resistor prevents the application of appreciable positive voltage
to the grid, ample protection is usually afforded by the use of
sufficiently low plate and screen supply voltages so that the
allowable plate dissipation is not exceeded when the grid voltage
i8 zero.

10-17. Photoconductive Cells.—The photoconductive effect
was discovered in 1873 by Willoughby Smith, who observed a
change in the resistance of the
] crystalline form of selenium with
=2 illumination. Although a num-
Fﬁ_/f ber of semiconducting substances
=T are now known to be photocon-

R ductive, selenium is still used
_:i:/{/‘ in most photoconductive cells.

F \l Karly selenium cells were made
by covering two closely spaced

Fig. 10-24.—Two forms of grids conductors with a thin coating of

used in selenium cells. . .

amorphous selenium, which was

subsequently converted into crystalline selenium by heat treat-
ment. The conductors were commonly made in the form of
interlocking metallic combs, or of two wires wound close together
on a nonconducting frame, as shown in Fig. 10-24. Modern

!Rercy, H. J.,, “Theory and Applications of Eleetron Tubes,” pp.
184-185.
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cells are made by condensing selenium vapor in a thin film upon a
double grid of gold or platinum fused to or sputtered upon a
glass plate. The glass is maintained at the proper temperature
so that the film is deposited in the crystalline form.

The photoconductive effect is thought to be caused by the
emission of electrons within the material. In their motion under
the influence of applied voltage, these photoelectrons produce
other ionization. Equilibrium is established when the rate of
recombination becomes equal to the rate of ion formation. This
theory is in agreement with experimentally observed laws. It is
found experimentally that (1) for a short time after the light
is applied, before much displace-

. . 100
ment of positive ions or appre-
ciable secondary ionization takes 75
place, the change in current re- é FJ 3!
sulting from illumination is pro- @ SE'EEmUM

. .. o 50
portional to the incident flux;
(2) for exposures of sufficient -2
£ 25

length to enable the current to
reach equilibrium, the current is % o
proportional to the square root of 2000 4000 6000 8000 10000
the incident flux; (3) with rapidly Angstroms

. . . Fie. 10-25.—Relative response of
fluctuating light the alternating the type FJ-31 selenium cell, in per

current is proportional to the ¢ent of maximum response, as a
.. . function of wave length.

incident flux and inversely pro-

portional to the frequency of fluetuation. The lag in the
response of a selenium cell is caused mainly by the low velocity
of the relatively heavy positive ions. The dependence of
current upon time of illumination and the related falling dynamie
response curve make the photoconduective cell unsatisfactory
for the undistorted conversion of modulated light into voltage
or current.

Unlike the phototube, the photoconductive cell passes appre-
ciable current when it is dark, the dark resistance of commercial
cells ranging from about 100,000 © to 25 megohms. The ratio
of light to dark currents may be as high as 25 but is more com-
monly about 8 or 10. The current capacity does not usually
exceed a few milliamperes, but by proper design may be increased
to as much as + amp. The sensitivity is directly proportional
to the voltage across the cell, and consequently cells are usually
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operated at as high voltage as possible without overheating

and subsequent breakdown.

20
25 |\
S .- 288 f . FJ 3l
b SELENIUM
@ 10 F—\ CELL  —
o
2
+ 5 N\ /T G~
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i 7270)‘ %c.
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Modulation Fred., ke.per sec.

Fia. 10-26.—Dynamic response curves
for the type FJ-31 selenium cell.

rived.!

10

In Figs. 10-25 and 10-26 are
shown the current—wave-length

characteristic curve and the
dynamic response curves of a
typical selenium cell, the Gen-
eral Electric type FJ-31. The
peak of the spectral sensitivity
curve is in the red, which
makes the cell suitable for use
with artificial illumination and
infrared radiation.
Expressions for the voltage
sensitivity of selenium cells
and of the ampere-turn sensi-
tivity of selenium cells used
to operate relays may be de-

It is generally simpler, however, to make use of a

current-voltage diagram in the same manner as with photo-

tubes and amplifiers. Because

i

the cell resistance at a given

IR
R= 20,0004 @/
]2 i AN ;‘(V
) | A8
g L0 . /R:/O0,000JI .\(\OX\O
Q ) e
L s W\
= R=2000000 oV
5 06 . !
<L
5 0'.4 24—
(9]
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&) //>j
0 /‘ e
0 120

40 80
Cell Voltage

Fic. 10-27.—Typical current-voltage diagram for a selenium cell.

value of illumination is independent of cell voltage, the
current-voltage curves are straight lines and may be readily

1 ZworykiN, V. R., and WiLson, E. D., “Photocells and Their Applica-
tions,” 2d ed., John Wiley & Sons, Inc., 1934, pp. 175-180.



Skc. 10-18] LIGHT-SENSITIVE TUBES AND CELLS 327

derived from a single static curve of current vs. illumination at
any voltage. A family of current-voltage -characteristics,
together with a number of load lines for 120-volt supply voltage,
is illustrated in Fig. 10-27. It can be seen from this diagram
that the change in current per foot-candle change in illumina-
tion, and hence the current sensitivity, is a maximum for zero
load resistance, and decreases rapidly as the load resistance is
inereased. The change in voltage across the load resistance
per foot-candle change in illumination, and hence the voltage
sensitivity, passes through a maximum as the load resistance is
increased. With small changes of illumination, maximum volt-
age sensitivity is obtained when the load resistance is approxi-
mately equal to the average resistance of the cell in the range
of operation.

10-18. Photovoltaic Cells (Barrier-layer Cells).—The photo-
voltaic effect was first observed by Becquerel,’ who discovered

125 i |
] Rayfoto Cell /
i
2100 -0
£ </ &
5 Y
° 15 .
=
-+ 50 /
<
£ / 14,2200
3 25
o]
© 0
0 20 40 60 80 100

Foot-candlies
Fig. 10-28.—Curves of current »s. illumination for the Rayfoto cell.

that an e.m.f. is set up between two electrodes immersed in an
electrolyte when one of the electrodes is illuminated. Two
cells based upon the Becquerel effect were the Rayfoto cell,
which employed a cathode of cuprous oxide on copper and an
anode of lead in an electrolyte of lead nitrate; and the Photo-
lytic cell,? which was similar in construetion but which employed

1 BEcQUEREL, E., Compt. rend., 9, 144, 561 (1839).
2 Although these cells are no longer on the market, they are still of theo-
retical interest.
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cuprous oxide on copper for both electrodes, thus eliminating
voltage when the cell was dark. Curves for the Rayfoto type of
cell, taken from an article by Fink and Alpern,' are shown in
Figs. 10-28 and 10-29. It can be seen that when the cell is
short-circuited the current is proportional to the illumination but
that external circuit resistance destroys the linearity and also
results in considerable reduction of current sensitivity. The
response of this cell to fluctuating light falls rapidly with increase
of light-modulation frequency, so that it is not satisfactory for
converting modulated light into sound.

350
/
” /<-— Photox cell
'% 250 4
2 Z
S 200 —
- /
qé"»] 50 / [/@hofron/cce//
1
% //K Reay Foto cell
>
= 100
)
O
50
0]

0 50 100 150 200 250
Foot-candles
Fre. 10-29.-—Curves of generated voltage vs. illumination for three types of
photovoltaic cells.

A more recent type of photovoltaic cell, the barrier-layer cell,
is made of a layer of cuprous oxide in very close contact with a
metal, usually copper, gold, or platinum, or of a thin layer of
iron selenide on iron. It is found that illumination of the bound-
ary or barrier plane between the compound and the metal sets
up an e.m.f. and that current flows if the compound and the
metal are connected through an external circuit. The phe-
nomenon, which is now known to be caused by the emission of
electrons from the compound into the metal, was first observed

! Fink, G., and AveerN, D. K., Trans. Am. Electrochem. Soc., 68, 275
(1930).
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by Fritts in 1884 in the course of experiments on selenium cells.!
Improvements in design and manufacture have resulted in
selenium? and cuprous-oxide? barrier-layer cells capable of produc-
ing currents of 100 ua or more per lumen.

There are two forms of barrier-layer cells. In the first, called
the back-effect cell, the cuprous oxide or iron selenide is deposited
upon the metal in the form of a thin layer. The light passes
through the compound to the metal, as shown in Fig. 10-30q, the
photoelectric action taking place at the boundary between
them. Electrons flow across the boundary from the oxide or
selenide to the metal, and the conventional direction of current
in the external circuit is from the compound to the metal.

@R 3|1

‘l‘ I Y Sputtered filrm

®) R M Cuprous oxide

7 Front effect CoPPET
Fic. 10-30.—Arrangement of electrodes in front-effect and back-effect barrier-
layer cells.

Contact to the compound is made by means of a conductor
pressed against the compound or by means of a thin layer of
metal sputtered on the compound near the outer edge of the
surface. Because of absorption of the light of shorter wave
lengths in the oxide, the current—wave-length characteristic of
a cuprous oxide back-effect cell shows a maximum at the red end
of the spectrum.

The second form of cell, called the front-effect cell, is made by
sputtering a thin film of silver, gold, or platinum on the exposed
surface of the cuprous-oxide or selenide layer, which is formed on
the metal as in the back-effect cell. Light enters the cell through
the sputtered film, as shown in Fig. 10-30b. Emission of elec-
trons takes place at both surfaces of the oxide or selenide but is
greater at the front surface, causing the sputtered film to become
negatively charged with respect to the metal and resulting in

tFrrrrs, C. F., Proc. Amer. Asso. Adv. Science, 38, 97 (1884); Apams,
W. G., and Day, R. E., Proc. Royal Soc. London, 26, 113 (1877).

? BERGMANN, Physik. Z., 82, 286 (1931).
3Lance, B., Physik. Z., 81, 139 (1930).
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current in the conventional sense from the metal to the sputtered
film through the external circuit. Absorption of light by the
sputtered film is small, and the peak of the spectral sensitivity
curve is at the blue end of the visible spectrum.

The short-circuit current of a barrier-layer cell, like that of an
electrolytic cell, is directly proportional to the total flux incident
upon the surface and is independent of the area illuminated.
The introduction of external resistance destroys the linearity
between current and flux and reduces the current sensitivity, the
curves of current vs. illumination being similar to those of Fig.
10-28. The internal resistance of the cell results almost entirely
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Fia. 10-31.,—Curves of current vs. illumination for the Photronic cell.

(=)

from the fact that the emitted electrons must pass along the
poorly conducting layer of cuprous oxide or iron selenide from
the point of emission to the external contact. The response of
barrier-layer cells to fluctuating light falls rapidly with increase
of modulation frequency because of the relatively high capaci-
tance between the two surfaces.

The Photox cell is an example of a front-effec'o cuprous-oxide
cell. It has a current sensitivity of 100 pa/lumen, a cathode
area of 0.02 sq ft, and produces a voltage of 0.2 volt with 50-ft-
candle illumination. A curve between cell voltage and illumina-~
tion is shown in Fig. 10-29.

The Photronic cell is an iron selenide cell. The characteristics
of the Photronic cell are shown in Figs. 10-29, 10-31, 10-32, and
10-33. The manufacturers state that the response of the cell
does not vary over long periods of time.- It does, however, show
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a certain amount of fatigue, as shown by Fig. 10-33, and is
sensitive to temperature changes. The response to modulated
light is poor. For 100 per cent response at 60 cycles, the response
is 58 per cent at 120 cycles, 30 per cent at 240 cycles, and 6.4 per
cent at 1000 cycles. The cell is unsuited, therefore, to the con-
version of modulated light into alternating current. The internal
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Fig. 10-32.—Curve of relative response vs. wave length for the Photronic cell.

resistance of the Photronic cell differs from that of the Photox
cell, necessitating differences in the design of circuits.!

The chief advantage of photovoltaic cells lies in the fact that
they require no external voltage supply.? Relays have been -
designed to operate directly from photovoltaic cells, but, because
the resistance of the relay reduces the current sensitivity, it is
difficult to obtain high armature torque. The generated voltage
is so small that an amplifier of high current sensitivity is required
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Fig. 10-33.—Curves showing fatigue in the Photronic cell.

if an amplifier is used between the cell and the relay. A single-
stage amplifier is ordinarily inadequate. Even for small values
of flux, for which the voltage sensitivity is high, the Photronic
cell has a sensitivity of only about 25 mv/lumen, and the Photox
cell about 50 mv/lumen. This is very small as compared with

! BArRTLETT, C. H., Rev. Sci. Instruments, 8, 543 (1932).
:Lams, A. H., Instruments, 5, 230 (1932).
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the 500-volt/lumen sensitivity obtainable even with the vacuum
type of phototube. The voltage sensitivity of photovoltaic cells
may be increased by series operation of units, and the current
sensitivity by parallel operation. The photovoltaic cell finds
one of its principal applications in photometry. In combination
with a low-resistance microammeter it makes a simple and rugged
foot-candle meter.

10-19. Comparison of Phototubes, Photoconductive Cells, and
Photovoltaic Cells.—From the point of view of linearity of
response, absence of time lag, and freedom from fatigue and
temperature effects, the phototube is far superior to either the
photoconductive or the photovoltaic cell. It gives the highest
voltage output of the three types but has low current output and
low current sensitivity. Because of its high voltage output, how-
ever, it may be efficiently used with an amplifier in the operation
of current-controlled apparatus. The poor dynamic response of
photoconductive and photovolta ¢ cells makes them unsuitable
for the conversion of modulated light into sound, but they have
the advantage of ruggedness and relatively high current output,
which makes possible the direct operation of relays or meters if
relatively large changes of illumination are available. The
photovoltaic cell has the additional advantage of not requiring
an external voltage source. Since the voltage output of a photo-
voltaic cell is small, and independent of load resistance, the cur-
rent sensitivity of a single-stage amplifier is insufficient to increase
the current change available to operate a relay. Because of the
inconvenience and expense involved
in the use of a two- or three-stage d-c
amplifier, it is usually not advan-
tageous to use an amplifier in con-
junction with a photovoltaic cell.
Low-resistance relays and compara-
Fia. 10-3¢.—Circuit diagram tively large changes of illumina-

for Prob. 10-1. tion are consequently required. The
over-all voltage or current sensitivity of a photoconductive-cell
circuit may be increased by the use of an amplifier.

Problems

10-1. Criticize the circuit of Fig. 10-34. (Six errors.)
10-2. The following data apply to a photoelectrically controlled relay:
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Phototube sensitivity..................... 7 pa/lumen
Phototube cathode area................... 1 sq in.
Amplifier tube........ ... . . L Type 6J5
Coupling resistor......................... 8 megohms

. 8 ma, closing
Relay operating currents.................. 37 ma, opening

Relay resistance.......................... 1000 @

a. Draw the diagram of a circuit in which increase of illumination will
cause the relay to be opened. All phototube and amplifier voltages are to be
derived from a single 220-volt d-¢ supply.

b. Specify values of resistance that will provide the correet filament cur-
rent and suitable values of plate voltage and adjustable biasing voltage.

¢. Specify the value and polarity of the C supply voltage that will just
open the relay at a phototube illumination of 72 ft-candles. The source of
light is a tungsten filament operated at 2870°K.

d. How much must the illumination be decreased to cause the relay to
close?

10-3. The following data apply to a phototube-amplifier-relay circuit:

Phototube.......... ... ... .. .. ... ..., Type 868 (see Fig. 10-7)
Phototube cathode area................... 0.9sqin.

Amplifier tube........... ... ... ... ..., Type 6J5

Coupling resistance....................... 1 megohm

Relay resistance.......................... 1000 @

Relay closing current........... ......... 6 ma

Relay opening current.................... 4 ma

Phototube anode supply voltage............ 90 volts

Amplifier plate supply voltage............. 90 volts

Light source.......... .. ... ... ... .... Tungsten filament at 2870°K

a. Show the circuit diagram for a circuit in which inerease of illumination
causes the relay to close.

b. From the plate characteristics of the type 6J5 tube find the grid volt-
ages at which the relay will open and close.

¢. From the characteristic curves of the type 868 phototube (Fig. 10-7),
plot a curve of voltage across the coupling resistor as a funetion of light flux.

d. From the curve of (¢) determine the grid supply voltage necessary to
open the relay when the incident flux is 0.2 lumen.

e. Determine the change in illumination, in foot-candles, necessary to
close the relay after the eircuit is adjusted as in (d).

10-4. a. Plot curves of per cent second and third harmonie in the voltage
output of a type 918 phototube operated from an 80-volt supply with a
7-megohm load, as a funection of incident light flux for 80 per cent and 100
per cent modulation of incident light.

b. Repeat for a load having a d-c¢ resistance of 10 megohms and an a-c
resistance of 7 megohms at signal frequency.

10-5. Determine the factor by which the current scale of the current-
voltage characteristics of a type 868 gas phototube must be multiplied in
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order that the characteristics shall hold for a light source whose energy
distribution is given by the following table:

Wave length, | Relative | Wave length,| Relative | Wave length,| Relative
angstroms energy angstroms energy angstroms energy
3000 0 5500 42 8000 15
3500 1 6000 65 8500 6
4000 6 6500 93 9000 2
4500 14 7000 100 9250 0
5000 25 7500 55
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CHAPTER 11

RECTIFIERS AND FILTERS

The practically universal use at the present time of alternating
current in the transmission and distribution of electric power
necessitates the use of some means for converting into direct
current in ecertain applications of electric power. Although
this may be accomplished by rotary converters or motor-gen-
erator sets, it is often simpler, cheaper, and more efficient to use
electronic rectifiers. Other advantages of electronic rectifiers
include quiet operation, ease and speed of starting and, in
mercury pool types, long life, high momentary overload capacity,
and immunity to frequency short-circuits. Outstanding applica-
tions of electronic rectifiers are made in supplying direct voltages
for electric railways, for electrolytic plants, and for the operation
of electron tubes.

Since the output of a rectifier is pulsating, and the voltage
used in most tube circuits must be nearly free of pulsation,
rectifiers that supply direct voltages to tubes must be followed
by smoothing filters. In order to prevent interference in
adjacent communication lines, it is also important to keep the
ripple small in the distribution of rectified currents. Because
of the many factors involved in rectification and filtering, only
the principal aspects of the subject will be presented in this
chapter.

11-1. Definitions.—A rectifier is a device having an asymmetri-
cal conduction characteristic which is used for the conversion of
an alternating current into a current having a unidirectional com-
ponent. Such devices include vacuum-tube rectifiers, gaseous
rectifiers, oxide (barrier-layer) rectifiers, and electrolytic recti-
fiers. A half-wave rectifier is a rectifier that changes alternating
current into pulsating current, utilizing only one-half of each
cycle. A full-wave rectifier is a double-element rectifier arranged
so that current is allowed to pass to the load circuit in the same
direction during each half c¢ycle of the alternating supply voltage,
one element functioning during one half cycle and another during
the next half cycle.

. 336
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The alternating component of unidirectional voltage from a
rectifier or generator used as a source of d-c¢ power is called
ripple voltage. 'The ripple voltage is not generally sinusoidal and
may, therefore, be analyzed into fundamental and harmonic
components.

The importance of the ripple voltage relative to the d-e¢ com-
ponent of the rectifier or filter output voltage is often specified
by means of the per cent ripple, which is defined by the Standards
Committee of the Institute of Radio Engineers! as the ratio of the
r-m-s value of the ripple Voltage to the algebraic average value
of the total voltage, expressed in percentage. The effectiveness
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Fra. 11-1.—Curves of positive secondary voltage and load current for single-
phase and three-phase rectifiers.

of a smoothing filter increases, however, with the frequency of

the voltage input to the filter. Furthermore, in all but the half-
wave single-phase rectifier, the amplitudes of the ripple harmonics

decrease rapidly with increase of the order of the harmonics. For
these reasons, if a filter is designed to produce adequate filtering
at the fundamental ripple frequency, the ripple harmonics will
usually be reduced to negligible values, and so only the funda-
mental component of ripple voltage need be considered in design-
ing the filter. The ratio of the amplitude of the fundamental
component of ripple voltage to the average (direct) value of the
total voltage will be called the ripple factor.

The effectiveness of a smoothing filter in removing a compo-
nent of ripple voltage of any frequency may be indicated by the
effect that it would have upon a sinusoidal voltage of that
frequency. The ratio of the amplitude of a sinusoidal voltage
of given frequency impressed upon the input of a filter to the
amplitude of the resulting sinusoidal output voltage will be
termed the smoothing factor at that frequency.

The following symbols will be used:

11933 Report of I.R.E. Standards Committee.
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Supply frequeney....... ...... ... . ... ... .. ... .. i
Fundamental ripple frequency.................. ... .. Ir
Amplitude of fundamental component of ripple voltage at
filterinput........... . ... ... E.
Average value of total output voltage.................. Eu
Ripple factor at input to filter, Bri/Eae. ............... o
Smoothing factor at any frequency............. ... ... . a
Smoothing factor at fundamental ripple frequency....... ay

Primed symbols will be used to indicate the ripple voltage and
its components and the ripple factors at the output of the filter
(across the load).

11-2. Current Wave Form.—In Fig. 11-1 are shown curves of
positive anode voltage and of load current in a single-phase half-
wave rectifier, in a single-phase full-wave rectifier, and in a three-
phase half-wave rectifier, with resistance and inductance loads,
under the assumption that tube and transformer voltage drops

. S are zero. When the load (in-
W"— %%Z;yery cluding the filter) is nonreac-
; y — tive, current flows in each

[

, )

1 H 1 !

W—"fgﬁjg‘g” phase only when that phase

1/ i \! | ; j A Tube has the highest induced volt-
current age, and the instantaneous cur-

Fig. 11-2.—Approximate wave form o . 1 h
of load voltage and tube current in a TI€NU 18 proportional to the

ful%—wave singlg-phase rectifier with jngtantaneous Voltage. The
resistance-capacitance load.

current waves are shown by
the dotted curves. (The effect of the constant voltage drop
in an arc rectifier tube is to prevent the flow of current when the
induced voltage is less than the normal tube drop.) The presence
of inductance in the load tends to prevent the current from build-
ing up and dying down, and thus changes the forms of the current
waves to those shown by the solid curves. If the inductance is
made sufficiently large, the load current becomes practically
constant, and so the current in each phase is very nearly a square-
topped pulse.

When a resistance load is shunted by a condenser, current
flows through the rectifier only when the induced voltage exceeds
the condenser voltage. If the condenser is large and the resist-
ance high, current flows just for a short time at the peaks of the
induced voltage. The approximate forms of typical voltage and
current waves with resistance-capacitance load are shown in
Fig. 11-2.
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When the load is such that current flows in each phase during
the entire time in which its induced voltage exceeds those of the
other phases (inductive or nonreactive load), then the voltage
wave across the rectifier load consists of the portions of the
phase voltage waves lying between the intersections of waves of
the different phases. The voltage waves for different numbers
of phases are shown by the solid curves of Fig. 11-3. The form
of the corresponding current wave can be determined by analyz-
ing the voltage wave into its Fourier components, dividing each
component by the impedance of the load (including the filter) at
the corresponding frequency, and adding the component cur-
rents obtained in this manner.” If the presence of capacitance
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Fia. 11-3.—Wave form (solid lines) of load voltage for resistance or inductance

load.

in the rectifier load causes each tube to pass current during only
a portion of the possible firing period, then the load voltage
during the nonconduecting portion of the cycle depends upon the
parameters of the load. Under these conditions the determina-
tion of the current wave form becomes difficult and necessitates
the use of successive approximations.? Considerations of
efficiency and voltage regulation recommend, however, that
enough inductance should be used in the load to cause current to
flow during the maximum firing period of each tube.

11-3. Choice of Rectifier Tubes and Circuit.—The choice of
rectifier tubes and circuit involves a number of factors, of which
the following merit special consideration:

1. Type of Rectifier Tubes.—The low voltage drop of mercury
vapor tubes results in higher efficiency of operation than with
high-vacuum tubes and, because the drop is practically constant

1 Stour, M. B., Elec. Eng., b4, 977 (1935).
2 Stour, vhid.
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throughout the working range of current, the voltage regulation
is better than with high-vacuum tubes. For a tube of given size
and given filament power the mercury vapor tube will pass higher
current than the high-vacuum tube. The peak voltage of the
mercury vapor rectifier is limited, however, because of danger of
glow and subsequent breakdown into an arc during the half
of the cycle when the anode is negative. The hot-cathode
mercury vapor rectifier is much more subject to damage due to
overload or low cathode temperature, and adequate provision
must be made to ensure that the anode voltage will not be applied
before the cathode has reached operating temperature. Another
disadvantage of mercury vapor rectifiers is that the abrupt
changes of anode current that occur when the are fires and
extinguishes produce objectionable transient and high-frequency
disturbances. Provision must be made to prevent these disturb-
ances from affecting apparatus connected to the power supply or
from being transferred to the a-c line or radiated.

Grid-controlled are rectifiers are advantageously used in large
power supplies.! The use of phase control affords a simple
method of reducing the direct voltage. In power supplies for
radio transmitters, gradual increase of voltage in starting pre-
vents damage to the transmitter tubes and also prevents failure
of filter condensers ag the result of large current surges.? The
grids may be used to provide high-speed automatic regulation
of the direct voltage. Grid control also makes possible inter-
ruption of the anode current within one cycle of the supply
frequency when a short circuit or other overload oecurs. The
circuit may be designed so that the energy stored in the filter is
returned to the line by inverter action, instead of being dissipated
in a flashover arc. The likelihood of arcback (current flow in the
reverse direction) is reduced by the use of grids in mercury are
rectifiers.

2. Transformer Destgn.—The design of the transformer, or
transformers, is dependent upon the type of circuit and tubes.
Factors that must be taken into consideration are the primary

1 BrownN, H. D., Gen. Elec. Rev., 3b, 439 (1932); Foos, C. B., Elec. Eng.,
B3, 568 (1934); KM, R. M., Electronics, August, 1933, p. 219; JOURNEAUX,
D., Elec. Eng., 63, 976 (1934); DuranD, 8. R., and KeLLER, O., Proc. I.R E.,
25, 570 (1937).

2 DuraND AND KELLER, ibid.
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and secondary volt-amperes, the secondary voltages, and insu-
lation required between windings.

3. Efficiency.—The efficiency of operation depends upon the
transformer and tube efficiencies. Tube efficiency, as already
stated, is greater for mercury arc rectifiers than for high-vacuum
rectifiers. The efficiency of both the tubes and the trans-
former increases with the percentage of the cycle during which
anode current flows. For this reason, if a filter is used, it is
advisable to design it so that current flows in each tube during
its maximum firing period. In some rectifier circuits, current
flows in only one direction in each leg of the transformer. The
resulting d-c component of flux saturates the core, reducing the
efficiency by increasing the magnetizing current and hysteresis
loss and by introducing harmonies into the secondary voltage.

4. Filament Supply.—In certain rectifier circuits the cathodes
are at the same potential and may be operated from the same
heating transformer; in others, on the other hand, it is necessary
to use either separate filament supplies or heater-type tubes with
adequate insulation between cathodes and heaters.

5. Ripple Frequency and Amplitude—The size and cost of a
filter capable of reducing the ripple factor to a given value at the
load decrease with increase of ripple frequency and with decrease
of ripple amplitude at the filter input. The allowable ripple
factor at the load depends upon the type of service for which the
power supply is designed. In the microphone circuit of a radio
transmitter the ripple factor must be less than 0.005 per cent.
In audio-frequency amplifiers not followed by high-gain radio-
frequency amplifiers, ripple factors may range from 0.01 to 0.1 per
cent without ecausing objectionable hum, and even 1 per cent
may sometimes be tolerated. About 1 per cent represents the
upper limit in voltages used for cathode-ray oscillographs. In
industrial applications and in control devices of the type discussed
in Chaps. 9 and 10, the allowable ripple may sometimes be so
high that the smoothing filter may be omitted.

In general, the ripple frequency increases and the ripple
amplitude decreases with increase of the number of phases. The
wave form of the rectified voltage for different numbers of phases
is shown by the solid lines in Fig. 11-3.

11-4. Characteristics of Rectifier Circuits.-—Table 11-I lists
important information concerning some of the more common



~

TaBLE 11-I (See first paragraph of Sec. 11-4 for explanation of items listed.)

* +
~ Y
Type of circuit '~ g
Single-phase m
half-wave 2phase supply
hase suppl
EPhase SUPRY 15 phase supply | Sphase supply | 3phase supply
Induct- | Resis- T b Th N
ance in tance 'wo-phase ree-phase
series load, | Single-phase | Single-phase | full-wave Three-phase | double star | Three-phase D(ﬂ;m: :Vl;:"]e]e
with | without | full-wave bridge (four-phase star (six-phase star|star full-wave lxo)al as ce coil
load choke star) full-wave) nee co
Secondary volts per Jeg =+ direct
voltage............. coel) 2.22 2.22 1.11 1.11 0.785 0.855 0.740 0.428 0.855
Primary volts per leg
voltage.................... 2.22 2.22 1.11 1.11 0.785 0.855 0.740 0.428 0.855
Primary current per leg +
direct current.............. 0.707 1.57 1.0 1.0 0.707 0.471 0.577 0.816 0.408
Secondary current per leg +
direct eurrent.............. 0.707°f 1.57 0.707 1.0 0.500 0.577 0.408 0.816 0.289
- PrimaryAva -+ d-c watts..... J 1.57 3.49 1.57 1.11 1.57 1.48 1.81 1.05 1.48
Secondary &va = d-e¢ watts....| 1.57 3.49 1.11 1.11 1.11 1.21 1.28 1.05 1.05
Peak inverse tube voltage. . ... 3.14 3.14 3.14 - 1.57 2.22 2.09 2.09 1.05 2.42
Average tube current <+ direct
current 0.707 1.57 0.707 0.707 0.50 0.577 0.408 0.577 0.289
Peak tube current %
CUITENt. . ..o vienvnnann .. 1.00 3 1.00 1.00 1.00 1.00 1.00 1.00 0.50
Fundamental ripple frequency
fr in terms of supply fre- )
quency f........ e f ! 2f 2f 4f 3f 6f 6f 6f
Ripple factor p............... 13%* 1.57 0.667 0.667 0.150 0.25 0.057 0.057 0.057
Second-harmonic ripple factor
2. i 1.77*% 0.667 0.133 0.133 0.030 0.057 0.014 0.014 0.014
Third-harmonie ripple factor ps3 1.54% [} 0.057 0.057 0.016 0.025 0.006 0.006 0.006

* Values change with ratio of load resistance to series inductance.
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types of rectifier circuits.® It should be noted that all voltage,
current, and volt-ampere values in this table are given with
respect to the average values of direct voltage, direct current,
and d-c power, respectively. The values listed are derived
under the assumption that tube and transformer voltage drops
are negligible and that the transformer is perfect. In deriving
the current relations it is furthermore assumed that each tube
conducts during the entire time in which the induced voltage
in its phase is positive and exceeds the positive voltages of
the other phases. An examination of this table discloses the
advantages of certain circuits over others.

The single-phase half-wave rectifier has as its chief merits its
simplicity and low cost. These advantages are offset, however,
by the high ripple amplitude and low ripple frequency, which in
some applications necessitate the use of a comparatively expen-
sive smoothing filter; by low voltage output; and by low trans-
former efficiency. The low transformer efficiency results partly
from the high effective alternating voltages and currents and
partly because the rectified direct current flows through the
secondary and saturates the core. Core saturation increases
the magnetizing current and the hysteresis loss and introduces
harmoniecs into the secondary voltage. It is impractical to use
sufficient filter inductance to cause current to flow during the
whole cycle. In fact, in order to raise the output voltage and
assist in removing ripple, a condenser is usually shunted across
the output of the rectifier. This reduces still further the time
during which secondary current flows, and so decreases the trans-
former efficiency. The single-phase half-wave rectifier is now
used comparatively little.

The single-phase full-wave rectifier is the most commonly used
type of rectifier at voltages below 1000 volts and currents
of 1 amp or less. The ripple frequency is twice that of the a-c
supply, and the ripple amplitude is sufficiently small so that
smoothing is not difficult. The circuit is simple and requires
only one two-anode (full-wave) rectifier tube. The single-phase
bridge circuit subjects the tubes to a lower peak inverse voltage
than the single-phase full-wave circuit and requires smaller
transformer primary volt-ampere rating. It has the disad-
vantages that three separate filament transformers must be used,

1 ArMsTRONG, R. W., Proc. I.R.E., 19, 78 (1931).
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that the circuit requires three tubes (one two-anode and two
single-anode rectifiers) instead of one, and that the efficiency is
somewhat lower because of increased tube loss.

The ripple amplitude is much lower in polyphase rectifiers, and
the ripple frequency higher than in single-phase rectifiers. The
three-phase star connection has the disadvantage that current
flows in each leg of the secondary in one direction only, causing
core saturation. This difficulty does not occur in the other
polyphase circuits that are listed in Table 11-I. The three-phase
star full-wave connection requires low transformer volt-ampere
rating and subjects the tubes to low peak inverse voltage but
requires four filament transformers. In the double three-phase
rectifier with balance coil, induced voltages in the balance coil
cause equal currents to flow simultaneously in two phases, one
in each wye. This results in low average and peak tube currents,
but the peak inverse tube voltage is comparatively high. Many
other connections are possible, some of which give increased
efficiency or improved voltage regulation.! There appears to be
a trend toward the use of a large number of phases (30 or more)
in large commercial tank rectifiers.?

11-5. Smoothing Filters.—Three types of filters are commonly
used in power supplies. These are (1) a condenser shunted
across the rectifier output, as in Fig. 11-4a; (2) one or more sec-
tions, each of which consists of a series inductance followed by a
shunt capacitance, as in Fig. 11-4b; and (3) a combination of 1
and 2, as in Fig. 11-4¢c. The use of a single condenser across the
rectifier output is of principal value when the load current is
small, as in voltage supplies for cathode-ray oscillographs. The
multisection inductance-condenser filter is in general the most
satisfactory, since it results in good voltage regulation, low peak
anode current, and high tube and transformer efficiency. The
multisection inductance-condenser filter with condenser input is
used mainly in small single-phase power supplies. It has a
higher smoothing factor than a multisection filter without input
condenser that has the same total inductance and capacitance,
and it results in higher direct voltage. The direct voltage at light
load approximates the crest alternating secondary voltage E,., as
compared with 0.318E,. in a half-wave single-phase rectifier

1 ARMSTRONG, loc. cit.
2 Mart1, O. K., Elec. Eng., 59, 218 (1940).
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without the input condenser and 0.636E,, in a full-wave single-
phase rectifier (see Table 11-I). The rise of direct voltage at
light load causes the voltage regulation to be greater than when
the condenser is omitted. Other disadvantages resulting from
the use of a condenser in the input to the filter are increased
peak anode current, particularly in mercury vapor tubes, and
higher peak inverse voltage. The peak inverse voltage is the
crest secondary voltage plus the condenser voltage at the instant
of crest secondary voltage. Since the condenser voltage approxi-
mates the crest secondary voltage under light load, the peak
inverse voltage may approach twice the crest secondary voltage.
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Fia. 11-4.—Three types of smoothing filters: (a) condenser; (b) choke-condenser
(L-section); (¢) choke-condenser with condenser input (pi-section).

The chokes of the circuits of Figs. 11-4b and ¢ may be replaced
by resistances. The d-c resistance of resistance-condenser filters
is much higher than that of inductance-capacitance filters using
the same size condensers and having the same smoothing factor.
Hence the voltage regulation, the loss in direct voltage, and the
heat dissipation are greater. Furthermore, they result in higher
peak anode current and lower transformer efficiency. The
development of small, low-cost electrolytic condensers of high
capacitance has, however, made feasible the use of resistance-
condenser filters when the requirements of low cost, lightness, and
small size outweigh the desirability of high quality.

11-6. Analysis of Condenser Filter.—When the rectifier output
is shunted by a condenser, as in Fig. 11-4q, the tubes pass current
only when the induced voltage exceeds the condenser voltage.
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Since the charging current of the condenser is limited only by
the transformer reactance and the tube drop, the condenser
voltage builds up nearly as fast as the induced secondary voltage
until the crest induced voltage is attained. Beyond the crest
of the induced voltage, unless the load current is very large, the

5 N \ / \
/ Fm \ / Ed \ 7 \\
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Fic. 11-5.—Wave form (solid line) of the condenser and load voltage in the
circuit of Fig. 11-4a¢ under light load.

induced voltage falls more rapidly than the condenser voltage,
and so the tube ceases to conduct. The condenser discharges
through the load, and the terminal voltage falls exponentially
at a rate that is determined by the condenser capacitance and
the load resistance, until the induced voltage again exceeds
the condenser voltage. The wave of condenser voltage is of the
general form shown in Fig. 11-5. At light loads the ripple
factor is given approximately by the relation
1
P~ af.RC

11-7. Voltage Doubler.—A useful form of the rectifier with
condenser-shunted output is the voltage-

,—-@_—I——@" doubling circuit shown in Fig. 11-6. In this

11-1) ~

A e /-npufc ' circui}t ‘;wo c?n(}ilensersi a:}ez cha;ged in alt{;’,r—
nate halves of the eycle through two rectifier

_:.1/,3_1____”7_ tubes. The condensers are connected in
D, Vy = > series, so that their voltages add, giving a
_'vxsvw_,, < | load voltage that approaches twice the crest

Load secondary voltage at light loads. The aver-

Fia. 11-6.—Voltage-

doubler cirendt age terminal voltage is twice the average volt-

age of each condenser, and the variation of
terminal voltage is equal to the voltage variation of each con--
denser. The ripple frequency is twice that of each condenser, or
twice the supply frequency. At light loads the ripple factor is

approximately
1

p= wfRC
where f is the supply frequency and C is the capacitance of each
condenser.

(11-2)
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For some applications the voltage doubler can furnish the
required high direct voltage without the use of a transformer
between the supply and the rectifier. The advantage of high
direct voltage is offset by the requirement of two filament trans-
formers or of a full-wave rectifier tube with two independent
cathodes. The 25Z5 tube is a heater-type rectifier tube designed
for this circuit. By the use of more complicated circuits it is
possible to obtain a direct output voltage approximately equal to
four times the crest alternating voltage.! Voltage doublers, like
the simple condenser filter, may be followed by choke-condenser
filters for further smoothing,.

11-8. Choke-condenser (L-section) Filters.—From Fig. 11-7
it can be seen that the smoothing factor for a single-section choke-
condenser filter is equal to the total input impedance of the filter

divided by the impedance of the par- .

allel combination of the condenser and
the load resistance. With values of C  gectrer .

. . ocutout C RS Load
that are sufficiently large to give R 4

adequate filtering, the vector sum of  Fie. 11-7.—Single-section
the condenser and load admittance is ghoke-condenser  (L-section)
approximately equal to the condenser '
admittance alone. Since the resistance of the choke is small in
comparison with the inductive reactance, the smoothing factor
is approximately

S L ) | (11-3)

c
N

The required value of the product LC to give a smoothing factor
of value « is
a+1

w?

LC =

(11-4)

Under the assumption that the inductive reactance is large
in comparison with the  capacitive reactance, the required
value of LC for each stage of a filter having n similar sections is
approximately

LC = 0.0253 ‘/;124' 1 (11-5)

! Garstanag, W. W., Electronics, February, 1932, p. 50; Warpgvich, D. L.,
Electronics, May, 1941, p. 28.
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where «; is the required smoothing factor at the ripple frequency
g

It is evident from Eq. (11-5) that a given smoothing factor
may be obtained with one stage or with two or more stages.
Furthermore, the required value of the product LC may be
obtained with an infinite number of combinations of L and C.
Choice of the best number of stages and of the individual values
of L and C to give the necessary product LC is governed in part
by such considerations as cost of chokes and condensers, available
sizes of chokes and condensers, and voltage regulation resulting
from choke resistance. Usually it is satisfactory to make all
sections of a multisection filter identical. There may, however,
be a lower limit to the amount of inductance that it is advisable
to use in the first stage.

It may be shown both theoretically? and experimentally?
that the terminal voltage rises markedly when the inductance
of the first choke is reduced below the value necessary to maintain
continuous flow of anode current. Continuous flow of anode
current is also desirable from the standpoints of tube and trans-
former efficiency and minimization of peak anode current.
Continuous flow of anode current, low peak anode current, and
low voltage regulation may be ensured by making the inductance
L; of the first choke greater than the value

pR,
I

at minimum load and twice this value at full load, where R, is

the total resistance of the load, including the chokes.®* The

desired variation of choke inductance from minimum load to

full load is accomplished by proper choice of air gap.®? For a

60-cycle, single-phase, full-wave rectifier, Eq. (11-6) reduces to®
R,

Ly = m (11—7)

(11-6)

To prevent resonance effects, the natural frequency of each
filter section should be less than the ripple frequency. In

LLeg, ReuBeN, Elec. J., 29, 186 (1932).

2 Reicy, H. J., “Theory and Applications of Electron Tubes,” Sec. 14-10.

* DELLENBAUGH, F. S., JRr., and QuinBy, R. 8., @QST, February, 1932, p.
14; March, 1932, p. 27; April, 1932, p. 33.
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order to avoid the possibility of amplifier motorboating as the
result of common plate-circuit impedance in a number of stages
(see Sec. 6-14), the reactance of the final filter condenser should
be small at the low-frequency end of the frequency band for
which the amplifier is designed.

Figure 11-8 shows the complete circuit of a single-phase, full-
wave power supply with a two-section choke-condenser filter.
One function of the “bleeder” resistance is to prevent excessive
transient voltages in the filter condensers when the power

o

B/eede;r

— /

Fig. 11-8.—Circuit diagram of a full-wave single-phase power supply.

supply is turned on under light load. It may also serve as a
voltage divider.

11-9. Voltage Stabilizers.—In certain applications of electron
tubes, notably in oscillators and measuring instruments, it is
necessary to provide direct voltage that remains essentially
constant in spite of fluctuations of line voltage. A number of
voltage stabilizers using high-vacuum tubes have been devised
(see also Sec. 9-6).! Three basic circuits are shown in Fig. 11-9.

(a) (b) (c)

Fra. 11-9.—Basic stabilizer circuits: (@) degenerative type; (b) amplification-
factor—bridge type; (¢) transconductance-bridge type using glow-tube bias.

In the degenerative circuit a, increase of eurrent through R, which
may be the load, causes an increase of negative grid bias, which
tends to prevent increase of current and hence of voltage across

! GRAMMER, G., QST, August, 1937, p. 14; BousqQuerT, A. G., Electronics,
July, 1938, p. 26; WavLrz, W. W., Electronics, December, 1938, p. 34; RCA
Application Note 96; Hunt, F. V., and Hickman, R. W., Rev. Sci. Instru-
menits, 10, 6 (1939) (with 13 references); NEugr, H. V., and PicxEring,
W. H., Rev. Sci. Insiruments, 10, 53 (1939) (with bibliography); Coowmss,
J. N., and Nmus, P. T., Electronics. January, 1940, p. 40.
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R. The function of R, is to prevent the flow of high grid current
in the event of removal of E;. Analysis of the equivalent plate
circuit shows that best stabilization is obtained with tubes
having high amplification factor. Loss of output voltage as
the result of tube drop is minimized by the use of a high-current
power tube.

1 In circuit b, the ratio of B2 to R;is made equal to the amplifica-
tion factor. When the input voltage changes, the change of
plate voltage is then u times the change of grid voltage, and so
the plate current and the voltage across Rs;, which may be the
load, remain unchanged. Good stabilization is obtained over a
range of input voltage throughout which the amplification
factor remains approximately constant. The output voltage
may be made to increase with decrease of input voltage by
making Rs/R. less than p. R, serves the same function as in
circuit a. The output voltage in this circuit is less than the
input voltage by the sum of the voltage across R, and the drop
through the tube. Since R = R:/p for balance, the voltage
loss in B may be minimized by the use of a high-mu tube. The
tube drop is least for a given load (plate) current in power tubes.

In circuit ¢, the glow tube, which may be replaced by a battery
if a resistance is added in series with the grid, maintains the
cathode of the triode at a constant positive voltage relative
to the negative side of the input. The negative bias of the
triode, therefore, decreases with rise of input voltage. Analysis
of the equivalent plate circuit shows that when R3; = R/Rigm
the output voltage is independent of input voltage throughout
a range of input voltage and plate current in which ¢, is essen-
tially constant. Since Ej; should be small in order to prevent
unnecessary loss of voltage, a tube used in this circuit should
have high transconductance.

In some applications of voltage compensators, internal resist-
ance (change in output voltage with change in load current) is
objectionable. It is reduced in the circuits of Fig. 11-9 by
reduction of plate resistance, but is relatively high even when
power triodes are used. Improved ecircuits having low internal
resistance and giving high stabilization over wide ranges of
input voltage and load current have been developed. Two
such circuits that incorporate an amplifier in the basic circuit
of Fig. 11-9a are shown in Fig. 11-10.* Although the tubes
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indicated in Fig. 11-10 are suitable for a general-purpose unit,
they may be replaced by other types to meet various require-
ments. The coupling resistor B, should be large in comparison
with the plate resistance of the amplifier tube. Rj should limit
the glow-tube current to the ‘““normal” range. The performance

(a) (b)
Fig. 11-10.—Degenerative type stabilizers incorporating an amplifier. The
condenser C serves to eliminate ripple and surges.

of the circuit of Fig. 11-10b was reported by Hunt and Hickman!
to be equivalent to that of storage cells of about 15 amp-hr
capacity.

11-10. Illustrative Problem.—This chapter will be concluded
with a typical problem of power-supply design. The required
power supply is to be single phase and full wave and must be able
to furnish a d-¢ output of 200 ma at 350 volts with a ripple factor
that does not exceed 0.1 per cent. To prevent excessive voltage
regulation a choke-input filter should be used.

Examination of the operating characteristics of the 5U04-G
high-vacuum rectifier (see page 378) shows that this tube will
furnish the required current and voltage. Assume that the
output will be shunted by a 20,000-Q voltage divider (bleeder),
which will draw 174 ma at 350 volts. Table 11-I gives 120 ~
and 0.667 for the values of f, and p. Since the allowable value
of p', the ripple factor at the output of the filter, is 0.001,
a; = 0.667/0.001 = 667. Substitution of these values of f, and
ay in Eq. (11-5) gives the following values of LC:

Single-section filter............. 1174 X 10~¢ henry X farad
Two-section filter.............. 47.1 X 1078 henry X farad
Three-section filter............. 17.1 X 1076 henry X farad

At full load L, should not be smaller than R,/500. Choke
resistance neglected, R; at full load is equal to the full-load
voltage divided by the total full-load current, or

! Hont and HickmaN, loc. cit.
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350

0200 + 0.0175 ~ 1610 &

Therefore L; should not be less than 3.22 henrys. At minimum
load Ly should exceed R;/1000 =~ 20,000/1000 = 20 henrys. A
first choke having an inductance of 25 henrys at a current of
173 ma should satisfy this requirement. " If the inductance falis
to half this value at full load, the required capacitance for each
filter section is

Single-section filter. .. ........................... 93.9 uf
Two-section filter......... ... ... ... .. ... ... ....... 3.77 uf
Three-section filter. .............................. 1.37 uf

A two-section filter using two 4-uf condensers, or a three-section
filter using three 1.5- or 2-pf condensers, will give the required
filtering. For the two-section filter the resonant frequency of
one section is 1/2r /125 X 4 X 10~% = 22.5 ~ at full load.
The resonant frequency of one section of the three-section filter
is 31.8 ~. Both of these values are far below the fundamental
ripple frequency and are, therefore, satisfactory.

Although an approximate value of the required transformer
voltage, under the assumption that the tube drop is negligible,
could be found from Table 11-I, the required voltage can be
found more accurately from the operating characteristics of the
5U4-G rectifier. If each choke has 75 ohms resistance, the
voltage drop through two chokes is approximately 32.5 volts at
full load and the transformer secondary voltage should be
500 volts each side of center to give the 350-volt output. The
output voltage rises to approximately 440 volts when the external
load is removed.

The values of L and C chosen above in both the two- and the
three-section filter are enough larger than the values that just
give the maximum allowable ripple so that it is unnecessary
to recheck the computations, taking into account the resistance
of the chokes in finding L;.

It is interesting to compute the ripple factor that would be
obtained if the above two-section filter were used with a three-
phase rectifier. For a three-phase rectifier f, = 180 ~. Sub-
stituting f, = 180 ~,C = 4 X 10~¢pf and L = 12.5 henrysin Eq.
(11-5) gives 3960 for «;. Since p = 0.25 for the three-phase recti-
fier, o’ = 0.0063 per cent. This clearly shows the improvement
in filtering resulting from an increase in the number of phases.
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Problems
11-1. Design a B supply to meet the following specifications:

Output voltage. . .......... 300 volts

Maximum load current..... 100 ma

Ripple factor.............. Not to exceed 0.0005
Supply.................... 110 volts, 60 cycle, single phase

Impedance presented to the load at 50 eyeles must not exceed 1000 Q.
Voltage regulation should be small.

11-2. Show that a rectifier tube must be able to withstand a peak inverse
voltage of twice the crest secondary voltage when an input condenser is
used in the filter. .

11-3. By means of the equivalent plate circuit, show that the effectiveness
of the circuit of Fig. 9-11a increases with w.

11-4. By means of the equivalent plate circuit, show that the circuit of
Fig. 11-9b should be adjusted so that Rs/R; = pu.

11-6. By means of the equivalent plate circuit, show that the circuit of
Fig. 11-9¢ should be adjusted so that R; = Rs/Rign.
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CHAPTER 12
ELECTRON-TUBE INSTRUMENTS

Important applications of electron tubes are made in the field
of measurement. Measuring instruments incorporating electron
tubes include voltmeters, ammeters, wattmeters, ohmmeters,
time and speed meters, frequency meters, wave analyzers, and
oscillographs. This final chapter will deal with the two of these
instruments that are most frequently used, vacuum-tube volt-
meters and cathode-ray oscillographs.

12-1. Vacuum-tube Voltmeters.'—The advantages of vacuum-
tube voltmeters over electromagnetic meters are their high
input impedance, wide frequency range, and high sensitivity.
Although vacuum-tube measuring instruments usually embody
electromagnetic meters, the required sensitivity of the latter is
generally small enough so that the cost of a complete electronic
instrument is considerably less than that of an electromagnetic
or electrostatic meter of comparable sensitivity. The vacuum-
tube voltmeter is of particular value in the measurement of
voltage in ecircuits in which the flow of meter current would
appreciably alter the voltage, as in radio-frequency circuit
measurements, the measurement of amplifier output voltage, or
the measurement of the voltage of a charged condenser.

Although there are many types of vacuum-tube voltmeters,
only the three types that are most commonly used will be
discussed in this book. These are plate-detection, diode, and
slide-back voltmeters.

12-2. Plate-detection (Transrectification) Voltmeters.2—The
basic circuit of the plate-detection voltmeter is shown in Fig. 12-1.

1 For a general discussion of vacuum-tube voltmeters covering develop-
ments through 1932, see T. P. Hoar, Wireless Eng., 10, 19 (1933). See also
August Hund, ‘“High-frequency Measurements,” pp. 136-161, MeGraw-
Hill Book Company, Inc., New York, 1933.

2 MovuLLiN, E. B., and Turn~er, L. B., J. Inst. Elec. Eng. (London), 60,
706 (1922); MovuwLiN, E. B., J. Inst. Elec. Eng. (London), 61, 295 (1923)
and Wireless World, 10, 1 (1922).

354
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Alternating voltage applied to the grid circuit is measured
by the change in reading of the d-¢ milliammeter in the plate
circuit. Because of curvature of the transfer characteristic, the -
amplitude of the positive half eycle of plate current exceeds the
amplitude of the negative half cycle. The average plate cur-
rent, therefore, exceeds the quiescent plate current, as shown in
Fig. 3-19 (see Secs. 3-15, 3-19, and 7-7), the change in current
being a function of the impressed alternat-
ing voltage. The meter must be calibrated
by the application of known voltages.
The condenser, whose reactance is small at
the lowest input frequency, prevents vari-
ation of load impedance with frequency o — o o0
and thus eliminates a possible cause of cuit of plate-detection
dependence of calibration upon frequency. vactum-tube voltmeter.
The voltmeter may be calibrated by the application of known
sinusoidal voltages. Negligible current is drawn from the circuit
under measurement if the crest voltage is less than the grid bias.
The reading of a plate-detection meter in the measurement
of nonsinusoidal voltages is affected by the shape of the transfer
characteristic and by the magnitude of the grid bias. An analysis
based upon the first two terms of the series expansion for plate
current shows that in class A operation the reading is proportional
to mean-square signal voltage if the
transfer characteristic is parabolic.
The meter may then be calibrated to
read r-m-s voltage. In practice it
is difficult to obtain a transfer char-
acteristic that approaches closely to
parabolic form and, therefore, the
change in average plate current is
Fie. 12-2.—Balanced plate-detec- not, strictly proportional to mean-
tion vacuum-tube voltmeter. .

» square voltage and the change in
current will be affected by the wave form of the impressed volt-
age. A close approach to a parabolic characteristic can be
attained by the use of the balanced triode circuit of Fig. 12-2,
but this circuit has the disadvantage of drawing a small current
from the circuit whose voltage is being measured.

When the tube of Fig. 12-1 is biased to cutoff, plate current
flows only during the positive half cycle of the impressed voltage.
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If the shape of the transfer characteristic is made to approach
linearity by the use of high load resistance, the average plate
current is proportional to the average value of the positive half
cycle of impressed voltage. When the load resistance is small,
however, curvature of the transfer characteristic causes the
reading in class B operation to be more nearly proportional
to mean-square positive input voltage than to average posi-
tive input voltage, particularly when the input voltage is
small.

Since high input impedance can be obtained only if the grid is
negative throughout the cyecle of input voltage, voltages of
amplitude greater than the cutoff grid voltage can be read only
if the tube is biased beyond cutoff. Current then flows during
only a portion of the positive half cycle. The average plate
current cannot be affected by the
form of the wave during the por-
tion of the cycle when current
does not flow, and so the average
plate current is not necessarily
T__' proportional to either the average

| 1R positive voltage or the mean-

Fie. 12-3.—Plate-detection vac- square positive voltage, and large
‘é:{;‘;‘;be voltmeter with  zero  oppors in reading are likely to result

if the voltage departs materially
from sinusoidal form. Class C bias is sometimes used, however,
in multirange meters.

Because the change in average plate current when the input
voltage is impressed may be small in comparison with the total
average plate current, considerable gain in sensitivity, as well
as convenience in reading, is attained by balancing out the zero-
signal plate current. A common method of doing this is shown
by the circuit of Fig. 12-3, in which the tube forms one arm of a
Wheatstone bridge.® The circuit may be balanced by varying
any of the resistances. To avoid loss in sensitivity, Bs; must be
large in comparison with the meter resistance. The required
B-supply voltage increases, however, with R;. A modified
form of bridge circuit, shown in Fig. 12-4, uses a second tube in

1 Hoarg, S. C., Trans. Am. Inst. Elec. Eng., 46, 541 (1927); Hayman,

W. G., Wireless Eng., T, 556 (1930). See also P. A. MacDonald, Physics,
7, 265 (1936) (with bibliography).
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place of the resistance Rj;.! The advantage of this circuit is
that two similar tubes respond in a like manner to changes of
supply voltage and cathode temperature, and so the bridge is
less likely to become unbalanced. It is possible to set P; and
P, so that small variations of supply voltage have little or no
effect upon the zero balance.

To ensure constant operating voltages, it is best to obtain
the grid and plate voltages from a common supply, the voltage
of which is maintained constant by means of a glow tube or
other type of voltage stabilizer (see Secs. 9-6 and 11-9) or adjusted
to a definite value with the
aid of avoltmeter. Likelihood
of changes of calibration can
also be reduced by deriving
the grid and plate voltages
from the flow of filament or
heater current through fixed
resistors. Adjustment of the
current to a definite value then
also ensures correct grid and
plate voltages.

Changes of calibration with
tube age are prevented to a  Fie. 12-4.—Circuit in whieh the zero-
certain extent by keeping the el plsie cuent s balneed out by
static operating current con-
stant. It is necessary, however, to check the meter calibration
from time to time regardless of the circuit used. The life of tubes
of standard makes is sufficiently long so that tube deterioration
is ordinarily an unimportant factor.

Dependence of calibration upon frequency, resulting from
change of impedance of the electromagnetic meter used to read
plate current, is prevented by the use of a shunting condenser
between cathode and plate, as shown in Figs. 12-1 to 12-5. At
very high frequency the reading may also be affected by imped-
ance drop caused by inductance of the grid input leads and by

t Worp, P. I, U.S. Patent 1232879 (1916-1917). WynN-WiLLiams, C. E,,
Proc. Cambridge Phil. Soc., 23, 810 (1927); Phil. Mayg., 6, 324 (1928). EgLIN,
J. M., J. Opt. Soc. Am. and Rev. Sci. Instruments, 18, 393 (1929). WiNcH,
G. T., J. Sci. Instruments, 6, 376 (1929). Norrineuam, W. B,, J. Franklin
Inst., 209, 287 (1930). DuBripcg, L. A., Phys. Rev., 37, 392 (1931),
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resonance of this inductance with the capacitance of the grid
circuit. Input capacitance also causes the input admittance to
increase with frequency. Tubes with low effective input capaci-
tance should be used, and the instrument should be designed so
as to minimize the capacitance of all conductors connected to
the control grid. For measurements at very high radio frequency
it is advantageous to use an acorn tube (see Sec. 2-16) as the
detector. It is also good practice to mount the tube at the end
of a shielded flexible cable in order that the input voltage may be
applied directly to the grid of the tube.!

The calibration curve of a plate-detection voltmeter may be
straightened by the use of a self-biasing resistor, as in the circuit
of Fig. 12-5.2 Self-bias also increases the voltage range, since
the bias increases with signal amplitude. The amplitude at
which grid current starts to flow greatly
exceeds the zero-signal bias.

12-3. Diode Voltmeters.—Diode rec-
Input tification can be used as the basis of

: vacuum-tube voltmeters that read aver-
T_T__J age voltage.! The circuit which is

Fre.  12-5.—Self-biased Shown in Fig. 12-6 is one of the simplest
plate-detection vacuum-tube  of all vacuum-tube voltmeter circuits.
voltmeter. If it is assumed that the rectifier resist-
ance is zero and that no current flows when the applied volt-
age is zero, then the instantaneous current is equal to the
instantaneous voltage divided by the load resistance during
the positive half cycle. The average current is the average
voltage of the positive half cycle divided by the resistance. For
a sinusoidal input voltage E... sin i, the average plate current
is

Eoax . Ermx
Lo =% = 5995 (12-1)

! Bovig, H. G., Electronics, August, 1936, p. 32; RCA Application Note
47, 1935.

? MepLam, W. B., and Oscawavp, U. A., Wireless Eng., 8, 589, 664 (1926);
6, 56 (1928).

3Suarp, C. H,, and DoviLg, E. D., Trans. Am. Inst. Elec. Eng., 35, 99
(1916); Cuunms, L. W., Trans. Am. Inst. Elec. Eng., 35, 109 (1916); TAYLOR,
JamEs, J. Sci. Instruments, 8, 113 (1925); Wireless Eng., 10, 310 (1933).
Davis, R., BowbLer, G. W., and StanvriNg, W. G., J. Inst. Elec. Eng.
(London), 68, 1222 (1930). ’
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" For a direct input voltage E, the plate current is

L= (12-2)
Thus, if the diode were a perfect rectifier having zero resistance,
the circuit could be calibrated on direct voltage and used to meas-
ure either direct or sinusoidal alternating voltage. Actually,
curvature of the diode static characteristic and
flow of plate current when the plate voltage is L R
zero, resulting from initial velocity of electrons, ,,p,»
cause the ratio of the alternating to the direct
voltage reading to depart somewhat from the
theoretical value 2.22. The error, which ismost  pyg. 12.6.-—
pronounced at low voltages, can be made negli- Simple diode
gible by the use of load resistances exceeding voltmeter.
100,000 ©. High load resistance is also desirable in order to keep
the current small. Since the average input voltage depends upon
wave form, the reading of this type of meter changes with
harmonic content of the impressed voltage. Although it draws

I
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F1a. 12-7.—D-c and a-c calibration curves of the diode section of a type 6B7 (or
type 55) tube used as a simple diode voltmeter.

a small current, this circuit makes possible the use of a sensitive
d-c meter in the measurement of alternating voltages.

Figure 12-7 shows the direct- and alternating-voltage calibra-
tion curves of the diode sections of a type 6B7 tube used with a
100,000-0 load. Similar curves for a 500,000~ load are prac-
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tically straight lines through the origin, having slopes indicated
by Egs. (12-1) and (12-2).

The simple diode voltmeter is of particular value in the
measurement of very high voltages when some flow of current is
not objectionable. With large values of R, the calibration curves
of Fig. 12-7 are sufficiently straight, and the intercepts small
enough, so that in the measurement of high voltage they may be
considered to be straight lines passing through the origin and
having slopes indicated by Egs. (12-1) and (12-2). KExperi-
mental calibration is then unnecessary.

For the measurement of small voltages the diode circuit of
Fig. 12-6 may be followed by a d-¢ amplifier, as shown by Fig.

o S—
Input v,

Fiag. 12-8.—Diode vacuum-tube voltmeters incorporating a stage of d-c
amplification.
12-8a. Since the average plate current of V71’5 depends upon the
average voltage across R, the reading of this meter, like that of
Fig. 12-6, is dependent upon the average value of the positive
half cycle of the applied voltage. If R is replaced by a con-
denser C, as in Fig. 12-8b, the condenser charges to crest positive
signal voltage. The reading is, therefore, then a measure of
the crest signal voltage. Because C cannot discharge through
either tube, a high resistance B may be shunted across C in
order to allow C to discharge when the input voltage is reduced
or removed. To prevent the dependence of calibration upon
frequency, the product fRC should be at least of the order of
magnitude of 100 at the lowest frequency f of the input voltage.?
A variant of the circuit of Fig. 12-8b is that of Fig. 12-8¢, in

! MARIQUE, JeAN, Wireless Eng., 12, 17 (1935).
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which R’ and C’ act as a filter to keep the alternating voltage
from being impressed upon the amplifier grid. The amplifier
plate current in the circuits of Fig. 12-8 decreases with increase
of input voltage, and so the meter cannot be damaged by exces-
sive input voltage. If the zero-signal current is balanced out,
the meter current flows in the opposite direction and cannot
exceed the zero-signal plate current. Circuits @ and b of Fig. 12-8
may also be used to measure direct voltage.

Inspection of the diagrams of Fig. 12-8 shows that the self-
biasing resistor R, results in inverse feedback, the circuit of the
amplifier stage being of the form of the feedback circuit of Fig.
6-34c. Inverse feedback in the amplifier has four beneficial

C er - Shielded

cable
High {
R C?.'|'

Input
50 n;egaﬁms

Low T VT,

= ¥
Epb
Fic. 12-9.—General Radio diode voltmeter.

effects: (1) If Ry is large, the meter reading is practically propor-
tional to the direct grid voltage, and hence to the positive crest
voltage applied to the voltmeter input. (2) Because of the
opposing voltage developed across the resistor, the grid circuit
can handle much larger direct voltages than the static cutoff
grid voltage. Thus, much larger input voltages may be read.
(3) The voltage range can be conveniently varied by changing
the resistance R; and the static biasing voltage. (4) The meter
reading is practically independent of tube constants.

These facts have been employed in the design of a multirange
voltmeter.! The circuit of this meter, shown in Fig. 12-9,
incorporates the zero-balance bridge of Fig. 12-3. The sensi-
tivity is adjusted by means of R; the correct amplifier bias
being maintained by simultaneous adjustment of Rs. A type
955 acorn tube is used as the diode rectifier and is mounted at the
end of a shielded flexible cable for high-frequency measurements.

! TurtLE, W. N., Gen. Radio Experimenter, 11, 1 (May, 1937).
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Voltage compensation in the B supply prevents change of calibra-
tion with alternating line voltage.

Figure 12-10 shows a circuit in which a single tube takes the
place of the two tubes of the circuits of Fig. 12-8.1 The function
of R, is to make the calibration linear and to increase the voltage
range. The direct voltage drop through R; is compensated by
the setting of the voltage divider R1. Riis adjusted so that the
) diode is biased negatively just
enough to prevent the flow of
diode current when the input is
shorted. When the switch S
is open, the meter reads aver-
age voltage of the positive
half cycle; when S is close,

L—jim—— the meter reads positive crest

Fie. 12-10—Diode voltmeter incor- Voltage.
porating a d-c amplifier with zero Diode voltmeters are more

balance. sensitive than plate-detection
voltmeters but have the disadvantage of lower input impedance.

12-4. Slide-back Voltmeters.—A very useful type of meter for
the measurement of crest or direct voltages is the slide-back type.
The original form of this type of meter is based upon the cutting
off of triode plate current by negative grid voltage.? Just
sufficient negative grid bias is applied to a triode to reduce the
plate current to zero. The addition of signal voltage in the grid
circuit results in the flow of current during the positive half
cycles of the signal voltage, and in order to prevent the flow of
plate current at any time during the signal-voltage cycle, the bias
must be increased by an amount equal to the positive crest signal.
In operation the bias is adjusted to reduce the plate current to
zero with and without signal voltage, the difference in the two
values of bias indicating the crest signal voltage of the positive
half cycle. To read direct voltages, the bias is adjusted to give
any convenient reading of plate current. The change in bias
required to return the plate current to this value when input is
applied is equal to the input voltage. One of the principal
advantages of the slide-back meter is that it reads by direct

1 A similar meter was described by A. W. Barber in Electronics, October,
1934, p. 322.
z HErsING, R. A., U. 8. Patent 1232919.
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comparison with a known voltage, and so does not require
calibration.

In making readings of alternating voltage, difficulty arises from
the fact that cutoff is not sharp. Because the transfer character-
istic approaches the grid-voltage axis exponentially, the change in
current corresponding to a small change in grid bias decreases
with increased sensitivity of the plate-current meter. The

14515 45

o

Ba/a'n/c/ﬁg LZero adljusting voltage

voltageé
Fia. 12-11.—S8lide-back voltmeter using tetrode with space-charge connection.

accuracy obtainable with a triode is rather low. Much more
satisfactory results can be obtained with a tetrode or any multi-
element tube in space-charge tetrode connection (see Sec. 3-9).!
The 4s-ecs curve for a positive voltage of one or two volts on
the first grid approaches the voltage axis much more sharply
than the transfer characteristics of triodes or the 4;-¢,1 character-
istics of multigrid tubes. Figure 12-11 shows the diagram of a
meter that reads direct voltages to within 0.05 volt and alternating
voltages to within § per cent. To simplify operation, separate
voltages are used for zero adjustment and for balancing, so that
the d-c meter reads the crest voltage directly. For measuring
alternating voltages the balancing voltage must always be
negative. For measuring direct voltages it is advisable to apply
the unknown voltage in such a direction as to make the grid nega-
tive, and so the balancing voltage must be positive.

The inaccuracy resulting from lack of sharpness of cutoff can
also be overcome by working at a small value of plate current,
instead of at cutoff. Because of plate detection, the change in
bias required to keep the plate current constant when signal

! Rercy, H. J.,, Marvin, G. 8., and Srorr, K., Electronics, September,
1931, p. 109,
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voltage is applied is not exactly equal to the crest signal voltage,
and so the meter must be calibrated.! The calibration curve of
balancing voltage vs. crest signal voltage approaches a straight
line of unit slope through the origin as the operating plate current
is reduced. Although the calibration is practically independent
of plate and heater voltages and tube age, absence of the direct
comparison feature is often a disadvantage of the small-current
type of slide-back meter.

The use of a grid-controlled arc-discharge tube in place of a
vacuum triode affords a third means of increasing the accuracy
of the slide-back type of meter.2 If care is taken to maintain
the operating temperature constant, the grid voltage that
prevents the firing of an arc-discharge tube at a given anode
voltage is very definite. The
difference in the grid bias voltages
at which the tube fires with and
without signal voltage in the grid
circuit affords an accurate method
of measuring the crest signal

F1a. 12-12,—S8lide-back volt- !
meter using a type 884 or 885 voltage, or an unknown direct

thyratron. voltage. A circuit that uses an

885 thyratron tube is shown in Fig. 12-12. R, and R, are current-
limiting resistors. No anode-current meter is necessary, since
firing is indicated by glow.

12-5. Cathode-ray Oscillographs.*—Designed originally for
the study of voltage and current wave form, the cathode-ray

t MepLaM and OscEWALD, loc. ¢if.; AikeN, C. B, and Birpsavy, L. C,,
Trans. Am. Inst. Elec. Eng., 87, 173 (1938).

* Huerss, E., J. Sci. Instruments, 10, 180 (1933); Ruiz, J. J., Rev. Sci.
Insiruments, 6, 169 (1935).

3 RIDER, J. F., “The Cathode-ray Tube at Work,” J. F. Rider, New York,
1935; MavLoFF, 1. G., and Epsteiv, D. W., “Electron Optics in Television,”
MecGraw-Hill Book Company, Inc., New York, 1938; WarsoNn-WarT, R. A,
Hzrp, J. F., and Bamneripee-BeLr, L. H., “The Cathode-ray Oscillograph
in Radio Research,” H. M. Stationery Office, London, 1933; ARDENNE,
M. von, “Die Kathodenstrahlrohren,” Julius Springer, Berlin, 1934; Mac-
GreEGOR-MoORRIs, J. T., and HencLey, J. A., “Cathode Ray Oscillography,”
Chapman & Hall, Ltd., London, 1936; KnoLL, M., Arch. tech. Mess., 1, 76
(1931) (summary of literature to 1931); Zworykin, V. K., Electronics,
November, 1931, p. 188 (bibliography of 12 items); BarcuEer, R. R., Proc.
I.R.E., 20,1878 (1932) (bibliography of 29 items); STINCHFIELD, J. M., Elec.
Eng., 53, 1608 (1934); Barcuer, R. R., Instruments, 9, 6, 38, 77, 112, 140,
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oscillograph finds many other useful applications. Advantages
of the cathode-ray oscillograph over other types of oscillographs
include its wide frequency range, which extends into the radio
frequencies, its very high input impedance, its ease and con-
venience of operation, its portability, and its comparatively low
cost.

The cathode-ray oscillograph tube, one type of which is
illustrated in Fig. 12-13, consists essentially of an electron gun,
two sets of electrostatic deflecting plates, and a fluorescent
screen. The electron gun consists of a thermionic cathode, a
grid for controlling the number of electrons that leave the
cathode, and two anodes. The final velocity with which the

Deflecting plates
,Grid )
4 ,first anode A / f

Fluorescent
screen---..

o
]
alls
Ty

Fra. 12-13.—Electrode structure of a typical cathode-ray oscillograph tube.

electrons leave the gun is determined by the potential of the see-
ond anode. The electrostatic field between the inner and outer
anodes focuses the stream of electrons in a manner somewhat
analogous to the focusing of light rays by lenses.! If the anodes
are properly shaped, the potential of the first anode, which is
intermediate between that of the cathode and second anode,
can be adjusted so that the beam of electrons will be brought
to a sharp focus in the plane of the fluorescent screen, which
consists of a coating of willemite (zine orthosilicate), zine sul-
phide, zine phosphate, or calcium tungstate on the inner surface
of the end of the glass tube. The impact of the electrons upon

166, 197, 231, 255, 286, 312, 341 (1936); Parr, G:, “The Low Voltage Cath-
ode Ray Tube,”” Chapman and Hall, Ltd., London, 1937 (extensive
bibliography); StockEer, A. C., Proc. I.R.E., 26, 1012 (1937); MavEr, H.
F., Electronics, April, 1938, p. 14; PreismaN, A., RCA Rev., 8, 473 (1939);
OverBEcK, W. P, and LoF, J. L. C., Rev. Sci. Instrumenis, 11, 375 (1940);
GeoHAGEN, W. A., Electronics, November, 1940, p. 36.

! Mavorr, I. G, and EpstEIN, D. W., Proc. 1.R.E., 22, 1386 (1934);
23, 263 (1935). EpstrRIN, D. W, Proc, I.R.E., 24, 1095 (1936).
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the screen causes it to fluoresce, and so a bright spot is visible at
the point where the beam strikes.'

The electron beam passes between the electrostatic deflecting
plates. Because the electrons that comprise the beam are nega-
tive charges, the application of a potential between a set of
deflecting plates causes each electron to be drawn toward the
positive plate and away from the negative during its passage
between the plates and thus bends the beam and displaces the
fluorescent spot from its normal position on the screen (see
Sec. 1-20). Because the two sets of plates are perpendicular to
each other, the deflection produced by one set is at right angles
to that produced by the other. Simultaneous application of
direct voltage to both sets of plates produces a displacement
which is the vector sum of those that result from the individual
voltages. In practice the tube is mounted so that one pair of
plates produces a horizontal displacement and the other a vertical.
The former are often designated as the X plates and the latter
as the Y plates.

Because a charge that moves in a magnetic field experiences a
force at right angles to the field and to its direction of motion
(seeSec. 1-21), a magnetic field may be used to deflect the luminous
spot. This method is usually less convenient in oscillographic
work, and requires the expenditure of appreciable power in the
deflecting coils. It is used, however, with cathode-ray tubes for
television.

When alternating voltage is applied to one pair of plates, the
spot oscillates, and, because of persistence of fluorescence and
persistence of vision, is seen as a line on the screen. Application
of alternating voltage to both sets of plates causes the spot to
trace a complicated path which does not in general close upon
itself if the frequencies of the two voltages are different and
which is, therefore, seen as a moving pattern. If the quotient
of the two frequencies is rational, the path closes and the
image is seen as a stationary pattern. A rational frequency

1 Nicuors, E. L., Howes, H. L., and WiLser, D. T., ‘“Cathodo-lumin-
escence and Luminescence of Incandescent Solids,” Carnegie Inst. Pub.,
Washington (1928); Tomascuex, R., Die Physik, 2, 33 (1934); PERKINS,
T. B., and Kavrmann, H. W., Proc. [.R.E., 28, 1324 (1935); LevY, L., and
West, D. W., J. Inst. Elec. Eng. (London), 79, 11 (1936); Mavorr, 1. G.,
and EpsTEIN, D. W., Electronics, November, 1937, p. 31.
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ratio can be determined by enclosing the pattern by a rectangle
the sides of which are parallel to the X and Y axes and tangent
to the pattern. The ratio of the Y to the X frequency equals the
number of points of tangency of the curve to a horizontal side
of the rectangle divided by the number of points of tangency to a
vertical side. Thus, in Fig. 12-14 the ratio of the ¥ frequency to
the X frequency is 3:2. The form of the pattern is also affected
by the harmonic content, amplitude,
and phase relation of the two voltages.
For sinusoidal voltages of the same
frequency, that are of equal amplitude
and in phase, the pattern is a straight
line making a 45-deg angle with the
horizontal. As the phase of one volt--
age is changed, the pattern becomes
an ellipse which widens with increase
of phase angle and becomes a circle y
when the phase angle reaches 90 deg. Fic. 12-14.—Lissajous fig-
Although these patterns, called Lis- wre for 3:2 frequency ratio,

. N enclosed by a rectangle.
sajous figures, may be analyzed quite
readily if one component is sinusoidal,® it is usually desirable to
use an X voltage of such wave form that the unknown voltage is
plotted on a time base.

In order that the image shall show the unknown voltage as a
function of time, it is necessary that the spot shall periodically
sweep across the screen horizontally with uniform velocity up to a
certain point and then return instantaneously to its zero position.

If the time taken for one timing
/‘/I/\/ sweep is equal to the period of the

Fie. 12-15—Wave form of Yoltage applied to the Y plates, the
linear sweep voltage for cathode- pattern will consist of one cycle of
ey osc’ll"lgraph' the Y voltage. If the sweep fre-
quency is equal to f,/n, the image will show n waves of the ¥ volt-
age. Theimage will be stationary if nis a rational number. The
required horizontal movement of the fluorescent spot can be pro-
duced by means of an X voltage that periodically increases uni-
formly with time and falls to zero instantaneously upon reaching a
given value. The wave form of such a voltage is shown in Fig.
12-15. The earliest method of obtaining a saw-tooth voltage was

! KipriNg, N. V., Wireless World, 18, 705 (1924).
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by means of a rotating voltage divider. The usefulness of this
method was limited by friction of sliding contacts and by contact
resistance and other mechanical difficulties. The development of
electrical methods of producing sweep voltages greatly increased
the field of application of the cathode-ray oscillograph® and made
possible the synchronization of the sweep voltage to the unknown
voltage.

Methods of producing saw-tooth voltages were discussed in
Chaps. 8 and 9. The circuits of Figs. 8-18 and 8-21 may be
successfully used to supply sweep voltage, but the arc-tube
relaxation oscillator of Fig. 9-37 is more commonly used. Many
modifications of the basic glow and arc relaxation oscillator

> Io deflecting

r plates

Synchrori.
voltage

Fi1c. 12-16.—Sweep oscillator and amplifier.

circuits have been used as sweep oscillators.? A simple circuit
which incorporates an amplifier for varying the sweep amplitude
is shown in Fig. 12-16.3

It should be noted that practical sweep oscillators do not
furnish a voltage that satisfies the requirements for a perfect
sweep voltage, since some time is required for the voltage to
fall to zero at the end of the cycle. Because of this, a portion
of the observed phenomenon occurs during the return sweep.
The fraction of the cycle taken by the return sweep is ordinarily
negligible at low frequency, but at very high frequencies the
return time may be large enough to be objectionable.

! BebgLL, F., and REeich, H. J., J. Am. Inst. Elec. Eng., 46, 563 (1927).

2 For a bibliography on sweep oscillators, see H. J. Reich, “Theory and
Applications of Electron Tubes,” p. 596.

* WaLLer, L. C., Radio Retatling, January, 1937, p. 65. This article
gives complete specifications for the construction of an oscilloscope using a
type 913 cathode-ray tube.
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The ability of the grid of a cathode-ray tube to control the
density of the electron beam affords a simple method of con-
trolling the brilliance of the image without appreciably affecting
the sharpness of focus. One special application of grid control
of intensity is the introduction of a small voltage of known
frequency into the grid circuit to produce variation of intensity
of the fluorescent line by means of which time may be indicated
on the pattern.! This is particularly helpful in the study of
Lissajous figures.

In the application of cathode-ray tubes to television reception,
the grid is used to vary the intensity of the spot in response to the

cameoe e - Cothode
SHIELD o g
RAY ~CONTROL §8 T Pa)/ ool
¥ _L—""ELECTRODE electrode
TARGET—""/ 4= q TRIODE ) orescent
- - “PLATE anode

(b)

_~Light shield

Qj y --Anode
T Cathode
“~Ra )/—r:onfro/
electrode

TRIODE

GRID——""

" Cathode
: “~Ray-control
(d) e/e}c/froo'e

(@)
Fic. 12-17.—Structure of the type 6ABS5 electron-ray tube.

received signal, so that the brightness of the image is everywhere
proportional to the brightness of corresponding points of the
transmitted scene or object.

12-6. Electron-ray Tube.—Another type of cathode-ray tube
is the electron-ray tube or magic eye, which is used as a tuning
indicator in radio receivers.? This tube, the construction of
which is shown in Fig. 12-17, contains two sets of elements, one
of which is a triode amplifier and the other a cathode-ray indi-
cator. The latter consists of a cathode, a fluorescent anode

1 Bunpt, E. V., and Fert, G. H., Rev. Sci. Instruments, 5, 402 (1934).

? WaLLER, L. C., and Ricuarps, P. A., Radio Retailing, December, 1935,
p. 47; Tuompson, H. C., Proc. I.R.E., 24, 1276 (1936); WaLLER, L. C,,
QST, October, 1936, p. 35 and November, 1936, p. 23. WaLLEr, L. C., RCA
Rev., 1, 111 (1937),
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(target), and a control electrode which varies the portion
of the fluorescent anode upon which the electrons strike. The
ray-control electrode is connected to the plate of the amplifier
section, which is connected to the supply voltage through a
high resistance, as shown in Fig. 12-18. Variation of the
amplifier grid voltage changes the voltage of the ray-control
clectrode, and thus the portion of the target that fluoresces.

Trrode , Fluorescent
plate / anode
Triode
grial~-
----- o A’G}y ~-control
¢ electrode
Contro/ \Ca thoole
voltage
1

250 V.
Fia. 12-18.—Electron-ray—tube cireuit.

The fluorescence is observed as an annular sector of varying
angular width. The tube may be calibrated for use as a volt-
meter where rough measurcments suffice.

Problem
12-1. By substituting ¢, = E, sin of + E» sin 20t 4+ E; sin 3wt + - - -
ks
in the relation I, = %‘i fw i, dt, show that, when the transfer characteristic
T Jo

is parabolic, a plate-detection voltmeter reads mean-square signal voltage
and may, therefore, be calibrated to read r-m-s voltage.
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Fi1Gg. A-1.—Chart for the determination of inductive and capacitive reactance.
To find reactance at any frequency, determine the intersection of the diagonal
line corresponding to the given inductance or capacitance with the vertical line
corresponding to the given frequency. A horizontal line through this point of
intersection indicates the reactance on the scale of ohms. To find the resonant
frequency for a given inductance and capacitance, find the intersection of the
two corresponding diagonal lines, and read the frequency on the lower scale.
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AVERAGE PLATE CHARACTERISTICS
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Fra. A-5.—Average plate characteristics for the types 76 and 56 triodes.
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tubes
375 ..|Single Class Al1| —20 28538 78,000|2,560 9.0
245 Heater 1.75 pentode
l Tripl?-grid power 350|. ... . Sé;llgle Class A1| —20 .|1250/31 2,600(2,600 6.5
amplifier _
6F6 j Heator o7 §1 )31 | Class B2 pen 375117 . 3.5
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e
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j 300 7 | Pentode voltage 250| 3 Greater |1,650
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mu) amplifier 800,000
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1 Power output for two tubes in push-pull operation.

* Cor and Cpx are total input and output capacitances (including capamtance to suppressor and screen) in the case of pentodes.
TPIate—to—plate load resistance in push-pull operation.
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SUBJECT INDEX

A

“Abnormal” glow discharge, 240
Acorn tube, 46

Activation of emitters, 26, 29
Admittance, tube, 93-96, 136

Alkali metals, current—wave-length charac-

teristics of, 307
Amplification, control of, 149, 151
definition of, 117
limit of, 153
measurement of, 154
mid-band, 138
Amplification factor, gas, 313
grid, 53, 60-65, 69, 73, 379
plate, 51-53, 5658, 87
Amplifiers, choice of tubes for, 148, 151
circuits, 118-126, 135, 149, 153, 172

class A, class AB, class B, class C, defini-

tions of, 127

class AB and class B, advantages of,

170-171
classification of, 117

comparison of resistance-coupled and

transformer-coupled, 147
control of amplification of, 149, 151
definition of, 114
determination of optimum

167-168
direct-coupled, 118-120, 135

distortion in, 114-117, 162, 164, 166, 168

frequency range of, 127
graphical analysis of, 103—110, 166

impedance-capacitance-coupled, 120,

136-137
inductance-capacitance—coupled, 148
inverse-feedback, 171-172
limit of amplification of, 153
measurement of amplification of, 154

measurement of power output of, 167-168

noise in, 41, 153-154

power, 110, 117, 157-168

push-pull, 122, 169, 171
radio-frequency, 150, 198-199
resistance-capacitance—coupled, 137-143
shielding of, 153

single-tube, 132-135
transformer-coupled, 122, 143-146

Amplitude-modulated waves, communica-

tion by means of, 198

operating
conditions for, 142-143, 161-165,

Amplitude modulation (see Modulation)
Anode, definition of, 23
Anode current in diodes, 36—41
(See also Plate current)
Anode current, limitation of, by space
charge, 34-41
Anode diagram, 235, 321, 326
Anode glow, 238
Arc discharge, cold-cathode, 250, 300-301
contrasted with glow discharge, 251
definition of, 236, 251
deionization in, 260-263
external eontrol of, 260, 300
grid control of, 257-260
hot-cathode, 252-259
igniter control of, 260, 300
magnetic control of, 260
as a stroboscope, 302-304
theory of, 250-253
Arc tubes, breakdown time of, 258
cathode structure of, 254-256
deionization in, 260-263
external-grid eontrol of, 260
gas or vapor used in, 256
grid-controlled, 257-260, 294
(See also Thyratron)
grid current in, 259
igniter-controlled, 294300
(See also Ignitron)
as a light source, 301-304
magnetic control of, 260
mercury-pool, 292-300
as rectifiers, 253, 271, 339-340
reignition voltage, 260-261
as stroboscopes, 302-304
strobotron, 301-302
structure of, 254, 263-268, 271, 292-296
tank, 292
tungar, 253
voltage drop in, 257, 263
(See also Ignitron; Thyratron)
Arcback, 262, 295
Atom, excitation and ionization of, 1-3
Atom, structure of the, 3

B

Barrier-layer cells, 327-332
Beam pentode, 71-73, 171
Beat-frequency oscillators, 226

387
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Bias, grid, 78-79, 97, 121, 127-130, 143,
149, 151, 163, 166, 222, 224

Boltzman’s constant, 23

Breakdown, 235

Breakdown time, 258, 297

Breakdown voltage, 235

By-pass condensers, 119, 121, 151

C

Capacitance, effective tube, 93-96, 136
Capacitance, interelectrode, 93
Carrier frequency, 179
Carrier telephony, 183
Cathode, definition of, 23
Cathode dark space, 237
Cathode drop (cathode fall of potential),
239-240, 250-252, 257
Cathode glow, 238
Cathode-ray oscillograph, 364-369
Cathode-ray tubes, 364-366, 369—370
Cathode rays, 16-19, 239
Cathode resistor, 121
Cathodes, structure of, 31, 254, 309
Center tap, use of, in filament transformers,
126
Characteristics, current-wave-length, of
phototubes, 307-309
dynamie, 53-54, 98, 102-103, 237, 315,
326, 331
glow-tube, 233-237
grid-control, of thyratrons, 257259
modulation, 188
photoconductive cell, 325-327
phototube, 307-315
photovoltaic cell, 327-331
relation of tube factors to, 60
vacuum-tube, 53-57, 61, 62, 65, 66, 69,
70, 72, 373-378
Child’s law, 36-41
Collision of the second kind, 5
Condensers, by-pass, 119, 121, 151
Conductance, electrode, 59
Conductance, effective input, 95
Contact difference of potential, 10-11, 51
Control grid, 48

Coupling resistance, choice of, 140-141,
323

‘Critical grid voltage, 257-258, 263-268,
280-283

Crookes dark space, 238
Crystal-controlied oscillators, 225-226
Current, dark, 234
dynamic operating, 75
grid, 50, 53-57, 142, 259, 324
plate (see Plate current)
relations of, in grid and plate circuits, 78
saturation, 23
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Current, static operating (quiescent), 75
threshold, 235
wave form of, in rectifiers, 338
Current sensitivity, 117
Cutoff voltage, 56

Dark current, 234
Dark space, 238
Deionization, 7-9, 260-262
Deionization time, 260-265
Decibel, 130
Decibel chart, 372
Decoupling filters, 121, 152
Degree of modulation, 180, 182
Demodulation (see Detection)
Detection, 190-199, 206-209
of amplitude-modulated waves, 180, 190
circuits, 193, 194, 197, 208, 355
by complete rectiﬁcétion, 193-197
by curvature of current-voltage charac-
teristics, 191
definition of, 190
of frequency-modulated waves, 206-209
linear diode, 193-197
linear grid, 197-198
linear plate, 197
square-law, 191-193
Deviation, frequency, 201
Deviation ratio, 201
Diode, definition of, 23, 45
Discriminator, 206
Disintegration voltage, 253
Dissipation, grid and piate, 41, 158-159,
162, 165, 324
Distortion, 114-117, 162, 164, 166, 168
Distortion factor, 109
Duplex tubes, 73
Dynamic characteristics, 5354, 98, 102-103,
237, 315, 326, 331
Dynamic operating point, 7576, 94-102
Dynamic plate resistance, 87

E

Edison effect, 23
Efficiency, arc tube, 268-269, 339-340
emission, 25, 28-31, 254-256
plate circuit, 159-161, 163-164, 171
Electron, charge and mass of, 1
definition of, 1
free, 9
motion of, in electric fields, 13-17
motion of, in magnetic fields, 18-19
secondary, 11-12, 55, 65-68, 71
Electron dynamics, 13-19
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Electron emission, 11-13, 21-25, 234, 250
251, 306-307
(8ee also Secondary emission)
Electron microscope, 19, 27
Electron ray tube, 369-370
Electron transit time, 16, 53
Electron volt, 3
Emission, electron, 11-13, 21-25, 234, 250-
251, 306-307
(See also Secondary emission)
Emission efficiency, 25, 28-31, 254-256
Emitters, 25-31
(See also Cathodes)
Equalizer, 206
Equivalent plate circuit, equivalent elec-
trode circuits, 89-93
Excitation of atoms and molecules, 1-3
Excitation potential, 3
Excitation voltage, 74, 108
Extinction voltage, 236

F

Factors, distortion, 109

gas amplification, 313

tube, 53, 57-62, 64-67, 69, 73, 87, 379
Faraday dark space, 238
Field emission, 12, 251
Filters, smoothing, 344—349
Flux, radiant, 306
Free electrons, 9
Frequency, carrier and modulation, 179
Frequency deviation, 201
Frequency modulation (see Modulation)
Frequency modulation index, 201
Frequency range of amplifiers, 127
Frequency response, 116, 118, 127, 133-147,

315, 326, 331

Frequency stability of oscillators, 224
Frequency transformation, 231

G

Gain, 130-131, 372
Gain eontrol, 149, 151
Gas, choice of, in arc tubes, 256-257
effect of upon emission, 27, 32
removal from electrodes and walls of
tubes, 33
use of, in phototubes, 312-315
Getters, use of, in degassing tubes, 33
Glow, anode, cathode, and negative, 238
Glow discharge, 233-241
‘“‘abnormal,” 240-241
current-voltage characteristics, 233-237
definition of, 236
grid control of, 245-250
“normal,” 240
in phototubes, 314
physical aspects of, 237-239
potential distribution in, 239
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Glow-discharge tubes, 241-250
advantage of, 2560
anode diagram for, 235
applications of, 241
effect of light upon, 235, 244
grid-controlled, 245-250
as relaxation oscillator, 242-245
starter-anode, 250
symbols for, 241
as voltage stabilizers, 242
Graphical analysis, of electrode currents,
103-110
of phototubes, 321~-323, 326
of power amplifiers, 166
Graphical determination of power output,
110
Grid, advantages of, 48
in arc tubes, 257-259, 263-268, 301302
definition of, 48
in glow tubes, 245250
remote-cutoff (supercontrol or variable-
mu) and sharp-cutoff, 62, 149, 151
theory of in triodes, 49-53
variable-mu, 62
Grid bias (C-bias) (see Bias, grid)
Grid conductance, 60
Grid-control characteristic, 257-259, 263-
268
Grid eurrent, 50, 53-57, 142, 259, 324
Grid excitation voltage, 74, 108
Grid-glow tube, 249
Grid leak, 142, 222-224, 319, 360
Grid swing, 79
Grid voltage (see Voltage)

H

Harmonie, percentage, 109
Harmonics, generation of, 79, 82-84
graphical determination of, 103-110
(See also Graphical analysis)
measurement of, 168
Heterodyne oscillator, 226

1

Igniter, 204-295

Ignitron, 295~300

Image force, 9

Impedance, load (see Load impedance)

Initial velocity, effect of upon space current,
39

Intermodulation, 83

Inverse-feedback amplifiers, 171-172

Inverters, 273277

Ion sheath, 246-247

Ionization, 2, 4-7, 234, 312-313

Ionization coefficient, 6

Ionization potential, 3, 4
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L

Limiter, 206

Lissajous figures, 367

Load impedance, 54, 74, 85, 98-102, 162,
163, 165, 167-168, 323, 327

Load line, dynamic, 98-102

Load line, static, 96-98, 235-236, 321

Load resistance (see Load impedamnce)

Long-wave limit, 307

M

Magic eye, 369
Magnetic control of arc tubes, 260
Mercury pool tube (see Arc tubes; Ignitrons)
Metal tubes, 45
Modulation, 179-190, 198-206, 210
amplitude, basic theory of, 180183
amplitude, by complete rectification, 186—
190
amplitude, by curvature of tube charac-
teristic, 183-186
amplitude, circuits for, 184, 186, 189
amplitude, linear, 188-190
definition of, 179
frequency, advantages of, in radio com-
munication, 210
frequency, basic theory of, 199-204
frequency, circuits for, 204-206
need for, 179
phase, 203-204
Modulation characteristic, 188
Modulation factor, 180, 182
Modulation frequency, 179
Modulated waves, radio communication by,
198, 210, 211
Motorboating, 152, 223-224
Mu-factor, 57
Multigrid tubes, 63, 73
Multivibrator, 230
Mutual conductance (see Transconduct~
ance)

N

Negative-feedback amplifiers, 171-172
Negative glow, 238

Negative resistance, 65, 112, 175-176,
215-218
“Normal” glow discharge, 240
Nucleus, 1
(0]

Operating data for typical tubes, 379

Operating points, dynamic and static, 75—
76, 99-102

Operating voltage, 75-76, 379

Optimum load, 161-165, 167-168
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Oscillators, 214-231
choice of tubes for, 224
classification of, 214
crystal, 225-226
feedback, 218-222
frequency stability of, 224-226
heterodyne (beat-frequency), 226
limitation of amplitude of oscillation,
222
magnetostriction, 226
negative-resistance, 215--218
output of, 222
relaxation, 229-231, 242-245, 277-280
resistance-stabilized, 225
resistance-tuned, 227-229
series and parallel feed in, 222
use of in frequency transformation, 231
Oscillograph, cathode-ray, 364-369
Oscillograph amplifier, 155
Qutput (see Amplifiers; Power output)
Output coupling circuits, 126
Qutput transformer, turn ratio of, 171

P

Parallel extinction circuit for are tubes,
271-273
Parallel feed in oscillators, 222
Path of operation, dynamic, 98
Peak forward voltage, peak inverse voltage,
262
Pentode, 45, 63, 67-73
Percentage harmonic, 109
Phanatron, 253
Phase control, 280-290
Phase inverters, 125
Phase shifter, use of, in phase control, 284—
289
Photoconductive cells, 325-332
Photoelectric emission, 11, 306-307, 233
Photoelectric phenomena, 305
Photoionization, 6
Photolytic cell, 327
Photon, 2
Phototubes, 305-324
anode diagram of, 321-322
characteristics of, 307-308, 310-315
circuits, 315, 318, 320-321, 323-324
comparison with photoconductive and
photovoltaic cells, 332
distortion in, 322, 323
gas, 310, 312-315
glow in, 314
lag in, 314
sensitivity of, 311, 313
structure of, 308-309
vacuum, 309-312
Photovoltaic cells, 327-332
Photox cell, 330
Photronic cell, 330-332
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Planck’s constant, 2
Plate, definition of, 23
Plate, heating of, 41
Plate circuit, equivalent, 89-93
Plate circuit efficiency, 159-161
Plate current, average, change of, with
excitation, 74-76, 99-102, 191-193,
354-355 ‘
diode, 36-41
equations for, 51, 52, 73
graphical analysis of, 103-110
operating, 75, 78
series expansion for, 80-87
symbols for, 76-78
wave form of, 74
Plate diagram, 99-103
Plate dissipation, 41, 158-159
Plate excitation voltage, 74, 82
Plate resistance, 59, 60, 61, 64-65, 69, 73,
87, 379
Positive column, 238
Positive ion, 2
Potential, breakdown, 325
excitation, 3
extinction, 236
ionization, 3, 4
Power output, equations for, 161, 162, 164,
165
graphical determination of, 110
measurement of, 167
Power output meter, 167
Power relations in plate circuits, 158
Power sensitivity, 117, 163—-164
Power supplies (see Rectifiers)
Primary dark space, 238
Push-pull amplifiers, 122, 169, 171

Q

Quantum, 1
Quantum theory, 1-4
Quiescent voltages and currents, 75

R

Radiant flux, 306
Radio communication by amplitude-modu-
lated waves, 198
Radio receivers, 198-199
Rayfoto cell, 327-328
Reactance, chart for the determination of,
371
“Reactance tube’’ circuits, 111
Reactor, saturable, use of, in phase control
circuits, 289
Rectifiers, 336-353
characteristics of circuits, 341-344
choice of tubes and circuits, 339-341

391

Rectifiers, choke-condenser filters, 347—349
circuit for full-wave, single-phase, 349
condenser filter for, 345
current wave form in, 338
definition of, 336
efficiency of, 341
full-wave, 336
grid-controlled, 340
half-wave, 336
llustrative design problem, 351-352
need for, 336
per cent ripple, 337
ripple factor, 337, 341, 351
ripple voltage, 337, 341-344
smoothing factor, 337
smoothing filters, 344-349
tank, 292
voltage doublers, 346
voltage stabilizers, 349
voltage wave form, 339

(8ee also Ignitron; phanatron)

Rectigon, 253

Reignition voltage of arcs, 260-261

Relaxation oscillators, 229-231, 242-245,

277-280
Remote-cutoff grid, 62
Resistance, effective,

frequency, 100-101

electrode, 59
negative, 65, 112, 175-176, 215-218
plate, 5961, 64-65, 69, 73, 87, 379

Resistance coupling (see Amplifiers)

Resonance frequency, chart for the determi-

nation of, 371

Richardson’s equation, 23, 41

Ripple, 336-338, 341

Ripple factor, 337-338, 341, 346

Ripple voltage, 336-338

variation of, with

8

Saturable reactor, use of, in phase-control
circuits, 289-290
Saturation current, 23
Saturation temperature, 24
Saturation voltage, 23, 310, 321-322
Saw-tooth voltage . generators, 229-231,
242-245, 277-280
Secondary emission, 11, 12, 55, 65-69, 71,
234235, 250-253, 313
Selenium cells, 324-327
Self-bias, 121-122, 222-224
Sensitivity, current, 117
power, 117, 163-164
phototube, 311-313
Series expansion for plate and other elec-
trode currents, 8087
Series feed, 222
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Sheath, ion, 247

Shielding of amplifiers, 153
Shot effect, 41, 154

Side band, 182

Side frequency, 182, 201-203

Signal, 114

Smoothing factor of power-supply filters,
337, 347-348

Space charge, 7, 34-40, 65-66, 71-72; 245—
248, 254, 310

Space-charge grid, 66—67

Space current, 7

Spot fixer, 296

Starter-anode glow tubes, 250

State, normal, excited, and
atoms and molecules, 2

Static characteristic, 53—57
(See also Characteristics)

Static load line, 9698, 235-236, 321

Static operating voltages and currents;
static operating point, 75-76, 99-102

Striking potential, 235

Stroboscopes, 302—-304

Strobotron, 301-302

Supercontrol grid, 62, 149, 151

Superheterodyne receiver, 198-199

Superposition theorem, 90

Supply voltages, 74

Suppressor grid, 67

Suppressor pentode, 67-70

Sweep voltage, 367

Symbols, tube, 49, 76-78, 241

ionized, of

T

Tank circuit, 216
Temperature, operating of cathodes, 26,
29, 31
Temperature, saturation, 24
Tetrode, 63—66, 266—268
Thermionic emission, 21-34, 251-253
Thermionic tube, definition of, 44
Threshold current, 235
Threshold frequency, 307
Thyratron, 252-292
as an a-¢ control device, 280-290
applications of, 270
characteristics of, 263-268
comparison with high-vacuum tubes, 268—
269
definition of, 253
deionization time of, 260-262, 264265
as a d-¢ control device, 271-273
electrode structure of, 263-268
grid-control charaecteristics of,
268
grid current in, 259
inverters, 273-277

263-
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Thyratron, as a light source, 270, 303
parallel extinetion circuit, 272-273
phase control, theory of, 280-290
phase-control circuits, 284-290
precautions in the use of, 269
as a rectifier, 271
relaxation oscillator, 277—280
shield-grid, 267-268
strueture of, 254-256, 263—268
voltage and current ratings of, 262-263,
268
welding control, 290292
Time of transit of electrons, 16, 53
Tone control, 150
Transconductance, 59-62, 64—67, 73, 379
Transfer characteristic, 53-57, 61, 62, 65,
66, 69, 70, 72, 73, 373-378
Transformer, design of audio-frequency,
146-147
Transformer, output, turn ratio of, 171 ¢
Transrectification, 156
Trigger circuits, 156—-157, 247
Triode, arc-discharge (see Thyratron)
definition of, 45, 48
glow-discharge, 249
Tube characteristics (see Characteristics)
Tube data, 379
Tube factors (see Amplification factor;
Factors; Plate resistance; Trans-
conductance)
Tube symbols, 49, 76-78, 241
Tube voltage drop, 263
Tubes, classification of, 41, 44—45
Tubes, structure of, 42-46, 254-256, 263—
268, 295-296, 301-302, 308--309, 365—
366, 369-370
Tungar, 253

v

Vacuum-tube voltmeters, 354-364
advantages of, 354
diode, 358-362
plate-detection, 354—-358
slide-back, 362-364
Variable-mu grid, variable-mu tube, 62,
149, 151
Voltage, applied, in grid and plate circuits,
74
breakdown, 235
critical grid, 257—-258, 263-268, 280-283
cut-off, 56
disintegration, 253
excitation, 74
extinction, 236, 263, 278
operating, 75-76, 379
relations of, in grid and plate circuits,
78-79
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Voltage, saturation, 23, 310, 321-322
sweep, 367
tube drop in arc tubes, 263
wave form of, in rectifiers, 339
Voltage amplification (see Amplification;
Amplifiers)
Voltage doublers, 346
Voltage regulator for d-c generator, 156
Voltage saturation, 23
Voltage stabilizers, 242, 349-351
Voltmeters (see Vacuum-tube voltmeters)

Volume control, 149, 151
Volume unit, 131

w

Welding control, 290-292, 300
‘Work function (see Electron affinity)

Z

Zero balance, 318, 356—358
Zero level, 131






ANSWERS TO PROBLEMS

1-1. (a) 424 X 107 gec. (b) 4 X 107 % erg.

1-2. (a) Electron returns to first electrode. It moves to a maximum
distance of 0.237 em from the first electrode. At the instant of field reversal
it is 0.118 cm from the first electrode. (b) The energy acquired before field
reversal is returned to the source of applied potential. That acquired
during the-return to the first electrode is delivered to the cathode and is
converted principally into heat.

1-3. (a) The energy lost by the electron in moving to the second electrode
against the field is 6.4 X 1071 erg. As this is less than the initial energy,
the electron will reach the second electrode. (b) 6.4 X 1071 erg is delivered
to the source of applied potential. The remainder is delivered to the second
electrode and is converted mainly into heat.

3-1. rp, = 11,600 Q; p = 19.5; g = 1680 micromhos.

3-2. gm = 1950 micromhos (2000 micromhos from slope of transfer char-
acteristic); r, = 350,000 Q; u = 680.

3-3. (a) u =28; gwn = 1700 umohs; r, = p/g. == 4700 Q.

(b) u=15;7r, 210,000 Q; g = u/rp =2 1500 pmohs.

3-4. 60, 100, 900; 120, 200, 1800; 180, 300, 2700} 160, 960, 1000; 40, 800,
840;,220, 260, 1020, 1100, 1860, 1900; 20, 140, 700, 780, 1700, 1740.

4-7. (a) p = 3.5; r, = 1785 Q; gm = 1960 umohs.

) R, = 425 Q.

(d) For a 50-volt grid swing, H; = 24.8 ma and H, = 1.88 ma. For a
40-volt grid swing, H, = 20 ma and H, = 1.25 ma.

(e) P, = 1.54 watts and 1.0 watt.

6-2. (¢) u'1 = 7.35 at 60 ~, 10.6 at 100 ~, 16.8 at 1000 ~; u'; = 17.35;
over-all gain = 42.1 db at 60 ~, 45.3 db at 100 ~, 49.3 db at 1000 ~.
(d) #'1 = 19.85 at 60 ~, 27.7 at 100 ~, 40.3 at 1000 ~; u’'s = 48.4; over-all
gain = 59.6 db at 60 ~, 62.6 db at 100 ~, and 65.8 db at 1000 ~. (f) Use
E. = —6 volts, Iy, = 2 ma, R., = 3000 Q.

6-3. Second stage: Use 7, =500,000 ©. Then r,=58,300 0. At 10,000 ~,
wriCs = 0.0183 and uw = pun = 88.3.

First stage: €y = 222 puf. If vy = 50,000 2 and rs = 250,000 Q, r, = 25,600
Q; then p'n = 38.4, wriC; = 0.356 at 10,000 ~; u’ = 0.93 u',, = 35.7 at
10,000 ~. r; = 278,000 Q.. Make wri(. = 10 at 100 ~ to make g’ = p'm
at this frequency. Then C. = 0.057 pf. Use C. = 0.06 pf. If r; = 25,000
@ and r, = 250,000 ©, r, = 16,900 Q; then u’'m = 25.4, wriC; = 0.236 at
10,000 ~, u' = 0.97u'» = 24.6 at 10,000 ~. r; = 268,000 . If C. = 0.06
uf, wriC. = 10 at 100 ~, and: u' = u'm = 25.4 at this frequency.

6-4. .’ of second stage is constant at 17.35 below 100,000 ~; ' of first
stage is 16.7 at 50,000 ~ and 16.0 at 100,000 ~.

395
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6-5. Crest value of fundamental component of output voltage =
(210 — 40)/2 = 85 volts; u' = 85/5.5 = 15.47; per cent Hy = (250 —
164)/(2 X 170) = 4.12,

6-6. (a) Crest value of fundamental component of output voltage =
(208 — 90)/2 = 59 volts; u' = 59/0.75 = 78.6; per cent H, = 1.0. (b)
e = rire/(r1 + ra) = 333,333 Q; R, = r; = 500,000 Q; crest fundamental
output voltage = 53 volts; u° = 70.6; per cent H, = 1.7,

6-7. (a) Crest value of fundamental output voltage = (188 — 38)/2 =
75 volts; u’ = 75. (b) r, = 208,000 Q; » = 96; ' = 79.5. (¢) I, = 0.125
ma; B, = 12,000 Q. (d) ' = 40.5.

6-8.
Frequency w Frequency u! Frequency '
20 - 21 550 60 10,000 102
50 40 1000 60.1 12,600 109
~ 100 52 2000 62.5 16, 500 60
200 57.5 5000 65 20,000 36
400 59.7 7000 78

6-9. A type 2A3 triode operated at E,, = 250 volts and E. = —45 volts
will deliver the 50 ma crest current. Crest fundamental alternating current
of (120 — 15)/2 = 52.5 ma with 5
per cent second harmonic is obtained
(. with a load resistance of 2500 € and

6SF5 2A3

~8
38 S a grid bias of —43.5 volts (—45 volts
S 338 . 1 i
900 {11 :\N.).: SS |Voment relative to mid-point of filament).

Eyne = 43 volts for 50 ma crest cur-
=M 400V rent. Required amplification of first
2515V - stage = 42 = 43. For the first stage
Fi6. 6-39.—Solution for Prob, 6-9.  use 68F6 tube with 500,000-C plate-
coupling resistor. For Ey = 250 volts
and E. = —1.5 volts, graphically determined u'; = 71. Input voltage to
amplifier for full deflection = 0.605 volt. Use direct coupling in first stage
and 2500-Q resistor in series with oscillograph element. The circuit is shown
in Fig. 6-39. A circuit of the form of Fig. 5-3b could also be used, but
degeneration caused by the flow of second-stage plate current in the voltage
divider would cause some loss of sensitivity.

6-11. (a) 2A3 triode or 6L6 pentode. (b) For 6L6 pentode operated on
200-volt supply with 2000~ load (field), plate current is 50 ma at e, = —16
volts and 60 ma at —13.5 volts (determined from dynamic transfer charac-
teristic). (c and d) Required voltage amplification for first stage = 2.5/0.05
= 50. Use the circuit of Fig. 6-25 without the exciter. Use a 6SF5 tube
in the first stage; Ew = 100 volts, E. = —1.0 volt, and 200,000-2Q coupling
resistor. u' of first stage (determined graphically) is 50. With 500,000-%
coupling resistor, p’ of first stage is 62.

L5V,
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6-13. (a) x = 3.6 by graphical determination. Opt. E. = —0.7 X
200/3.6 = —39 volts. Use E. = —40 volts. Zero-signal plate dissipation
= 200 X 21 X 1073 = 4.2 watts, which is within the allowable value. (b)
Load line for 5 per cent second harmonic intersects the voltage axis at
328 volts, and the current axis at 54 ma. (¢) P, = 0.94 watt. (d) Opt.
™ = 6100 Q. (e) r, = 1780 Q.

From the following graphically determined values it can be seen that
some increase in power output can be obtained, at the expense of plate
circuit efficiency, by changing the grid bias from —40 volts to —35 volts:

E. | Zero-signal Pgearftsl}) er T s ryfr Tp
volts P,, watts » ohms ohms ¥7P | per cent
watts
—40 4.2 0.93 6100 1790 3.4 22.1
—-37.5 5.2 0.97 4850 1600 3.03 18.6
-35 6.3 1.05 3540 1500 2.36 16.7
—32.5 7.5 1.04 2640 1400 1.89 13.9
—30 8.8 1.03 1710 1300 1.32 11.7

(f) I, = 070TuE./(rp + r) = 17.7mafor E, = —35 volts; P, = I, =
1.11 watts. (g9) P, = 1.17 watts; (h) P; = 6.3 watts; (z) See the above
table. (j) P.S. = 0.04144/mho. (k) n = 9.4 for r, = 3540 Q.

8-2. p Z2ri/ra 4+ Cy/Ci + 1;f = 1/2‘"’\/7m-

10-1. Wrong type of amplifier tube; crest phototube voltage too high for
gas phototube; coupling resistance too low; relay should be shunted by a
condenser; circuit should include bias adjustment; polarity of phototube is
incorrect (coupling resistor should be shunted by a condenser for best
results).

10-2. (a) See Fig. 10-35. (b) See Fig. 10-35. (¢) For 72-ft-candle illumi-
nation, phototube flux = 0.5 lumen. Phototube

current = 3.5 wa. Voltage drop across coupling _“6d5 m

resistance = 28 volts. Bias caused by coupling- F 3

resistance drop = —28 volts. For Ep = 100 volts -4

and 4 =7 ma, ¢, = —1 volt (determined from 0000n

transfer characteristic for 1000-2 load). Required ' 3’50./1

applied biasing voltage = 427 volts. (d) For | ° &

Ey = 100 volts and % = 8 ma, e, = —0.5 volt. 220V

Ae. = 0.5 volt. A =0.0625 ua. AL = 0.00893 Fic. 10-35.—Solution

lumen. Change in illumination = 1.285 ft-candles. for Prob. 10-2.
10-3. (a) Use the circuit of Fig. 10-11. (b) Relay closes at e, = —1 volt 5

opens at e = —2 volts. (d) 7 = 9.4 ya when L = 0.2 lumen. E, = +94
volts. E. = —11.4volts. (¢) To close relay, E, = 10.4 volts, ¢ = 10.4 ua,
L = 0.22 lumen, AL = 0.02 lumen. Change in illumination required to
close relay = 3.2 ft-candles. A common voltage supply may be used for
anode and plate. C supply voltage causes the anode voltage to be one or
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two volts greater than 90 volts, but this will have negligible effect upon the
computations.

10-5. 0.83 by planimeter; 0.85 by selected ordinates.

11-1. Use full-wave, single-phase rectifier with 5Y3G tube. For two-
stage L-section filter, required LC = 64.3. For 20,000-C bleeder, R, =
2600 @, and L; should exceed 5.2 henrys at full load. L, should exceed
20 henrys at minimum load. Use 25-henry choke. If L; drops to 12.5
henrys at full load, required condenser capacitance per stage is 5.15 uf.
Use 6 uf. Resonant frequency is 18.4 ~ at full load. Voltage drop in
chokes at full load is approximately 17 volts. Required secondary voltage
is 425 volts each side of center. Effective output impedance of the filter
at 50 ~ is 560 Q. Terminal voltage rises to about 365 volts at minimum
load.





