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Thyratrons and Their Applications to Radio Engineering *
By A. J. MADDOCK, M.Sc., F. Inst. P., A.M.l.E.E.
Standard Telephones and Cables, Ltd., Radio Division, New Southgate, England

Foreword

exceed a certain value designated as the "dis
integration voltage." Ions which have a velocity
is the purpose of this paper to present a
lower than that equivalent to the disintegration
review of the principal applications of thy
voltage do not damage or deactivate the cath
ratrons in the field of radio engineering.
ode, bu� h�gher voltages cause rapid disintegra
Certain applications described belong to that
.
t10n, prmc1pally through active material being
field of power engineering closely allied with
knocked off the cathode by the bombarding ions
radio work, such as high-tension supply sources
and by sparking at the cathode. Various gases
whilst others describe instruments used in ancil�
have different disintegration voltages, e.g., 2 7
lary capacities.
volts for neon, 25 volts for argon, and 22 volts
It is hoped that material presented in this
for mercury vapour. Fortunately, the disintegra
form, together with references to original papers,
tion voltage is always higher than the ionisation
will indicate the main lines on which develop
potential of the gas so that a reasonable working
ments have already proceeded. At the same time
range is available. The practical significance of
a study of these circuits may suggest to the
this is that the instantaneous current in the
reader new applications or possible solutions of
discharge must never exceed the full emission
some particular problem.
of the cathode, otherwise the. voltage drop
For the sake of completeness, the earlier part
across the valve will rise above the disintegration
of the paper is devoted to a brief description of
value .
. thyratrons themselves, particularly in regard to
It was immediately evident that a wide field
certain factors to be observed in their use, and
of use was opened up by such valves not only
to the several methods of control which are
in diode form, in which they are used principally
possible.
as rectifiers, but also in triode form which per
Some other circuits, outside the scope of this
mits control of the arc current by means of a
review, have been described by the author in
element. It is the purpose of this paper to
grid
summarised form in another paper. 1
review the principal applications in the radio
The author is grateful '.to his colleagues,
field of gas-filled thermionic valves having three
Messrs. W. L. McPherson and F. T. Norbury,
or more electrodes.
for helpful discussions and criticism during the
No pretence is made to completeness in the
preparation of this paper.
references to the literature on the subject, but
it is hoped that at least the principal uses will
1. Introduction
be found listed, that such applications as are
given
will illustrate the various ways in which
Gas-filled valves with thermionic cathodes
these
devices
may be operated, and that interest
may be said to have become a practical possi
in
possible
other
uses will be stimulated.
2
bility around 1928 when Hull announced that,
Gas-filled
thermionic
triodes and tetrodes have
based on work by Hull and Winter,3 and by
been
called
"thyratrons"
by their originators,
Kingdom and Langmuir ,4 any activated cathode
and
this
word,
having
been
generally accepted
could be operated in a gas or vapour discharge,
provided the cathode potential drop did not in scientific circles, will be used throughout this
paper.
* Presented before the Wireless Section of The Institu
Because of the low arc drop and the high emis
tion of Electrical Engineers on March 1, 1944.
sion efficiency of the cathodes,2• 5 particularly
1 Numbered references will be found on page 377.
·
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the indirectly heated, heat
shielded type, the power losses
in thyratrons are small. In
the larger sizes, efficiencies of
ANOOe
1 to 1 .25 amperes of peak
emission per watt of cathode
heating power are obtainable,
and cathodes rated at 600
amperes peak emission (100
amperes average) are in use. 6
On the Continent, valves hav
ing a peak emission of 1 ,000
amperes have been made, but
for practical purposes 200 am
peres is considered a reasonable
limit. 7 For normal operation of
valves designed for high inverse
potentials, the maximum peak
inverse voltage varies from 30
kilovolts to 1 5 kilovolts for
valves rated at 5 amperes and
(al
150 amperes peak emission,
Fig.
respectively.
Sectional views of typical
thyratrons are shown in Fig. 1 , whilst Fig. 2
shows a series of high-voltage thyratrons and,
for comparison, a small valve used principally for
relay purposes.
Before discussing the applications of thyra
trons, a brief description of the principal factors
to be observed in their operation will be given.
A very useful summary of the conditions to be
observed in using gas-filled valves has .recently
been published. s
CAT HOOE

CATHOOIE

'"'.s"� c;'0
ANODE

GRIO

C,cic'T"HODE £.
H5ATe ic

( b)

(c)

1-Sectional diagrams of typical thyratrons.

2 . 1 ARC VOLTAGE DROP AND CURRENT

which is still mainly electronic and comes from
the cathode itself. The current thus rises almost
instantaneously to a value limited only by the
resistance of the load circuit. If a larger current
is drawn to the anode, a greater number of ions
are produced, maintaining the potential drop
across the valve substantially constant at about
8 to 15 volts until the total emission of the
cathode is approached. If this is exceeded, the
potential rises and eventually reaches a value
at which the ions bombarding the cathode pos
sess sufficient kinetic energy to cause disintegra
tion of the cathode. Sparking also may occur
at the cathode.
By correlating the results obtained with many

At voltages below the ionisation potential of
the gas, the device functions in similar manner
to a comparable high-vacuum valve, the anode
current increasing with the 3/2 power of the
anode voltage. This region is, however, very
limited and when the field near the cathode
exceeds the ionisation potential, ions are gen
erated which then travel towards the cathode
and, by their presence, neutralise the space�
charge which would occur under vacuum condi
tions. The ions contribute little to the current,

that there is a maximum current per unit area
of cathode surface that can be passed without
sparking. The value of this current is a function
of the mercury-vapour pressure, and indicates
the sparking to be a heating phenomenon caused
by the energy dissipated in the electrical re
sistance of the coating, or by the positive-ion
bombardment, or both. Sparking is usually
localised and probably results from an unstable
condition within the tube since concentration o f
the current t o any one part would b e i n conflict

2. Factors Controlling the Operation of
Thyratrons

mercury-vapour valves, it has been established9
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with the behaviour under nonsparking condi 2.2 EFFECTIVENESS OF THE GRID
tions which indicates that every part of the
Before ionisation sets in, operation is similar
cathode area contributes equally to the total
to that of a high-vacuum valve ; the more nega
emission.
tive the grid potential, the greater may be the
Sudden extinction of the arc may occur if the
anode potential before current begins to flow.
demand for current is greater than the current
The ratio between the anode and grid potentials,
carrying capacity of the gas or vapour path.10 for the point at which anode current (in dis
This has a definite value dependent only on the charge form) commences to flow, is termed the
produ�t of the vapour density and the cross "control ratio" and , except for low values of
section of the current path. A limit is reached voltage, is practically constant for a given vapour
when, in some portion of the path, all the avail temperature. In distinction to a vacuum valve,
able atoms of gas are ionised and are serving to where the amplification factor represents a rate
neutralise the space-charge. An unstable condi of change, in the gas-filled valve the correspond
tion results. The ions move to the walls, under ing coefficient (the control ratio) is the ratio of
the influence of the potential difference that two quantities only, i.e., M = [ Ea/E0 / ia=D· A
always exists between space and the walls ; typical illustration is given in Fig. 3 which
momentarily this leaves
the space almost gasfree, thus interrupting
the supply of ions and
the flow of current. The
ionised atoms lose their
charges at the walls and
return to the space to
be ionised again and
swept out. The process
repeats indefinitely.
The gas limitation, as
it is called, occurs when
the current rating is ex
ceeded by (a) the vapour
pressure being allowed
to fall below the speci
fied value, thus decreas
ing the current-carrying
capacity (see also Sub
Section 2 .4) and (b)
excessive current being
p assed through the
valve, e.g., during short
circuit conditions. Surges
Fig. 2-A range of hig�-voltage thyratroi:zs, with a small relay thyratron for comparison.
will not occur if the cir
Ratings of the tubes, reading from left to right are:
cuits are designed so
(d)
(c)
(b)
(a)
500
20,000
20,000
that the short-circuit
16,000
Peak Inverse
Voltage
rating of the valve is
0.2
10
20
50
Peak Anode Cur
not exceeded and pro
rent (amperes)
0.1
2.5
7.5
20
vided the temperature
Average Anode
Current
(am
is not allowed to fall
peres)
below the values stated
4039-A
4078-GA
4079-GA
4080-CA
S.T.C. Type No.
40
1000
1000
1000
by the manufacturer.
Control Ratio
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shows for a number of temperatures the anode
voltage versus grid voltage at which anode dis
charge current begins to flow. The question of
temperature will be discussed later.
Once the arc has been initiated, however, the
grid loses effectiveness and cannot be used to
control the arc current or to extinguish it even
though made highly negative. The value of the
current depends only on the anode load im
pedance and the applied voltage, and the arc
can be extinguished only by reducing the anode
voltage below the ionisation potential or by
making it negative.
When the grid is made negative, positive ions
are attracted to it and form a positive-ion sheath
around the grid. This neutralises its control
effect in the arc space, a greater negative poten
tial on the grid merely increasing the thickness
of the sheath. In some special tubes, however,
with very close-mesh grids it has been possible
to extinguish the arc by an increase of negative
grid potential, but, as this does not apply to the
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F_ig. 3-Grid-voltage-anode-voltage characteristic of a
t.Yfri_cal thyraton. The critical grid voltage is that at which
.
ionisation occurs.

normal type of valve capable of passing large
currents, it will not be discussed further.
With a direct-current anode supply, the arc
current can thus only be stopped either by dis
connecting the supply, allowing the anode po
tential to drop below the ionisation potential,
or by giving a negative impulse to the anode of
sufficient duration to ensure that deionisation of
the space shall have occurred before the poten
tial again rises to the striking value. On an
alternating-current supply, the potential auto
matically falls below the requisite value at the
end of each positive half cycle, and the grid may
therefore regain control, provided the negative
half cycle of the alternating voltage is of suffi
cient duration to permit deionisation.
2.3 loNISATION AND DEIONISATION TIME
For most practical applications, the time taken
to set up ionisation can be neglected as it is of
small duration, but a definite lag does occur,
depending on the vapour pressure, electrode po
tentials, and valve geometry. Experiments con
ducted11 on several different types of valves
indicate that, in general, the time lag varies
between about 1 and 8 microseconds. A decrease
in vapour pressure not only lengthens the start
ing time but also makes it more erratic ; a nega
tive bias increases the lag, as would be expected.
Indications are that a steep wave front of the
applied controlling voltage also gives somewhat
shorter times of ionisation.
More recent experiments12 indicate that the
lag seems to be made up of two distinct stages,
a definite "delay" period in which no ionisation
takes place, followed by a shorter "build-up"
period after ionisation has commenced and dur
ing which the current builds up to full value.
The time of deionisation depends greatly on
the geometry of the valve and the potential of
the electrodes, and to a certain extent on the
circuit. It increases with the vapour pressure
and with the arc current that existed prior to the
.
extinction of the discharge. The effects of tem
perature are referred to in the next Section.
Times of the order of 10 to 1 ,000 microseconds
are met with depending on the size and design
of the valves. Thus there is an upper limit to the
frequency at which each tube can be worked,
and for the usual types of thyratrons, with the
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Fig. 4- Variation with temperature of the maximum in
verse voltage and the voltage drop in a typical high-voltage
thyratron.

deionisation times mentioned, this frequency lies
between about 3 and 10 kilocycles per second,
though some valves can be used up to 50 kilo
cycles per second.
2 .4 TEMPERATURE EFFECTS
Thyratrons containing inert gases are reason
ably free from temperature effects, since the gas
pressure is dependent primarily on the pressure
at which the valves were filled, and only to a
small extent on the ambient temperature or the
increased temperature brought about by passage
of the discharge. For this reason such valves are
used where constancy of characteristics is re
quired without the necessity of temperature
control. However, the current and voltage ca
pacities of these valves are low in comparison
with valves employing mercury-vapour filling.
In most of the applications discussed in Section 4,
it is the latter type of valve that will be con
sidered unless otherwise indicated. For simplicity
of nomenclature, the word "gas" will be taken
to embrace vapour.
In mercury-vapour-filled valves, the vapour
pressure depends markedly on the temperature
of the coolest part of the valve, i.e., where the
mercury condenses. The usual temperature limits
for safe operation are between 20 degrees and
70 degrees centigrade depending on the current
and inverse-voltage ratings, the optimum being
around 41 to 48 degrees centigrade. At these
temperatures, the vapour pressure is about
10 microns. Since the temperature of the con-
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<lensed mercury is about 10 to 15 degrees above
ambient temperature, the limits for the latter
are usually set at 10 to 60 degrees centigrade,
again depending on the size of the valve. The
effects of temperature (by virtue of its influence
on the vapour pressure) are twofold. Firstly,
increase of temperature reduces the voltage drop
under normal working conditions ; secondly, it
decreases the inverse voltage that the valve will
support because of the greater time needed for
deionisation. This increased time results from a
slower diffusion process for more collisions occur
with the greater number of molecules present.
These effects are illustrated in Fig. 4. Exces
sively low mercury temperatures result in an
insufficient number of ions ; the voltage drop
rises above the disintegration voltage, with con
sequent deactivation of the cathode. This tend
ency is indicated13 by the low-temperature curve
of Fig. 5 . The disintegration voltage is reached
when the temperature of the mercury vapour is
somewhat less than 15 degrees centigrade.
Some control of the condensed-mercury tem
perature is necessary for thyratrons used at high
voltage. For medium-sized tubes, a system blow
ing air at ambient temperature against the base
of the valve is used when the ambient tempera
ture rises above about 25 degrees centigrade.
It is considered preferable to operate the largest
valves at a constant temperature ; the air-blowing
system is always in operation and a heater keeps
the air within about 2 degrees of a temperature
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Fig. 5- Variation of voltage drop with current for different
mercury temperatures in a typical high-voltage thyratron.
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lt is to be noted that, in all types of thyratrons,
the grid current before and after initiation of the
discharge is very different. Before initiation the
grid current consists of a flow of electrons to the
grid, as in a vacuum valve, and is very small (a
few microamperes) unless the grid is positive
with respect to the cathode. When the arc is
struck, the grid current increases considerably
in magnitude (many milliamperes) and reverses
in direction since it now consists of a flow of
positive ions to a negative grid. If the grid is
made sufficiently positive, the current will re
verse again, increasing rapidly, and if the grid
potential reaches the ionising value an arc dis
charge to the grid will occur. To limit the grid
current after the discharge has been initiated,
and to minimize the actual grid potential for
2.5 GRID CURRENT AND POWER
positive applied voltages, a high resistance is
usually
connected in the grid lead. Thus the
The amount of power required in the grid
power
required
to control the thyratron before
circuit to control large powers in the anode
the
arc
is
initiated
is very small, amounting to
circuit is very small ; a photoelectric cell will
only
a
few
microwatts
even in the larger sizes,
control even large thyratrons without the inter
and
high-impedance
grid
circuits can be utilised.
mediary of further amplifiers. However, in some
Once
the
arc
is
struck
the
question of power is
types of thyratrons, a second grid (shield grid)
of
secondary
importance
since
the controlling
1
has been added 4 which reduces still further the
circuit
has
then
performed
its
function.
Further
amount of power required. A reduction to about
more,
the
time
factor
enters
into
consideration,
1/lOOth or even less of the value in a triode may
be obtained. At the same time, more rapid as the controlling voltage need be applied for a
deionisation is ob tained because of the closer time only sufficient for ionisation to take place.
spacing of this shield grid to the anode, the
shield grid being either connected to the cathode, 2.6 ARCBACKS
and so being at zero potential, or having a suit
Mention has already been made that the dif
able bias potential applied to it. With such fusion of ions to the walls and electrodes is
valves, series resistances up to S megohms can retarded at the higher vapour pressures, and
be employed in the grid circuit, a higher value hence arcbacks may occur in the early part of
than can be used with many vacuum valves. the reverse cycle as a result of this residual
One type of construction of a shield-grid thyra ionisation. The added function of the grid in
tron is given in Fig. 1 (c) , which shows the control clearing the interelectrode space of ions is men
grid located between two baffles in the shield tioned in Section 3 . 3 .
grid ; since the control grid is small and does not
Arcbacks may also occur a t points in the
project into the arc stream it collects very little reverse cycle other than near the beginning,
current, but its electrostatic effect on the field after the space is virtually freed of ions. King
distribution enables it to control the arc in the don and Lawton15 propose that arcbacks result
same way as in a single-grid type. The shield from small particles of insulating material on
grid can also be used to alter the characteristics the surface of the anode becoming charged and
of such a thyratron between a negative- and producing local fields strong enough to cause
positive-control type, e.g., in a particular tube field emission. Experimental evidence in support
described +s volts on the shield grid gives a of this theory16 seems to indicate further that, in
negative-control type, whilst 3 volts converts practical circuits, this charging of small insu
it to a positive-control type.
lating particles is mainly caused by one of two
in the optimum operating range of 41 to 48
degrees centigrade.
It is evident from what has been said that the
cathode should always be operated at its correct
voltage, and recommended delay should occur
before the anode tension is applied to any gas
fi lled valve. This not only allows the cathode to
attain its correct operating temperature, hut
also helps to raise the mercury-vapour tempera
ture to a suitable value.
Sensitivity to temperature in mercury-vapour
,
valves, particularly at high voltages, is in accord
with certain physical laws and must be accepted.
The advantages of using mercury vapour are so
great that this small limitation may be tolerated.

-
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mechanisms, viz. , residual ions or glow discharge.
If operating conditions favour the former, then
arcback will occur at the beginning of the cycle,
whilst in the latter case, it will most often occur
at the middle of the reverse cycle when the volt
age is at its maximum.
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3. Methods of Control

Since the grid can only initiate the passage of
current between cathode and anode and has no
further control once this has occurred, different
methods of control, both as regards initiation and
cessation, will depend on whether the anode
supply is direct or alternating current. In the
former case, the anode potential must be brought
below the ionisation potential before extinction
can occur, whilst in the latter case such condi
tions occur automatically at the end of each
positive half cycle. The definition of alternating
current in this case should be taken in its
broadest sense to include waves of all shapes
occurring at other than zero frequency, e.g. ,
condenser-discharge voltage waves.

(e)

CHANGE Of: O C BIAS

3 . 1 ON/OFF CONTROL OF ANODE CURRENT
Initiation of the discharge by reducing the
grid bias below the critical value is well known,
and is applicable equally when the anode supply
is an alternating or direct voltage. The same
principles apply when the grid voltage is alter
nating or direct for either case of anode voltage.
Another method of controlling the arc. for full
on/off conditions, when an alternating anode
supply is used, is illustrated in Fig. 6. It consists
in retarding the phase of an alternating bias
from the position of antiphase with respect to
the anode voltage. It will be noticed that the arc
is first struck at the start of each positive half
cycle and current continues to flow until the
anode voltage becomes zero. Variation of the
phase of the grid voltage in this sense thus
gives a sudden change from zero to full current
conduction.

(f) SH!tPE CH!tNGE OF A C BIAS
Fig. 7-Variation of mean current with alternating
anode voltage.

In this diagram and that of Fig. 7 which
follows, the abscissae represent time or electrical
degrees, and the ordinates represent voltage or
current. The anode current and voltage are
drawn of equal value for convenience, the shaded
area indicating the time when anode current is
flowing. Ea, E0, Ee represent anode voltage,
grid voltage, and critical grid voltage, respec
tively, and Ia represents the anode current.
3 .2 CONTROL OF THE MEAN VALUE OF ANODE
CURRENT

Fig. 6-0n/off control with alternating anode voltage.

Control of the mean value of anode current,
when an alternating anode voltage is employed,
was originally devised by Toulon1 7• 1 8 and con
sists in advancing the phase of an alternat
ing grid voltage from the antiphase position.
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Conduction then commences from a point
towards the end of the anode alternating-voltage
wave and continues to the point of zero anode
voltage. As the phase is further advanced , the
angle over which the current flows is increased.
Conversely, retarding the phase of the grid volt
age from the inphase position will give gradual
decrease of mean current.
Other methods of controlling the mean value
of anode current have also been devised, and a
summary is given below and illustrated in Fig. 7 .
(a) Advance the phase of a n alternating grid
bias from the position of antiphase with
respect to the anode voltage. This gives
smooth control from zero to full half-cycle
conduction. Fig. 7 (a) .
(b) Raise the direct-current bias suddenly to a
value below the critical bias, at regular inter
vals synchronised with the anode alter
nating-current frequency, and advance the
phase with respect to the anode voltage,
commencing at the end of the alternating
current wave. This gives smooth control
from zero to full half-cycle conduction.
Fig. 7 (b) .
(c) Raise the direct-current bias, on which is
superposed an alternating-current bias of
fixed magnitude and fixed phase of 90 de
grees in advance of the antiphase position,
with respect to the anode voltage, from a
negative value greater than the sum of the
peak of the alternating-current bias and the
critical bias, to a positive value at least
equal to the peak of the alternating-current
bias. This gives smooth control from zero to
full half-cycle conduction. Fig. 7 (c) .
(d) Decrease the magnitude of an alternating
current bias, which is advanced in phase
with respect to the anode voltage from the
antiphase position by a fixed amount, e.g.,
30 degrees. This gives smooth control be
tween approximately i cycle (corresponding
to the 30 degrees) and full half-cycle con
duction , but it cannot reduce the current to
zero. Fig. 7 (d) .
(e) Raise the direct-current bias from a value
greater than the critical bias for the peak
of the alternating anode voltage to a value
below the critical bias corresponding to the
ionisation potential. This gives a sudden

change of conduction from zero to l cycle
and thence smooth control up to full half
cycle conduction. Fig. 7 (e) .
(f) Increase the gradient of an asymmetrical
bias v.oltage so that the point of intersection
with the critical bias is advanced with re
spect to the end of the anode voltage wave.
This gives control from approximately zero
to full half-cycle conduction. Fig. 7 (£) .
3.3 GENERAL NOTES ON CONTROL CIRCUITS
Not all of these circuits are of equal value, and
the extent to which each type is used may be
gauged from the applications described in Sec
tion 4.
Since the critical grid voltage may vary with
temperature, accurate timing of the point at
which the arc is initiated cannot be expected if
the grid voltage approaches this value in a
gradual manner. Wherever possible, the grid
voltage curve should cut the critical-bias curve
at a steep angle. In this respect, for example,
schemes 7 (a) and 7 (b) are superior to 7 (e) or
7 (f) . If a slow approach to the critical bias must
be made, a valve should be selected having only
a small change of control ratio with tempera
ture, or the temperature should be maintained
within fairly narrow limits. The method of 7 (b)
is very accurate as regards timing because of
the steep rise of grid voltage ; the pulses are
often obtained from a peak-wave transformer
which will be discussed later.
Further consideration as to how some of the
wave shapes are produced in the grid circuit
will be deferred until examples of complete cir
cuits for particular uses are given in Section 4.
It will be evident from the diagrams, and par
ticularly by comparing Figs. 7 (a) and 6, that
gradual control of the mean anode current is
effected by allowing current to flow at the latter
part of each positive half cycle, an increase of
current being obtained by extending the angle of
current flow from the end of the anode voltage
wave. Control at the start of the wave allows
only full on-off conduction without any gradual
variation.
It is opportune to discuss here some simple
methods of effecting this phase control of the
grid voltage, since many of the examples which
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(a) As R is decreased, the
phase is advanced from
the antiphase position.
Hence, gradual increase
of current.

(b) As R is increased, the
phase is retarded from
the antiphase position.
Hence, the sudden change
of current to full value.

follow in the later sections are dependent on this
principle.
The well-known combin_ations of resistance
and capacitance, or resistance and inductance,
one of which is varied to change the phase, pro
vide such control. Typical combinations are
shown in Figs. 8 and 9. Fixed voltages in phase
and 180 degrees out of phase with the anode
voltage supply are applied to a series combina
tion of such elements, the voltage for the grid,
of variable phase, being obtained from the point
of connection of the two elements. The diagrams
shown are for equal voltages with reference to
the thyratron cathode and the well-known circle
vector diagrams are obtained. It will be seen
from some of the later examples, that the oppos
ing voltage may be obtained from the cathode
heater voltage (when indirectly heated valves
are employed) , from a separate small trans
former, or from an extension of the main or
thyratron cathode-heating transformer.
Fig. 8(a) shows a series combination of capaci
tance and resistance, the latter being variable.
With R substantially infinite, the grid voltage
is in phase opposition and no anode current
flows. As R is decreased to zero, the phase ad-
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Fig. 9-Phase-control circuits using inductance and resistance.
(b) As R is decreased, the
(a) As R is increased, the
phase is retarded from
phase is advanced from
the antiphase position.
the antiphase position.
Hence, the sudden change
Hence, the gradual inc
of current to full value.
crease of current.

vances to the inphase position thus giving pro
gressive increase of conduction as in Fig. 7 (a) .*
Alternatively, the resistance may be fixed and
the same control obtained by decreasing the
condenser value. The reverse process obviously
gives progressive decrease in the conduction
period from the fully conducting position. If the
resistance and capacitance are interchanged in
position, as in Fig. 8 (b) , then, with zero resist
ance, the grid is in phase opposition with the
anode voltage and no anode current flows, whilst
increasing R results in the phase being retarded
so that a sudden change to full conduction
occurs as in Fig. 6. As before, the condenser may
be the variable element, so that increase of
capacitance causes the sudden change to full
conduction . Similar effects are obtainable with
resistance and inductance as in Figs. 9 (a) and
9 (b) , the former showing the disposition of the
components for a gradual increase of conduction
brought about by increasing the value of the
* The expression for the phase angle q, of the current in
R2 between grid and cathode (resistance R2 is usually the
primary of the grid transformer) is
Xe

</> = tan-1 -+tan-1
R

(-- -)
R R2
Xe

Xe

- 11"

which shows the importance of the value of R2 .
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Fig. JO-Extinction of arc with direct-current anode supply.

which would again initiate the arc. This value,
obviously, must be inversely related to that of
the load resistance. Some further comments on
this circuit and the wave forms obtaining, are
discussed in Section 4.2.2(a) .
Switch S may be replaced by a second thyra
tron. When this second valve is allowed to
strike, by variation of its grid potential, the first
is extinguished through the intermediary of con
denser C, and similarly, when the first thyratron
strikes the second is extinguished. The combina
tion thus offers an instantaneous on/off switch
considering one thyratron of the pair, or a
changeover switch considering both valves.
Another function of the grid circuit, particu

larly with high-voltage thyratrons where arc
backs may tend to occur, is to assist in the rapid
resistance or decreasing the value of inductance, deionisation of the inter-electrode space during
whilst the latter gives phase retardation and the time when the valve is essentially non
hence a sudden change to full current as the conducting. The grid should assume a high nega
resistance is decreased or the inductance is in tive value soon after "firing" has occurred and
creased.
remain negative during the time the anode itself
For installations involving polyphase alter is negative. The positive ions will then be cleared
nating-current supplies, the necessary phase shift rapidly before the anode reaches its peak nega
can be obtained by rotation of the secondary tive value and the chance of arcbacks will be
windings of transformers with respect to the reduced considerably. Another function is to
primaries. Other methods brought about by promote deactivation of the grid which may tend
changes of direct-current bias, etc., will be dealt to become emissive if active material from the
with under the particular applications of Sec cathode can be deposited thereon ; the grid
tion 4.
should be negative when the tube is conducting
With direct-current anode supplies, an in so that it is bombarded with positive ions.*
genious and simple circuit5 for extinguishing the
To prevent spurious firing of a thyratron, as a
arc, and one which is used as the basis of many result of disturbances in the supply voltage or
circuits, is shown in Fig. 10. Assuming that when anode tension is applied suddenly, it is
anode current is flowing through the thyratron, advisable to connect a condenser, large com
condenser C b ecomes charged , through R, to the pared with the grid-anode capacitance, between
potential drop across the load, i.e., to a voltage the grid and the cathode. This will usually ensure
equal to the supply voltage less the valve drop that only a very small disturbing voltage will
across Th, and with the plate b much more appear between the grid and the cathode as a
positive than a. If it is now desired to extinguish result of the current flowing across the anode
the arc, the grid is made sufficiently negative to grid capacitance.
prevent re-ignition, and then switch S is closed
thus connecting C directly between the anode
4. Applications of Thyratrons in Radio En
and cathode of the thyratron, with plate b to
gineering
the cathode, thus effectively applying a large
negative potential to the anode with consequent
Analysis of the applications of thyratrons is
stopping of the current flowing through the somewhat difficult owing to their diverse nature
valve. The value of C must be large enough to and the wide field of application already covered.
allow sufficient time for deionisation to occur in Tab le I divides them into four groups, and some
the valve before the condenser discharges and
* For a paper dealing with impulses for grid control see
charges in the opposite direction to a value reference 19.
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4.1 APPLICATIONS AS RELAYS OR FOR AMPLIFI
CATION OF POWER
4.1.1

Remote Control

Thyratrons may be used readily as direct
acting on/off relays and call for no special com
ment beyond the fact that an alternating-current
anode supply is preferable so that the grid is
able automaticaily to regain control every cycle.
The controlling voltage changes the grid po
tential from a negative value, well beyond the
critical bias for the particular anode potential,
to a zero or positive value. The bias may be
either alternating or direct current. Fig. 1 1 is
an example of such an on/off control ; a switch
could be substituted for the thermometer and a
relay or contactor for the anode load.
4.1.2

Temperature Control

For small ovens, such as may be used for
maintaining the temperature of oscillating crys
tals constant around, say, SO degrees centigrade,
the anode current of the thyratron may form
the whole of the oven-heating current. Simple

Fig. 11-Simple on/off temperature control.

on/off operation with a contact-making ther
mometer may control the grid voltage, reducing
it to zero when the temperature faIIs and biassing
well beyond the critical voltage when the tem
perature rises above the normal value. Alternat
ing-current operation may be used throughout.
Figure 1 1 shows this simple circuit, the accuracy
of control being determined by the sensitivity
of the thermometer.
For temperatures of 800 to 1200 degrees centi
grade, such as are met in hydrogen and vacuum
furnaces for treating valve parts, a constancy of
about 1(degrees is sufficient and the circuit of

TABLE I
APPLICATIONS OF THYRATRONS IN THE RADIO FIELD
General Class of Application

(4. 1 ) Relays, i.e., amplification of
power.

(4.2 ) Instantaneous switches, i.e.,
control of power.

(4.3) Current and voltage regu
lators.

(4.4) Commutating devices.

Examples of Application

(4. 1 . 1 ) Remote control.
(4. 1 . 2 ) Temperature control.
(4. 1 .3 ) Amplifiers with light-sensitive cells, e.g., measurement of power in a
lamp load, switching on a beacon transmitter, power control on occur
rence of a flashover.
(4. 1 .4) Timed operations, e.g., delays on switching sequences.
(4.1.5) Peak voltmeter, overmodulation indicator, and overload relay.
(4. 1 .6) Frequency meter.
(4. 1 .7) Frequency-responsive indicator or relay.
(4. 1 .8) Direct-current amplifier.
(4.2. 1 ) Electronic switches, e.g., keying of transmitters, switching of cathode
ray oscillograph.
(4.2.2) Pulse and oscillation generators, e.g., single and multiple pulses of square
wave form, peaked-pulse generators, time bases for cathode-ray oscil
lographs and television, harmonic generators, frequency divider.
(4.2.3) Frequency comparator.
(4.3 . 1 ) Generator output voltage control.
(4.3.2) Variable-speed motors on alternating-current supply.
(4.3.3) Torque amplifiers, e.g., remote operation of tuning devices, pos1t1onlocating devices, synchronising of rotating machinery.
(4.3.4) Alternating-current regulation, e.g., valve filament-heating control.
(4.4. 1 ) Motor commutators and inverters.
(4.4.2) Rectifiers.
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in the use of thyratrons and light-sensitive cells.
In the radio field, applications are not so numer
ous, but the possibilities are indicated and
methods of control are illustrated by three ex
amples, viz., (a) switching on of beacon trans
mitters during hours of darkness or fog, (b)
switching off a transmitter on occurrence of a
flashover, and (c) estimation of power dissipated
in a lamp load.
(a) Measurement of Power in a Lamp Load

Fig. 12-High-ternperature control.

Fig. 12 is used.5 Here, a resistance thermometer
forms one arm of an alternating-current Wheat
stone bridge which is balanced for the normal
temperature. A temperature change above nor
mal produces an out-of-phase bias and one below
normal an inphase bias on the grid resulting in
anode current ceasing or flowing, respectively.
Control of the normal temperature is obtained
by variation in the resistance value of any one
arm of the bridge. In the diagram , a small
thyratron acts solely as a relay and operates a
contactor for switching the main furnace current.
A large thyratron could be employed to switch
the furnace current directly in which case only
half-cycle pulses of current will pass. Alter
natively, if the heater current is beyond the
capacity of the thyratron, this latter can be
arranged to control a relatively small additional
current sufficient to effect the temperature varia
tion allowable, the main heating current to the
furnace being controlled separately by a series
resistance. Another way of controlling large
currents, which can be adapted to furnace tem
perature regulation, is given in Section 4.3.4.
Extremely accurate temperature control can
be effected by employing somewhat more elabo
rate circuits ; it is possible to hold the tempera
ture of an oil bath to within 0.005 degree centi
grade over a period of some weeks. 20
A mplifiers with Light-Sensitive Cells
v
A ery wide field of applications, covering all
branches of industry and research, already exists

The current output of a light-sensitive cell
exposed to the illumination from the lamp load
dissipating the radio-frequency power is indi
cated on a sensitive microammeter. The power
may be determined by ammeter and voltmeter
measurements of a direct or low-frequency alter
nating current required to produce the same
illumination, as indicated by the meter.
The same principle is used when a thyratron
is employed in conjunction with the light
sensitive cell. The circuit employed is that of
Fig. S (a) , the light-sensitive cell taking the place
of resistance R, as shown in Fig. 1 3 . A decrease
in the resistance of the cell, brought about by an
increase in the intensity of the incident light,
causes the anode current of the thyratron to
increase progressively. The indicating meter,
which is connected with a suitable load resistance
in the anode=circuit of the thyratron may have

4.1.3

Fig. 13-Circuit for progressive increase of anode current
with increase of illumination.
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Fig. 14-Simple on/off photoelectric-cell relay circuit.

a range of, say, 200 milliamperes instead of
microamperes and so be considerably more ro
bust.
It will be realised that the photoelectric cell
also possesses capacitance which, together with
the capacitance between the grid and anode of
the thyratron, (the total capacitance being repre
sented by C1 on the diagram) is in parallel with
R and hence C must be made greater than this
value otherwise the thyratron would always con
duct regardless of whether light is incident on
the cell. Furthermore, the thyratron current is
not, in general, strictly proportional to the
illumination but becomes more nearly so as the
capacitance of condenser C is increased. In prac
tice, to reduce the anode current to zero the
capacitance of C usually will need to be of such
a value that a substantially linear relation will
generally be obtained. For example, with a
modern gas-filled photoelectric cell, a value for
C of about 0.001 to 0.003 microfarad is of the
right order. However, in the comparison method
as above, the linearity of response is unimportant
since identical conditions exist in the two meas
urements.
(b) Switching On with Decrease of Illumination
and llice Versa
The circuit of Fig. 8(b) is used with the light
sensitive cell in place of R, its anode being con
nected to g. With the cell illuminated, the grid
voltage is in antiphase with that of the anode
and no current flows. When the illumination

E N G I N E E R I N G
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falls below a certain value, producing an increase
of R, the phase becomes sufficiently retarded for
a sudden change to full conduction to take
place. The resulting anode current may be
utilised to operate relays or contactors to control
the equipment, e.g., a beacon transmitter. This
sudden change is independent of the relation
between the value of C and the stray capaci
tances. This circuit may also be employed to
interrupt momentarily the power to a trans
mitter should a flashover occur across overload
spark gaps which are "watched" by the photo
electric cells. When the flashover ceases, the
thyratron will again pass current and re-apply
the power.
Another simple circuit,21 widely used with
photoelectric cells, especially for counting and
sorting articles, operates on change of bias rather
than phase change and is shown in Fig. 14. A
thyratron with an indirectly heated cathode is
used. The bias for its grid is obtained by shunting
the resistance R and photoelectric cell P.C.
across the heater voltage. When no light falls
on the cell, the grid is connected directly to the
cathode through R and anode current flows.
When the cell is illuminated and L2 is positive
(i.e., the half cycles when anode current would
tend to flow) current flows through R in such a
direction as to make the grid negative with
respect to the cathode and anode current ceases.
This circuit is effective for use when the illumina
tion changes by a marked amount but is not as
sensitive as the phase-control method. \Vhen

Load

Value
to suit
timing
range

soono--___....,

Fig. _15-Basic time-delay circuit.

www.americanradiohistory.com

352

E L E C T R I C A L

I

! Lamp
: load

C O M M U N I C A T I O N

as

I
I
I
I
I
--'--,.. I
I
I
I
I
I
I
I
I
I
I

nected that when L2 is positive, end b is nega
tive. Thus, movement of the slider towards b
increases the negative component of alternating
grid voltage so that the condenser C must dis
charge to a lower voltage before the critical
potential is reached. Hence, movement of the
slider towards b increases the time interval.
Peak Voltmeter, Overmodulation Indicator,
and Overload Relay

4.1.5

I

Fig. 16-Peak voltmeter.

tubes with filamentary cathodes are employed, a
low-potential extension of the winding on the
transformer may supply the bias voltage.
4 . 1 .4

Timed Operations

One useful circuit21 for providing delays on
switching sequences, etc . , is given in Fig. 15
and forms a basis on which multiple time delays
can be built up. The delay interval occurs from
the instant of closing switch S, and its duration
is controlled by the magnitude of R and C and
the setting of the voltage divider P. In the dia
gram, an indirectly heated thyratron is employed
and the heater voltage provides the bias supply.
With alternating voltage applied to L1L2,
whenever the grid is positive, current will pass
between the cathode and grid through the re
sistance Rx and condenser C will become nega
tively charged. When S is closed the cathode is
connected to Li and no alternating potential now
exists between the grid and cathode. The full
line voltage appears across the anode-cathode
circuit. However, as the grid is negative by
virtue of the charge on C, no anode current flows
until this charge leaks away through R and
finally brings the grid voltage to the critical
value at which the art strikes. Conduction con
tinues until S is opened, thus cutting the anode
circuit. The cycle may then be repeated. The
time of charging, which determines the time that
must elapse before the circuit can function again
correctly, can be reduced to a few cycles by
proper choice of C, R, Rx, and R0• P is so con-

The circuit22 (Fig. 16) is similar to that of the
slide-back voltmeter utilising hard valves. The
peak value of the applied voltage is the differ
ence between the grid bias just sufficient to stop
conduction as measured by the voltmeter V and
the critical bias, i.e., the bias at which the thyra
tron is just triggered, the applied impulses being
absent. As distinct from the hard valve however,
the thyratron anode current is either zero when
the impulses are less than the predetermined
amount or full value when they are greater, the
value of anode current being determined by
the (constant) load in the anode circuit. Indica
tion that the tube has been triggered may be
gauged from its characteristic glow, or a lamp
may be used as the load. An obvious extension
is the fitting of an alarm operated by the anode
current. As a direct-current supply is used for
the anode source, once the valve is triggered,
current will continue until the anode circuit is
opened.
To overcome the disadvantage of the circuit
working once only until the anode supply is
switched off, a condenser may be inserted,2 3 as

-r--! r! -r!

Main contactor

0--'\Nv•VV..!V'--o-----......
+

DC

·--------

Fig. 1 7-Self-resetting overload relay.
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shown dotted, so that the + o----<>---0--<l.M.to--n..
voltage falls periodically
to zero (if the grid im- pulses render the valve
conducting) as a result
of the condenser discharging through the thyratron. A pair of head
phones inserted in the
negative return to the
anode supply will produce
a click each time the con
denser discharges. The
point at which the thyratron is first struck is in
Input
signal
dicated by a slow click
ing ; on one side there
Fig. 18-Frequency meter.
is silence and on the
other the clicking merges
rapidly into a buzzing sound. The critical poten becomes self-resetting. Repeated indications of
tials, with and without the applied input voltage, voltages occurring in excess of the value pre
may then be readily determined without switch determined by the setting of the potentiometer
will then be given on, say, the lamp forming the
ing off the anode voltage.
In similar manner, peak values of current anode load. This method is used in over-modula
surges or currents which may be maintained for tion indicators for monit_oring modulated radio
very short duration only may be indicated by transmission.
the voltage across the resistance input. An exten
tion of this circuit for use as an overload relay 4 . 1 . 6 Frequency Meter
is evident. A convenient means of making the
The basic direct-current stopping circuit of
circuit self-resetting is to make the device oper
Fig.
10 may be driven by an alternating current
ated by the thyratron also open the anode circuit
and
act
as a frequency meter.25 Whereas with
and allow the grid to regain control. The thyra
ordinary
meters the wave shape may have con
tron may operate a relay in its anode circuit or
siderable influence on the indicated value, in this
it may act more directly, e.g., to trip the main
contactor of an equipment by virtually forming scheme the shape of the input wave is practically
a short-circuit across the operating coil, this immaterial, its function being to release, alter
nately, two thyratrons which give constant
contactor having the necessary auxiliary con
output for operating the indicating meter.
tacts to open the anode supply to the thyratron.
The schematic is given in Fig. 18 from which
A typical circuit is given in Fig. 1 7 . *
it will be seen that the input wave is applied to
Since operation depends on the value of critical
both grids simultaneously and the two thyra
bias, a valve should be chosen in which this
trons are released alternately, one stopping the
varies only slightly with temperature, or the air other through the intermediary of condenser C1.
temperature around the thyratron should be Since the potential drop across anode and cath
maintained reasonably constant.
ode jumps regularly (the frequency of the input
If the applied voltage impulses have a much voltage being constant) between the applied
lower frequency of recurrence than the usual anode voltage and the normal valve drop, an
power-supply frequency, an alternating-current alternating electromotive force is available hav
supply may be used on the anode and the circuit ing a constant wave form and amplitude and a

25iv

* For a useful collection of thyratron relay circuits gen
erally applicable in power engineering, see reference 24.

frequency determined by the input signal. This
electromotive force from one of the thyratrons
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the magnitude of this current is proportional to
the number of pulses delivered per second, it ,
follows that the current is proportional to the
input frequency. A linear relation up to 7,000
cycles per second was obtained.
4.1.7

-

INPUi

Fig. 19-Frequency-responsive circuit.

is amplified through a high-impedance alternat
ing-current circuit, and applied to a meter for
indication. A high-impedance circuit is used in
order that the main thyratron circuits shall not
be disturbed.
:..iThis circuit has been used satisfactorily with
mercury-vapour valves up to 3 ,000 signals per
second. If the signal consists of a group of waves
of nearly equal magnitude and separated by a
time interval greater than the resolution time,
the circuit may respond to the separate peaks
and not once to a group.
Adjustments for this can
be made in the selection
of C1 and R1 and it is
generally preferable at
the higher speeds to re
duce R1 rather than C1,
otherwise the extinction
process becomes erratic.*
/NPU1
A similar circuit, but
one in which the output
of both valves is recti
fied by a double-diode
valve and the average
rectified current read on
the indicating meter, has
been described.26 Since
* This remark applies in
general whenever this type
of direct-current stopping cir
cuit is employed.

Frequency-Responsive Indicator or Relay

To perform some relay or indicating opera
tion, which shall function at a certain frequency
only, the circuit of Fig. 19 may be used. The
elements LC (here shown in series connection,
but for some applications a parallel circuit may
be used) form a resonant circuit. At the resonant
frequency, the voltage across L is large and the
circuit operates. At other frequencies, only a
small voltage exists across L and the thyratron
passes no current. Such a circuit is useful, for
example, when switching operations are to be
performed during acceleration of alternators or
motors where the electrical frequency is critically
0
related to the rotational speed. Use has also been
made of this scheme in carrier-current operation.
4.1.8

Direct-Current Amplifier

By using a vacuum valve as a phase-shifting
input device for a thyratron, reasonably linear
amplification can be obtained and Turner2 7 con
structed a unit which could be used either as an
amplifier or relay . The basic circuit is given in

AC

t.0110

Fig. 20-Direct-current amplifier, basic circuit (Turner).
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A very stable direct-current amplifier2 8 utilis
ing a photoelectric cell as the phase-controlling
element is given in Fig. 2 1 . The input voltage
operates a galvanometer to control the amount
of light falling on the cell. The output current
from the thyratron passes through the resistance
r, which is in series with the direct-current input,
and produces a voltage in opposition to the
input voltage. When a balance is obtained, no
further deflection of the galvanometer takes
place. By this means the output current is pro
portional to the input voltage. A typical setup
gives an output of 3 watts (30 milliamperes,
1 00 volts) for an input of 1 8 millivolts and, when
operated by current, a similar output is obtained
for an input of 0.01 microampere.

Fig. 21-Direct-current amplifier, basic circuit (Steghart).

Fig. 20 but reference to the original paper should
be made for values of components and variations
of the circuit.
The input valve V is operated on the curvi
linear part of its characteristic, and hence
changes its internal resistance with any change
of grid voltage. Superposed on its direct-current
anode supply is an alternating voltage at mains
frequency. The circuit contains a choke in series
with the anode resistance of the input valve
which is the variable element. A voltage is ob
tained from the combination of inductance and
resistance which differs in phase from the alter
nating-current supply voltage by an amount
depending on the value of the resistance, and
hence on the input voltage. This voltage is
applied to the grid of a thyratron, the anode of
which is supplied from the same alternating
current source as the input valve. One connec
tion of the switch S gives a phase advance (from
the out-of-phase position) and hence gradual
control of the anode current of the thyratron, for
amplifier action. The other connection retards
the phase and gives a sudden change in anode
current for relay action. Compensation for the
sudden changes in voltages which occur when
the thyratron strikes is obtained by providing
an additional voltage from the thyratron anode
alternating-current supply to its grid circuit.
Extension of the circuit to control large powers
is possible by substituting a transformer for the
load of Fig. 20 and applying the voltage there
from to other thyratrons which will deliver half
sine waves of output current.

4.2 APPLICATIONS AS INSTANTANEOUS SWITCHES
OR FOR CONTROL OF POWER
4.2.1

Electronic Switches

Electronic switches are used, for example, in
keying transmitters for telegraph operation and
in switching cathode-ray oscillographs and oscil
loscopes to record more than one phenomenon at
a time.
(a) Transmitter Keying

For a keying system to be universally ap
plicable to any amplifier and not affect the

I

_ _ _ _

_ _

_ _

_j

Fig. 22-Keying of transmitter.
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norm.al biassing arrangements, the keying volt (b) Switching for Cathode-Ray Oscillograph
age should be directly connected to the grid of
For obtaining traces of two independent volt
the valve which is to be "blocked. " A suitable
ages on a cathode-ray oscillograph, the circuit
circuit for this29 is given in Fig. 22. The ampli
of Fig. 23 forms· a useful switching system.80
fying valve Vs is biassed for normal operation
The two voltages are switched alternately to the
partly by the supply B and partly by the voltage
PY plates during the flyback period of the time
developed across Ra if grid current is flowing. base, so that each event occupies the time of one
During the spacing periods, S is connected to a sweep of the linear time base (which latter is
and the keying thyratron Vi passes current, so also incorporated in the unit) . On a cathode-ray
connecting the source of negative potential B 1 oscilloscope the persistence of vision and after
directly to the grid of Vs and "blocking" it. glow of the screen material enable both traces
When S is moved to b, for the marking period, to be seen simultaneously whilst the conditions
thyratron Vi is released and applies a negative are obvious in an oscillograph.
impulse to Vi through condenser C1 which was
Pentode Vi, condenser C1, and thyratron Vi,
charged to the potential difference across R3, form a linear time base, as will be described in
as already explained for the basic direct-current section 4.2.2 (c) . Synchronising signals may be
stopping circuit of Fig. 10. Vi is then inactive, supplied lo transformer T1, if desired. Thyra
V2 passes current, and the amplifier valve Va is trons V7 and V8 are biassed negatively by bat
biassed for normal operation. On switching to tery B and do not strike until the time base is
2
the spacing condition, Vi extinguishes Vi and in operation, when the discharge of C1 through
thus instantaneous change-over is assured.
1/2 (producing the flyback stroke) causes the
The time of change-over is independent of anode potential of Vi to fall. This change of
the characteristics of the key for current will potential is fed to the grid of the tripping valve
continue to pass in whichever thyratron is con V4 causing a decrease of anode current therein.
ductive until the release of the other thyratron The grids of V7 and Vs are connected to V4 , via
causes the current to cease. In place of the key, c4, and the rise of potential occasioned by the
a voltage of the correct sign and magnitude may flyback makes the grids sufficiently positive for
be applied from some other low-power keying ignition to occur. When thyratron V1 fires, its
system to control the thyratron grids. The grid anode current is limited by resistances R14 and
current of Vs flowing through R8 is entirely Ru. Ru is of such value that when V1 conducts,
without effect on the operation of the keying valve V6 is biassed well beyond cutoff. At the
unit. Whilst keying on the control grid of Vs succeeding flyback stroke, Vs fires and V1 ceases
is shown, the system is
equally applicable to
PX PlATES
Py PL ATt:S
keying on the screen grid
of a tetrode or pentode tcsov
valve.
Two amplifiers may
be keyed in comple- o c
SUPPLY
mentary fashion with
instantaneous changeover, e.g. , one amplifier
-o
being in the marking
condition whilst the
other is spacing. To do D C'
this, point x of R4 is SUPPLY
suitably connected to
the grid of the second
SYNCH
+toov
amplifier and Vi acts as
its keying valve.
Fig. 23-Cathode-ray-oscillograph changeover switch and base time.
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Fig. 24---Generator of square-wave single pulses.

to conduct by the action of the commutating
condenser C5• Vi is then biassed beyond cut-off
and V5 receives its normal working bias from B2
and cathode resistors Rg and Rn. Thus, during
each timing stroke one amplifying valve has
cut-off bias and the other working bias whilst
the conditions are reversed at each flyback stroke.
Input potentiometers R16 , Ri1, connected to
the circuits under examination, apply suitable
voltages to the grids of V5 and Vi, which act as
amplifiers and have a common load Rs connected
to the P Y plates of the oscillograph. The cathode
resistors R9 and R10 are variable to permit adjust
ment for coincidence of the zero lines of the
separate traces. The normal shift voltage dividers
are provided for the X and Y plates but are
omitted from Fig. 23.
The traces are quite steady on the screen and
a photograph of 90 seconds duration showed not
the slightest evidence of blurring. For visual
observation, the flicker is not apparent if the
time base is not used at too slow a rate.
4.2.2

E N G I N E E R I N G

be used to switch a direct current for an accu
rately determined period of time without dis
tortion of the wave form in the switching device.
The generator is capable of being used over a
very wide range of current values. Among others,
such applications as testing overload relays and
fuses are apparent.
The basic direct-current stopping circuit is
used, thyratron A being the switching valve and
rated accordingly, whilst B acts to stop current
flow in A after the predetermined time interval
has elapsed. RL represents the load. The timing of
the passage of current is entirely electrical, and
hence very constant. It is determined by the
damped oscillatory circuit L1C1R1R2. With spring
key S1 in position x, condenser C1 is charged to
the potential of the supply B1, the plate a being
positive. The two thyratrons are biassed by B2
so that no current flows. When S1 is depressed
to y, C1 is connected in parallel with Li, and
valve A is immediately released by the positive
voltage between a and o bringing its bias below
the critical value whilst, at the same time, the
bias of B is made more negative. After approxi
mately one-quarter period of the oscillation,
plate b of condenser C1 becomes positive and

Voltage of
/ p late "a."
+

Voltage of
plate "b''

\,�

Pulse and Oscillation Generators

(a) Single- and Multiple-Pulse Square-Wave
Form Generator

A square-wave single-pulse generator31 or
heavy-duty time switch is given in Fig. 24. It
was originally developed for research on ther
mionic emission of oxide-coated cathodes where
the anode potential for measuring emission could
be applied for only very brief duration. It may
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Fig. 25-Wave forms in circuit of Fig. 24.
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hence thyratron B is released thus stopping A
through the intermediary of condenser C2 in the
manner already described. The damping of the
circuit, controlled by the resistances Ri and R2,
can be adjusted so that the grid of A is not again
brought below the critical bias and only one
pulse of current passes through A . B will con
tinue to conduct until its anode supply is
switched off. Key S1 is of the spring type and is
held depressed only until the current pulse has
passed through A . On release, it again allows
condenser C1 to be charged for further use. The
voltage relations existing in the grid timing
circuit are shown in Fig. 25.
As a result of the charge and discharge current
of condenser C2, the wave shapes of the currents
in RA and RL are different. Thus, if L2 is not
present and RA, RB, and RL are resistive, the
wave shape of the current in RA is as shown in
Fig. 26(a) , the exponential "tail" being caused by
the discharge and charge in the reverse direction
of C2, this current flowing through B and the
direct-current supply. In RL, the wave shape is as
in Fig. 26(b) , the top peak being caused by the
charging current of C2, which flows through RB,
A , and the direct-current source. Insertion of
the choke L2 delays the growth of the current
in RA at "make" in opposite sense and equal
magnitude to the condenser-charging current
and a square-wave pulse of current in the load
RL results. I t is for this reason that the load is
placed in the cathode lead of thyratron A , re
sistance RA being provided only for the purpose
of obtaining a potential to which C2 is charged.
To obtain the desired condition, the component
values must be related by RA = RB and L2 = C2RA2•
Times of current flow between 1 and 20 milli
seconds were obtainable with an air-cored in
ductance Li of 20 henries and capacitances for
C2 varying from 0.02 to 8.0 microfarads. Time
intervals up to 20 seconds are possible by charg-

lb

(a) Current in R A

with Lz absent

(b) Current in RL

with Lz absent

(c) Current in RL

with L2 in circuit

Fig. 26-Current wave forms in circuit of Fig. 24.

200-2�
Ag._3

Output

Fig. 27-Thyratron pulse generator.

ing a condenser and discharging it suddenly
through a neon lamp or an additional thyratron.
These remarks on the current wave shapes
apply not only to this particular application
but whenever this direct-current stopping circuit
is used. Although the exact wave shape is imma
terial in many applications, in others account
may have to be taken of this and compensation
applied as indicated.
If the grid circuit is driven by an alternating
voltage in place of the oscillatory circuit, square
wave pulses occurring at regular frequency and
of duration equal to a half period of the driving
frequency may be obtained. See Section 4.4.1
and reference 32.
(b) Peaked-Pulse Generators

For investigations on the ionosphere, in alti
tude meters, radio location devices, etc., a very
peaked pulse of short duration (1 to 100 micro
seconds) is necessary to permit accurate measure
ments between corresponding points of trans
mitted and received pulses. The ideal shape
would have a vertical wave front. In practice
this is difficult to obtain and the usual type is of
triangular form with very steep sides, measure
ments being made to the apex of the triangle.
When the recurrent frequency is that of the
alternating-current mains supply, a thyratron
operated so that ignition occurs at the peak
value of the anode alternating voltage, gives a
useful and stable means of producing such
pulses. A suitable circuit33 is shown in Fig. 2 7 .
The output voltage, o f the shape o f Fig. 28(a) ,
is modified by the addition of a condenser and
resistance as in (b) or by a series circuit, approxi
mately critically damped, which gives the form
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of (c) . Such pulses are often used to control a
"squegger" oscillator, the thyratron initiating
the oscillation and the oscillator itself determin
ing the instant of cessation. The voltage from
the trigger circuit may be applied in series with
the bias to the "squegger" oscillator valve. If
alternating-current is applied to the anode, oper
ation will occur only at the peak of the alternat
ing-current wave because of the setting of the
thyratron release. If direct current is used, a
series modulator valve may be inserted in the
high-tension lead to the oscillator valve, the
modulator being controlled by the trigger circuit.
The high-voltage thyratrons now available
may be connected as a switch directly in the
high-tension lead to an oscillator or amplifier
valve so that current flows only when the thyra
tron is conducting. This is far more efficient
than the modulator valve referred to above, the
voltage drop across the thyratron being negli
gible. A simplified circuit is shown in Fig. 29
in which the thyratron Th is triggered by a pulse
generator (Fig. 27) . The frequency of recurrence
is not necessarily the mains frequency. Con
denser C, Fig. 29, charged to the value of the
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Fig. 28-Wave form in generator of Fig. 27 and modifications.
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Fig. 29-Series control of high-tension supply
in pulse amplifier.

direct-current supply, is discharged rapidly
through the amplifier valve and thyratron in
series. Its voltage falls below the ionisation po
tential of the thyratron (see Section 4.2 .2(c))
and conduction ceases. The pulse width is deter
mined. by the rate of discharge of C, which is a
function of resistance of the amplifier valve. R
and C are chosen to allow C to charge during
periods of non-conduction.
(c) Relaxation Oscillators

The thyratron has a great advantage over
neon tubes when applied to relaxation oscillators.
It provides a much greater voltage range be
tween the extinction and starting of the arc, the
latter being under control of the grid bias. If
the charging resistance is replaced by a pentode,
which acts to maintain the charging current
constant, a linear relation between time and
condenser potential may be obtained with a
"flyback" time so short as generally to be in
visible on the screen of a cathode-ray tube. I t is
thus well suited for use as a linear time base.
Investigation of a thyratron for this purpose
was made in 1932 by Reich,34 and has been
further investigated recently by Puckle.35 Both
found that the limit of frequency of oscillation is
not set entirely by the deionisation time of the
valve but by the necessity of reducing the charg
ing current as the capacitance is reduced to
obtain extinction of the discharge.
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A typical self-operating time-base circuit is
shown in Fig. 30. The pentode Vz, operated
above the knee of the anode-voltage-anode
current characteristic,* acts to maintain con
stant the charging current from the direct
current supply to condenser C1 . The voltage
across C1 , determined by the grid bias on thyra
tron Vi, will eventually reach a value that dis
charges the thyratron. C1 is rapidly and almost
completely discharged, and the voltage falls
below the ionisation potential of Vi. Charging of
the condenser then recommences. Ri limits the
discharge current of C1 to a value within the
emission capabilities of the thyratron. The bias
on the grid of the thyratron determines, princi
pally, the voltage amp_litude of the time-base
sweep.
A synchronising signal, occurring at predeter
mined time intervals, may be applied to the
grid of Vi, to alter the anode potential at which
the valve strikes. A steep wave front of such a
signal will increase the precision of timing. If the
synchronising signal is of sinusoidal form, the
discharge must occur at exactly the same value
of anode voltage in each successive cycle. In
general, this can occur only if the period of the
synchronising signal is equal to, or is some in
tegral multiple of, the period of the relaxation
oscillation. Fig. 3 1 (a) shows the condition when
the synchronising signal is too low in frequency ;
synchronisation cannot be obtained as the thyra
tron does not fire at similar points of the syn
chronising cycle. Fig. 31 (b) shows the correct
condition in which synchronising and time-base
signals are of equal periodicity. In Fig. 3 1 (c) the
synchronising signal is
a multiple of the timebase recurrence frequency. Similar conclu
sions have been reached
b y Builder and Rob erts06
and independently by
Guljaev.37
A simple means of
stabilising such an oscil
lator38 and making it
* A saturated diode may
also be used, the value of
resistance being controlled by
the cathode temperature of
the diode.

more independent of changes of ignition potential
resulting, for example, from temperature changes,
is to connect a resistance RB between the anode
and grid of the thyratron, as shown dotted in Fig.
30. The grid potential of Vi is then dependent on
its anode-cathode potential. By increasing the
value of both R2 and the bias B 1 , the frequencies
generated by two valves of widely differing char
acteristics which originally were 500 and 850
cycles per second, were brought to within a few
percent of a common value around 650 cycles
per second. Also, the circuit is more stable as
regards spurious voltages, such as at A in Fig.
32,t which would normally fire the thyratron.
In this case when the condenser discharges, the
grid assumes the large negative value of B 1 and
approaches the critical bias only near the point
where the synchronising pulse is applied. Fur
ther, this large negative bias clears the positive
ions more rapidly and permits operation at
higher frequencies.
For a velocity-modulated television system, 39
a velocity-modulated time base is required. This
differs from an unmodulated one only in that
the charging pentode has the video signal applied
to its grid so that the rate of charge of the con
denser is dependent on the instantaneous value
of the light falling on the light-sensitive device.
The video signal is inserted between x and y of
Fig. 30.
By utilising a specially constructed thyratron
and introducing feedback into the oscillator
circuit from the charging pentode, it has been
t The diagram cited is with a resistance in place of the
pentode_ Vi and hence does not give a linear trace.

R,

x

4

Fig. JO-Relaxation oscillator, for time base.
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Fig. 31- Voltages in sinusoidally synchronised t1:me base.

possible to obtain40 a sensibly linear time base

with a recurrence frequency of 1 megacycle per
second.
(d) Harmonic Generators

The wave front o f the current passing through
a thyratron can be made extremely steep, either
by allowing the valve to switch a direct-current
supply through a substantially resistive circuit,
by discharging a condenser, or by delaying the
point of firing when using an alternating anode
supply, and the output voltage will be rich in
harmonics of the repetition frequency.
The circuits of Figs. 24, 2 7 , and 30 are useful
as harmonic generators. The grid circuit is driven
at the fundamental frequency and the output
voltage, usually developed across a resistance,
may be fed to frequency-selective circuits. If
the ratio of reactive volt-amperes to watts be
high enough in such tuned circuits, a sinusoidal
voltage at the desired frequency may be ob
tained, said circuits being maintained in oscilla
tion by the impulses of harmonic current passed
by the thyratron.
By employing a fundamental alternating volt
age having a frequency of several kilocycles per
second, in place of the usual direct voltage,
Kersta 41 has obtained harmonics of high order.
With a fundamental frequency of 66 kilocycles
per second, a flat distribution of harmonics up to
3.5 megacycles per second, and quite useful out
puts even to 25 megacycles per second are obtain
able.
(e) Frequency Divider

Among the best known applications of fre
quency division are those in frequency-measuring

equipment and

the

generation

of earner fre

quencies for wire-line carrier systems.
The relaxation oscillator offers a basis of
design. Builder42 has discussed the frequency
stabilisation by selective feedback and synchro
nisation of such an oscillator operated as a
frequency divider at high orders of division. A
basic circuit is given in Fig. 33 in which the
functions of relaxation, selection, and feedback
are substantially independent. A circuit more
economical in components is described in the
paper. The oscillator is of the simple type already
discussed in Section 4.2.2(c) in which the natural
frequency is determined by the time constant
of RC, the anode voltage, and the cathode bias
dev�loped across R3• R1 limits the discharge
current of C, and R2 has a high value (0.25
megohm) to prevent the grid of the thyratron
. Vi from attaining any substantial positive value.

1 50
100
+

50
0 1--�-1-���

V)
.....

g

Spurious
voltage

50

100

Grid volts with usual circuit-pulse at P
Grid volts with stabi lized circuit-pulse at P

Fig. 32-Stabilised sweep-circuit oscillator voltages.
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Relaxation

Another circuit, operat
ing in a somewhat different
manner 43 and entirely on
utput alternating curren t , is
'o.-------10-ll
given in Fig. 35 . When the
phase angle of the voltage
induced in the grid circuit
Feedback Pha se
is
adjusted to a suitable
changer
+
value by means of the
Con
DC
phase shifter, the arc will
volt
start and the anode current
will charge condenser C
until the potential across it
approaches the supply voltage. The arc then ceases
Fig. 33-Freg_uency divider (Builder).
and the condenser di�
charges through R until the
The selector circuit LiC1, tuned to the frequency drop in potential allows the thyratron to conduct
to be generated, is fed from the oscillator via again. By making the product of CR large, the
the isolating valve Vi. Secondary windings on starting of the discharge may be delayed several
L1 provide both output and feedback voltages. complete cycles, and by properly choosing the
C7 and R7 act as a phase changer for the feed phase angle, the current can be reduced to short
back voltage as previously described .
pulses of about 100 milliamperes every third or
Fig. 34 gives the wave forms of the voltages, fourth wave as shown in the diagram. With
in which es, the voltage across the tuned circuit, controlled-frequency mains, the circuit can be
is substantially sinusoidal. A voltage propor used to obtain time markings or as a strobo
tional to this is fed back to the grid circuit of scope with a discharge tube connected across the
the oscillator. ec is the actual grid voltage of output terminals.
Vi, being a combination of the feedback and
cathode bias voltages. The grid voltage ec does 4.2.3 Frequency Comparator
not rise appreciably above zero because of the
To check the frequency of an oscillator against
resistance R2 and during the greater part of the
positive half cycles of the feedback voltage, the a standard so that comparisons are given at
thyratron is conducting and the anode is at the closely spaced periods of time is not easy, but a
ionisation potential. As soon as the grid voltage circuit recently developed44 provides for this.
ec becomes negative, anode current ceases as An elementary schematic to illustrate the prin
condenser C extinguishes the arc. Condenser C ciples is shown in Fig. 36. The two oscillators, 01
then charges until the grid potential rises towards and 02, are adjusted to differ by 1/lOth cycle per
zero and the arc is struck again. A saw-tooth second. The output voltages are combined in the
wave form ea results and alternates with periods hybrid coil and amplified and rectified to control
of about equal length during which the voltage the firing of thyratron V once each beat cycle.
is zero. The instant of striking is precisely deter
mined by the simultaneous rise of anode and
grid voltages. Curve ea also gives the form and
phase of the potential applied to the isolator
valve and, for equilibrium, the fundamental
component of ea must be in exact antiphase with
Ti me
the voltage e, ; the phase shifter provides for
this. A control voltage may be inserted as shown
and frequency division by factors up to 10/1 1s
readily possible.
Fig. 34-Wave forms in circuit of Fig. 33.
Selector
---oscil lator
___,,.__,.,__________��
�

�
�
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oscillator, the prec1s10n of comparison
between
,
oscillators is 1 part in 101 0•
To ensure accuracy, the thyratron must fire
abruptly at the same part of each cycle. Fig. 37
represents a vector diagram of the voltages at
the input of the measuring circuit. As Er rotates
at the beat frequency with respect to E2 , the
vector (Er+ E2) varies in length over the beat
cycle. This vector is amplified and rectified to
provide a negative bias on the thyratron grid.
The valve fires when the voltage falls below
the critical value represented by circle c . If the
point of entry is a (i.e., voltages equal) , the firing
will be earlier than if the voltages are slightly
different and barely graze the circle at b or b'.
The possible error is thus approximately deter
mined by the ratio of the radius of c to the cir
cumference of the circle swept by Er, and the
error is made small by amplifying (Er+E2) , thus
increasing the sensitivity or effectively reducing
c. When the voltages are thus critically com
pared, their amplitudes must be almost identical
or no record is obtained, but if the thyratron
fires at all it does so at a time known within
exact limits. The value chosen was 65 decibels
larger than the critical value of the sum required

The charged condenser C is discharged through
V and the spark coil T causing a brief flash of
light in the mercury discharge tube G. This
illuminates the translucent scale S driven from
a frequency standard.
S is suitably engraved
and gives an indicaN
cps
tion of time, which is
recorded photographi
cally on the slowly
moving film so that
images of the scale
from successive flashes
are j ust separated .
Thus the time elapsed
during a single 1 0 second beat cycle is re
corded to the nearest
1 / 1 000th second and
any irregularity in the
beat frequency, greater
than 1 part in 10,000,
is apparent. As the
frequency of the beat
pulses is only 1 / (1 0 X
1 00,000) o f the fre
quency of either 100Fig. 36-Circuit for
kilocycle-per- second

fi=-i� I00,000.1

Spark coif

measuring short-time stabilities of oscillators.
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I t is interesting to note that, in the past, it
has been considered necessary for prime movers
employed with transmitters utilising final-stage
Class B anode modulation , in which the load
with the depth of modulation, to have
varies
4.3 APPLICATIONS AS CURRENT AND VOLTAGE
flywheels to avoid cyclic variations.
extra-heavy
REGULATORS
Recently, however, the reverse has been tried.
4.3.1 Generator Output Voltage Control
The inertia of the moving parts has been de
and the speed allowed to vary with the
creased
Thyratron voltage regulators offer several ad
The output voltage is held
fluctuations.
load
vantages over mechanical types, particularly in
thyratron voltage regu
high-speed
a
by
constant
the elimination of all moving parts and contacts
would not be possible
arrangement
an
Such
lator.
and in the speed of response which is very high
regulator as the re
of
types
mechanical
with
and is, in fact, not limited by the thyratrons
slow.
too
is
sponse
but by the auxiliary circuit elements often used.
One circuit5 used for the control of an alter
Another advantage is the ease with which an
antihunting force may be introduced into the nating-current generator is given in Fig. 38 in
system.
which Ri and R2 are, respectively, the ohmic and
: ,:,The primary controlling element in such regu nonlinear resistances of the bridge, which is
lators is a Wheatstone bridge, of which two consequently balanced for only one voltage.
opposite arms are constant resistances and the Under these conditions, no voltage is applied
other two of resistances which have nonlinear via T1 to the grids of the thyratrons Vi and Vi,
voltage-current characteristics, such as tungsten and no discharge occurs. Unbalance of the bridge,
or carbon-filament lamps, semi-conductors (such as a result of a change in generator output
as silicon carbide*) , valves operating at saturated
voltage, causes one or the other of the thyratrons
emission, etc. Silicon carbide has the great merit
to pass current and oppose or add to the field
of giving an instantaneous change of resistance
current of the generator, thus restoring the out
with change of applied voltage. Where such
high-speed response is not required, tungsten put voltage to normal. As shown, the anode
filament lamps are readily available at low cost supply for the thyratrons is taken from the
and give good results. As they are operated at alternating-current output of the generator and
half the rated voltage, they remain virtually the thyratrons rectify this and feed direct cur
constant in resistance value and the life can be rent into the field circuit. The thyratrons in this
case operate only when the bridge is out of
considered as almost indefinite.
balance.
* Marketed under such trade names as "Thyrite,"
For heavier, three-phase machines, a similar
" Metrosil," etc.
circuit to that used for direct-current generator
control is preferable. Jn this case the variable
direct-current controlling bias is obtained by
rectification of the alternating-current generator
voltage before application to the bridge. Each
phase voltage may be rectified separately and
0
the three direct voltages added together to give
a resultant which is proportional to the arith
metical sum of the three phase voltages. Gen
,
erators of 20,000 kilowatts have been so con
I
I
I
I
trolled45 and excitation currents as high as
600 amperes* obtained wholly from thyratrons.
I
of £1
,'
to fire the thyratron and thus the voltages had
to be alike in amplitude within about 0.05 per
cent.

I
I
/

I
I
,

//Rotation

Fig. 37- Vector d,iagram of voltages in circuit of Fig. 36.

* From a 6-valve rectifier, each thyratron being rated
at 100 amperes average, 600 amperes peak anode current
'
and 1 ,500 volts inverse voltage.

www.americanradiohistory.com

T H Y R A T R 0 N S

-�-vtJLTAGE'
ADJUSTING
RESISVWCE

�XC!TE"

I N

R A D I 0

Ac
OUiPUi

f!ElD

E N G I N E E R I N G

365

with thyratron control, gave a drop in voltage
of only 0.5 percent between zero and full load,
whereas when connected as a shunt machine,
without control, the regulation was 20 percent.
Condenser Cs and resistance Rs form an anti
hunting combination, the values being chosen
with regard to the rate of change of generator
voltage.
Variable-Speed Motors on Alternating-Cur
rent Supply

4.3.2

Fig. 38- Voltage control of alternating-current generator.

In the case of a direct-current generator, the
type of control used is that of Fig. 7 (c) , and a
suitable circuit46 for performing this function is
given in Fig. 39. As the controlling voltage to the
grid circuit is direct, it can be made a function
of the output voltage or current of some device.
A flat voltage-regulation curve up to the full
output of the device can thus be obtained. This
circuit is used in several applications in this
section.
By means of C and R, the alternating voltage
of the thyratron grids is advanced 90 degrees
from an antiphase relation to the alternating
anode voltage. A bridge with ohmic and non
linear elements is connected across the generator
output and develops a direct-current bias. If
necessary, the output of the bridge may be
amplified by a triode valve before application
to the thyratrons. For normal output voltage
there is no direct-current bias and the thyratrons
conduct for approximately one half their full
time, i.e., for a quarter cycle, thus delivering a
certain mean direct current to the generator
field. An increase in output voltage unbalances
the bridge in one direction and causes a negative
bias to be applied to the grids, reducing the con
duction period and mean current. A decrease in
output voltage results in a positive bias, and
hence an increased conduction period and mean
current to the generator field. The exciter delivers
only alternating current which is rectified, under
controlled conditions, by the thyratrons, which
are operative all the time.
As an example of the control possible, a 36kilowatt, 200-volt generator is quoted47 which,

The use of thyratrons has made possible
simple and effective means of operating direct
current motors from alternating-current mains.
They may be started, stopped, reversed and
regulated in speed with negligible power loss
and may be controlled by low-powered devices
and even directly by photoelectric cells.
Several circuits are possible. The simplest for
one direction of rotation only is that of placing
a direct-current (shunt- or series-wound) motor
as the load in the thyratron circuit. The thyra
tron is operated as a controlled rectifier ; the
mean voltage and current to the motor may be
readily varied. As only half-wave rectification
occurs, the applied alternating voltage should
be twice the rated voltage of the motor. Full
wave rectification may be arranged by adding
thyratrons. Operation is also possible from three
phase alternating-current mains by using a
three-phase full-wave rectifier (such as Fig. 52) ,
in which a phase-shifting transformer in the
grid circuit of the thyratrons will control the
speed o(the motor.

...

Fig. 39- Voltage control of direct-current generator.
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Fig. 40- Variable speed -and reversible motor on
alternating-current supply.

A simple circuit for single-phase systems, 4 8 in
which reversal and speed control are possible, is
given in Fig. 40. Two thyratrons are connected
"back-to-back," each operating for one direction
of rotation. Phase control of the grids is obtained
by the combination of resistance R and induct
ance L as for Fig. 9 (a) . Variation of either R
or L allows a wide range of speed control. The
direction of rotation is selected by switch S. If
switch S is arranged to make on both sides
simultaneously, the motor will stop immediately
as full-wave alternating current will be flowing
through the armature. The inertia of the rotor
is too great to allow oscillations to be produced
by the successively reversed torques. To avoid
heating of the armature in the standstill condi
tion, a choke L2 is inserted in the alternating
current line to limit the current under these
conditions. The choke has no air gap and satu
rates readily when pulsating direct current is
flowing, introducing only a small voltage drop
when the motor is in rotation. In the circuit
shown, positive-grid valves are assumed with
the resistances Rx providing the necessary grid
voltages. It is then not necessary to provide a
source of negative grid voltage to cut off the
valve. Negative-grid valves can be used with
obvious modifications.
Instead of having a steady direct-current field
for the motor and switching only the armature
current by means of the thyratrons, the whole

system may be alternating-current operated by
using a series-connected motor which is provided
with forward and reverse fields. In this case, one
thyratron is associated with each field winding.
Full-wave rectification is readily possible by
associating a pair of thyratrons with each field.
Such an arrangement is particularly useful where
small pilot motors are being controlled, e.g.,
operating field rheostats for larger motors or
generators.
Other methods of control utilising thyratrons,
particularly for heavy machines, have been de
veloped4 9-51 but are beyond the scope of this
paper.
4.3.3

Torque A mplifiers

Torque amplifiers are particularly useful for
remote operation of equipment such as tuning
elements in large transmitters, earthing or con
necting switches, synchronising of rotating ma
chinery such as alternators or in television and
facsimile equipment using rotating elements, and
where it is desired that any driven apparatus
shall follow accurately the movements of the
driving mechanism without mechanical means
of connection. In all such amplifiers the driving
element operates to alter the phase of the thyra
tron grid voltage so that a corresponding change
in anode current takes place. The anode current,
usually through the intermediary of a direct
current motor of the types discussed in Section
4.3.2, controls the driven device. In addition,
the driven mechanism, when it has followed the
driver, renders the thyratrons non-conducting
or, in the case of continuously rotating ma
chinery, the thyratrons remain conducting to
such an extent that the driven and driving
mechanisms rotate in synchronism. The con
trolling device may be a phase-shifting trans
former or a variable element such as a condenser,

etc.

The fundamental schematic diagram of one
such amplifier operating on a single-phase alter
nating-current supply is given in Fig. 4 1 . With
this arrangement52 extremely accurate and rapid
control is possible. One instance of its use is on
a large boring mill in which the positions of the
tools are set to an accuracy of 1/1,000th inch
by adjusting the dial of the controlling mechan
ism.

www.americanradiohistory.com

T H Y R A T R O N S

I N

R A D I O

E N G I N E E R I N G

367

Two groups of thyratrons, A and B, are con condenser C1 and resistance R1 form the phas
nected so that the motor may be rotated in either ing network. The variable condenser P1P2 is
direction. In addition each group can operate connected in parallel with C1 and the capacit
as an inverter if the direct-current motor is over ance of C1 is adjusted so that, at the normal
speeded a little, as the motor counter-electro speed of M and W, the sectors on the two
motive force will exceed the rectified voltage. shafts are overlapping by about half their area.
No current then flows from the rectifying group, The two rotating devices will then keep in step,
but the inverting group passes current and re as any tendency for the motor to rotate at a
generative braking is obtained. The phase-shift different speed will be checked by the varia
ing transformers, T1 and T2 , are rigidly coupled tion in capacitance between the sectors, it
together but their connections are arranged so being arranged that an increase of speed of Jvf
that the electrical rotation of one is opposite to alters the capacitance in such a way as to de
crease the anode current and reduce the speed
that of the other.
As the controlling handwheel of the synchro of the motor. To enable M to be run up to speed,
nous motor X is rotated, a torque is given to the assuming the controlling device W is already
receiver synchronous motor Y and the grid rotating, switch S is opened and the capacitance
voltages are altered in phase accordingly. The of C1 (or the value of R1) is adjusted until the
direct-current motor then operates and in so sector plates are about half overlapped. S is
doing rotates the stator of the receiver Y, then closed, and final adjustment made to C1
through gearing, in such a direction as to restore to allow for the added capacitance of P1P2 • The
the grid voltage phase-shift to a position corre sectors will then take control.
The circuit was first worked out for synchro
sponding to the rest position, and the main
motor thus comes gradually to rest. As shown, nising the rotating discs of a television system.
full-wave rectification and inversion takes place. W was a light phonic wheel connected to the re
Simpler and less accurate circuits have been ceiver amplifier and driven by the pulses of pic
used46 in which the voltage rather than the ture signal or by means of special synchronising
phase of the alternating bias on the grids of
a pair of thyratrons is
changed.
A variable capacit
ance forms the control
ling element in the cir
cuit53 of Fig. 42, which
is useful for synchronis
ing rotating machines.
The controlling machine
W has attached to its
T1
shaft a sector-shaped
...,,., -------------- -- -'------f----\;;.OC..
plate P 1 , o r set of
plates, of a variable airdielectric condenser. The
Phase- shiftin g
tra nsformers
controlled machine M
has a similar set P2
-----0 Single-phase A C
coaxial with the first.
The direct-current mo,q
X
// ! l
tor M is fed by the
'�ti
Synchronous
thyratron V, which has
3-phase A C
motor
an alternating-current
Fig. 41-Torque amplifier.
anode supply, and the
-----

..,
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signals emitted by the transmitter. Other uses
suggest themselves where one body is to be
kept rotating in synchronism with another and
where, if desired, a very considerable amplifica
tion in power may be required between the two.
4.3.4

A lternating-Current Regulation

Where the temperature of transmitter-valve
filaments is to be raised slowly, two thyratrons
may be connected "back-to-back," with appro
priate phase control applied to their grids to
provide gradual increase of the duration of
current flow. This necessitates the thyratrons
being capable of carrying the full load current.
With valves designed to handle higher voltage
and lower current, it is better to adopt the
impedance method of control employed in weld.
ing. 47 Here (Fig. 43) the transformer T1, with
step-up ratio, is connected in series with the
load, and the secondary is shunted by two
thyratrons arranged back-to-back for full-wave
conduction. The impedance of T1 is high and
virtually allows no current to pass until the
thyratrons are rendered conducting by alteration
of the phase of the grid voltage. As the conduc
tion period is increased, the transformer is loaded
on the secondary side by a lower and lower im
pedance until finally it presents only a small
leakage reactance and substantially full line
voltage is applied to the load.

Cl

Fig. 42-Synchronising of rotating machinery.

Another method of control, utilised .to some
extent in America for the dimming of theatre
lights, employs a reactor in series with the load.
The degree of saturation of its iron core may be
controlled, as in Fig. 44, by passing through a
separate winding rectified current from thyra
trons operating from the alternating-current
supply. This circuit also illustrates the control
of type 7 (d) , in which the grid voltage is given
a small angle of lead, say 30 degrees, from the
antiphase position, and the point of initiation
of conduction is controlled by the position of the
tap on the voltage divider P, which varies the
amplitude of the grid voltage. This part of the
circuit may obviously be used on its own for the
control of the direct-current mean output, the
load being substituted for the direct-current
winding of the reactor S.
4.4 APPLICATIONS AS COMMUTATING DEVICES
4.4.1 Motor Commutators and Inverters

This section will be confined principally to a
consideration of the use of thyratrons as recti
fiers, since their use as motor commutators or
inverters has not been made on any large scale
in the radio field. However, it is felt that this
paper would be incomplete without some men
tion of these devices and a few selected references
are given.
Studies have been made of direct-current
motors operating with thyratrons as commu
tators, and machines have been constructed on
this principle. 49• 54
Inverters provide very efficient means of con
verting direct into alternating current, and they
may be of the parallel5• 55• 56 or series57 type. Both
types may be driven or self-excited. It is also
possible to arrange inverter circuits utilising
a single valve.58• 59 The output can be arranged
to be single or polyphase.
The combination of an inverter and rectifier,55
with the main transformer common to both,
provides an efficient direct-current transformer,
whilst a rectifier and inverter combination form
a static frequency changer, the inverter deliver
ing its alternating output at a frequency deter- ·
mined by the constants of its grid circuit. Like
wise, changing from three-phase to single-phase
current at the same or a different frequency may
be effected.
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4.4.2 Rectifiers
Probably the widest field of application of
thyratrons in radio engineering has been in grid
controlled rectifiers for delivering a direct voltage
which can be varied smoothly and easily from a
low value to full output. Such rectifiers have
found particular application in supplying high
anode voltages for transmitting valves. They
have the added advantage that protection
against overload, occurring either in the load
circuit or within the rectifier itself, can be effec
tively provided. Ignition can be prevented on
such an occurrence and the direct current cut
off in less than one alternation of the applied
voltage. Furthermore, compounding can be ar
ranged so that the output voltage may be held
substantially constant for wide changes of out
put current. The efficiency of these rectifiers is
high, particularly in the larger sizes, because of
the very low voltage drop across the thyratrons
and the high efficiency of the cathode, especially
those of the heat-shielded type.
Thyratrons may be used in any of the usual
types of rectifier circuits and these will not be
discussed in detail. Brief consideration will be
given to three-phase rectifiers to describe certain
points of their operation and further methods of
effecting the grid control.
If the load is purely resistive, current will flow
through each valve, in turn, in proportion to the
alternating phase voltage and, with the grid
control set for maximum output, commutation
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will occur when the anode voltage of one phase
becomes equal to that of the succeeding phase.
The angle of current flow under these conditions
is 27r/P where p is the number of "phases" on
the side of the transformer connected to the
rectifier.
When the firing point is retarded by means of
the grid control, the average direct-current out
put voltage will decrease and at each instant of
commutation the current will commence with a
steep wave front and will continue to flow, until
the succeeding valve ignites or until the phase
voltage passes through zero if the ignition point
of the succeeding phase is later than this. The
point of cut-off occurs when a = (7r/2 + 7r/P) and
this is also the total angle of delay that must be
introduced to reduce the output voltage to zero.
a is the delay angle and is reckoned from the
point of intersection of two succeeding phases.
The values of a for different numbers of phases
are given in Table I L
TABLE I I
TOTAL PHASE SHIFT REQUIRED I N RESISTIVE CIRCUITS TO
PRODUCE ZERO OUTPUT VOLTAGE (EXCEPT FOR
BRIDGE OR SERIES CIRCUITS)
p

2

3

4

6

12

"'

a

180°

150°

135°

120°

105°

90°

--, --- --- --- --- --- ---

Fig. 44-Reactor control of alternating-current load.
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0

b

o(

b

=

135 °

c

c

Fig. 45-Voltage conditions in 3-phase half-wave rectifier,
. with resistive load.

Fig. 46-Voltage conditions in 3-phase full-wave
series-circuit rectifier, with resistive load.

The average direct output voltage is expressed
by
= PEmax _ 1 -sin (a - 7r/P)
(l)
_D.
EDc
_ tr/P
7r
2 sm

nating voltage for driving the current is the
line voltage in contradistinction to the phase
voltage in half-wave circuits. The conditions ex
isting in the three-phase circuit of this type are
shown in Fig. 46. For delay angles between 0
and 60 degrees, valve 1 works first with valve
2a and then with 3a, valve 2 with 3a then la,
and so on, the effective voltage being designated
by E12, E13, etc. Even with a purely resistive
load, Fig. 46(b) , conduction can occur when the
phase voltages have reversed because there still
exists a driving voltage (e.g., E12) of the correct
polarity for the valves to conduct. As the delay
angle is increased up to 60 degrees, the output

(See Fig. 47 for definition of terms.) Fig. 45
illustrates the conditions occurring in a three
phase half-wave circuit with resistive load.
Exceptions to the above generalisations are
the single- and three-phase full-wave so-called
bridge or series circuits in which, as its latter
name implies, two valves are always conducting
in series, one on the positive and one on the
negative side of the output circuit. The alter-
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voltage will decrease. On further increase o f a , alternating-current wave and discharges through
this voltage will suddenly drop to zero since the the load during the periods of non-conduction,
ignition point now occurs after the reversal of thus helping to maintain the voltage across the
the line voltage has taken place, and hence the load more constant. However, the current from
valves cannot conduct. However, if sine-wave the rectifier flows into the condenser in short
voltages are applied to the grids instead of peak pulses of high peak value. Thyratrons are not
waves, ignition can occur at any point during well suited for use in such circuits and care must
the half cycle where the grid voltage first exceeds be taken that the peak of this charging current
the critical bias, the anode potential being the does not exceed the peak current rating of the
controlling factor. Thus, in Fig. 46(c) , the grid valve. As a high ratio of peak to mean current
voltage on valve 1 first allows ignition to occur results, the direct output current will have to be
at point A and valves 1 and 2a can conduct, in kept at a relatively low value. Such circuits are
series. The grid voltage for valve 2a first allowed rarely, if ever, used as sources of direct current
ignition to occur at B and because of its sine and whenever a condenser is so connected, as in
wave form it also allows this to occur at A ' relaxation oscillator circuits, a resistance should
where valve 1 , working i n series, applies a po be connected between the thyratron and the
tential of the correct polarity to the anode of condenser to limit the current to a safe value.
valve 2a. Thus valve 1 works first with 2a and See Fig. 30.
With inductive input to the filter, the induct
then with 3a, 2 with 3a followed by la, and so
on, each valve conducting twice, in short periods ance tends to maintain the flow of anode current,
(displaced 60 degrees apart) , per cycle compared even after the voltage applied to the rectifier
with the single conduction period of Figs. 46(a) has passed through zero. Instead of the current
and (b) . All conduction occurs when the phase being broken into pulses separated by periods of
voltages are of like polarity but differ in mag no conduction, continuous flow, though variable
nitude. Increase of the
delay angle up to 120
degrees will, in this case,
<.ut = O
2 7r/p
oc
allow the output voltage
Anode
Anode
voltage 3
voltage I
to be brought rapidly
to zero, i.e. , up to the
points 0. Beyond this Averag e
point no further con- D C y�Jt���
Emax
duction can occur. Up
to a delay angle of 60
£ De
degrees, conditions are
the same as when peak- Transformer
centre voltage
wave excitation is em- &- D C line
ployed.
For radio work, where
thode voltage
a steady value of direct
of al l tubes
i . e. D C + l i n e
current is nearly always
required, a filter circuit
is inserted before the
load to absorb the varia
tions in output voltage.
With a capacitative
Conducti on Conductio n
period of
period of
input to the filter, the
tube 2
tube I
condenser charges to the
p eak voltage of the
Fig. 47-Voltage conditions in, half-wav£: rectifier having p phases, with inductive load.
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Fig. 48-Critical inductance and direct output voltage as a
function of delay angle (p = number of rectifying phases).

in magnitude, occurs if the inductance is greater
than a certain critical value. Under these circum
stances, the regulation of the rectifier is greatly
improved, the form factor of the current pulses
through the valves and transformer is decreased,
and the peak current requirement of the valves
is lowered. The importance of providing sufficient
inductance to allow of this method of operating
was first established by Dunham a o for a . single
phase rectifier without grid control, and has
since been extended by Overbeck61 for polyphase
circuits employing thyratrons.
When the input choke is greater than the
critical value, operation is as indicated in Fig. 4 7,
which shows the voltage relations existing in a
polyphase half-wave rectifier of p phases. Maxi
mum voltage output occurs when one phase
takes over from the preceding one when their
respective voltages are equal, and the angle of
delay a is reckoned from this point. Since the
cathodes are all connected together and form the
positive direct-current output terminal, the thick
line represents the variation of rectified voltage,
this being equal to the anode voltage of which-

ever valve is conducting, less the drop across that
valve which is taken as constant for all values
of current. Thus, with a firing delay of a, each
valve circuit continues to supply current until
the next one fires, even though its anode voltage
becomes more negative than the negative output
terminal of the rectifier. At the instant of firing,
each valve has a greater voltage impressed across
it than the amplitude of its sine wave at that
instant. As the angle a is increased the amount
the cathodes are driven negative increases until
eventually, at the point at which firing should
occur, one cathode becomes as much negative
below the negative output terminal as the suc
ceeding one is positive, and the net effect is to
obtain zero output voltage. It can be seen that
this occurs when a= 90 degrees in any such
circuit. Thus the presence of sufficient inductance
to ensure continuous conduction under all con
ditions also decreases to a value of 90 degrees
the angle (compared with that for a resistive
load) over which the grid voltage must be shifted
to obtain control between full and zero output.
The total angle of current flow is always 27r/p,
which is shifted bodily through the angle a,
and, as mentioned above, the current eventually
consists of equal positive and negative com
ponents.
The aveiage direct output voltage may be
expressed as :

pE m
s:x sm
.
7r cos a - D
EDe = -7r
p

(2 )

so that the output voltage is proportional to
the cosine of the angle by which the grid voltage
is delayed with respect to the anode. This ex
pression and the above remarks apply equally to
the three-phase full-wave series circuit, except
that E max is to be taken as the line voltage and
p the number of valves in use, i.e., 6. Since the
inductance permits conduction to continue even
after reversal of the polarity of the driving volt
ages, peak waves can be employed for the full
range of control in the grid circuits.
For rapid and approximate estimation of the
critical inductance required when the valve is
fully conducting, i.e., with no firing delay angle,
one may assume that all the ripple voltage occurs
across the inductance and hence for continuous
<;onduction the peak value of the alternating
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current resulting from the voltage component of
lowest frequency must not exceed the direct
current. This leads to
pwLc/R > EAc/EDc,

i.e.,

wLc/R > 2/p(p2 - l)

whence may be obtained the following values of
L/R for different values of p for a supply at
50 cycles per second. (See Dunham's reply to
the discussion on his paper, reference 60.)
p

2

3

4

6

L/R

1/940

1/3,760

1/9,400

1/33,000

--

As the question of critical inductance is im
portant, the curves (Fig. 48) relating the several
factors have been abstracted from Overbeck's
paper (his Fig. 5) . In Fig. 48, the values of
EDc/Emax and wLc/R (where w = 27r X line fre
quency, L c = critical inductance in henries, and
R = load resistance in ohms) are plotted against
firing delay angle a for rectifiers having 2, 3, 4
or 6 phases p . The valve-drop correction D is
left out so that the values of wL c/R must be
multiplied by ( l +D/EDc) and the values of
EDc/Emax must be divided by the same factor.
The voltage (e.) available to start the dis
charge at any value of a is

e. = 2Emax cos (7r/2 - 7r/p) sin a.

(3)

In high-voltage circuits, the valve drop be
comes negligible and the
d elay angle calculated
from equation (3) for the
minimum striking voltage 3-PH!ISE
of the valve under maxi- so��.,,
o-ii--t--o :::
mum voltage-output conditions may also be neg
lected as being an ex
tremely small angle. In
order that the firing voltage of the valves shall not
be too large, a high positive peak voltage is usually applied to the grids at
the instant of firing. An ex
ample illustrating the delay which may occur in low
voltage circuits is given
Fig. 49-Three-phase
in Overbeck's paper.
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The calculated value of inductance is the
minimum required to ensure continuous con
duction and should always be checked. Two other
factors may dictate a higher value being used,
viz., ripple attenuation and resonance of the
filter circuit at the supply frequency. To avoid
the latter on supplies at 50 cycles per second ,
the product of inductance (henries) and capaci
tance (microfarads) should not be less than 30.
The diagrams and equations given above
treat the rectifier ideally as having no internal
reactance. Practically, reactance is always pres
ent and produces a delay in commutation (over
lap) . However, the angle of overlap is less in
grid-controlled rectifiers (for values of a > O)
than in those without grids because the delay
in commutation brought about by the grid
control process results in a higher voltage being
actually available when commutation eventually
does take place.
When the effects of the reactive and resistive
voltage drops in the rectifier transformer are
taken into account, the output voltage in half
wave circuits is given by
pXI - PR
ma
EDc = PE x sin � cos a - D 7r

p

2

I

(4)

where X is the effective commutating reactance
per rectifier phase, I the effective phase current
in each secondary winding, and PR the trans
former resistance loss in each winding.

OC OUTPUT

+

half-wave rectifier with synchronously driven distributor
for voltage control.
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Fig. 50-Peak-wave transformer and wave forms.

I n designing the rectifier transformer, con
sideration must be given to limiting the short
circuit current to a value within the surge
current rating* of the rectifying valves. I t is
customary to limit this current by the reactance
of the transformer and feeders on the primary
side considered as a whole, and, where necessary,
to obtain the required value by connecting small
anode chokes in series with the transformer
secondary terminals. In practice these chokes
may be mounted inside the tank and form an
integral part of the transformer.
It should be noted that there may be a greater
tendency for arcbacks to occur with inductive
load circuits, for then current conduction ceases
when the anode has reached a comparatively
high negative value and the space between the
electrodes contains a large number of positive
ions. This trouble is not often encountered unless
valves are being worked near their maximum
inverse-voltage rating. It is advisable then to
keep the ratio of filter inductance to transformer
lumped secondary reactance per phase below a
factor of about 5 .
I t i s beyond the scope o f this paper to detail
full instructions on the design of rectifiers, be* This is the current the cathode is capable of withstand
ing under infrequent conditions of short circuit. It may be
up to 5 times the peak-current rating of the cathode which
latter is the maximum value of current the valve can pass
under conditions of continuous use.

yond calling attention to the practical points
already discussed and other features associated
with the grid-control circuits which follow. Refer
ence is, however, directed to several sources in
which further information may be found. 62• 6 3 t
One simple method of grid control is to apply
to the grids (through isolating transformers
since the cathodes and grids are normally at
high potential relative to earth) an alternating
potential greater in amplitude than the critical
bias corresponding to the peak of the applied
anode voltage. The phase of this grid voltage
can be changed by a phase-shifting transformer
to give the control of Fig. 7 (a) . Where, however,
accurate control of timing and high-speed over
load protection are required, the grids may be
maintained normally at a negative potential to
prevent the establishment of the arc. A positive
potential impulse is applied momentarily to each
grid in succession, the phase of these impulses
relative to the anode potentials being altered to
obtain variation of the output voltage, giving
the type of control of Fig. 7 (b) . The impulses
may be derived from a source of positive direct
voltage in conjunction with a synchronously
driven distributor, from peak-wave transformers,
or from saturable-core reactors, 1 9 the two latter
cases being completely static devices. Where a
t For summarised information on filters, see reference 64,
and for design of rectifier transformers, see reference 65.

www.americanradiohistory.com

T H Y R A T R O N S

I N

R A D I O

E N G I N E E R I N G

375

distributor is employed,
the requisite phase dis
OfL and
compouriding
placement of the im
shunt
pulses is obtained by
adjusting the angular
DC
position of the rocker
output
+
supporting the distrib
utor segments. Over
load protection is af
forded by making the
overload relay interrupt
'
QJ
the p o s i tive direct
mE
c L..
0
current supply to the
"' "'
..c c
grid. Such a scheme is a.
"'
'
i l l u s trated diagram
matically in Fig. 49.
T h e peak-wav e
transformer,66 shown
To 0/L
diagrammatically in
relay
Fig. 50, has one limb
of the core made of
Fig. 51-Arrangement of transformers in 3-phase rectifiers.
permalloy, which satu
rates at a very low
flux level. As the alternating flux changes sign, former leads the flux by 90 degrees so that with
sudden reversals of flux occur in this limb in no steady flux the positive peak wave occurs at
ducing a voltage impulse of short duration in the maximum of the applied alternating voltage.
the excitation winding. When the permalloy Now the total shift required of the peak wave,
becomes saturated, the main alternating flux for all circuits with inductance greater than the
passes through the shunt centre limb and the air critical value, is 90 degrees, i.e., ±45 degrees
gap. To obtain a shift of the peak waves, a
steady flux is superimposed on the alternating
flux by current supplied to one of the direct
current windings. With a steady negative flux
as in Fig. 50(c) , the resultant flux is such as to
give a lag between the position of the peak wave
and its position with no steady flux, whilst a
positive flux leads to an advance.
These voltage impulses are used to fire the
thyratron and since the alternating flux is ob
tained from the same source that supplies the
(a) with L T Supply mains
thyratron anodes, phase control of the instant
of firing is readily possible. Variation in both
directions is used to obtain the necessary range
of angular change. If the steady flux is increased
Auxiliaries
Peak-wave
Phasing
beyond a certain value, saturation of the whole
transformer
.,,.
sfo'me-,..r
t ran sformer
-core occurs and peak waves are no longer
r-:::=....
produced. Before this stage is reached the de
--�__;,..
crease in the rate of change of flux reduces
the ·amplitude and broadens the shape of the
(b) with H T Suppl!:J mains
impulses.
The alternating voltage applied to the transFig. 52-Three-phase full-wave series rectifier circuit.
·-

"' '+-
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·

v

_
_
_
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from its mid-position. In a three-phase rectifier,
as will be evident from Fig. 4 7, the position
when the delay angle a = 45 degrees is displaced
15 degrees in advance of the maximum of
the applied alternating anode voltage. A per
manent phase shift of this amount must be
introduced to permit control to full output volt
age. One convenient way of obtaining this is
shown in Fig. 5 1 , where the relative connections
to the various transformers are indicated. The
secondary of the high-tension transformer is
connected in star as also is that of the trans
former feeding the auxiliaries (cathodes and
grids) , and a phasing transformer is interposed
between the latter and the peak-wave trans
former. The phasing transformer is connected
delta-delta but with the supply to the grid trans

formers taken off at taps 0.21 of the secondary
voltage from the ends of the windings. This
gives a 1 5-degree advance and a voltage 1/ {3
of the phasing-transformer primary voltage if
the latter has a step-down ratio of 1 : 0.82.
Fig. 5 1 (a) shows the arrangement when the
supply mains are at low voltage and the auxili
aries can be fed directly from them whilst Fig.

Fig. 53-High-tension rectifier capable of delivering 18,000
volts, 300 kilowatts, direct current, to a transmitter.

Fig. 54-High-tension rectifier capable of delivering 14,500
volts, 650 kilowatts, direct current to a transmitter.

5 1 (b) is the case for extra-high-tension supply
mains requiring a step-down transformer for the
auxiliaries. It is often necessary to modify the
phase-advance conditions, especially when large
delay angles are required, since the peak waves
become broadened and ignition occurs before
the maximum voltage of the peak wave is
reached. Incidentally, Fig. 5 1 (b) also indicates
how a 90-degree phase shift, relative to the anode
neutral voltage, is obtainable for directly heated
cathodes as advocated by manufacturers to en
sure more even distribution of the space current
drawn from the filament. The single-phase fila
ment transformers are connected in a delta
arrangement across the star output of the auxil
iary transformer, and the proper phases are
selected with respect to the anode voltages of
the respective valves.
One very valuable feature of grid-controlled
rectifiers is the ease with which extremely rapid
overload protection on the direct- and alter
nating-current sides can be arranged. Quick
acting overload relays interrupt the alternating
current excitation to the grid transformers, thus
leaving all grids negatively biassed. The overload
is usually extinguished in less than one cycle
when the voltage of the phase carrying the over
load current becomes so highly negative that
conduction cannot be maintained. When the
overload current ceases, excitation is automat
ically re-applied and the rectifier again delivers
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voltage at whatever value was set b y the position
of the grid control.
In rectifiers supplying power to transmitting
valves, it is usual to provide a counting mechan
ism such that two overloads may occur within,
say, one minute but if a third overload occurs
within thi� period, the circuit breaker or con
tactor in the high-tension transformer primary
circuit is tripped. If the full number of overloads
do not occur within the minute, counting starts
afresh.
The direct-current overload relays protect the
load circuit, whilst those on the alternating
current side are adjustable for time and ampli
tude, and take care of arcbacks in the valves
For severe alternating-current overloads, such
as might occur from a breakdown in the high
tension transformer, additional instantaneous
alternating-current overload trips are arranged
to work directly in the release circuit of the
circuit breaker or main contactor.
Compounding of the rectifier may be arranged
by feeding a direct current, proportional to the
rectified output current, to a second set of direct
current control windings on the peak-wave trans
formers. An increase of current, which would
normally cause a fall in output voltage, will then
advance the grid voltage and keep the output
voltage constant.
A simplified schematic of a three-phase full
wave series-type rectifier incorporating the above
features is shown in Fig. 5 2 . The several protec
tive and application circuits are omitted for the
sake of clarity. In addition to the points already
mentioned, interlocking is provided so that the
high tension cannot be applied until the cathodes
have attained operating temperature. Air is
blown around the bases of the valves. Also a
delay circuit, composed of inductance and ca
pacitance, is provided in the direct-current con
trol circuit to the grid transformers so that, when
first switched on, the rectifier output voltage
builds up over a certain period (e.g. , 350 milli
seconds) to the value determined by the setting
of the grid-control voltage divider. The delay is
chosen in relation to the filter circuit following
the rectifier so that the surge-current rating of
the valves is not exceeded. The power required
by the peak-wave transformers for full control
is very small, a variation of ±30 volts at 0.25
ampere being all that is required.
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Fig. 55-Grid-control unit for the rectifiers of Figs. 53 and 54.

Obvious simplification can be effected for a
half-wave rectifier, since then all cathodes are
at the same potential and a common biassing
supply and common cathode-heating trans
former may be used.
Figs. 53 and 54 are photographs of extra-high
tension rectifiers capable of delivering 18,000
volts, 300 kilowatts, and 14,500 volts, 650 kilo
watts, respectively. The thyratrons illustrated in
Fig. 2 are utilised. A close-up of the small unit
housing all the grid-control apparatus is shown
in Fig. 55. The small motor-operated voltage
divider serves to effect the grid-voltage phasing
as described above ; the motor is remotely con
trolled from a push-button station.
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