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Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during Waorld War |1
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of informution and new
techniques in the electronics and high-frequency ficlds. Because this
basic material may be of great value to science and engineering, it seemer
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the greuat,
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Nuvy,
university, and industrial, both in this country and in England, Cunadu,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DuBRIDGE.
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Preface

HEN the Radiation Laboratory was organized in the fall of 1940 in
Worder to provide the armed services with microwave radar, one of
the important technical problems facing this group was that of devising
equipment capable of delivering high-power pulses to the newly developed
cavity-magnetron oscillator. To be sure, some techniques for generating
electrical pulses were available at this time. However, the special
characteristics of these magnetrons and the requirements imposed by the
operation of a microwave-radar system (high pulse power, short pulse
duration, and high recurrence frequency) made it evident that new
techniques had to be developed.

During the existence of the Radiation Laboratory the group assigned
to the problem of pulse generation grew from a nucleus of about five peo-
ple to an organization of more than ten times this number. The coordi-
nated efforts of this group extended the development of pulse generators
considerably beyond the original requirement of 100-kw pulses with a
duration of 1 usec and a recurrence frequency of 1000 pps. The develop-
ment extended to both higher and lower powers, longer and shorter
pulses, and lower and higher recurrence frequencies. Besides the
improvement of existing techniques, it was necessary to devise entirely
new methods and to design new components to provide satisfactory pulse
generators for radar applications. The use of a lumped-constant trans-
mission line (line-simulating network) to generate pulses of specific pulse
duration and shape was carried to a high state of development. As a
result of work both on transformers that could be used for short pulses
and high pulse powers and on new switching devices, highly efficient and
flexible pulse generators using line-simulating networks were available
at the end of the war. Concurrent with the work at the Radiation
Laboratory, a large amount of work was done at similar laboratories in
Great Britain, Canada, and Australia, and at many commercial labora-
tories in this country and abroad.

The purpose of this volume is to present the developments in the
techniques of pulse generation that have resulted from this work. These
techniques are by no means limited to radar applications: they may be
used with loads of almost any conceivable type, and should therefore be
applicable to many problems in physics and engineering. The discussion
of pulse-generator design and operation is divided into three principal
parts. Part I is concerned with hard-tube pulsers, which are Class C
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X PREFACE

amplifiers specifically designed for the production of pulses of short
duration and high power; Part II presents the characteristics of the
line-type pulser, which utilizes the line-simulating networks; Part III
considers the design and characteristics of pulse transformers. Through-
out this volume both the theoretical and the practical aspects of pulse-
generator design are given in order to avoid restricting the available
information to radar applications.

Although the major part of this volume is written by a few members
of the Radiation Laboratory staff, many other individuals at the Radi-
ation Laboratory and elsewhere have contributed their ideas in the
preparation of this material, and we hereby acknowledge their con-
tributions. Particular mention must be made of the work done by Miss
Anna Walter in connection with many  of the mathematical analyses.
Her painstaking work in checking the mathematical derivations and
making the long and tedious calculations necessary for many of the curves
and numerical examples is gratefully acknowledged. We are glad to
acknowledge also the work of Miss F. Newell Dutton, who processed the
numerous pulse photographs that appear throughout the volume.

We are also indebted to the many people who have contributed their
time freely in reading various chapters and sections of the manuscript,
and who have made valuable suggestions for the improvement of the
discussion. We wish to acknowledge the help received in this way
from Mr. J. P. Hagen and his associates at the Naval Research Labora-
tory; Dr. J. E. Gorham and his associates at the Army Signal Corps
Laboratory; Dr. F. 8. Goucher, Mr. E. P. Payne, Mr. A. G. Ganz, Mr.
A. D. Hasley, Mr. E. F. O’Neill, and Mr. W. C. Tinus of the Bell Tele-
phone Laboratories; Mr. E. G. F. Arnott, Mr. R. Lee, Mr. C. C. Horst-
man, and Dr. S. Siegel and his associates at the Westinghouse Electric
Corporation; Mr. H. W. Lord of the General Electric Company; Dr. A.
E. Whitford of the Radiation Laboratory and the University of Wiscon-
sin; and Dr. P. D. Crout of the Massachusetts Institute of Technology.

The preparation of the manuscript and the illustraiions for this
volume would have required a much longer time if we had not had
the aid of the Production Department of the Office of Publications of the
Radiation Laboratories. We wish to express our appreciation of the
efforts of Mr. C. Newton, head of this department, for bis help in getting
the work done promptly and accurately.

CAMBRIDGE, Mass., TrE AUTHORS.

June, 1946.
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CHAPTER 1
INTRODUCTION

By G. N. GrASOE

Microwave radar has required the development of pulse generators
that are capable of producing a succession of pulses of very short time dura-
tions. The pulse generators of a radar system fall into two principal
categories, namely, those that are associated with the transmitter and
those that are used in the indicator and ranging circuits. The principal
distinguishing feature of pulse generators of these two types is the output
power level. The radar transmitter requires the generation of high-power
and high-voltage pulses whereas the indicator and ranging circuits
require pulses of negligible power and relatively low voltage. The pur-
pose of this book is to record information that pertains to the basic prin-
ciples underlying the design of power pulse generators. Although most
of these principles have been developed primarily in the field of microwave
radar, they are equally adaptable to a very large number of applications
not associated with radar. The discussion is general, and reference to
specific microwave-radar applications is made only when they serve as
examples of attainable results. Specific design information is given for
some of the practicable circuits that have been built and have proved to
be satisfactory.

The most commonly used source of the high-frequency energy that is
necessary for microwave radar has been the magnetron oscillator. The
problem of power-pulse-generator design has, therefore, been greatly
influenced by the characteristics of these magnetron oscillators. By
virtue of this application many of the basic principles of pulse-generator
design are better understood.

The power pulse generators used in the transmitters of radar systems
have been variously referred to as ‘‘“modulators,” ‘‘pulsers,” and “key-
ers.”” Since the function of these generators is to apply a pulse of voltage
to an oscillator and thereby produce pulses of high-frequency energy to
be radiated by the antenna, the term ‘“pulser” is a descriptive abbrevia-
tion for pulse generator. Throughout this book, therefore, the term
“pulser” will be used in preference to the terms ‘‘modulator” and
“keyer.”

1.1, Parameters Fundamental to the Design of Pulse Generators.—

There are certain parameters of a pulser that are common to all types
7



2 INTRODUCTION [Sec. 111

and that affect the design. The most important of these parameters
are pulse duration, pulse power, average power, pulse recurrence fre-
quency, duty ratio, and impedance level. Before proceeding to the
detailed discussion of pulser design, therefore, it is well to introduce the
parameters by defining some terms and indicating the ranges which have
been common in the microwave-radar field.

In its broadest aspects, the term ‘‘ pulse duration” is the time during
which a voltage or current maintains a value different from zero or some
other initial and final value. The term “pulse shape’ is used to refer
to the form obtained when the pulse amplitude is plotted as a function of
time. When referring to such a plot, it is convenient to discuss the details
of a particular pulse shape in terms of the ‘‘leading edge,” the ‘‘top,”’
and the “trailing edge’” of the pulse. If a pulse of voltage or current is
truly rectangular in shape, that is, has a negligible time of rise and fall
and is of constant amplitude for the intervening time interval, the pulse
duration is simply the time elapsed between the deviation from and the
return to the initial value. The term ‘‘negligible time” is, of course,
relative and no strict boundaries can be attached. For most practical
purposes, however, if the rise and fall times for a pulse are about a tenth
or less of the pulse duration, the pulse is considered substantially rec-
tangular. A current pulse of this type is required for a magnetron oscil-
lator by virtue of the dependence of the output frequency on the current,
which is called the ‘‘pushing factor.” For pulses which are definitely
not rectangular, the effective or equivalent pulse duration is either the
time measured at some fraction of the maximum pulse amplitude that is
significant to the particular application, or the time corresponding to a
rectangular equivalent of the pulse in question. The interpretation of
pulse duration is discussed in Appendix B, and when particular cases
come up in the text they are considered in more detail.

The pulsers that have been designed for microwave-radar applica-
*ions have pulse durations covering the range of 0.03 to 5 usec. The
design of a pulser for short pulse durations with substantially rectangular
pulse shape requires the use of high-frequency circuit techniques since
frequencies as high as 60 to 100 Mc/sec contribute to the pulse shape and
the effects of stray capacitances and inductances become serious.

In the microwave-radar field the voltage required across the magne-
tron ranges from as low as 1 kv to as high as 60 kv. If a voltage pulse is
applied to some type of dissipative load, a magnetron for example, there
will be a corresponding pulse of current which depends on the nature of
this load. The pulse current through the magnetron ranges from a few
amperes to several hundred amperes. The combined considerations of
short pulse duration and rectangularity therefore require that careful
attention be given to the behavior of the pulser circuit and its components
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under conditions of high rates of change of voltage and current. The
rate of change of voltage may be as high as several hundred kilovolts
per microsecond, and the current may build up at the rate of hundreds to
thousands of amperes per microsecond.

The product of the pulse voltage and the pulse current is the pulse
power. When the voltage and current pulses are rectangular, the cor-
responding pulse power is unambiguous. When the pulses are irregularly
shaped, however, the meaning of the term ‘‘pulse power” is not so clear
because somewhat arbitrary methods are often used to average the prod-
uct of voltage and current during the pulse. The peak power of a pulse
is the maximum value of the product of the voltage and current. Thus,
for rectangular pulses the peak power and the pulse power are the same,
but for irregularly shaped pulses the peak power is greater than the pulse
power., .

In this connection there are two general types of load that are dis-
cussed most frequently, namely, the linear load, such as a pure resistance,
and the nonlinear load, such as the magnetron. The magnetron load
can be approximately represented as a biased diode with a dynamic
resistance that is low and a static resistance that is about ten times higher.
Static resistance is the ratio of the voltage across the load to the current
through the load, whereas the dynamic resistance is the ratio of a small
change in voltage to the corresponding change in current. When the
dynamic resistance of the load is small, the magnitude of the pulse cur-
rent varies greatly with only small variations of the pulse voltage, and for
loads such as a magnetron, for example, the behavior of the pulser with a
linear load is not necessarily a good criterion.

Since the pulse-power output of pulsers for microwave-radar applica-
tion has ranged from as low as 100 watts to as high as 20 Mw, the average
power output as well is important to the design. The average power
corresponding to a particular pulse power depends on the ratio of the
aggregate pulse duration in a given interval to the total time, and this in
turn depends on the pulse recurrence frequency, PRF, which is the num-
ber of pulses per second (pps). If the pulse duration is + and the time
between the beginning of one pulse and the beginning of the next pulse
is T',, then

P.. = (%) Py = 7(PRF)P,u.
A similar equation can be written in terms of the current if the pulse
voltage is essentially constant during the time corresponding to the cur-
rent pulse, thus

T

I, = ( T,) Ty = 7(PRE) L .
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Since the average current and the PRF are relatively easy to measure,
this relation may be used to define a pulse current if the top of the pulse
is irregular but the rise and fall times are negligibly small. It may also
be used to define an equivalent pulse duration for a pulse shape that is
trapezoidal and perhaps rounded at the top, but where some significance
can be attached to a pulse-current measurement.

The ratio v/T—or the product 7(PRF)—is commonly called the
pulser “‘duty,” “duty cycle,” or preferably ‘‘duty ratio,”” and is expressed
as a fraction or a percentage. Thus l-usec pulses repeated at a rate of
1000 pps correspond to a duty ratio of 0.001 or 0.1 per cent. Pulsers
have been constructed with a duty ratio as high as 0.1, but for most radar
applications a value of 0.001 or lower is most common. As with any
power device, the over-all efficiency of a pulser is an important considera-
tion in its design. This is particularly true when the average power out-
put is high, that is, a combination of high pulse power and high duty
ratio. This point is stressed in the discussion and is frequently a decid-
ing factor in choosing one type of pulser in preference to another.

The pulse recurrence frequency affects the design of a pulser in ways
other than from the standpoint of the power considerations. The pulser
circuit may be considered to have a quiescent state that is disturbed
during the pulse interval and to which it must return before the initiation
of the next succeeding pulse. If the PRF is very high, the problem of
returning the circuit to this quiescent state becomes of importance.
Such things as time constants and deionization times may impose a
limit on how small the interpulse interval can be without unduly com-
plicating the design. This limit becomes especially important whenever
it is necessary to produce a series of closely spaced pulses to form a code
such as is used in radar beacons.

The choice of the internal impedance of the pulse generator depends
on the load impedance, the pulse-power level, and practical considera-
tions of circuit elements. Impedance-matching between generator and
load is of prime importance in some cases, especially with regard to the
proper utilization of the available energy and the production of a particu-
lar pulse shape. Impedance-matching is not always convenient with the
" load connected directly to the pulser output; however, matching can
readily be attained by the use of a pulse transformer. By this means it is
possible to obtain impedance transformations between pulser and load
as high as 150/1, that is, a transformer with a turns ratio of about 12/1.
The magnetrons which have been used in microwave radar have static
impedances ranging from about 400 ohms to ahout 2000 ohms; in general,
the higher the power of the magnetron, the lower its input impedance.

The impedance-transformation characteristic of the pulse transformer
also provides a means of physically separating the pulser and the load.
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Thus the power may be transmitted from the pulser to the load through a
low-impedance coaxial cable, provided that pulse transformers are used
to match impedances. For most efficient power transfer such impedance-
matching is necessary between pulser and cable and between cable and
load. In this way it has been possible to transmit high-power pulses of
short duration over as much as 200 ft of cable without a serious loss in
the over-all efficiency or a deterioration of the pulse shape.

The pulse transformer has another function that is important to pulser
design, namely, it provides a means for reversing the polarity of a pulse.
This feature of the pulse transformer together with the impedance-
transformation property considerably extends the range of usefulness for
pulsers of any type.

1.2. The Basic Circuit of a Pulse Generator.—The pulse generators
discussed in this book depend on the storage of electrical energy either
in an electrostatic field or in a magnetic field, and the subsequent dis-
charge of a fraction or all of this stored energy into the load. The two
basic categories into which the largest number of pulser designs logically
fall are (1) those in which only a small fraction of the stored electrical
energy is discharged into the load during a pulse, and (2) those in which
all of the stored energy is discharged during each pulse. These two basic
categories of pulsers are generally referred to as (1) ‘““hard-tube pulsers”
and (2) “line-type pulsers.”

To adcomplish this discharge, it is necessary to provide a suitable
switch that can be closed for a length of time corresponding to the pulse
duration and maintained open during the time

required to build up the stored energy again be- Energy-
fore the next succeeding pulse. In its simplest ség\r;g: Switch

form, therefore, the discharging ecircuit of a
pulser can be represented schematically as shown
in Fig. 1-1. The characteristics required for the
switch will be different depending on whether or
not all the stored energy is discharged into the Fia. 1.1.—Basic discharg-
load during a single pulse. Some pulse-shaping ~ ing cireuit of a pulser.
will be necessary in the discharging circuit when all the energy is to be
dissipated.

Since the charging of the energy-storage component of the pulser
takes place in the relatively long interpulse interval, the discussion of
pulsers may logically be divided into the consideration of the discharging
circuit on the one hand, and the charging circuit on the other. Power
supplies for these pulsers are, in general, of conventional design and
therefore usually need not be discussed, but wherever this design
has bearing on the over-all pulser behavior, special mention is made
of the fact.

Load
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1.3. Hard-tube Pulsers.—In general, the energy-storage device for
these pulsers is simply a condenser that is charged to some voltage V,
thus making available an amount of electrical energy $CV2, The term
‘‘hard-tube’’ refers to the nature of the switch, which is most commonly
a high-vacuum tube containing a control grid. The closing and opening
of this switch is therefore accomplished by applying properly controlled
voltages to the grid. Since only a small fraction of the energy stored in
the condenser is discharged during the pulse, the voltage across the
switch immediately after the pulse and during the charging interval is
nearly the same as it is at the beginning of the pulse. It is therefore
necessary that the grid of the vacuum-tube switch have complete control
of the conduction through the tube. This required characteristic of the
switch tube rules out the possibility of using known gaseous-discharge
devices for this type of pulser.

It is generally desired that these pulsers produce a succession of pulses,
and therefore some provision must be made to replenish the charge on
the storage condenser. This is accomplished by means of a power supply
which is connected to the condenser during the interpulse interval. The

. . . combination of the discharging

Charging  Discharging . . .
circuit circuit and charging circuits of the pulser
- >l -~ may be represented schematically
l as shown in Fig. 1-2. In order to
Storage & avoid short-circuiting the power
condenser (_/ Swittch  supply during the pulse interval,
Isolating ] some form of isolating element
element must be provided in series with
the power supply. This element
Load may be a high resistance or an

Power inductance, the particular choice

supply —l_ depending on the requirements of

: over-all pulser design. The pri-

Fia. 1-2.—Charging and discharging circuit mary consideration is to keep the

for a hard-tube pulser.

power-supply current as small as

possible during the pulse interval. However, the impedance of this isolat-

ing element should not be so high that the voltage on the condenser at the

end of the interpulse interval differs appreciably from the power-supply
voltage.

Because of the high pulse-power output, pulsers for microwave radar
require switch tubes that are capable of passing high currents for the
short time corresponding to the pulse duration with a relatively small
difference in potential across the tube. Oxide-cathode and thoriated-
tungsten-filament tubes can be made to pass currents of many amperes
for the pulse durations necessary in the microwave-radar applications




Skc. 1-3] HARD-TUBE PULSERS 7

with a reasonable operating life expectancy. The cathode efficiency,
that is, amperes of plate current per watt of heating power, is consider-
ably less for the thoriated-tungsten filament than for the oxide cathode.
For switch tubes with oxide cathodes it has been common to obtain
about 0.3 to 0.5 amp/watt of heating power, although as much as 1
amp/watt has been obtained, whereas for thoriated-tungsten filaments
this amount is generally less than 0.1 amp/watt. The tungsten-filament
tube, however, is less subject to sparking at high voltages and currents
and, within Radiation Laboratory experience, these tubes have not
exhibited cathode fatigue, that is, a falling-off of cathode emission during
long pulses. This cathode fatigue is sometimes a limitation on the long-
est pulse for which an oxide-cathode switch tube should be used.

In order to obtain a high plate current in these switch tubes, there
must be a fairly high positive voltage on the control grid and therefore
considerable grid current. In the case of a tetrode, there is a high screen-
grid current as well The duty ratio permitted in a given pulser is often
limited by the amount of average power which the particular tube can
dissipate.

The output circuit of a hard-tube pulser does not usually contain any
primary pulse-shaping components, although its design, in combination
with the load, has a marked effect on the ultimate shape of the pulse.
In a pulser of this type, the pulse is formed in the driver circuit, the out-
put of which is applied to the control grid of the switch tube. From the
standpoint of over-all pulser efficiency, it is desirable that the switch
tube be nonconducting during the interpulse interval. The control grid
must therefore be at a voltage sufficiently negative to keep the tube cut
off during this time, and consequently the output voltage from the driver
must be sufficient to overcome this grid bias and carry the grid positive.
For most designs of hard-tube pulsers, this requirement means that the
driver output power must be a few per cent of the actual pulser output
power.

The resistance of available vacuum tubes used as switches in hard-
tube pulsers ranges from about 100 to 600 ohms. If the pulser is con-
sidered as a generator with an internal resistance equal to that of the
switch tube, the highest discharge efficiency is obtained when the effective
load resistance is high. Matching the load resistance to the internal
resistance of the pulser results in an efficiency of 50 per cent in the output
circuit and the switch tube must dissipate as much power as the load.
Because of these considerations, the hard-tube pulser is generally designed
with a power-supply voltage slightly greater than the required pulse
voltage. This design practice has not been followed when the output
voltage required is higher than the power-supply voltage that is easily
obtainable. The power-supply voltage may be limited by available
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components, size requirements, and other special considerations, A
pulse transformer may then be used between the pulser and the load to
obtain the desired pulse voltage at the load.

1.4. Line-type Pulsers.—Pulse generators in this category are referred
to as ““line-type”” pulsers because the energy-storage device is essentially
a lumped-constant transmission line. Since this component of the line-
type pulser serves not only as the source of electrical energy during the
pulse but also as the pulse-shaping element, it has become commonly
known as a ‘“pulse-forming network,” PFN. There are essentially two
classes, of pulse-forming networks, namely, those in which the energy for
the pulse is stored in an electrostatic field in the amount $CV?, and those
in which this energy is in a magnetic field in the amount $LI12. The first
class is referred to as ““ voltage-fed networks”’ and the second as ““ current-
fed networks.”” The voltage-fed network has been used extensively in
the microwave-radar applications in preference to the current-fed net-
work because of the lack of satisfactory switch tubes for the latter type.

The pulse-forming network in a line-type pulser consists of induc-
tances and condensers which may be put together in any one of a number
of possible configurations. The configuration chosen for the particular
purpose at hand depends on the ease with which the network can be
fabricated, as well as on the specific pulser characteristic desired. The
values of the inductance and capacitance elements in such a network can
be calculated to give an arbitrary pulse shape when the configuration,
pulse duration, impedance, and load characteristics are specified. The
theoretical basis for these calculations and the detailed discussion of the
role of the various network parameters are given
in Part IT of this book.

The discharging circuit of a line-type pulser
PFN 4, using a voltage-fed network may be represented

SWitCh(/ schematically as shown in Fig. 1-3. If energy
has been stored in the network by charging the
Load capacitance elements, closing the switch will
allow the discharge of this energy into the load.
When the load impedance is equal to the charac-

Fro. 14— Discharging teristic impedance of the network, assuming the
cireuit  for a  voltage-fed  switch to have negligible resistance, all of the
network. energy stored in the network is transferred to
the load, leaving the condensers in the network completely discharged.
The time required for this encergy transfer determines the pulse duration
and depends on the values of the capacitances and inductances of the net-
work. If the load impedance is not equal to the network impedance, some
cnergy will be left on the network at the end cf the time corresponding to
the pulse duration for the matched load.  This situation leads to complica-
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tions in the circuit behavior and is to be avoided if possible by careful design
and construction of the network to insure an impedance match with the
load. The voltage appearing across a load that matches the impedance
of a nondissipative voltage-fed network is equal to one half of the voltage
to which the network is charged just before

closing the switch. Charging  Discharging
The corresponding circuit for a current-fed I. clrcuit »je- - cireult ‘I

network may be represented as shown in Fig. Switch

1-4. In this case the switch acts to close the

network-charging circuit and allows a current PFN [] Load

to build up in the inductance of the network. L po e

When this current is interrupted by opening = supply

the switch, a high voltage, whose magnitude

depends on the load impedance and the current

in the inductance, appears across the load.  Fre. 1:4—Charging and
Impedance-matching between the load and a f;f,i‘_‘;ﬁ;“,‘,‘;;g,ﬁ;‘“ for & our-
network of the current-fed type results in a

division of current such that the load current is one half of that in the
network just before the switch is opened.

The consideration of impedance-matching is of extreme importance
in designing a line-type pulser because it affects the utilization of the
energy stored on the network, as well as the ultimate shape of the voltage
and current pulses at the load. For these reasons, the nature of the load
must be known before proceeding to the design of the pulser. If the
load is nonlinear, as in the case of a magnetron, it very often happens
that the load characteristics can be taken into account only approxi-
mately, and the ultimate design of the network may have to depend on
experimental tests with subsequent modifications to obtain the desired
pulse shape.

Pulse-forming networks can be designed to have any value of charac-
teristic impedance, but matters of practical convenience, such as the
available size of inductances and condensers and the maximum permis-
sible switch voltage, often dictate that this value be different from that
required to matech the impedance of the load. When the network
impedance is different from the load impedance, the matched condition
is attained by the use of a pulse transformer. Again, for reasons
of engineering convenience, it has been common to apply the pulser
output directly into one end of a coaxial cable, thus facilitating the
physical separation of the pulser and the load. The impedance of the
cable matches that of the network, and a pulse transformer at the other
end provides the impedance match to the load. Since the cable that has
been most available for applications of this type has a characteristic
impedance of 100 ohms or less (commonly 50 ohms), most of the voltage-
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fed line-type pulsers for microwave radar have been designed for the
50-ohm level, thereby making the use of a pulse transformer a necessity
with magnetron load. The pulse transformer therefore becomes an
essential part of the discharging circuit in a low-impedance pulser used
with high-impedance load, and as such its characteristics have an effect
on the pulse shape and the over-all behavior of the discharging circuit.
It is desirable and often necessary that the design of the pulse transformer
and the design of the pulse-forming network be coordinated in order to
obtain the most satisfactory pulser operation.

Since the impedance-transformation ratio for a transformer is equal
to the square of the voltage-transformation ratio, the use of a low-
impedance pulser with a load of higher impedance requires the use of a
pulse transformer that gives a voltage stepup between pulser output and
load input. Thus, when a line-type pulser with a 50-ohm voltage-fed
network is used to pulse an 800-ohm load, for example, the voltage
stepup ratio is about 4/1, and the current in the discharging circuit of
the pulser becomes about four times the load current. Accordingly, the
switch in the discharging circuit of a line-type pulser is required to pass
very high pulse currents for high pulse power into the load. Since the
switch is in series with the pulser output, its effective resistance must be
small compared with the characteristic impedance of the pulse-forming
network if high efficiency is desired.

When a pulser uses a voltage-fed network, the voltage across the
switch falls to zero at the end of the pulse because the stored energy is
completely discharged. This consideration, in conjunction with the
high current-carrying capacity and low resistance required of the switch,
suggests the use of a form of gaseous-discharge device, which must remain
nonconducting during the interpulse interval if it is desired to apply a
succession of pulses to the load. If it is also required that the interpulse
intervals be of controlled duration, the switch must have a further
characteristic which allows a positive control of the time at which con-
duction is initiated. These switch requirements can be met by rotary
spark gaps, which depend on overvolting by a decrease in the gap length,
or by fixed spark gaps, in which the discharge is initiated by an auxiliary
electrode. A grid-controlled gaseous-discharge tube such as the thyra-
tron is particularly well suited to this application since it is possible to
start the discharge in a tube of this type at any desired time, within a
very small fraction of a microsecond, by the application of pioper voltage
to the grid. Several grid-controlled hydrogen-filled thyratrons of dif-
ferent voltage and current ratings that cover the range of pulse-power
output from a few kilowatts to almost two megawatts have been devel-
oped for this application. These hydrogen thyratrons have proved to
be very practical switches for line-type pulsers because they fulfill ade-
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quately all the switch requirements mentioned above and have a stability
against ambient temperature variations that is considerably better than
that of the mercury thyratron. Hydrogen thyratrons that have a
satisfactory operating life and yet can hold off 16 kv with the grid at
cathode potential and carry pulse currents of several hundred amperes
for a pulse duration of 2 usec and a recurrence frequency of 300 pps have
been developed and manufactured.

The grid-controlled high-vacuum tube is not well suited to serve as
the switch in a low-impedance line-type pulser using a voltage-fed net-
work because of its rather low cathode efficiency and relatively high
resistance during the conduction period. An oxide-cathode high-vacuum
tube that requires 60 watts of cathode-heater power, for example, can
carry a pulse current of about 15 amp for a pulse duration of a few micro-
seconds, and under these conditions, this tube presents a resistance of
perhaps 100 ohms to the circuit. A hydrogen thyratron, on the other
hand, with equivalent cathode-heater power can carry a pulse current of
about 300 amp, presenting an effective resistance to the circuit of about
one ohm.

As stated previously, a line-type pulser using a current-fed network
requires a switch capable of carrying a current at least twice that
desired in the pulser load. The further requirement that this switch
must be capable of interrupting this current and withstanding high volt-
age during the pulse eliminates the gaseous-discharge type and points to
the grid-controlled high-vacuum tube. The low current-carrying capac-
ity of existing tubes has, therefore, been the principal deciding factor in
choosing the voltage-fed network for line-type pulsers rather than the
current-fed network. )

Several different methodsare u_sed C:iar:fji';g 4'3_'52":2;8';"
to charge a voltage-fed network in a
line-type pulser. Since the general
aspects of these methods are not ap-
preciably affected by the discharging isolating PEN O .
circuit, the requirements imposed on element (/ Switch
pulser design by the charging circuit
can be considered separately. If the :3;';;,
time allowed for the charging of the
network is sufficiently long compared
with the pulse duration, the charging '
cycle is simply. that corresponding to  F1¢- t‘flt_igh:'f;;‘ti g:’}?efﬁf:‘;;ﬂ‘“_g cir-
the accumulation of charge on a con-
denser. Figure 1-5 indicates schematically the relation between the charg-
ing and discharging circuits of a pulser with voltage-fed network. For
example, the network may be recharged from a d-c power supply through

Load

—l




12 INTRODUCTION [SEc. 1-4

a high resistance, in which case the equilibrium voltage on the network
can be nearly equal to the power-supply voltage. The requirement on the
series-resistance isolating element in this charging circuit is simply that
it must be large enough to allow only negligible current to be taken from
the power supply during the pulse and the deionizing time for the switch,
but not so large that the RC time constant becomes comparable to the
interpulse interval. To get the highest network voltage from a given
power-supply voltage with this arrangement, the length of the interpulse
interval should be several times greater than the RC time constant in the
charging circuit. This method of charging the network is inherently
inefficient—its maximum possible efficiency is only 50 per cent.

Since the efficiency of the network-charging circuit with a resistance
as the isolating element is very low, the use of a nondissipative element,
such as an inductance, suggests itself. When a capacitance is charged
through an inductance from a constant potential source, the voltage
across the capacitance is in the form of a damped oscillation the first
maximum of which is approximately equal to twice the supply voltage if
the initial voltage across the capacitance and the current through the
inductance are zero. This maximum occurs at a time equal to vIC
after the voltage source is connected to the inductance-capacitance
combination. The inductance to be used with a given network is, there-
fore, calculated by setting the interpulse interval equal to = v/LC, where
C is the network capacitance. This type of network charging is called
‘“resonant charging.”” If the pulse recurrence frequency is less that
1/ v/LC, some current will still be flowing in the inductance at the
beginning of each charging period and, under equilibrium conditions, this
initial current will be the same for all charging cycles. The network will
again be charged to approximately twice the power-supply voltage. This
type of network charging is called “linear charging.”

With careful design of the inductance, the efficiency of the charging
circuit is as high as 90 to 95 per cent, and the power-supply voltage needs
to be only slightly greater than one half of the desired network voltage,
resulting in a great advantage over resistance charging. A factor of 1.9
to 1.95 between network and supply voltage can be obtained if the
charging inductance is designed so that the quality factor Q of the charg-
ing circuit is high.

Resonant charging can also be done from an a-c¢ source provided
that the pulse recurrence frequency, PRF, is not greater than twice the
a-c frequency. If the pulse recurrence frequency and the a-c frequency
are equal, the network voltage attains a value = times the peak a-c¢ volt-
age. This voltage stepup becomes greater as the ratio of a-¢ frequency
to pulse recurrence frequency increases. The voltage gain soon becomes
expensive, however, and it is not practical to go beyond an a-c frequency
greater than twice the PRF.
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1.5. A Comparison of Hard-tube and Line-type Pulsers.—Although
it is not possible to give a set of fixed rules to be followed in determining
the type of pulser best suited to a particular application, it is possible to
give a few general comparisons of the two types which may aid in choos-
ing between them. The comparisons made here concern such things as:
power output and efficiency, pulse shape, impedance-matching, short
interpulse intervals, high-voltage versus low-voltage power supply, the
ease with which pulse duration and pulse recurrence frequency can be
changed, time jitter, over-all circuit complexity, size and weight of the
pulsers, and regulation of the pulser output against variations in input
voltage. This list does not include all the possible points for compari-
son, but only those that are of primary importance in choosing between
the two pulser types.

The over-all efficiency of the line-type pulser is generally somewhat
higher than that of the hard-tube pulser, particularly when the pulse-
power output is high. This is due in part to the fact that the hard-tube
pulser requires a larger overhead of cathode-heating power. Further-
more, a high-vacuum-tube switch dissipates a greater portion of the
available pulser power by virtue of its higher effective resistance than
does a gaseous-discharge switch. The power required for the driver of
the hard-tube pulser is not negligible and, since this component is not
necessary in a line-type pulser, the over-all efficiency of the latter is
thereby enhanced.

The pulse shape obtained from a hard-tube pulser can usually be
made more nearly rectangular than that from a line-type pulser. This
is particularly true when the network of the pulser has low impedance,
and a pulse transformer must be used between the pulser and a nonlinear
load such as a magnetron. In this case, small high-frequency oscilla-
tions are superimposed on the voltage pulse at the load. These oscil-
lations make the top of the pulse irregular in amplitude. The amplitude
of the corresponding oscillations on the top of the current pulse depends
on the dynamic resistance of the load and, if this is small, these oscilla-
tions become an appreciable fraction of the average pulse amplitude.
The hard-tube pulser is, therefore, generally preferred to the line-type for
applications in which a rectangular pulse shape is important.

Impedance-matching between pulser and load has already been
mentioned as an important consideration in the design of line-type pul-
sers. Usually, an impedance mismatch of 320 to 30 per cent can be
tolerated as far as the effect on pulse shape and power transfer to the load
is concerned, but a greater mismatch causes the over-all pulser operation
to become unsatisfactory. The load impedance of the hard-tube pulser,
however, can be changed over a wide range without seriously affecting
the operation. The principal limitation in the latter case is that, if the
load impedance is too low, the required current through the switch tube
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is large and the power dissipated in the switeh becomes a larger fraction
of the total power, thus lowering the efficiency. In applications of the
line-type pulser it is possible to effeet an impedance match for any load
by the proper choice of pulse transformer, but this procedure is somewhat,
inconvenient if, for example, it is desired to vary the power input to a
nonlinear load between wide limits.

Switches of the gaseous-discharge type, which are commonly used in
the line-type pulser, place a stringent limitation on the minimum spacing
between pulses.  After the pulse, the network must not charge up to any
appreciable voltage until the deionization is complete, otherwise the
switch will remain in the conducting state and the power supply will be
short-circuited. For this reason, the interpulse interval must be several
times as long as the switeh deionization time when the gascous-discharge
type is used.  The high-vacuum-tube switeh in the hard-tube pulser does
not present any similar limitations on the interpulse interval, but in this
casc the problem becomes one of designing the circuit with small RC and
L/R time constants. It has been possible, for example, to construct
hard-tube pulsers with 0.2-usec pulses spaced 0.8 usec between leading
cedges.

It has been stated in the preceding discussion of hard-tube pulsers
that a high-voltage power supply is necessary for highest efficiency.
This requirement is sometimes a very serious limitation on the design of
such pulsers for high-pulse-power output. The low-impedance line-type
pulser using resonant charging of the network, on the other hand, can be
designed with a much lower power-supply voltage for a pulse-power
output comparable to that of a hard-tube pulser. For example, a hard-
tube pulser with a pulse-power output of 3 Mw has been built with a
35-kv power supply, whereas for a line-type pulser with d-c¢ resonant
charging of the network, the same power output is obtained with only
about 14 kv from the power supply if a standard 50-ohm network is used.
A line-type pulser using a-c resonant charging, on the other hand, requires
an a-c power source giving a peak voltage of about 8 kv in order to provide
a pulse-power output of 3 Mw. Tt should be stated, however, that in
both of the line-type pulsers mentioned here the pulse-forming networks
are charged to about 25 kv, but this voltage does not present such serious
design problems from the engincering standpoint as the design of a power
supply of equivalent voltage. It would have been advantageous to
have a power-supply voltage greater than 35 kv for this 3-AMw hard-tube
pulser, but a higher voltage was impractical because the pulser design
was limited by the available components, in particular by the switch
tube.

It is sometimes desirable to have a pulser capable of producing pulses
of several different durations, the particular one to be used being selected
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by a simple switching operation. The pulse duration is determined in
the driver of the hard-tube pulser, where this type of pulse selection is
casily made since the switching can be done in a low-voltage part of the
circuit. In the line-type pulser, however, the pulse duration is deter-
mined by the network and in order to change the pulse duration a different
network must be connected into the circuit. This can be accomplished
by a switching operation, but because of the higher voltage involved it is
not so simple as in the hard-tube pulser. A further complication may
arise in the line-type pulser since a change of network affects the character-
istics of the charging circuit, and practical considerations of inductance
charging therefore limit the ranges of pulse duration and pulse recur-
rence frequency that can be covered. The ease with which the pulse
duration may be changed in a hard-tube pulser provides a flexibility that
is difficult to obtain with a line- type pulser.

In many pulser applications it is important to have the interpulse
intervals precisely determined. In hard-tube pulsers and some line-type
pulsers, constant interpulse intervals are obtained by using a trigger pulse
to initiate the operation of the pulser. These trigger pulses can be gener-
ated in a low-power circuit independent of the pulser, and it is a simple
matier to design such a circuit so that the trigger pulses occur at pre-
cisely known time intervals. When the successive output pulses from
the pulser start with varying time delay after the start of the trigger
pulse, there is said to be time jitter in the output pulses. If the trigger
pulses are used to initiate the operation of other apparatus, which is
auxiliary to the pulser, this time jitter results in unsatisfactory over-all
operation of the equipment. Hard-tube pulsers can be easily designed
to make this time jitter negligible, that is, = 0.02 usec or less. The time
jitter is also small in line-type pulsers that make use of a hydrogen thyra-
tron as the switch. With line-type pulsers using the triggered spark
gaps (series gaps), however, the time jitter is considerably greater, about
0.1 to 3 usce depending on the gap design. Recent development of a
triggered spark gap having a cathode consisting of spongy iron saturated
with mercury has made it possible to obtain time jitter as small as 0.02
psec with the serfes-gap switch. When a rotary spark gap is used as the
switch in a line-type pulser, the interpulse intervals are determined by
the rotational speed and the number of sparking electrodes. In this
case time jitter refers to the irregularity of the interpulse intervals and
may amount to as much as 20 to 80 usec.

Because the circuit for the hard-tube pulser is somewhat more com-
plex and requires a larger number of separate components than that of
the line-type pulser, both the problem of servicing and the diagnosis
of faulty behavior of the hard-tube pulser are more difficult. Because of
the combination of fewer separate components and higher efficiency, a
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line-type pulser can generally be designed for smaller size and weight than
a hard-tube pulser with equivalent pulse- and average-power output and
with comparable safety factors in the individual components.

TasLe 1-1.—ComPaRISON OF THE Two PuLser TyPEs

Characteristics

Hard-tube pulser

‘ Line-type pulser
I

Efficiency

Pulse shape

Impedance-matching

Interpulse interval.. ..

Voltage supply

Change of pulse dura-
tion
Time jitter

Circuit complexity.. ..

Effects of change in
voltage

Lower; more overhead power
required for the driver, cath-
ode-heating, and for dissipa-
tion in the switch tube

Better rectangular pulses

Wide range of mismatch per-
missible

May be very short; as for cod-
ing beacons (i.c., < 1 upsec)

High-voltage supply usually
necessary

Easy ; switching in low-voltage
circuit

Somewhat ecasier to obtain
negligible time jitter (i.e.,
< 0.02 psec) than with a
line-type pulser

Greater, leading to greater
difficulty in servicing

For design having maximum
efficieney, (AP/P) output =
6(AV/V) input. By sacri-
ficing efficiency in the design,
(AP /P) output = 0.5(AV/V)
input can be obtained

High, particularly when the
pulse-power output is high

Poorer rectangular pulse, par-
ticularly through pulse trans-
former

Smaller range of mismatch
permissible (+20 to 30%).
Pulse transformer will match
any load, but power input to
nonlinear load cannot be
varied over a wide range

Must be several times the
deionization time of dis-
charge tube (i.e., > 100 usec)

Low-voltage supply, particu-
larly with inductance charg-
ing

Requires high-voltage switch-
ing to new network

High-power line-type pulsers
with rotary-gap switch have
an inherently large time jitter;
with care in design and the
use of a hydrogen thyratron
or enclosed gaps of mercury-
sponge type, a time jitter of
0.02 psec is obtainable

Less, permitting smaller size
and weight

Better than a hard-tube pulser
designed for maximum effi-
ciency since (AP/P) output
= 2(AV/V) input for a line-
type pulser, independent of
the design

The effect on the power output of a pulser resulting from a change in
the input voltage is sometimes of considerable importance to the particu-

lar application.

For a line-type pulser, the percentage change in output

power is about two times the percentage change in input line voltage, and
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little can be done to change this ratio appreciably. In the case of the
hard-tube pulser, however, this ratio may be controlled by the proper
choice of the switch tube and its operating conditions. The percentage
change in output power from a hard-tube pulser may be varied over the
range of 0.5 to 6 times the percentage change in input line voltage. This
. advantage with the hard-tube pulser is gained only at the expense of
lower efficiency, however, and the ratio is large when the discharging
circuit is designed for maximum efficiency.

These comparisons between hard-tube and line-type pulsers are
summarized in Table 1-1.

It should be evident from these general remarks concerning the rela-
tive merits of hard-tube and line-type pulsers that a perfunctory analysis
of the requirements for a particular application cannot lead to an intel-
ligent choice of the pulser type to be used. A detailed analysis requires a
thorough understanding of the characteristics of pulsers in general, and
of the two types in particular. It is the purpose of the following chapters,
therefore, to present the available information on hard-tube and line-
type pulsers in considerable detail in order that it may be of the great-
est possible aid in the design of high-power pulse generators for any
application.






PART I

THE HARD-TUBE PULSER






CHAPTER 2
THE OUTPUT CIRCUIT OF A HARD-TUBE PULSER

By G. N. GLasoE

2.1. The Basic Output Circuit.—As stated in Chap. 1, pulse-generator
design and operation are discussed here from the standpoint of the basic
circuit shown in Fig. 1-1, the essential elements of which are the reservoir
for clectrical energy, the switch, and the load. These components con-
stitute the output circuit of the pulser, and their inherent characteristics,
together with the circuit behavior, almost exclusively determine the pulse
shape and amplitude. The power output from a pulser is usually
required to be a suceession of pulses occurring at more or less regular time
intervals with a specified time duration for each pulse. The complete
pulser cireuit must therefore contain, in addition to the output cireuit, a
means of controlling the duration of the pulse and of replenishing the
eleetrical energy in the reservoir during the interpulse intervals. Since
the pulse shape and amplitude are usually the most important character-
istics of the pulser output, it is logical to begin the discussion with a con-
stideration of the output circuit.

The hard-tube pulser derives its name from the fact that the switchis a
high-vacuum tube, the conduction through which can be controlled by
the application of the proper voltage to a grid. In its simplest form such
aswitceh is a triode, but, as is shown later, a tetrode or pentode can often
perform the switehing function more satisfactorily. The choice of the
tube to be used as the switch in a pulser designed for high pulse-power
output depends on the capability of the tube to pass high peak currents
and to stand off high voltages. The voltage drop across the switch tube
must also be considered in connection with over-all pulser efficiency
and allowable power dissipation in the tube, particularly if the duty ratio
for the pulser is high.  The discussion of the design of hard-tube pulsers is
therefore influenced to a considerable extent by the characteristics of
the high-vacuum tubes that have been available.

Condenser as the Energy Reservoir.—The reservoir for electrical energy
in a hard-tube pulser may be either a condenser or an inductance. The
hard-tube pulsers for microwave-radar applications have most commonly
heen of the condenser tyvpe. The two possibilities may be represented
schematically as shown in Fig. 2-1, where the load is indicated as a pure
resistance. In Fig. 2-1a switch (1) is introduced only for convenience

21
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in the present discussion and is replaced by a high-impedance element in
the more detailed discussion in the following sections.

Assume that the switch (1) in Fig. 2-1a is closed long enough to allow :
the condenser to become charged to the power-supply voltage. An !
amount of energy $C.E} is then available to be discharged into the load

Switch

F (;w —[O

=E, @ =E, Ly R,

R
I | ’ -[
(@) (b)
't 2-1.-— Basic hard-tube pulser cireuits. (a) The condenser type. () The inductance
type.

by opening switeh (1) and closing switch (2).  During this condenser dis-
charge, the voltage across the load decreases with time according to the
relation
t
Vi = Eue Ritrp)Co — pr

where ¢ is measured from the instant the switch is closed, and V, = I r,is ‘

the voltage drop in the switch. If the switch is closed for a time small
compared with the time constant (2,4 r,)Cy, only a small part of the
total energy stored in the condenser is removed, and the voltage across
the load and the current through the switch are very nearly constant.
The load is therefore subjected to a voltage pulse of duration correspond-
ing to the length of time the switch is kept closed. The capacitance that

is necessary to keep the pulse voltage between the limits Viand V; — AV: .
can caxily be calculated if the pulse current and the pulse duration are :

specitied.  If the pulse duration 7 is assumed to be small compared with
the RC time constant of the discharging circuit, the change in voltage of
the condenser during the pulse may be written

AV, = é—; T.

If switch (1) is closed again for the time between pulses, after opening
switch (2), the energy in the condenser is replenished from the power
supply. A repetition of this switching procedure produces a succession
of identical pulses. The important point of this discussion is that the
switch tube, represented by switch (2), carries current only during the
pulse interval. Hence the average power dissipated in the switch tube is

cqual to VI, /T, where V, is the tube drop, I, is the plate current, 7is |




Sec. 2-1] THE BASIC OUTPUT CIRCUIT 23

the pulse duration, and 7', = 1/f, is the recurrence interval. The power
dissipated in the switch tube is augmented slightly by replacing switch
(1) by a high-impedance element, but for the present considerations this
increase may be neglected. Figure 22 shows a sketch of the conden-
ger voltage as a function of time when switch (1) is replaced by a high
resistance.

]
t
t ~
I
I
1
!

/
1 I

o £ T~
Fig. 2:2.—Idealized sketch of the time variation of the voltage on the storage condenser
in a hard-tube pulser.

Inductance as the Energy Reservotr.—Consider next the pulser repre-
sented in Fig. 2-1b, in which an inductance serves as the electrical-energy
reservoir. When the switch is closed, a current builds up in the induct-
ance according to the relation

i) = E”—"(l - eff‘)
Tp

where r,, the effective resistance of the switch, is considered to be small
compared with R;, and the resistance of the inductance is assumed to be
negligibly small. If the switch is opened at a time ¢,, the initial current
in the load resistance is 7.(¢;) and decreases with time according to the
relation
_Ry,
L") = i,{t)e Lv
where ¢’ is measured from the instant of opening the switch. 1ft, > L. /r,
the initial voltage across the load is EwRi/r,. A pulse is produced by
keeping the switch open for the time interval desired for the pulse dura-
tion. If this time is small compared with L,,/ R, the current in the induct-
ance, and hence that in the load, decreases only slightly during the pulse,
and a large fraction of the energy initially stored in the inductance is
still there at the instant the switch is closed. As a result, the current in
the switch at the start of the interpulse interval is almost as large as it
was at the start of the pulse. If a succession of pulses is obtained by
repeating the switching procedure, the average current through the
switch tube is nearly equal to the pulse current.

Comparison of a Condenser and an Inductancz as the Energy Reser-
voir.—The pulse current through the switch tube for a given pulse power
into a load is the same whether the electrical energy is stored in an induect-
ance or in a capacitance. Thus, the voltage drop across a given switch
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tube is comparable in the two cases. The average power dissipated in
the switch tube, however, is much higher when an inductance is used
because the tube is conducting during the interpulse interval, whereas,
when a capacitance is used, it is conducting only during the pulse interval.
The idealized sketch shown in Fig. 2:3 indicates the current in the induct-
ance as a function of time.

1

1

i

1

1

~ i
1

i

1

py

Fic. 2-3.—Idealized sketch of the time variation of current in the storage inductance of a
hard-tube pulser.

Although the power-supply voltage required for a pulser with an
inductance for energy storage is considerably less than the desired pulse
voltage across the load, the switch tube must be capable of withstanding
approximately the same voltage as when a capacitance is used. In a
pulser of the type shown in Fig. 2-1a, the maximum voltage across the
switch tube is equal to the power-supply voltage, which must be greater
than the load pulse voltage by an amount equal to the voltage drop in
the tube. The maximum voltage across the switch tube in the circuit
of Fig. 2-1b is equal to the magnitude of the pulse voltage plus the power-
supply voltage. Pulsers of the two types that are designed to give the
same output voltage and current for a particular load therefore require
approximately the same characteristics for the switch tube.

If the effective resistance of the switch tube is reduced, the average
power dissipation in the inductance pulser becomes a less serious matter.
A tube of the gaseous-discharge type is capable of conducting a high
current with a very small voltage drop across the tube, and hence intro-
duces a low effective resistance into the circuit. With conventional tubes
of this type, however, once the gaseous discharge is initiated it cannot be
extinguished by application of voltage to a grid. For this reason, the
known gaseous-discharge tubes are not practicable switches for the induct-
ance pulser.

There is a method by which the energy dissipated in the switch tube
can be reduced to a reasonable value in spite of the relatively high effec-
tive resistance of high-vacuum tubes. The method is to allow all the
energy stored in the inductance to be discharged into the load before the
switch is closed again. As a result, the pulse current drops to zero and
the pulse shape, instead of being rectangular, has the form

Ry
ult’) = it)e L=




SEc. 2-1]

THE BASIC OUTPUT CIRCUIT 25

The average power dissipation in the switch tube is kept small by closing
the switch for only a short time interval before the start of the pulse.

The current in the inductance as a
function of time is shown in Fig. 2-4.
The undesirable nonrectangular
pulse can be transformed into a rec-
tangular pulse by making the in-
ductance a part of a current-fed
pulse-forming network. This pos-
sibility is discussed in detail in Chap.
6, where it is shown that with such
an arrangement the pulse current

k- Pyise ~ = i -~
Switch tube Switch tube
nonconducting conducting

Fig. 2-4.—Inductance current as a func-
tion of time when all the energy stored in
the inductance is discharged into the load.

in the load is only one half of the current built up in the inductance.
The average power dissipation in the switch tube is therefore reduced at
the expense of a higher pulse-current requirement on the tube.

Because of the preceding considerations and the characteristics of
conventional high-vacuum tubes, the condenser was chosen as the elec-
trical-energy reservoir for a hard-tube pulser. A detailed discussion of
the pulse shape obtainable with such a pulser must involve the particular
characteristics of the load and of the switch tube. There is invariably
some distributed capacitance across the load which must be taken into
account when considering the shape of the leading and trailing edges of
the pulse. If, for example, the load is a biased diode, a conducting path
must be provided in parallel with the load in order to allow the storage
condenser to be recharged.

In the following sections the possible arrangements for the pulser
output circuit are discussed, with emphasis on the effect of the various

. circuit parameters on the shape of
m s the output pulse and on the effi-
Cu ciency of the discharging circuit.

R

R
+ ? ! THE DISCHARGING OF THE
=Ey STORAGE CONDENSER

In Chap. 1 and in the preced-
ing section, the use of a reservoir
for electrical energy in a pulse gen-
erator has been emphasized and
reasons have been given for choos-
ing a condenser to serve as such a
reservoir in a hard-tube pulser. A pulser of this type is actually a Class C
amplifier whose coupling condenser is considered to be the energy reservoir,
a3 becomes evident when the circuit of Fig. 1-2 is redrawn with a three-
element vacuum tube in the switch position, as shown in Fig. 2-5. By

Fia. 2:-5,—Hard-tube pulser with a triode as
the switch tube.
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comparing the cireuit of Fig. 2-5 with that of Fig. 1-2, it is seen that the
discharging circuit consists of the condenser C., the load R, and the tube
T. The charging circuit consists of the primary electrical-energy source
Ey, the isolating element R., the condenser C,, and the load Ri As
with the Class C amplifier, in order to operate this circuit as a pulser the
grid of the vacuum tube must be biased beyond cutoff so that the tube is
normally nonconducting. The application of a voltage V, of amplitude
sufficient to overcome the grid bias causes the tube to conduct and a
voltage to appear across the load R;. There are two major differences,
however, between the operation of such a circuit as a pulser and as a
conventional Class C amplifier that make it desirable to deviate from the
usual method of amplifier-circuit analysis in the discussion of pulser
operation:

1. The ratio of conducting to nonconducting periods for the vacuum
tube is considerably smaller in pulser operation than in amplifier
operation. Thus, the pulser discussion is usually concerned with a
ratio of the order of magnitude of 1/1000, whereas a conventional
Class C amplifier involves a ratio slightly less than 1/2.

2. In pulser operation the shape of the voltage at the load is of funda-
mental importance.

The effects of the various circuit parameters on the pulse shape can
best be discussed by considering the discharging circuit from the stand-
point of transient behavior. In the following discussion of pulse shape,
a linear load is represented by a pure resistance and a nonlinear load by a
biased diode. When the biased diode is used, it is necessary to intro-
duce a conducting path in parallel with the load in order to provide a
recharging path for the storage condenser during the interpulse interval.
The effect of this shunt element on the pulse shape is considered for the
cases where it is a. pure resistance or a combination of resistance and
inductance.

2-2. The Output Circuit with a Resistance Load.—For the present
discussion of the pulser discharging circuit, the switch tube is considered
to function as an ideal switch, that is, as one requiring negligible time to
open and close, in series with a constant resistance r,. Actually, the
particular tube characteristics and the shape of the voltage pulse applied
to the grid by the driver modify these considerations somewhat, as dis-
cussed in Chap. 3. The simplest form for the discharging circuit is
shown in Fig. 2:6. In this circuit the condenser C, has been introduced
to represent the shunt capacitance, which is the sum of the capacitance
of the load, the capacitance of the switch tube, and the stray capacitance
of the circuit wiring.

In order to discuss the effect of the circuit parameters on the pulse
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shape, it is necessary to find an expression for the voltage across the load
as a function of time, that is, an equation for Vi, (¢). For the present
discussion the storage condenser is considered to be charged to a voltage
V. that is very nearly equal to the power-supply voltage. It is further
assumed that the capacitance of C,, is so large that the change in voltage
during a pulse is negligibly small. The analytical expression for V(?)

1 Cy
» . a
v

S T

5

b
Fig. 2:6.—Discharging circuit of a hard- Fic. 2-7.—Equivalent output circuit
tube pulser with a resistance load and a for a hard-tube pulser with a resistance
shunt capacitance. load. The charged storage condenser is

replaced by a battery.

can be obtained by replacing the charged condenser C, by a battery of
voltage V., as shown in Fig. 2:7. The complete shape of the voltage
pulse across the load resistance R; is determined in two steps:

1. The switch Sy is closed at £ = 0 and Vi(f) is evaluated over the
time interval 0 < ¢ < {,.
2. The switch Sy is opened at { = {, and V. (f) is evaluated for ¢ = ;.

The time interval during which the switch is closed essentially deter-
mines the pulse duration r in many cases. It is sometimes desirable,
however, to define pulse duration in a manner significant to the particular
application and, although related to the time interval 0 = { = ¢, 7 may
be either greater or smaller than this interval.

The expression for Vi.(t) is found by solving the differential equations
for the circuit subject to the initial conditions corresponding to the two
steps indicated above. For this circuit and others to be discussed later,
the Laplace-transform method!? will be used to obtain the solution
of the circuit equations. A further simplification in the analysis of a
circuit such as that of Fig. 2-7 can be accomplished by replacing the
voltage source by a current source.? This interchange of source makes it
possible to write a single differential equation instead of the two simul-
taneous equations required for the two-mesh circuit. When the voltage
source V,, and series resistance r, are replaced by a current source I,, and

1 H. 8. Carslaw and J. C. Jaeger, Operational Methods in Applied M athematics, 2nd
ed., Oxford, New York, 1943.

2 M. F. Gardner and J. L. Barnes, Transients in Linear Systems, Vol. 1., Wiley,
New York, 1942,
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shunt conductance g, such that

Vo
IL,=—== ngm

Tp

the circuit shown in Fig. 2:8 is equivalent to the circuit of Fig. 2:7. Using
Kirchhoff’s current law, the differ-
ential equation for this circuit when
the switch Sz is closed is
av

o+ 90 Vea + Cs ‘d_;"a =TI, (1)
The Laplace transform of a func-
tion V(¢) is written V(p), and is

Fia. 2-8.—Equivalent circuit for caleu-  defined by the equation
lating the leading edge and top of the

pulse for a hard-tube pulser with a resist-

ance load, Ly =g;Vur 0 = 1/rp and Vip) = /; Ve dt. (2)

The Laplace transform for the circuit of Fig. 2-8 is then

@r + 00 Voa®) + ClpVa(d) — Vinl(0)] = % 3)

in which V3.(0) is the initial voltage on the condenser C, at the beginning
of the time interval under consideration. The desired function V.(f)

is found by solving Eq. (3) for Vy,(p) and evaluating the inverse Laplace
transform, thus

Vi(t) = £7[Via(p)].

Let Vi(f)osgign be the value of Vi, (f) during the first step in the process
of finding the pulse shape for the circuit of Fig. 2:6. Since the condenser
C, is assumed to be completely discharged at the instant of closing the
switch, V3(0) = 0. The Laplace transform for Vy(¢) is obtained from
Eq. (3) by putting V5.(0) = 0.

I

_ p )
LE Rl sy e 70 )

If the right-hand member of this equation is broken into partial fractions,
there is obtained

Vi(p) = g B

O ®
P ]
”( c. )
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in which A and B are evaluated by standard methods, giving

I. 14
— w =__wR
gr + Tp !
and
I. 12
B=—_f» _ _Yep
g + @ Tp

where R is the effective resistance of r, and R;in parallel. The inverse
Laplace transform of V,(p) can then be written

V.
Viltosgizn = — Ri(1 — ™) (6)
p
where
_ G, + g _ 1 .
“="", TRC )

Equation (6) gives the shape of the leading edge of the voltage pulse
across the load resistance £;.  If the switeh is closed for a time ¢; > R,C,,
the voltage at the top of the pulse is

ViOrowcisn = 2= Ru, (8 *L_Cs 9,

Tp —[—:
The second step in determining the pulse shape -
involves calculating V,.(f),z,, with the switch Sy C,,ﬁff;ﬁ,i;ﬁ&‘ﬂﬁff{,‘ﬁ
open and the condenser C, charged to the poten- trailing edge of the pulse
tial difference V(t,) given by Eq. (6). The equiv- fvﬁthaa f:;,;’;ﬁ‘,’,‘jﬁ ,f,’:l'fe"
alent circuit for this step is shownin Fig. 2-9.  The
Laplace-transform equation for this case is obtained from Eq. (3) by
setting I, = 0, g, = 0, and Ve (0) = V(¢;) and letting Via ()20, = Ve(b).

Thus

vap) = )
P+e,
from which
Ve)ize, = Vi(t)e e (10)
where
ay = 1
2 RlCu
If ty > R\C,,"Eq. (8) may be used, and Eq. (10) becomes
VZ(t)lgtl = L:'_” Reet—, (11)

4
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It is evident from Egs. (6) and (10) that the stray capacitance across
the output of a pulser—that is, across the load—has an important effect
on the times of rise and fall of the pulse voltage. The most efficient
hard-tube pulser is one in which the load resistance is considerably larger
than the effective resistance of the switch tube, and hence the time
constant

Rﬂ',,

Rlcs > I{l + T

Cs.

Ugpder such conditions the time for the trailing edge of the pulse to return
to zero, or the initial value, is greater than that required for the pulse
voltage to build up to its maximum value. In order to produce as nearly
rectangular a pulse as possible with a given resistance load, C, must be
kept small and r, should be small.

The effect of the conneetion to the power supply indicated in Fig. 2-5
has been neglected in drawing the equivalent cireuits for the pulser out-
put cireuit. Since the isolating element in series with the power supply
usually has an impedance that is high compared with r,, its effect on the
leading edge of the pulse is small. For the calculations for the voltage
across the load after the switch is opened, the isolating element is in
parallel with the load and the shunt capacitance. Therefore, unless the
load resistance is also small compared with that of the isolating element,
the circuit element g; in Fig. 2-9 must be considered as the sum of the
conductances of the load and the isolating element.

From a practical standpoint, it is necessary to have some part of the
output circuit at ground potential. The cathode of the switch tube is
grounded, since the contribution to C, introduced by the switch tube is
best minimized in this way, and the voltage pulse at the load is therefore
negative. In order to obtain a positive pulse at the load, the cathode
of the switch tube must be insulated to withstand a high voltage, and
conscquently the capacitance of the filament-heating transformer also
contributes to C,. The presence of C, results in an increase in the average
power taken from the power supply for a given duty ratio and pulse
power into the load, as is shown in Sec. 2-7.

The effect of the capacitance C, and the conductance g; on the voltage
pulse across a resistance load is illustrated in the photographs of oscil-
loscope traces shown in Fig. 2-10. These pictures were obtained with a
hard-tube pulser in which the capacitance of the storage condenser was
0.05 uf, the isolating element R. was 10,000 ohms, r, was approximately
150 ohms, and the pulse voltage at the load was 10 kv. Oscilloscope
traces of the voltage pulse are shown for values of C, equal to 50, 80,
and 140 puf and for R; equal to 1000, 5000, and 10,000 chms. Also shown
in Fig. 2-10 are the plots of the pulse voltage as a function of time calcu-
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11
%
T
AN 1
(a) R = 1000 ohms. () R: = 5000 ohms:. (¢) R; = 10,000 ohms.
Capacitance in parallel with the load = 50 puf.
1
1)
(@) Ri = 1000 ohms. (¢) R = 5000 ohms. (f) R: = 10,000 ohms.
Capacitance in parallel with the load = 140 uuf.
1)
-
11
() R: = 1000 ohms. (k) R: = 5000 ohms. (t) Rt = 10,000 ohms.
Capacitance in parallel with the load = 80 uuf.
4
I y
(7) Ry = 1000 ohms. (k) R; = 5000 ohms. () R; = 10,000 ohms.

Pulse shapes calculated from equivalent circuit (m) for shunt capacitance = 80 upuf.

s,

F1a. 2-10.—Oscilloscope traces and calculated shapes r
for 10-kv voltage pulses obtained with a hard-tube P C R
pulser for various values of load resistance and shunt 150 10kS R, s t
capacitance. Sweep speed: 10 div. = 1 usec; vertical =
scale: 10 div. = 10 kv. Ebb_'_

(m) Equivalent circuit for cal-
culations.
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lated from Egs. (6) and (10) for the three values of R; with C, = 80 uuf.
Since the 10,000-ohm isolating element is taken into account in these
ealculations, the value of ¢g: in Fig. 2-9 is the sum (1/R;) 4+ (1/R.).
The calculated leading edge of the pulse differs slightly from the experi-
mental value in that the observed fime of rise is greater than the calcula-
tions indicate. This difference occurs because the switch tube does not
A behave as the ideal switch used
for calculations, principally be-
cause of the shape of the driver

output pulse. The differenceisso
I small, however, that the calculated
I values give a reasonably good pic-

ture of the pulse shape to be ex-
pected from the pulser.
2-3. The Output Circuit with

f a Biased-diode Load.—In micro-

/ wave-radar applications, the hard-

V—s tube pulser has most commonly
(@) been used with a magnetron load.

The current-voltage characteristic
of a magnetron for a particular
magnetic field is shown in Fig.
2-11. As indicated in these
sketches, the current through a
magnetron is very small until the
voltage has reached the value V,.
For most practical purposes the
I-V curve can be assumed to have
the form indicated by the dotted
line in Fig. 2-11aq, that is, a sharp
knee at the voltage V., and zero
current below this voltage. In
() some cases, however, the behavior
FiG. 2-11.—Current voltage characteristic of of a magnetron is approximated
a magnetron. .
better by the I-V characteristic
indicated by the dotted lines of Fig. 2-11b. This approximation involves
the assumption that the magnetron presents a high dynamic resistance to
the circuit for voltages below a critical value V, and a low dynamic resist-
ance above this voltage. Whether the I-V characteristic sketched in Fig.
2-11a or b is to be used in any given case depends on the particular type
of magnetron and the values of the circuit parameters.
For the I-V characteristic of Fig. 2:11a, the behavior of a magnetron
as the load on a pulser is equivalent to that of an ideal diode, that is,
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one that has a linear I-V characteristic, in series with a battery of voltage
V. whose polarity is in opposition to that of the pulse voltage. For
circuit analysis, it is possible to represent such a load as a biased resistance

in series with a switch that is assumed n C

to be closed only during the time when \Lw- a —
the magnitude of the pulse voltage is fSwitch S,
greater than V,.

The biased-diode load is used to CT [Z:] n
indicate the effect of nonlinear and iy
unidirectional characteristics of the | R ¢
load on the output of a hard-tube b
pulser. The output circuit in this case Fia. 2:12.—Discharging circuit of a

: i K o i hard-tube pulser with a biased-diode
is shown in Fig. 2-12. In this circuit load and a recharging path for the

11 is the dynamic resistance of the storase condenser.

load, V, is the bias voltage, and S; is a switch that is closed only when
Vi 2 V,. The shunt path indicated as Z, must be provided with a
load of this type in order to allow the charge
on the storage condenser to be replenished
after the pulse.

Resistance for the Recharging Path.—The
simplest form for Z, is a resistance, and the
corresponding equivalent circuit is shown in

Fig. 2-13. The calculation of the complete
putF':i'mzu' .llta';fq‘;i‘”;ll:;‘;_fu“g; pulse shape fox.‘ this circuit involvesfour steps:
pulser with a biased-diode load 1. The switch Sr is closed at ¢t = 0, S; is
::Srg?ngres];itcir.weT?er sll:zrg’;; open and Vi (f) is evaluated up to time ¢ = 4,
storage condenser is replaced by ~ such that Vi (f;) = V,.

2 battery. 2. The switch Sr is closed, S; is closed at
t = t, and Vi(t) is evaluated over the time interval {; < ¢ =< t,, where {;
is the time at which Sr is opened.

3. The switch Sr 1s open, 8; is closed, and V,,(t) is evaluated over
the time interval {; < ¢ < {;, where £;is the time at which Vi, (ts) = V,.

Fi1a. 2-14.—S8ketch of pulse shape indicating the four steps necessary in the calculations
for a hard-tube pulser with a biased-diode load.

4. Both switches are open and Vi.(¢) is evaluated for time ¢ = ta
The procedure is represented in the diagram of Fig. 2-14.
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The circuit equivalent to that of Fig. 2-13 with current sources in
place of voltage sources is shown in Fig. 2:15. In this case I, = ¢,V

S S,
g a o/'cl

gs 9 * @

._
=
£
AY
)

F1a. 2-15.—Equivalent circuit for calculating the pulse shape for a hard-tube pulser with a
biased-diode load and a resistance for the recharging path.

and I, = ¢.V,, where g, = 1/r,, ¢: = 1/r1and g, = 1/R,. Using Kirch-
hoff’s current law, the equation for this circuit with both switches closed
is

dVba

(9 + 9. + 9)Vea + Cs =1I,+I. (12)

The pulse shape is obtained by solving this equation for V() using the

a initial conditions imposed by the four
_L steps indicated above.
l g, C Sg,
T Step 1. The equivalent circuit for
this case is shown in Fig. 2-16. Equa-
b tion (12) reduces to

Fia. 2-16.—Equivalent circuit dV
for Step 1 in the calculation of the aViba _
pulse shape for a hard-tube pulser (g" + 9V + Cs =1L, (13)
with a biased-diode load.

and the Laplace-transform equation then becomes

(@n + 9)V4(®) + ClpVa(®) — V2(0)] = % (14)

where V.(p) is the Laplace-transform for Vi, (f) in the time interval
0 £ ¢t £ ¢y, ¢, being the time at which V,, = V. Since it is assumed that
C, is initially uncharged, V1(0) = 0. Solving Eq. (14) for V.(p),

Iw

Vilp) = (15)

B
Cop + (g, + 94)
If the right-hand member of Eq. (15) is broken into partial fractions.
there is obtained

Vi(p) = I— 1_ ——1—— (16)
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The inverse Laplace transform of this equation is

— Iw . p—oait -
Vi) = e (1 - ), an
where
a = g» (/'t: Gs

If Eq. (17) is expressed in terms of the parameters of the circuit of Fig.
213, and the fact that the voltage function is to be evaluated over a
specific time interval is taken into account,

__t
Vit)osis, = ?Rl(l — ¢ TRGY, (18)
P
where
_ By
T R4,

Equation (18) gives the voltage at the pulser output as a function of
time up to the time at which the magnitude of the voltage is equal to
that of the load bias voltage V,. At the time ¢ = ¢, V(&) = V,, the
switch S: is assumed to close, and the starting point for Step 2 is reached.

Step 2. The equivalent circuit during the time interval ¢, £ ¢ £ 1,
is that of Fig. 2-15 with both switches closed, and the Laplace transform
of Eq. (12) is

(g5 + 9. + ) Va(p) + CilpValp) — Valty)] =

R,

Iu' + I:
—_— 19
» (19)

where V»(¢) is the value of Vi in the time interval t. — ¢, and Va(t)) = 17,
is the initial voltage on C, at the start of this interval. The time ¢,
is that at which switch Sr is to be opened. Solving Eq. (19) for V.(p).
there is obtained

Vo + 22
Valp) = ) (20)
oo+ &)

where G is written for g, + ¢, + ¢:. Equation (20) may be written in
the form

Vu\ + glVl
Ca

AzG+ VCG
P+a P+a

_ (gpvwgg,m(l_ 1 >+ v, @
P

mm=%+

p G
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The inverse Laplace transform of Eq. (21) for the time interval under
consideration is

¢ G
Val)nsiss = L;'g‘z! - e—c—._ﬂ—m] L Ve Al 22)
Let R, be the equivalent resistance for r,, R,, and ry, in parallel such that
1 1 1 1
R—Z_T_p_*—ﬁl-i_"_'—l_G' (23)
Then Eq. (22) becomes
1 R
Vaolt)si<, = <? + I:—;) R:[1 — e ROAY h)] + Ve mo—w (24)
P

Equation (24) gives the pulse shape after the voltage has reached the
value V, and up to the time when switch Sr is opened. After some time
t, < t; such that

(ta — t1) > R2C,,

the pulse voltage is very nearly constant, since the exponential terms
become negligibly small, and Eq. (24) reduces to

]
Valta) = (f— + %) Ra. (25)

This relation, therefore, gives the voltage at the top of the pulse. The
leading edge and top of the current pulse in the load are obtained from
Eqgs. (24) and (25) by calculating the current from the relation

— VZ(’) - Vl.

L

I, (26)
From this equation it is evident that the current builds up from zero to
its maximum value in the time required for the pulse voltage to build up
from the value V, to Va(ls), and that this time is
less than that required for the voltage to build up
from zero to V, if V, is nearly equal to V7',. The
time constant for the current buildup is R.C,.
When the switeh Sz is opened at { = {a, the volt-
age across the pulser output starts to fall, and the
shape of the pulse for the next time interval is

I'ié. 2-17.—Equiva-
lent circuit for Step 3 . -
in the calculation of the found by the procedure outlined in Step 3.

pulse shape for a hard- Step 3. The next caleulation for the voltage
tube pulser with a biased-

diode load. Via covers the time taken for the voltage to fall

from the value V5(t2) to 1, again.  The equivalent
circuit is determined by keeping switch Sr open and S; elosed as indicated
in Fig. 2:17. The initial condition for this circuit is that the charge on
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C, must correspond to the voltage V(). Let the value of Vi (t) during

the calculation be V;(¢) and ¢; be the time such that V;(t;) = V,. The

Laplace-transform equation for this circuit is then
(9. + g0 Vs(p) + Ci[pVa(p) — Valt2)] =

Solving for Vs(p),

27

'$|N

Va(ta)p + '@L
Vilp) = —F————
o)

In a manner similar to that used in Step 2, the inverse Laplace trans-
form of Eq. (28) gives

[1]] Vl

(28)

—a—'—g‘ll(l—tz) (l 22)

Via)isest, = m [1-— 1+ Vz(tz)e (29)
g, + 01 =
Villusisn = I:—I'R.z [ — ¢ FEY) e EEED (30)

At some time {3 > {3 the voltage Vs(¢) falls to the value V,, at which time
the switch S; is assumed to open. The final step in the pulse-shape
calculation is then reached.

Step 4. For this calculation both switches are open, and the initial
charge on C, corresponds to the voltage Vi({z) = V,. The equivalent

circuit is now reduced to the simple parallel combina- a
tion of C, and R, as shown in Fig. 2-18.
The voltage Vi = Vi(f)iz:, can be written im- c, R,
mediately,
Vill)izn = Vie A (31) b
Fire. 218—

. . Equivalent circuit
The complete calculation of pulse shape for a cir- fot: Step 4 in the

cuit such as shown in Fig. 2-12 consists of the four calculati}?n 0fr the
steps carried out as above. The composite picture ﬁ‘;‘jg_fug‘;"p,ﬁ's;;
of the pulse is obtained by plotting the four voltage with a biased-diode
functions Vl(t)o§¢§;,, Vz(l)hgtgz,, Va(t);,gt_g_t,, and load.
Vi(®)us: as calculated from Eqgs. (18), (24), (30), and (31) respectively,
and is of the form shown in Fig. 2-14.

The photographs of oscilloscope traces reproduced in Fig. 2-19a and
b show the voltage and current pulses with a magnetron load. These
traces were obtained with a hard-tube pulser in which C., = 0.05 uf,
R, = 10,000 ohms, C, = 115 uuf, r, = 150 ohms, and the isolating ele-
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ment was a 10,000-ohm resistance. The characteristics of the magnetron
were such that = 200 ohms and V, = 8.5 kv. The voltage pulse
shown in Fig. 2:19a has anl amplitude of 10.5 kv, and the average ampli-
tude of the magnetron current pulse is 10 amp. The voltage-pulse
shape was also caleulated from the equivalent circuit shown in Fig. 2-19g,
in which the charged storage condenser is replaced by a battery and the
voltage V., is represented as a biasing battery. For a 10.5-kv pulse
across the magnetron, the condenser voltage V, = 12 kv; therefore,

TTIT
It ot
. 105k [ H10zmel b e e
1 TITT B 1] 13T 0 |ENEE RN 11
T U THT 1T P ITT 11 1117 |SERAESER A Ll
(@) Magnetron voltage. (b) Magnetron current. (¢) Magnetron current,
T 1
1
2 '
s =1 amp. ==t amp
1
11 .
(d) Magnetron voltage (e} Current in recharging (f) Current in recharging
pulse calculated from path, 10-k NI resistor. path, 10-k wirewound re-
equivalent circuit (g. sistor.

Tic. 2-19.- -Oscilloscope traces and calculated
voltage pulse for a hard-tube pulser with a magnetron
load, a resistance recharging path and C5 = 115 upf.
The dotted line on the calculated pulse (d) is the trailing
edge obtained with the magnetron assumed to be
infinite resistance after S; opens.  The solid line is the
trailing edge assuming an effective resistance of 8000
ohms for the magnetron, that is, switch Sir closes (g) Equivalent circuit for calcu~
when S; opens.  Sweep speed: 10 div. = 1 usec. lations.

V, = 0.7V.,. The trailing edge of the voltage pulse indicated by dotted
lines in Fig. 2:19d was calculated by assuming the I-V curve for the mag-
netron to be of the form shown in Fig. 2-11a, that is, that the magnetron
becomes open-circuited as soon as the pulse voltage falls to the value V,.
On the basis of this assumption, the pulse voltage falls more slowly than it
does on the oscilloscope trace. Another calculation was made by assum-
ing that the magnetron presents an effective resistance of about 8000
ohms, instead of an infinite resistance, to the circuit for voltages less than
Vs, corresponding to the I-V curve of Fig. 2:11b. The value of 8000
ohms was obtained by determining the effective magnetron resistance
from the voltage and current pulses at several instants during the time
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the pulse voltage is dropping. The resistance in parallel with C, during
the fourth step in the calculations for the pulse voltage was therefore
that of the 10,000-ohm charging path, the 10,000-ohm isolating clement,
and the 8000-ohm magnetron resistance in parallel. The pulse shape
calculated under these conditions, shown as a solid line in Fig. 2-19d4,
agrees very well with the oscilloscope trace of I g. 2-19a.

In Fig. 2-19 the traces (¢) and (f) were obtained for the current flow-
ing in the recharging path during the pulse. A noninductive resistor
was used for the trace (¢) and an ordinary wire-wound resistor for trace
(f). The magnetron current pulses corresponding to these two conditions
are shown in Fig. 2-19b and ¢ where no essential difference is observable.

It is evident from Eqgs. (18) and (24) that the effect of R, on the lead-
ing edge of the voltage pulse is small, provided that the switch-tube
resistance and the dynamic resistance of the load are small. After the
switch tube and the load have become nonconducting, however, the
value of R, has a marked effect on the trailing edge of the pulse. If
the load is a nonlinear resistance, that is, if there is no bias voltage or
switch S; in the equivalent circuit, the trailing edge of the pulse is deter-
mined by the parallel resistance of R, and r;, and as r; increases this
effective resistance also increases. It is advantageous, therefore, for
R.tobe as small as possible in order to have the pulse voltage drop quickly
at the end of the pulse. Since R, is in parallel with the load, some pulse
power is lost in it, thus increasing the necessary power input to the pulser
for a given load power. From the standpoint of pulser efficiency, it is
desirable to have as large a value for R, as possible. In choosing a value
for R,, a compromise must be made between the need for high efficiency
and that for a steep trailing edge.

Inductance for the Recharging Path—The power loss in the shunt
element Z,, which is necessary to provide a recharging path for the storage

Sr

i\
[
&2

=

Fra. 2-20.—Discharging circuit of a 6. 2:21.—Equivalent output circuit
hard-tube pulser with a biased-diode load for a hard-tube pulser with a biased-diode
and an inductive path for recharging the load and an inductive path for recharging
storage condenser, the storage condenser. The charged stor-

age condenser is replaced by a battery.

condenser, can be reduced by using an inductance in place of a resistance
as just discussed. The output circuit of the pulser using an inductance
for Z,is shown in Fig. 2-20 for a biased-diode load. As before, the charged
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condenser C,, may be replaced by a battery, and the circuit becomes that
shown in Fig. 2-21. The equivalent circuit for calculating the pulse
voltage as a function of time is again set up by replacing the batteries by
current, sources, and the circuit of Fig. 2-22, in which the conductance
g, of Fig. 2-151s replaced hy the series L,R, combination, is obtained.

Sr
To— a >

9

AL
n—
O
[
©

Fie. 2-22.—Equivalent circuit for calculating the pulse shape for a hard-tube pulser with a
biased-diode load and an inductance for the recharging path.

In order to be able to write the Laplace-transform equation for this
circuit, it is first necessary to find an expression for the Laplace transform
of the current in the inductance in terms of V. Considering this branch
first,

di, )
Vo = L, 5" + Rid,, (32)

for which the Laplace-transform equation is

Via(p) = Li[pis(p) — #.(0)] + R.iu(p). (33)
Solving for 7,(p),
Via(p) + Lin(0).

ln(p) = L‘p + R‘ (34)

The complete Laplace-transform equation for the circuit of Fig. 2-22
with both switches closed is, therefore,

(@ + 0)Via®) + CUpVua(p) = Viu(0)] + LR ELEOD)

_ L+,

o (35)

where V,(0) and 7,(0) are the initial voltage on C, and the initial eurrent
in L, respectively. Solving Eq. (35) for Vi(p),

m@w+bmm%+ugn_¥ﬂp+mg;m
'Vba(p)= 8 L L Lt ]
'] P 14 P lRl
p{p2+[%+(g Cfr'g)]p+l+(%‘;:g) l

(36)
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The calculation of the pulse shape in this casc is again carried out in the
four steps shown in Fig. 2-14, for which the four equivalent circuits are
shown in Fig. 2-23.

The Laplace transform of Vy.(¢) is found from Tiq. (36) by using the
initial conditions and circuit parameters appropriate to the equivalent
circuit in each step. The procedure is similar to the previous analysis
for a resistive shunt element, but is complicated by the fact that the initial

b o, L |

+ail
!
(o]
-

ANV
<

h ' )
(a) Step 1: 0 £t < th. (b) Step 2:t1 £t < ta.
Initial conditions: Vas = 0, Initial conditions: Vis = Vi{t)) = Vo,
iy =0, 1, = t1(ty)
a i a
‘1'4 Ls ’.51 I
= Ce l =C;
g, +
R
§ R
b b
(c) Step 3:ts <t < ta. (d) Step4:t3 < &
Initial conditions: Vea = Vi{ta), Initial conditions: Vea = Vi(ts) = V,,

. ts = 1a2(ta), 14 = 13(ta).
F1a. 2-23.—Equivalent circuits for the four steps in the calculation of the pulse shape for
a hard-tube pulser with a biased-diode load and an inductive recharging path.

current in the inductance must be evaluated by using Eq. (34) in each
step except the first. The algebraic expressions for V. (t) become rather
involved, and are not given in detail here.

Some general remarks can be made about the character of the pulse
shape because the denominator of the Laplace-transform equation is of
the same form for each of the four time intervals considered. The
inverse Laplace transform

L7 Via(p)] = Via(?)

has similar algebraic forms for each step. The term in braces in the
denominator of Eq. (36) may be written in the form

p*+2ap +b (37)
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where
_ & (g, + g)
2a = [L, + o ], (38)
and

C.L,

This term may be put in a form more convenient for finding £='{V.(p)]
by completing the square, thus

p:+ 2ap + b= (p+ a)?+ w? (40)
where
w?=b — al (41)

The right-hand member of the Laplace-transform equation can be
broken up into partial fractions with the result

_A  Bipta + B
Vba(p)_p+ (p+a)2+w2;

where the terms A, B;, and B are evaluated by standard methods. The
form of the inverse Laplace transform now depends on the following three
conditions that can be placed on w?:

(42)

2. Ifb =a?, w?=0.
3.I1fb <a, <O

LI >ay, w>0.
(43)

Condition 1. »? > 0. The inverse Laplace transform for Eq. (42)
is

Vi) = A + Bie— cos of + %? e~ sin wt. (44)
Condition 2. »? = 0. The inverse Laplace transform for Eq. (42)
is
Via(t) = A + Bie™ + Bate™™. (45)
Condition 3. w? < 0. Let w? = —k? then the inverse Laplace

transform for Eq. (42) is
Vielt) = A 4+ Bie— cosh kt + % e~ sinh kt. (46)

The Eqgs. (44), (45), and (46) are of particular interest in connection
with the calculation of the trailing edge of the pulse, that is, in Step 4
of Fig. 2-14. 1In this case the expressions for w? and k? are

1 R?

w? = CL ~ alf 47
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and
R? 1
S v/ R A (48)
The trailing edge of the pulse is part of a damped oscillation if
R, 2
L, < CL. 49)
and is aperiodic if
R _2
I. > /—'C.L. (50)

If condition (49) exists, the voltage across the pulser output oscil-
lates at a frequency determined by Eq. (47) after the switch tube and the
load become nonconducting. The voltage therefore passes through zero
and reverses its polarity. This reverse voltage appearing at the pulser
output is commonly referred to as the ‘“backswing voltage.” The period
of the oscillation becomes smaller as R, is decreased, and the trailing edge
of the pulse becomes steeper as the ratio R,/L, is decreased relative to
2/+/C,L,. The damping of the oscillation depends on the exponential
terms in Eq. (44) and, since the exponent is R,/2L,, a lower value for
R./L, causes a decrease in damping and hence a higher value for the back-
swing voltage. A high backswing voltage is very undesirable because it
adds to the power-supply voltage at the plate of the switch tube, and
increases the danger of flash-over and sparking within the tube.

The magnitude of the current that builds up in the inductance also
has an effect on the rate at which the voltage drops at the end of the pulse,
as is evident if the coefficients A, B;, and B. are evaluated for the equiva~
lent circuit of Step4. From Eqgs. (42) and (36) these values become

A =0,
B] = Va(ta) = V.,
and (51)
_ VlRl _ 'ia(ta)_
B. = 21, C.

When B, is negative, that is,

>

7:3(t3) IV'R'
C. | > 2L

it is seen from Eq. (44) that, as 75(¢3) increases, the value of V,(f) decreases
more rapidly for given values of the other parameters. The value of
15(t3) increases with time up to a limiting value determined by the mag-
nitude of R,. As long as the current in the inductance continues to
increase with time, therefore, the trailing edge of the pulse is steeper for



.

44 THE OUTPUT CIRCUIT OF A IARD-TUBE PULSER  [SEc. 2.3

the longer pulse durations than for the shorter ones.  The oscilloscope
traces shown in Fig. 2-25 illustrate this behavior.

The oscillating voltage at the end of the pulse is undesirable not only
because it produces backswing voltage, but also hecause it becomes of
the same polarity as the forward pulse voltage on the return swing.  This
post-pulse voltage may be large enough to cause appreciable current to
flow in the load, and therefore is a secondary pulse.  When the damping
introduced by the resistance of the inductance is small, it is necessary to
increase the damping by connecting a diode across the pulser output in
such a way that it is conducting only when there is backswing voltage.
The equivalent circuit with a shunt diode is shown in Fig. 2-24. The

S

Sy
—o a o
\%JT' ] r:
b e T I G TR
R, g

2/

b

Fig. 2:24.—Equivalent circuit for calculating the pulse shape for a hard-tube pulser
with a biased-diode load, an inductive recharging path, and a shunt diode to reduce the
‘‘backswing voltage.”

diode is represented by the conductance g4 and switch Sy that is assumed
to close only when the voltage Vs, is opposite in sign to the normal pulse
voltage. If ga is large, the backswing voltage is negligibly small, and no
post-pulse voltage appears with the same polarity as the pulse voltage.

The oscillating voltage after the pulse can also be avoided by making
R,/L, > 2/A/C,L,. For this purpose, an inductance with high resistance,
that is, an inductive resistor, must be used and, under such conditions,
the voltage corresponding to the trailing edge of the pulse becomes
aperiodic, as shown by Eq. (46). The time of fall for the voltage decrcases
for smaller values of the ratio R,/L,, and the transition between the
aperiodic and oscillating condition occurs when this ratio equals 2/4/C,L,.
From a practical standpoint, such an inductive resistor is usually designed
to have a ratio of R./L, slightly less than the minimum for the aperiodic
condition. For this condition, the voltage is oscillatory, but the damping
is high and the backswing voltage is correspondingly small. The choice
between a large value of R,/L, without a shunt diode or a small value of
R,/L, with a shunt diode depends on the importance of having a small
time of fall for the voltage pulse.

It is difficult to make a detailed analysis of the effect of the circuit
parameters on the leading edge of the voltage pulse without actually
carrying out the calculations for Vi,(f) using numerical values for the
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circuit components. A very general statement can be made, however,
to the effect that, as the switch-tube resistance or the shunt capacitance
increases, the time of rise for the voltage pulse also increases. The
effect of the shunt inductance on the leading edge of the pulse over a
fairly wide range of values for the ratio R,/L, is rather small.

If there is a resistance in parallel with the shunt inductance, the times
of rise and fall of the voltage pulse become shorter: the smaller the resist-
ance, the smaller the rise and fall times. Such a resistance is introduced
into the circuit when the connection to a power supply for recharging the
storage condenser, as indicated in Fig. 2-5, is considered. In Sec.2-4itis
shown that for good pulser design, the resistance R. is large, but its effect
on the trailing edge of the pulse is still appreciable.

A set of photographs of oscilloscope traces illustrating the effects of
various circuit parameters, together with the pulse shapes calculated
from the equivalent circuits discussed above, are shown in Figs. 2-25, 2-26,
2-27, and 2-28.

The oscilloscope traces reproduced in Fig. 2-25 were obtained with
the magnetron and pulser used for the pictures of Fig. 2-19, replacing the
resistance recharging path in the pulser by a 10-mh inductance and a
shunt diode. In each case the magnetron voltage and current pulses
and the current flowing in the 10-mh inductance are shown for pulse
durations of 0.5, 1, and 2 psec. The pulse voltage and pulse current were
adjusted to 10 kv and 10 amp respectively for each pulse duration. The
effect of the increase in current in the shunt inductance is shown in the
more rapid fall of voltage as the pulse duration increases. The calculated
values for the voltage pulses (), (k), and (I) take into account the 10,000-
ohm isolating resistance and an assumed equivalent resistance of 8000
ohms for the magnetron after the voltage has dropped to the value V,.

The oscilloscope traces shown in Fig. 2:26 are for the 1l-usec pulse
duration with a sweep speed about one tenth of that used for the traces
of Fig. 2:25. The traces (a), (d), and (g) are the slow-sweep presentation
of the 1-usec pulses shown in Fig. 2-25, and indicate the effect of a good
shunt diode, that is, one with high cathode emission. The traces (b),
(e), and (k) were obtained with a shunt diode having lower cathode
emission, and a small backswing voltage of about 1 kv is observable on
the voltage pulse. The traces (d), (e), (¢), and (k) show that the cur-
rents in the 10-mh inductance and in the shunt diode decrease more
tapidly when the shunt diode has a higher effective resistance. When
the shunt diode is removed from the circuit, a backswing voltage of about
6 kv appears after the voltage pulse, and the pulse shapes of Fig. 2-26¢
and f are obtained. The oscillation resulting from the use of the induct~
ance for the recharging path is damped by the 10,000-ohm resistance of
the isolating element that is in parallel with the discharging circuit for
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H H
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(a) 0.5 psec. (») 1 psec. (¢) 2 usec.
Magnetron voltage pulses of amplitude = 10 kv.
I
i
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] s :
T 1 u 1171 1
(d) 0.5 usce. (e) 1 usce. (f) 2 usec.
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the shunt capacitance. The calculated values for the current in the
10-mh inductance are plotted in Fig. 2-267, assuming the effective
resistance of the shunt diode to be 500 ohms. It can be seen that the
caleulated current in the inductance for the 1-usec pulse agrees very well
with the corresponding trace obtained when the good diode was used.

T
§ -
|
i
(a) Good shunt diode. (h) Poor shunt diode. (¢) No shunt diode.
Magnetron voltage pulses.
111
T
-
- : s
- 1
I [T
H 0 H 1.1 am W11 amp.
B l'lamLp' '.'....p.' [ LLELEd
(d) Good shunt diode. (e) Poor shunt diode. (/) No shunt diode.
Current in the 10-mh-inductance recharging path.
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1.2amp. N -ttt +11
1 H » +-1.2 amp, 0.7 amp.T 05 p SeC 1
HHH . -
. : e
. ufsnumafy -
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a Trap
. = ¥ 1.1 amp. 3.5
R
-, : 2ampt
(g) Good shunt diode. (k) Poor shunt diode. () Calculated currents in the
Current in the shunt diode. recharging path for the

circuit (m) of Fig. 2-25.

Fra. 2-26.—Oscilloscope traces and calculated recharging-path currents for a hard-tube
pulser with a magnetron load and a 10-mh inductance as the recharging path. (a) and (d)
are the slow-sweep-speed presentations corresponding to the l-usec pulses of Fig. 2-25.
Horizontal scale = 1 usec/div.

When an inductive resistor with a resistance of 7500 ohms and an
inductance of 3 mh is used for the recharging path in the pulser, the oscil-
loscope traces appear as shown in Fig. 2-27. The small backswing volt-
age that appears after the pulse indicates that the value of R,/L, for this
inductive resistor is slightly less than the value for critical damping.
The magnitude of this backswing voltage is so small, however, that a
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Fig. 2:27.—Oscilloscope traces and calculated pulse shapes for a hard-tube pulser with a magnetron load, a recharging path consisting of a

7500-ohm resistance in series with a 3-mh inductance, and shunt capacitance of 115 puf. In the calculations the effective resistance of the
magnetron was assumed to be 8000 ohms after S: opens, that is, Sar closes when S: opens. Sweep speed: 10 div. = 1 usec.
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shunt diode is unnecessary. From a comparison of the voltage pulses
of Fig. 2-27 with those of Fig. 2-25 it is seen that the voltage for the 0.5-
usee pulse drops at about the same rate in each case. At a pulse duration
of 2 usec, the voltage drops faster with the 10-mh inductance for the

3 o

JL1

H ﬁ AN

(a) 1u sec = 10 div. () lusec =1 div. (¢) Calculated for circuit (f).
Magnetron voltage pulses of amplitude = 10 kv.
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T Eyt+] i i
ISRENEEEND R - ” -
(d) 1u sec = 10 div. (e) 1usec =1div. (f) Equivalent circuit for calculations.
Magnetron current pulses of average amplitude = 10 amp.
FIF
T t
ts Nt T
b »
n I\
1 )
1 M
@ 1lu sec = 10div. (h) lp sec =1 div. (z) Calculated from circuit (f).

Current in the 20-mh inductance recharging path.
Fi1g. 2-28.— Oscilloscope traces and caleulated pulse shapes for a hard-tube pulser with
a magnetron load, a 20-mh inductance as the isolating element, a 20-mh inductance as the
recharging path, no shunt diode, and €, = 115uuf. Voltage pulse and current in the
20-mh recharging path calculated from equivalent circuit (f) with the conditions: St opens
at {2, Sy opens at ta, Sy, closed ts to ty, all switches open tito ts, Sar. closed s to te, all switches
open {¢ to {y.

recharging path than with the 3-mh 7500-ohm inductive resistor. The
reason for this behavior is evident from a comparison of the currents in
the recharging paths.

For the oscilloscope traces of Figs. 2.25, 2-26, and 2-27 the isolating
element was a 10,000-ohm resistance. If an inductance having a low
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resistance is used for this isolating element, the damping of the oscillation
that ocecurs after the switch tube becomes nonconducting is usually
small, as shown by the pictures reproduced in Fig. 2-28. These pic-
tures were obtained with the magnetron load, an inductance of 20 mh
as the recharging path, and an identical inductance as the isolating
element. Each of these inductances had a resistance of 160 chms. The
backswing voltage for this circuit becomes larger than the pulse voltage
when there is no shunt diode, as can be seen in Fig. 2-28b. Since the
damping in the circuit is small, the voltage swings back to the polarity
of the main pulse and causes a small current to flow in the magnetron,
as indicated by the trace (¢). In calculating the voltage across the load
as a function of time from the equivalent circuit shown in Fig. 2-28f, it
is therefore necessary to introduce an effective resistance for the magne-
tron during the time when this post-pulse conduction occurs. The
calculated values plotted in Fig. 2-28¢ and ¢ were obtained by assuming
the effective resistance of the magnetron to be 8000 ohms, and the magni-
tude of the voltage for the trailing edge of the voltage pulse was con-
sidered to be less than V, but greater than zero. During the time
corresponding to the backswing voltage, the magnetron is considered to
be open-circuited, and hence to have an infinite resistance. When the
post-pulse conduction occurs, the magnetron is assumed to appear
as a 10,000-ohm resistance. The comparison of the plots for the load
voltage and the current in the recharging path with the corresponding
oscilloscope traces indicates good agreement between calculated and
experimental values.

The assumptions made in the foregoing calculations with regard to
the effect of the magnetron on the behavior of the pulser output circuit
lead to reasonable agreement with the experimental data. This agree-
ment may be considered a justification for the assumption that the shape
of the I-V curve for a magnetron, shown in Fig. 2-115, can be closely
approximated by a high dynamic resistance for voltages less than V,,
and by a low dynamic resistance for voltages greater than V,. If the
load resistance is nonlinear, the functional relationship between r; and
Vs must be taken into account in the calculations, and the analysis of
pulse shape becomes considerably more complicated. Another com-
plication arises if it is necessary to consider the variation of switch-tube
resistance with the plate current in the tube.

At the start of this discussion of pulse shape as affected by pulser
circuit parameters, it was assumed that the capacitance of the storage
condenser was very large in order that the voltage across it could be
considered constant during the pulse. It is stated in Sec. 2-1, however,
that the storage-condenser voltage is less at the end than at the beginning
of a pulse. This change in voltage depends on the magnitudes of the
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pulse current, the storage capacitance, and the pulse duration. As is
shown in the following section, it is often impractical to have a storage
capacitance that is large enough to keep this voltage change less than a
few per cent of the initial condenser voltage. The actual pulse shape
obtained from a hard-tube pulser
of this type, therefore, does not
have a flat top, but rather has a
sloping top as indicated in the
sketch of Fig. 2-29.

Since with a resistance load
the pulse current has the same
shape as the pulse voltage, the Fia. 2:29.—Sketeh of the voltage pulse
Ftio Al/Tuse is equal to the ratio  $are howing the et of the drop
AV/Vouus If the load is a biased-
diode or magnetron with a low dynamic resistance, however, the ratio
Al/I... may be many times as great as the voltage ratio AV/Vue. In
Sec. 24 it is shown that

Al _ AV | Vou

Tow Vow Vou— V)

The effect of the drop in pulse voltage on the current in a load that has a
low dynamic resistance can be seen in the oscilloscope traces shown in
Figs. 2:19, 2:25, and 2:27. It is also evident that, if AV is large, it is
possible for the pulse voltage to fall below V, before the switch S; is
opened. As a result, the load current stops flowing before the end of
the intended pulse interval.

If the switch-tube resistance increases with time during the conduec-
tion interval, the effect is similar to a change in voltage on the storage
condenser. Such behavior of the switch tube is experienced with some
oxide-cathode tubes, particularly for long pulses and high currents, and
is referred to as cathode fatigue. It is very difficult to take into account
the effect of cathode fatigue on the pulse shape, since it can vary so much

-from one tube to another of the same type. The magnitude of the
cathode fatigue tends to increase as the tube gets older, but it is not
uncommon for it to decrease during the first few hours of operation.

THE CHARGING OF THE STORAGE CONDENSER

The energy removed from the storage condenser during the pulse
interval causes the potential difference across this condenser to be less
at the end than at the beginning of the pulse. If the output of the pulser
is to be a succession of identical pulses, it is necessary to provide some
means by which the energy in the condenser can be replenished during
the interpulse interval. This energy can be supplied by connecting the

E.G. & G.LIBRARY . ..~ ~n
LAS VEGAS BRANCH .. .~
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condenser to a primary electrical-energy source such as a battery or power
supply during the interpulse interval. The ideal arrangement would be
to make the charging and discharging cycles completely independent by
using a switch as shown in Fig. 2-1a. The use of such a switch is imprac-
tical for pulses that recur at rates of several hundred to several thousand
per second. The pulser must therefore be designed with a conducting
path between the condenser and the power supply that has the least
possible effect on the discharging of the condenser during the pulse
interval.

One method that is used to isolate the power supply from the con-
denser-discharging cireuit is shown in Fig. 2-5. In this method a resist-
ance element is connected in series with the power supply. If this
resistance is sufficiently high, the current that flows through the switch
tube from the power supply is small enough to be neglected. When
the switch tube is conducting for a very short time interval—that is, for
short pulse durations—an inductance in series with the power supply can
provide satisfactory isolation. This method has the disadvantage that
the current from the power supply increases with time and, since this
current flows through the switch tube, the tube drop during the pulse is
also a function of time.

Although the reason for introducing the isolating element is to keep
the current flowing from the power supply through the switch tube as
small as possible, there are other points to be considered in choosing the
particular element. Since the condenser is connected to the power
supply in order to be recharged, the isolating element must not make the
charging time constant so large that the condenser voltage at the end of
the interpulse interval differs appreciably from the power-supply voltage.
The connection to the power supply during the pulse interval has an
effect on the leading edge and on the top of the pulse. The magnitude
of this effect depends on the relative size of the impedances of the isolat-
ing element, the switch tube, and the load. When the switch is non-
conducting, this isolating element is effectively in parallel with the pulser
output circuit and therefore has an effect on the trailing edge of the pulse.
These effects on the pulse shape can be taken into account in the analysis
of the discharging circuit, as discussed in Secs. 2-2 and 2-3, by introducing
the isolating element as an additional circuit parameter. The ultimate
choice of the element is generally based on a compromise between these
considerations.

2-4. The Output Circuit with a High Resistance as the Isolating
Element.—The equivalent circuits for the pulser with a high resistance
as the isolating element are shown in Fig. 2:30a and b. For reasons
already stated, the resistance R. is assumed to be very large compared
with r,. The analysis of the circuit behavior during the interpulse
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interval (that is, when switches S; and S; are open), is similar for the
two circuits (a) and (b) if Z, is a resistance. If Z, is an inductance, the
algebraic expressions become complicated, and circuit (a) is therefore
used as the basis for the present discussion.

% Cr 7

\":Sr R 1 Sr Z
"
=E =E
L [~ %7
(a) Resistance load. (b) Biased-diode load.

F1a. 2:30.—Hard-tube pulser circuits with a resistance as the isolating element in series
with the power supply.

Assume that the switch S; is open initially for a long time and
therefore that the condenser C, is charged to the voltage of the power
supply. If the switch is then closed for a time 7 and open for a time
T. — 7, and this procedure is repeated, a succession of pulses is obtained
with a recurrence frequency f, = 1/7,. During the time 7 the con-
denser voltage decreases and during the time 7, — 7 it increases. If the
time T, — 7 is not many times greater than the time constant of the
cireuit, the condenser voltage is appreciably less than the power-supply
voltage at the end of this interval. Equilibrium values for the condenser
voltage at the beginning and at the end of the interval 7 will be obtained
if the switching procedure is repeated a sufficiently large number of times.
This approach to equilibrium is shown diagramatically in Fig. 2-31.

Fic, 2:31.—The voltage on the storage condenser of a hard-tube pulser as a function
of time after the start of a series of regularly spaced pulses when a resistance isolating ele-
ment is used.

It is of interest to obtain the value of V,./Ey for any given set of
circuit parameters. Let V7, be the value for the condenser voltage at
the start and V! be the voltage at the end of any particular pulse,
and let V. and V, be the equilibrium values of these voltages. During
a charging interval the switch S; is open, and the expression for the
condenser voltage as a function of time is

¢
Ve(t) = Ew — (Buw — Vie RetRIC (52)
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where ¢ is measured from the start of the interpulse interval. The
condenser voltage at the end of the interval is then

_ (Tr.—n
Vi, = Ep — (Ew — Vi)e (BetRiCo (53)

If it is assumed that R.>> r,, the connection to the power supply may be
neglected when considering a discharging (pulse) interval. The con-
denser voltage during this interval is thus

v

Ve(t') = Vie +EiCs (54)

where ' is measured from the start of the discharging interval. The
condenser voltage at the end of this interval is then

T

Vi = Vie wrtRICo (55)

Fdr a continuous succession of pulses the equilibrium values of V! in
Eqgs. (53) and (55) must be equal and likewise the values of V.. Solving
these equations for V7, there is obtained

(Tr—7)

Ey[l — ¢ RFARIC
Vo = 2 > e (56)

i1 — e‘[<rp+m)c., (Rr#Rl)C..;]}

which may be written

Ve = Ewy. (57)

A similar solution for V/ gives

V., = Buye CrTRIC., (58)

From Eq. (56) it is seen that the value of the ratio V./Ew for a given
set of circuit parameters increases as 7 is decreased and T is increased.
Also, for given values of r and T',, the condenser voltage approaches the
power-supply voltage as R. and C, are decreased. By decreasing R.,
however, the current through the switch tube is increased. This increase
is particularly undesirable in high-power pulsers where the load current
and hence the switch-tube current are already large. The effect of vari-
ations in 7, T, and C,, are illustrated in curves of Fig. 2:32. These curves
were calculated from the exact expression for the equilibrium condenser
voltage V., taking into account the effect of the power-supply connection
on the discharging circuit. The equation for V, is

_ Ebbrr _1_2_5 ’




1.00 ¢
T =0.1 u sec
0.95
T 1.0
0.90
Sl 0.85 |
oS
" 080 B— 25
0.75 \\
0.70 ~_
P~ 5.0
0.65
0.01 0.02 0.04 0.06 0.08 0.1 0.2 04 05
Capacitance in uf
(a) T,,=100 & sec
1.00
SIS F— LA

>3 095 — ——

090 T =5.0 4 sec \\\ 25 1.0 2
' 0.01 0.02 0.04 0.06 0.080.1 0.2 04 05

Capacitance in uf
(b) T,=500 u sec

1.00
% N7 =[01 & sec
0.99 ~J
N 1.0
0.98 —
sl 2 25
T 097 \
0.96
5.0
0.95 ~J
0.94
0.01 002 0.040.06 0.080.1 0.2 0.4 05
Capacitance in uf
(¢) T,=1000  sec
1.00 —y e
—
- I~ 0.1 ]
:>3,;;‘ 0.99 55
098 T= m&‘
0.01 0.02 0.04 0.060.080.1 0.2 0405
Capacitance in uf
(d) T,=2500 u sec
§L§ 1.00
099 T=5Qu|sec 0.1
0.01 002 0.04 0.06 0.080.1 0.2 0405

Capacitance in uf
(e) Ty=5000 1 sec
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and the voltage at the end of the pulse becomes

A Ebbrﬁ Rc ! p—ar
1,_R—~c+rp(1+rpye ) (60)
where
, 1 — ¢ BT
A ey Ty —
1
- . ) 1
8 (R + R)C. (61)
_ R +r, ]
“ = (R, + RR; + Rir,)C..
If R.>> 1y,
« 1 (62)

= F RC)
and v = 4. Thus, for R. = 100r,, the value of V. calculated from Eq.
(59) is about 1 per cent greater than the approximate value calculated
from Eq. (56). In designing many pulsers, it is therefore sufficiently
precise to calculate the equilibrium condenser voltage by neglecting the
effect of the power-supply connection on the discharging circuit.

If only the charging circuit for the storage condenser is considered,
an advantage is apparently gained by having the capacitance as small
as possible. This supposition is contrary, however, to the conclusion
reached by considering the discharging circuit. From Egs. (59) and
(60) the difference in the condenser voltage at the beginning and at the
end of a pulse is

Rl 2 ) (63)

‘710 - V-r = ‘710 7
[ Ty + Rey

Equation (63) may be reduced to the corresponding relation obtained
from Eqgs. (57) and (58) if R, >> r,, namely

Ve — V., = Iru_[l _ C—(r,,+RI)Cw]' (64)

If r L (r, + R)C., Eq. (64) may be written

Vur
e Vo e T
V.-V, oo ¥ R)Ca (65)

Again, if V.. — V, is small, the change in load current during the pulse

is small and

Ve
I =~ ki )
! rp+Rl
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which leads to the approximation

Ve — 1, = (—%T. (66)
This expression may be used to determine the magnitude of the capaci-
tance required for a particular load current in order to keep the load
voltage within certain limits during the pulse. In general, it is desired
that the load voltage during the pulse be as nearly constant as possible,
and therefore C,. must be large.

The same conclusion is reached if a corresponding analysis is made
for a biased-diode load in the circuit of Fig. 2:30b. If it is assumed that,
the power-supply connection may be neglected in determining the con-
denser voltage during the pulse interval, the difference in condenser
voltage at the beginning and at the end of the pulse is

Ve = Vo= (Vi — V)1 = ¢ Totma], (67)

The relation (66) is obtained from Eq. (67) by the same reasoning used
to obtain it from Fq. (64) using the approximation that

Vo=V,

Iy~ 1o T
t rp+ 7

As may be seen from a consideration of the change in load current
during a pulse, it is more important to keep the change in load voltage
small for a biased-diode load than for a resistance load. Neglecting the
power-supply connection again, the currents at the beginning and at
the end of a pulse for a resistance load are,

1 Vs
( 1)0 = m
and (68)
v,
W= 3R

For the biased-diode load, the corresponding currents are

Vi =V
I — 1w s
(o =
and (69)
7 _ I'r‘r - 1’3
(II)T a P .

The ratio of the change in current during the pulse to the current at the
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beginning of the pulse for the resistance load is therefore

U)o — T), V-1V,
T V.

and for the biased-diode load,

(Lo — UD. _ Vo=V,
(I,l)ﬂ Vw - V-!

(70)

(71)

It is evident from Eqgs. (70) and (71) that, for a given percentage change
in load current, the ratio of the
value of V, — V, for a biased-diode
load to that for a resistance load is

\ VoV,
03 Ve

The effect of the capacitance of
the storage condenser on the current
through the load during a pulse is
02 illustrated by the curves of Fig.
2:33. These curves are plotted
from the equation

04

AL
m,

o — ). _
o T = (1 — e 72
01 \,?d\ \ (II)O ( € )y ( )
\ where «a is the value given by Eqgs.
(61). From Eqs. (64) and (70) a

similar expression is obtained in

o ke sec % which a =~ 1/(r, + Ri)C., namely,
001 002 004 0.1 0.2 04

Capacitance Cy in uf (Il)o — (I,)T - _m
Fia. 2:33.—Ratio of the change in load '_'_(m_' - [ —e ]
current during a pulse to the load current
at the start of the pulse for various values _ Vo — Vs 73
of pulse duration and storage capacitance. - _Vw_ ( )

This ratio is approximately equal to the

ratio of the change in condenser voltage . .
during the pulse to the voltage at the start Curves of the type shownin Flgs'

of the pulse. The curves are plotted for 2-32 and 2-33 can be used to deter-
Z 'z 118(?%}31}:: s Be =10,000 ohms, and  pine the best value for the capaci-
tance of the storage condenser for

given values of r and T. when E.>> r,. A compromise must be made
between the equilibrium condenser voltage and the amount of voltage drop
that can be tolerated during the pulse for the particular pulser application.
From Egs. (52) and (54) it is possible to calculate the time required
for the condenser voltage to attain a value approaching V, after the
beginning of a succession of pulses. This time can best be expressed in
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terms of the number of pulses such that (V.), = kV,, with % some value
slightly greater than one. The curves plotted in Fig. 2-34a and b give
the values of n as a function of the capacitance of the storage condenser
for £ = 1.01 and 1.001 and for several values of r and T,. If the value
Vu/Ey is much less than 1.0, the number of pulses required to approach
the equilibrium value may affect the operation of loads with low dynamie

© | 4 1 |
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Tulpee Tl T=lus
T =02usec =02

S "
3
52 5 20
g U I, -s0usd 3 /
3 T =500 £
z
T=25u8c
=]
VT
7= 10004 sec
10 / T=Susec 10 /
/ / =255 / /
/ p74
V 'y 25002 90c. //
0 éé Trla 0
001 002 004 00600801 02 04 001 002 004 006 0080.1 02 04
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{a) ]
F1G. 2:34.—Number of pulses required for the storage-condenser voltage to reach kV,,
as a tunction of C,, for various values of r and 7, with R, = 10,000 ohms, B; = 1000 ohms,

and rp = 100 ohms, (a) £ = 1.01, (b) k = 1.001,

impedance such as the magnetron. A large value of n indicates that the
current through the load is larger than the current obtained with con-
tinuous pulsing for a time that may be long enough to be deleterious to
the magnetron cathode. This high current may also aggravate any
tendency for sparking to occur in the load.

In designing a hard-tube pulser with a resistance as the isolating
element, it is important to know how much average power will be dis-
sipated in the resistor. There are two major contributions to this power,
that from the current flowing in the resistance during the pulse interval
and that from the current flowing during the interpulse interval. When
the switch tube is conducting, the current flowing in the isolating resist-
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ance is

. Ey —
(Zc)l = —bb‘Rc vp;

where v, = 7,7, and 7, is the total instantaneous plate current in the
switch tube. For most practical purposes, it may be assumed that v,
is constant during the pulse interval since its variation is usually small
compared with Ey — v,. The current (i.), is therefore considered to be
constant for a time 7, having the value

Ew—~7V,
R. '

(I =

and the average power dissipated in R. is then
Py = ()R - (74)

During the interpulse interval the amount of current flowing in R,
depends on the power-supply voltage and on the voltage on the storage
condenser. Thus
Ebb — Vc

(7::)2 = Rc

where V¢ is a function of time with the value given by Eq. (52), that is

!
Ve(t) = Ep — (Ew — V,)e Bt RICw, (52)

In this equation the term R; may be the value for either a resistance load
or the recharging path if Z, in Fig. 2-30b is a resistance. Substituting
Ve from Eq. (52), the expression for (i.). becomes

1
(Ew — V7)(g_(R¢+RA)C..

(ic)Z = Rc

(75)

The average power dissipated in R. corresponding to this condenser-
charging current is

1 (T,—7) .
Pr= /0 (1.)3R. dt. (76)

Using the value of (). in Eq. (75) and neglecting r because, generally,
T, > r, the integration in Eq. (76) gives

_ CulBw — VI*(R. + R)) o

P, SR, (1 — ¢ ®e+RIT, an

The total power dissipation in the isolating resistance is the sum of the



Sec. 2:5] AN INDUCTANCE AS THE ISOLATING ELEMENT 61

values for the pulse interval and that for the interpulse interval given
by Egs. (74) and (77). Thus

Co(Ew — VAR, + R) 27

— 2 _
_ (Bw = Vy) 1 SRT (1 — ¢ ®ARICe,  (78)

Pe BT,

+

In many cases the contribution of the first term of Eq. (78) to the
power dissipation in the isolating resistance is several times larger than
that of the second term. Consequently, the approximate value of P
may be calculated somewhat more simply by taking advantage of the
fact that the average condenser-charging current is approximately equal
to the average load current. The average load current is the value of
the pulse current multiplied by the duty ratio. Since the condenser-
charging current as given by Eq. (75) is an exponential function of time,
the rms and average values are nearly equal, provided that the time
interval is not large compared with the time constant (R + R)C.. It

3104 | 318 ,/
~ \ /N
102 5 14 /’
1.00 1.0
01 02 0406 1 2 4 6 810
t/RC t/RC
(a) t < RC. ) t > RC.

Fi1a. 2-35.—Ratio of rims to average current as a function of ¢/RC for a current of the form

. _E -5
t=qe RC

is seen from the plot of I.m./I.. versus 7./(R. + R;)C. in Fig. 2:35 that,
for T, = (R. + R;)Cy, the rms current is only 1.04 times the average
current. For the value of rms current determined in this way, the
average power corresponding to Eq. (77) is

P2=I2 Rc

Crms *

2.6. The Output Circuit with an Inductance or an Inductive Resistor
as the Isolating Element.—The equivalent circuits for the pulser with
resistance load and biased-diode load are shown in Fig. 2-36a and b.
The analytical expressions for the equilibrium condenser voltages at the
beginning and at the end of the pulse are considerably more complicated
for these circuits than for those with a pure-resistance isolating element.
A few general conclusions can be drawn, however, from a simplified
analysis of the circuits of Fig. 2-36.

When the recharging circuit alone is considered and the switch Sr is
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open, the circuits of Fig. 2-36a and b, in which Z, is a resistance, reduce to
a simple series LCR-circuit as represented in Fig. 2-37. The initial
conditions imposed on the equation for this circuit are (1) that the con-
denser is charged to a potential difference V,, and (2) that a current 2,

PR o
T ¢ g_'VV\' 1€
Sy Re 5 R, 5 s,
R
. 3m L .
= Eu Eu = -_— l{,

— é
(a) Resistance load. (b) Biased-diode load.
Fi1a. 2:36.—Circuits for hard-tube pulsers with an inductive isolating element in series
with the power supply.

is flowing in the inductance. The Laplace-transform equation for the
circuit is therefore

Ew— V.

L@um—zwn+ua+mﬂ@y+”m (79)

Let (R.+ R;) = R, and I.(0) = %p. Then, if Eq. (79) is solved for
£ Ca L(p),

LC (3
= Ew—V .
5 o~k L.t
+ % T L.
;_EM ﬁc\‘ Rl Ie(p) = 'R—[—'
p?

I tortre LC.

Fic. 2-37.—Equiva- 14
lent circuit for the con- (p + a)io + Ew T — aiy
denser-charging cycle in I L. 80
a hard-tube pulser with ﬂ(p) (P ¥ a)z F o2 ’ ( )
an inductive isolating

element.

where ¢ = R./2L., > = b — a? and b = 1/L.C,.
Ifb < a?let a2 — b = k2, and Eq. (80) becomes

(p + a)io + —V' — aty

Lo = G F

(81)

Equations (80) and (81) give the Laplace transform of the current for
the cases in which it is oscillatory and aperiodic respectively. The
critically damped condition corresponds to w? = k* = 0. The inverse
Laplace transform of Eq. (80) gives the time function for the current,
thus
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— —al
@'411‘/—')6 sin wt + 2o (cos wt — Lsin wt)- (82)
pra) w

I.(t) =
Similarly for Eq. (81),

(E » V,) e
L.k

The voltage on the condenser expressed as a function of time is

I.(t) = sinh kf + 206~ (cosh kt — % sinh kl)' (83)

Vel®) = Vot o A L) dt, (84)

so the integration of Eqs. (82) and (83) gives the expressions for the
voltage on the condenser during the recharging interval. Thus, for the
oscillatory case where 1/L.C., > R!'/4L?, the condenser voltage is

Ve(t) = Ewp — e [(Eu, -V, <g sin wf + cos wt) - Sin wt]~ (85)
w wa

Similarly, Eq. (84) and integration of Eq. (83) give the condenser voltage
for the aperiodic case where 1/L.C,, < R./4L?, namely,

Ved) = Ep — e [(Eu, - V) (% sinh kt + cosh kt) - %ﬂ sinh kt]-
(86)

For the critically damped case in which 1/L.C, = R!'/4L2, the condenser
voltage is

Ve(t) = Ep — e [(Eu, - Volat + 1) — Ciﬂ l]' (87)

Equations (85) and (86) can be written in a more convenient form by
combining the sine and cosine functions in the one case and the sinh and
cosh functions in the other. Thus Eq. (85) becomes

Ve(t) = Ew — A sin (ot + o), (88)
where
. 2
A= \/[Lw — Via _ C’L_O] + (Bw — V)2
[} w
and
Ebb - V1
- -t .
¢ = tan Fw = Voa ~ _’io_
w wa

Similarly, Eq. (86) becomes
Ve(t) = Ew — B sinh (k¢ + 8), (89)
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where
B = \/[(E”” e _ g—,\] — (B — V)2
and
_ (Ew — 1))
— 1 (G .
6 = tanh Ew = Vo n
k C.k

As the parameters L., C. and R! are varied, the transition from the
aperiodic to the oscillatory condition oceurs when L. = 1R/’C,; thus,

Minimum values of L, for aperiodic case in mh

;01 10 10 100 1000
10 ]
N \\ NN C 0101 lf
=001lu
NN N C =002t
N N C=005ut g
R \\ C=0.10uf
= ] A
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Minimum values of 2R° for aperiodic case

Fri. 2-38.—Values of L. and R’..'2L. necessary to critically damp the condenser-charging
current in the circuit of Fig. 2-37.

if L. is larger than this value, the condenser voltage and the power-supply

current oscillates.  Since, for the eritical-damping case,

_ ke 2
*= L. T RCY
values of
R! 2
2L. < RC

correspond to the oscillatory condition. The curves of Fig. 238 give
the maximum values of L. and the minimum values of R’ /2L, for aperiodic
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charging of the storage condenser for a range of R, and C, values. When
the oscillatory condition is satisfied, the voltage on the condenser reaches
a maximum value that is greater than the power-supply voltage by an
amount depending primarily on the initial current in the isolating induct-
ance. It is evident from the circuits of Fig. 2-36 that a current in the
inductance is built up during the pulse interval when Sy is closed, and
that its magnitude depends on the pulse duration, the power-supply
voltage, and the value of the inductance. If the pulse duration is small
and the switch-tube resistance and the resistance associated with the
inductance are small, the current can be calculated approximately from

oo Bu

0 LE

The approximation is better the smaller the value of 7, is, compared with
the maximum possible value when ¢ is very large, namely,

i = _Ew
o=

It is of interest to note that the aperiodic charging of the condenser,
as given by Eq. (89), may also cause the value of V¢(f) to become larger
than Ew. If 4o is large (actually, if &/Cuk > (Ew — Vio)a/k), 0 is
negative, and there is some value of ¢ for which V¢(t) = Ey. For ¢ greater
than this value, V¢(f) is greater than Ey, reaching a maximum value
after which it decreases and approaches the value Ey asymptotically.

Although the voltage on the condenser may rise to a value greater
than the power-supply voltage during the recharging interval, the
resultant pulser operation is not necessarily unsatisfactory. If V, is
only slightly less than E,, and 7, is not large, the maximum value of V(¢)
may not exceed Ew by a dangerously large factor. The primary con-
sideration is to determine that the maximum value of V¢(f) does not
exceed safe operating voltages for the condenser and the switch tube,
and that sufficient damping is present to make the amplitude of oscillation
negligibly small at the end of the interpulse interval.

For given values of R, and C, it is reasonable to assume that the
quantity Ew — V. is independent of the value of L., provided that the
resistance R, is always small compared with R,. Since, for small values
of L., the charging is aperiodic with large values for 7,, the magnitude of
B and 6 in Eq. (89) may be strongly affected by this initial current in
the inductance. As L. is increased, the critically damped condition is
approached and 7, decreases, becoming less effective. A still further
increase in L, leads to the oscillatory condition, and a maximum value for
the frequency, wmes = 1/R.C., which occurs when L, = $R’C.
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80 - 16mh
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Fi1c. 2-39.—Storage-condenser voltage as a function of time during the recharging
interval for an inductive element in series with the power supply; large values of R'./L..
The portion of the curves C, D, E, and F beyond { = 150u sec are plotted on expanded
scales in (b) in order to show the transition from the aperiodic to the oscillatory conditions.
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To illustrate the effect of the inductance of the isolating element on
the charging of the storage condenser, the six curves shown in Fig.
2-39a have been plotted using the values of [V¢(f) — El calculated
from Eqs. (88) and (89) for various values of L.. The calculations were
made for R, = 1000 ohms, Ey = 10 kv, and C.,, = 0.05 uf in the circuit
of Fig. 2-36a. Since the equations for V() involve the terms (Ew — V,)
and 7, it was also necessary to specify a particular pulse duration. For
these calculations 7 = lusec was chosen, and the assumptions were
made that R. = r, for all values of L., and that the voltage on the storage
condenser was equal to Ey, at the start of the pulse. The values of
(Ew — V,) and 7, used in the calculations were therefore obtained from
the relations.

(B — Vo) ~ 222,
R.C,
and
’io = -Ellb T.
L,
For the values of the circuit parameters given above, (Ew — V,) = 200
volts and 7o = 10~%2/L, amp.

The curves A and B are obtained for L. equal to 5 mh and 10 mh
respectively. These values of L. are less than the value for critical damp-
ing, so curves A and B are aperiodic. When L, = 1R)'C,, = 12.5 mh,
the eurve C is obtained, which corresponds to the critically damped
condition. Curves D, E, and F are oscillatory, with L. equal to 16 mh,
25 mh, and 50 mh respectively. The value of 25 mh corresponds to
L, = $R.C.,, producing the maximum frequency for the oscillation.
Portions of the curves C, D, E, and F are plotted in Fig. 2-39b with an
expanded ordinate scale in order to show the details of the curves when
L. is larger than the value for critical damping. The curve ¢ in Fig.
2-39¢ shows the effect of a 10,000-ohm noninductive resistance as the
isolating element, and is included to emphasize the rapid buildup of the
condenser voltage when an inductance is used.

The curves of Fig. 2:39 also apply for values of C,, other than 0.05 pf
if B!, Ew, and 7 are not changed and a scale factor is introduced. With
the scale factor K« (Ew — V,)/R., the ordinate scale corresponds to
(Ve(t) — Ew]/K and the abscissa scale is Kt. The condition is imposed
that

(€02 _ L _ 1
0.05.f ~ T, K

where the values of (L.); are those that correspond to the curves of Fig.
2-39 for which K = 1. Thus, if (C,): = 0.01uf, the scale factor is 5
and (L.); for curve A, for example, is 1 mh. The curves C and E again
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correspond to the critically damped and the maximum-frequency condi-
tions respectively.

To illustrate the effect of small damping on the charging of the storage
condenser, the curves shown in Fig. 240 were calculated from Eq. (88).
For the three curves A, B, and C a value of R./L. = 10 ohms per mh was
used with C, = 0.05 uf, Ep = 10 kv, and 7 = 1 usec. The values of
L. are 5 mh, 10 mh, and 20 mh, respectively, for the curves A, B, and C.
The effect of adding some resistance in series with L. is indicated by the
curve A’ for which L. = 5 mh and R, = 500 ohms. These curves are

600 A

400 B

N\ ¢

3
S 0 T =T T
e 0 20 40 60 80 100
¢ inusec
=200 LC Ré Cw
-a00 F Ew

[

=600
Fic. 2-40.—Storage-condenser voltage as a function of time during the recharging
interval for an inductive element in series with the power supply; small values of R’./L..
For curves 4, B, and C the value of R’c/L.is 10 ohms per mh with L,= 5 mh, 10 mh, and
20 mh respectively., For curve A’, L, = 5 mh and R’c = 500 ohms. Eu = 10 kv and
Cy = 0.05uf for all curves.

indicative of the way in which the storage-condenser voltage varies during
the interpulse interval if small inductances and small values of R./L. are
used both for the isolating element and for the recharging path Z, of
Fig. 2-36b.

There are two principal advantages to be gained by the use of an
inductance as the isolating element. The possibility of having the con-
denser voltage equal to the power-supply voltage at the start of each pulse
provides better utilization of the available power-supply voltage. Also,
the power dissipated in the resistance associated with the inductance
can be less than in the case of a high-resistance isolating element. In
any pulser design, these advantages must be weighed against the undesir-
able possibility that the recharging of the condenser may be oscillatory,
and also against the increase in current through the switch tube with
time during the pulse interval. The latter consideration is perhaps the
more serious, since it may cause a larger drop in pulse voltage during the
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pulse than that which results from the change in the storage-condenser
voltage.

The more rapid increase in the storage-condenser voltage during the
interpulse interval, which is possible with the inductive isolating element,
can be used to advantage in pulsers designed for closely spaced pulses,
particularly if the interpulse intervals are of nonuniform duration, as in
the case of pulse coding.

When an inductive element is used in parallel with the load in order
to bring the trailing edge of the pulse down rapidly, as discussed in Sec.
2-3, this inductance becomes part of the recharging circuit as well. The
current flowing in the inductance may be oscillatory and of sufficient
magnitude to exert considerable influence on the initial conditions for the
recharging cvele. Tt is therefore obvious that a complete analysis of the
recharging of the storage condenser is too complex to permit as detailed
conclusions to be drawn as are possible in the case of the resistive isolating
element.

POWER TRANSFER TO THE LOAD

One of the important considerations involved in the design of a pulser
is the magnitude of the pulse power to be delivered to the load. This
pulse power is equal to the product of the voltage and current during the
pulse. If the pulses of voltage and current are constant in amplitude for
‘he pulse duration, the terms “pulse power” and “peak power’ have
she same significance. When the pulse amplitude is not constant during
-he pulse, the peak power refers to the maximum voltage-current product,
und the pulse power is the product of an average amplitude for the voltage
wind current pulses. There are several possible methods by which this
weraging may be done (sce Appendix B). For the hard-tube pulser,
the voltage and current pulses generally have a top that is relatively flat,
and the meaning of “average pulse amplitude” is reasonably clear.
For the present discussion the term ““pulse power” refers to the average
voltage-current product for pulses that do not deviate very much from
constant amplitude.

It may be necessary to have some circuit elements in parallel with
the load in order to change pulse shape or to provide a recharging path
for the storage condenser, as shown in Sees. 2:2 and 2:3.  Some power is
dissipated in these shunt elements, and this power must be taken into
account in designing a pulser for a given power output to a load. By
careful design, however, it is generally possible to make the power loss
small compared with the load pulse power. The present discussion of
power transfer to the load on a hard-tube pulser is simplified by the
assumption that any shunt losses may be considered as part of the pulser
load.
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It is evident from the circuit of Fig. 2-5 that the current through the
switch tube is approximately equal to the current through the load.
Also, the pulse voltage across the load is approximately equal to the
power-supply voltage minus the voltage drop in the switch tube. These
considerations are of fundamental importance in the design of a hard-
tube pulser when a definite load impedance and pulse-power output are
specified. The connection of the load to the pulser as indicated in the
circuits discussed in Secs. 2:2and 2-3 is referred to as a ‘“ direct-connection.”

If the pulse power and the load impedance are specified, the require-
ments for the switch tube and the power supply are almost completely
determined for the load directly connected to the pulser. Thus, if the
pulse power is P; and the load impedance is R; the pulse voltage is
V; = \/PiR: and the load current is I; = \/Pi/R;. The switch tube
must therefore be chosen so that the current I; can flow without making
the voltage drop in the tube too high. When the magnitude of this volt-
age drop is known, the required power-supply voltage is also known.
The switch tube must also be capable of withstanding the power-supply
voltage during the interpulse interval. The switch tubes that have
been available for microwave-radar applications of hard-tube pulsers
have had effective resistances ranging from about 50 ohms to several
hundred ohms. Most of these tubes have a maximum current-carrying
capacity that is determined by available cathode emission or by electrode
power dissipation. For pulsers with low average power, the cathode
emission determines the maximum current, and for pulsers with high
average power, the allowable electrode power dissipation usually imposes
the limit on the current. The effective resistance introduced into the
puise circuit by the switch, tube is relatively constant over the usable
range of current, except for special design, such as operation on the flat
portion of the pulse characteristic of a tetrode (see Chap. 3).

2.6. Impedance-matching and Pulse-transformer Coupling to the
Load.—A hard-tube pulser may be considered as a generator with an
internal impedance equal to the effective resistance of the switch tube.
If the resistance of the load is high compared with the generator internal
resistance, the efficiency is also high but the power delivered to the load
is small compared with the maximum power that could be obtained. It
is shown in most textbooks on electricity that the maximum power is
delivered to a load when the load and generator resistances are equal.
This condition means, however, that as much power is lost in the gen-
erator as is delivered to the load, and the efficiency is only 50 per cent.
Since a maximum of 50 per cent efficiency can not be tolerated in most
har¢-tube-pulser applications, impedance-matching is seldom used.

Impedance-matching is important in the line-type pulsers to be dis-
cussed in Part II. Since for these pulsers the internal impedance is
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nondissipative, the above-mentioned difficulty for hard-tube pulsers is
not encountered. It is possible, however, to achieve some gain in hard-
tube pulsers designed for low pulse-power output by changing the load
impedance presented to the pulser. In particular, it is possible to use a
lower power-supply voltage for a given pulse power into a high-impedance
load if a pulse transformer is used to transform the load impedance to
a lower value at the pulser output terminals. The details of pulse-
transformer design and construction are given in Part III.

A brief discussion of the considerations involved in the use of a pulse
transformer with a hard-tube pulser serves to indicate when such an
arrangement is advantageous and to point out the limitations. For
this purpose, the hard-tube pulser

is represented as a battery in series ,\k/\,

with the switch-tube resistance, as - 1 ?T;
shown in Fig. 2:41. The primary of = v, P % l v R,
the pulse transformer is connected

to the pulser output terminals, and l l

the load is connected across the sec- Np N

ondary. The secondary is considered Fi6. 2-41.—Equivalent cireuit for a

to have n times as many turns as hard-tube pulser with pulse-transformer
. coupling to the load.

the primary, and the power-transfer

efficiency, 7, of the transformer is assumed to be determined only by shunt

losses. This assumption is justified by experience with such trans-

formers in the microwave-radar applications. The following relations

may then be written:

vV
T"i =n (90)
and
VPIP = (91)
thus
1, = Mz, (92)
s n
The power into the load is
_Vi_V
Pl = E - R[’ (93)
and
Ve =V, — Iprp (94)
Vs = IsR,, (95)

where the switch-tube current I, is equal to the primary current I, and
the load current I, is equal to the secondary current Is. Combining
these relations, the expression for the load power becomes
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VZn'g’R,
P, = w WA 96
' By + o ©0
The condition for maximum power in the load, as governed by the trans-
former turns ratio, is obtained by differentiating Eq. (96) with respect
to n and equating the result to zero; thus,

2 = 1 X for (P ©7)
Tp
and the maximum power is
Vig
Paw = - 98
(P1) 1r, (98)

Equation (98) is the familiar result for a generator with matched load,
except that in this case it is modified by the efficiency of the pulse trans-
former. This efficiency may be between 75 and 95 per cent, depending
on the transformer construction.

TaBLE 2-1.—C'oMPARATIVE VALUES FOR THE OPERATION OF A HARD-TUBE PULSER
witH A PULSE TRANSFORMER aAND Maximum Power OUTPUT, AND FOR A
DiRECT-cONNECTED Loap*

With pulse transformer, maximum No pulse transformer, load
power output direct-connected
n = 0.85
\JE
T = 292

Tp

Vi, = /PR, = 3.16 X 103 volts Vi = 3.16 X 103 volts
I = \/% = 0.316 amp I, = 0.316 amp
I, = %m I, = 3.4 amp I, =1, = 0.316 amp
Ve = 2;1& = 700 volts Vo = Vi + I,rp = 3.2 X 103 volts
Averagem]—’, (switch tube) Average P, = I:r,, X 1073 = 0.1 watts

= Ilr, X 1073 = 1.2 watts

* Test conditions:
Load resistance, B: = 10,000 ohms.
Load pulse power, Pt = 1 kw.
Switch-tube resistance, rp = 100 ohms.
Duty ratio = 0.001.

If the load resistance is greater than the switch-tube resistance, the
maximum-power condition requires a stepup transformer, that is, n > 1.
The voltage that appears across the load is then

Vw

V1=—n,,.

¢ i, (99)
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and the switch-tube current is

I, = ”—7;" I. (100)

The significance of these considerations is best brought out by com-
paring the values of the pulser parameters for the case of the direct-
connected load on the one hand and that of the transformer-coupled load
with maximum power output on the other hand. The results are given
in Tables 2-1 and 2-2 for two values of load resistance and pulse power.

TaBLE 2-2.—COMPARATIVE VALUES FOR THE OPERATION OF A HARD-TUBE PULSER
wITH A PULSE TRANSFORMER AND MaxiMum Power OUTPUT, AND WITH A
DIRECT-CONNECTED Loap*

With pulse transformer, maximum No pulse transformer, load
power output direct-connected
n = 0.85
m = \/@ =29
Tp
Vi = v/PR, = 104 volts Vi = 104 volts
P
IL = Fl = 10 amp I; = 10 amp
1
I,,=7%'I;=34amp I, =1, = 10 amp
2
Vo = va = 7 X 10% volts Vo=V + I, =11 X 10 volts
Average P, (switch tube) = 120 watts Average P, (switch tube) = 10 watts

* Test conditions:
Load resistance, R = 1000 ohms.
Load pulse power, P: = 100 kw.
Switch-tube resistance, rp = 100 ohms.
Duty ratio = 0.001.

Examination of these tables indicates that, with the 10,000-ohm load
and 1-kw pulse power, the gain in using the pulse transformer is large as
far as power-supply voltage is concerned. The switch-tube current is
more than ten times the load current, but is still within the operating
range of available tubes. The power dissipation of 1.2 watts in the
switch tube is also not prohibitive. The question to be decided in this
case is whether or not the reduction in power-supply voltage, from about
3 kv to 700 volts, is important enough to warrant the use of a switch
tube that can pass a current of 3.4 amp with the additional power loss of
approximately one watt.

For the 1000-ohm load and 100-kw pulse power, the increase in switch-
tube current from 10 amp to 34 amp produced by using the pulse trans-
former and maximum power design is generally more serious than the
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factor of 10 increase in the previous case. A relatively small tube!
can be used to provide the 0.3 or 3.4 amp, whereas the increase in plate
voltage from 700 volts to 3 kv may both increase the size of the tube and
impose greater problems in its fabrication. The increase in tube cur-
rent from 10 amp to 34 amp, however, may necessitate the use of two or
three tubes in parallel or the use of a larger cathode, which is generally a
serious problem in tube manufacture. For tubes that have been avail-
able for the microwave-radar applications, the gain introduced by the
reduction of plate voltage from 11 kv to 7 kv does not offset the difficulties
introduced by the increase in plate current. The increase of more than
100 watts in power dissipation in the switch tube also imposes a more
serious problem than the 1-watt increase for the 10,000-ohm load.

These examples show that the use of a pulse transformer to reduce the
necessary power-supply voltage is not a priori always advantageous to
pulser design. However, the pulse transformer is not used only to give
the maximum power output. There are situations in which a small
reduction in the necessary power-supply voltage may be warranted at
the expense of slightly higher switch-tube current. Under these condi-
tions, it is necessary to use Eq. (96) for power output in terms of the
circuit parameters in order to determine the design best suited to the
available components.

The above design considerations lead to the minimum values of
switch-tube current and power-supply voltage for a given load impedance
and pulse power. To these values must be added any contributions
resulting from the connection between the charging circuit and the dis-
charging circuit as discussed in Secs. 2-4 and 2-5. These contributions
can usually be kept small, but in some cases, such as a design for closely
spaced pulses, it may be necessary to allow for increases of as much as
25 to 50 per cent above the minimum values.

Pulse Pulse
Co transformer transformer
1 Ey,
g — 3 — |I
(@) (®)
F1g. 2:42.—Two possible arrangements for the use of a pulse transformer with a hard-tube
pulser.

A pulse transformer may be used with a hard-tube pulser in either of
two ways. The two possibilities, with a triode as the switch tube, are
shown schematically in Fig. 2:42. In Fig. 2-42a the primary of the pulse

1 R. B. Woodbury, “Pulse Characteristics of Common Receiver Type Tubes,”
RL Report No. 704, Apr. 30, 1945. See also tube data given in Chap. 3.
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transformer takes the place of the load in the circuits of Sec. 2:2. In
the circuit of Fig. 2:42b the storage condenser is eliminated and the pulse-
transformer primary is in series with the power supply and the switch
tube. It has been mentioned previously that, from a practical stand-
point, some part of the circuit must be at ground potential, and reasons
were given for connecting the switch-tube cathode, rather than the plate,
to ground. Thus, if point g is connected to ground in Fig. 2-42q, one
end of the pulse-transformer primary is grounded, and the winding must
be insulated only for the maximum pulse voltage. If the cathode of the
switch tube is connected to ground in the circuit of Fig. 2-42b, the primary
of the transformer must be insulated for the d-¢ power-supply voltage.
This voltage is greater than the pulse voltage by the amount of the
voltage drop in the switch tube, which may amount to 10 to 20 per cent
of the power-supply voltage. The problem of providing adequate insula-
tion for d-c voltages in such a transformer is somewhat more serious than
for an equivalent pulse voltage. This difficulty causes a transformer
designed for the circuit in Fig. 2-42b to be somewhat inferior to a trans-
former suitable for the circuit of Fig. 2-42a as regards the effect on pulse
shape. There is a greater deviation from a rectangular pulse shape at
the load because of the less satisfactory ratio of leakage inductance to
distributed capacitance in the transformer. The transformer for
circuit in Fig. 2-42b may also have a somewhat lower power-transfer
efficiency.

There is a further argument in favor of the use of a storage condenser
with pulse-transformer coupling to the load. If the load is a magnetron
or some other device that may exhibit sudden changes in impedance
because of sparking or voltage breakdown, a high-voltage surge occurs at
the plate of the switch tube. This transient voltage may be sufficient
to cause the switch tube to spark internally, thus vitiating the control of
the grid over the tube conduction. When the grid loses control, the time
during which the switch tube is conducting may exceed the desired pulse
duration by a large factor. In the circuit of Fig. 2-42b this behavior
causes more energy to be discharged into the load than that corresponding
to the normal pulse, with the result that the sparking condition is aggra-
vated. In the circuit of Fig. 2-42a, the same sequence of events is not as
se-ious, since the available energy in the storage condenser is considerably
less than that in the filter condensers of a power supply. Because of the
inherent characteristics of a pulse transformer, it is actually possible to
use a smaller capacitance for the storage condenser in the circuit of Fig.
2-42a than that necessary for a direct-connected load in order to obtain &
given flatness for the top of the pulse.

If a pulser is designed to use a pulse transformer and no storage con-
denser, the versatility of the unit is decreased. A pulser of the type
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shown in Fig. 2:42a can be used equally well with a direct-connected load
within the limits of its design. With a load substituted for the pulse
transformer in the circuit of Fig. 2-42b, the load or the switch tube must
be operated at high d-c potential with respect to ground.

2.7. The Effect of Stray Capacitance on the Pulser Power Output.—
When the duty ratio is high, the average-power considerations may out-
weigh the pulse-power requirements in goveruing the choice of com-
ponents for the pulser. As has already been mentioned, the switch-tube
dissipation can impose a limit on the maximum allowable pulse current.
The choice of the capacitance for the storage condenser is also affected by
a high-duty-ratio requirement, but in different ways depending on
whether the high duty ratio is due to a long pulse duration, or to a high
recurrence frequency. Thus, if the pulse duration is long and the inter-
pulse interval is also long, the storage condenser must have a high
capacitance in order to keep the pulse current as constant as possible
during the pulse. When the recurrence frequency is high, however, the
interpulse interval is small, and the condenser capacitance must be as
small as possible to best utilize the power-supply voltage, and it may
also be necessary to have a higher current from the power supply during
the pulse interval.

The stray capacitance in parallel with the pulser load becomes an
important consideration when the recurrence frequency is high and the
pulse voltage is large. This capacitance becomes charged during the
time required for the pulse voltage to build up, and its discharge starts
when the switch tube becomes nonconducting. The energy stored in
this capacitance, therefore, does not contribute to the pulse power in
the load except during the time corresponding to the trailing edge of the
pulse. The average-power loss that corresponds to the charging of this
capacitance is simply the energy stored per pulse multiplied by the
number of pulses per second, that is,

PRF X 3CsV3.

In the example used for the values of Table 2-2, a stray capacitance of
100 puf introduces a loss of about 5 watts if the 0.001 duty ratio corre-
sponds to a PREF of 1000 pps. At a PRF of 10,000 pps, however, this
power loss is 50 watts, which is one half of the average power delivered to
the load.

The current required to charge the stray capacitance also has an
influence on the pulse power for which the pulser is to be designed. If
it is desired to have a high rate of rise for the voltage pulse, the current-
carrying capabilities of the switch tube must satisfy the relation

dV,

Io=Cs 5
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If the value 100 uuf is again taken as an example, this current is 10 amp
for dV;/dt = 100 kv/usec, which corresponds to a time of rise of 0.1usec
for a 10-kv pulse. In the example used for the values of Table 2-1, a
switch tube capable of carrying 0.5 amp is adequate for the direct-con-
nected load, but the maximum dV;/d¢ is then 5 kv/usec, corresponding
to a time of rise of 0.6 usec for a 3-kv pulse. Thus, the peak-current
limitation for a particular switch tube may be high enough to satisfy
the load pulse-power requirement and still limit the maximum rate of
rise of the pulse voltage.

2.8, Output Power Regulation.—The change in output.power from a
hard-tube pulser, which is caused by a change in the power-supply volt-
age, may be expressed in terms of the switch-tube and load characteristics.
This relation is of practical importance in pulser applications because it
gives an indication of the stability of the power output as a function of
the voltage input to the pulser. If the change in the power output is
APy, the ratio AP;/P;, expressed in terms of the ratio AEy/Ey, for the
power-supply voltage and the circuit parameters, gives the regulation of
the output power. Thus, for a given set of conditions, the regulation is
determined by the relation

AP; |, AEy
B = k _ET»“ (101)

If k is large, the regulation is poor, that is, the percentage change in out-
put power is large compared with the percentage change in power-supply
voltage. Conversely, if k is small, the regulation is good.

The value of k in Eq. (101) depends on the pulser parameters and on
the load characteristics. In order to find an expression for %, let it be
assumed that a biased-diode load is used, and that the voltage on the
storage condenser differs very little from the power-supply voltage. The
power into the load is

Py= Vi, (102)
Vi— Ve

L=t (103)

and

where V, is the bias voltage and r; is the dynamic resistance of the load.
The voltage across the load is

Vl = Ebb —_ Ilrp, (104)

where the effects of elements in parallei with the load and of the recharg-
ing circuit are neglected in considering the switch-tube current. Com-
bining Eqs. (102), (103), and (104), the expression for the power becomes

— (Ewri + Virp)(Bw — Vo)

Pl (Tl + rp)z

(105)
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Differentiating Eq. (105) with respect to Ej and forming the ratio
AP;/P,, there is obtained

T

Va T
2 — —
AP[ _ AEbb Tp + Ebb (1 T,,)

7’1—_ E, (T[ V,)( V, '
T By 1‘73;)

If the load dynamic resistance is equal to the switch-tube resistance
and the bias voltage in the load is 0.8 times the power-supply voltage,
Eq. (106) gives

(106)

AP, _ AEy 2 5.6 A,

P, " Ew T 18Xx02 Ew (107)

Thus, for these conditions, the percentage change in the output power is
about six times as large as the percentage change in the power-supply
voltage. Since the values chosen for this example are typical for the
medium-power magnetrons used in microwave radar, this result is
important in pulser applications with magnetron loads.

If the bias voltage is zero, that is, V, = 0, Eq. (106) becomes

AP, _ AEy

- 2.
7 o X (108)

The power regulation for a pure-resistance load is therefore considerably
better than that for a magnetron or biased-diode load.

In the discussion of Chap. 3, it is shown that advantage may be taken
of the characteristics of tetrodes as switch tubes in order to improve the
power regulation for a hard-tube pulser. As in any power-generating
device, however, improved regulation is obtained at the expense of
additional power loss.

2.9, Effects of Pulse-transformer Coupling to the Load.—There are
three principal advantages to be gained by coupling the output of a
hard-tube pulser to a load by means of a pulse transformer. One of
these has already been indicated in the discussion of Sec. 2-6, namely,
that a transformation of the load impedance can be accomplished with a
pulse transformer, that is, the impedance presented to the output of the
pulser can be made either higher or lower than the load impedance. A
gain in voltage, current, or power at the load can be obtained in this
manner for given pulser and load characteristics. Another advantage is
obtained by the use of two pulse transformers, a stepdown transformer at
the pulser output terminals and a stepup transformer at the load, with a
low-impedance cable between them. This arrangement facilitates the
physical separation of the load and the pulser, which is a desirable engi-
neering convenience in many cases. The third advantage of transformer
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coupling is that it provides a means of reversing the polarity of the pulse
at the load. The use of two pulse transformers with different turns
ratios for the stepup and stepdown transformers makes it possible to
obtain all three of the advantages simultaneously.

In microwave applications, pulse transformers are used with hard-
tube pulsers primarily because of the advantages to be gained by the
physical separation of the load and the pulser. Serious difficulties arise
in transmitting high pulse power and the correspondingly high pulse
voltage more than a few feet from the pulser to the load. The use of
stepdown and stepup pulse transformers makes it possible to transmit the
pulse power at relatively low voltage over flexible coaxial cable for dis-
tances as great as several hundred feet. Associated with this added
convenience, however, there is some power loss, some pulse-shape dis-
tortion, and sometimes increased backswing voltage. In any given case,
therefore, it is necessary to weigh these disadvantages against the
advantages. The purpose of this section is to indicate the extent to
which the disadvantages may affect the design of the hard-tube pulser.

The theory of pulse transformers and the considerations involved in
their design and construction are given in detail in Part IIT. There it is
shown that the equivalent circuit for a pair of pulse transformers may be

Output terminals of a
hard-tube pulser

(Ly),

. . ' . v
Stepdown Stepup
transformer transformer

F16. 2:43.—Equivalent circuit for a stepdown and a stepup pulse-transformer combination
for a hard-tube pulser and a biased-diode load.

represented as in Fig. 2:43. The elements L., L¢, and C¢ are associated
with the low-voltage winding of the transformer, which is referred to as the
primary, L. being the effective shunt inductance and C¢ the distributed
capacitance of this winding. The so-called ‘‘charging inductance,”
Le, is introduced to account for the nonuniform current distribution along
the coil corresponding to the flow of charge into Cc. The element L, is
the leakage inductance, R, represents the effective shunt loss in the trans-
former, and L, and Cp have the same significance for the high-voltage
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or secondary winding that L¢ and C¢ have for the primary winding. The
capacitance introduced by the load is represented by C..

In Sec. 14-1 it is shown that the leading edge of the pulse is affected
principally by the elements L, R., and Cp, which cause the time of rise
for the voltage pulse to be greater than it would be for a load direct-
connected to the pulser. This effect may cause a rounding of the leading
edge at the top of the pulse. With a pure-resistance load and no bias
voltage, this increase in the time of rise for the pulse voltage becomes very
noticeable. The best design of a pulse transformer for optimum pulse
shape results when the static resistance of the load
v, =L

Rz = -I—l— = —C-!
where IL, is the total leakage inductance of the two transformers plus
the inductance of the cable (which is usually negligible), and

C=CD+CL

Since the capacitance of the load is involved, it is necessary to have a
knowledge of this parameter before designing the transformer.

When the load is a biased diode or a magnetron, the load current does
not start to flow until the voltage V; is greater than the bias voltage V..
For a load that is direct-connected to the pulser, as discussed in Sec. 2-3,
the load current builds up to the value

_ V-V,
=

I

in a very short time, and V; = V,. The current I; is referred to as the
“normal load current.” For the present, the cable between the pulse
transformers is assumed to have negligible length. During the time
required for the pulse voltage to build up to the value V,, there is a cur-
rent 7c flowing through the leakage inductance that corresponds to the
flow of charge into the capacitances Cp and C;. Thus, when the switch
S: is closed, there is a current flowing in L, the magnitude of which may
be greater than, equal to, or less than the normal load current. If the
effective series inductance inherent in the load itself is small, the load
current builds up to the value ¢ in a negligibly short time after switch S;
closes. If ic is larger or smaller than I, the current during the pulse
interval decreases or increases respectively until the value I, is reached.
For i¢ = I, the static resistance of the load must be equal to /' ZL./C.
When R > v/ ZL./C, the top of the current pulse droops, that is,
the current decreases during the pulse, and when R; < v/ ZL./C, the
top of the current pulse rises. The effect of L. is to cause a small droop
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in the current pulse even for the optimum value of v/ 2L,/C. A series
of oscilloscope traces that illustrates the foregoing statements is repro-
duced in Figs. 2-44 and 2-45.

(a) Ry > 1100 ohms. (b Ri = 1100 ohms. (¢) Ri < 1100 ohms.
Magnetron current pulses.
T
H-H HH
a t T SERE//BEN
11 T I
(d) Ry > 1100 ohms. (e} R; = 1100 ohms. (f) Ri < 1100 ohms.
Magnetron voltage pulses.
)] .
= I
(g) R > 1100 ohms. (hy R; = 1100 ohms. (1) Ry < 1100 ohms.

Voltage pulses at the input terminals of the stepdown transformer.

Fic. 2-44.—Oscilloscope traces for 2-usec pulses of magnetron current, magnetron
voltage, and pulser output voltage for a hard-tube pulser with pulse transformers and 6 ft
of 50-ohm pulse cable. The 232AW stepdown and the 232BW stepup transformers, for
which \/}.‘LL/C = 1100 ohms, were used for these traces.

The effect produced by the effective shunt inductance and trans-
former losses may be seen by comparing the pictures of Figs. 244 and 2-45
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for the cases where R; = v/ ZL./C. Itisto be observed that the current
pulse droop is greater for the 135AW-141BW transformer combination

T 11 LI T
] i
¥y
[ ] -
T 1T
M RERENE A
(a) R; > 880 ohms. (b) P = 880 ohms. (¢) R < 880 ohms.
Magnetron current pulses.
o
m o
TN "j:#{" i ] ‘
1 1 111 1 L1
(d) R, > 880 ohms, (e) R: =~ 880 ohms. {(H R, < 880 ohims.
Magnetron voltage pulses.
|
.
1 IT 111
(g) R: > 880 ohms. (k) R, = 880 ohms. (7) Ry < 880 ohms.

Voltage pulses at the input terminals of the stepdown transformer.
F1g. 2:45.—Oscilloscope traces for 2-usec pulses of magnetron current, magnetron
voltage, and pulser output voltage for a hard-tube pulser with pulse transformers and
6 ft of 50-ohm pulse cable. The 135AW stepdown and the 141BW stepup transformers,

for which \/ELL/C = 880 ohms, were used for these traces.

than for the 232AW-232BW combination. The latter pair of trans-
formers have higher efficiency as determined by calorimetric measure-
ments of power loss.
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When the current in the leakage inductance is greater or less than
the normal load current, the rate at which the pulse current decreases or

FHTHETH el H HHHH
TENAERENBRN AR SHG .~ P T
ANSEERRERSE NS aunEEES EEAEAEN
EERANEEEAEREF- sunaRETEE GERDEEHE
aunnuse~~—— . massslEsun BRENEEEE
EvERBEr cunnussEsnulunzs BESBEREE
et TR LELEE BEEZGEEE
aninsansnansEssaulEEES SERREIRE
BERENEEER AR EEwa e RGN BESERENE!
AEREEEGSENRAEEERD BEEE PEESBBUE
sEgsunnseEnensnnse Qunne EAEERNER
sussesusnnnonsenanMense RREBE NN
iygaussnsusEuuEasx Qanan T e
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(a) R; > 1250 ohms. ®) R = 1250 ohms. (¢) Ri < 1250 ohms
Magnetron current pulses.
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(d) R > 1250 ohms. (e) R =~ 1250 ohms. (f) Ri < 1250 ohms.
Magnetron voltage pulses.
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(g) Ri > 1250 ohms. (h) Ry =~ 1250 ohms. (9) Ri < 1250 ohma.

Voltage pulses at the input terminals of the stepdown transformer.

Fi1G. 2-46.—Oscilloscope traces for 2-usec pulses of magnetron current, magnetron
voltage, and pulser output voltage for a hard-tube pulser with the 232AW and the 232BW
pulse transformers and 175 ft of 50-ohm pulse cable. The 50-ohm cable impedance is
transformed to 1250 ohms at the output of the pulser and the input to the magnetron
because the turns ratio for each transformer is 1 to 5. The transit time for the trans-
formers and cable is 0.42usec.

increases during the pulse depends on the time constant ZL./(r, + ),
where 7, is the internal resistance of the pulser. For the 232AW-232BW
transformer combination and the magnetron used to obtain the oscil-
loscope traces of Fig. 2-44, this time constant is about 0.3 usec, whereas
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for the 135AW-141BW combination it is about 0.18 usec. This dif-
ference is observable in the pictures of Figs. 2-44 and 2-45.

Reflection Effects Caused by Impedance Mismatch with Long Cable.—
Another effect is observed when the cable is so long that the time required
for the pulse to travel from one transformer to the other is an appreciable
fraction of the pulse duration. Discrete steps appear on the top of the
current pulse as a result of an impedance mismatch between the load
and the cable. Some photographs of oscilloscope traces showing this
phenomenon are reproduced in Figs. 2-46 and 2-47 for the 232AW-232BW

1]
T

(a) R; > 1250 ohms. (b) R; = 1250 ohms.
Magnetron current pulses.

™ T EE HERBE & 5 6 6 i 2
5 i J&E E Bl E AN
E 3 3 =1 EEENCaR e
3 A 1 - 7 T T pEmYa

311

13]
117

() Ry > 1250 ohms. (d) Ri = 1250 ohms.
Magnetron voltage pulses.

F1a. 2-47.—Oscilloscope traces for 2-usec pulses of magnetron current and voltage for a
hard-tube pulser using the 232AW and 232BW pulse transformers with 100 ft of 50-ohm
pulse cable. The transit time for transformers and cable is 0.25usec.

transformer combination and 175 ft and 100 ft of 50-ohm coaxial cable.
These transformers have a turns ratio of 5/1 for the secondary and pri-
mary coils. Thus the 50-chm impedance of the cable is transformed
into an impedance of 1250 ohms at the high-voltage windings of the
transformers.

The combination of pulse-transformer and cable may be considered
as a transmission line of characteristic impedance Z, = 1250 ohms.
If the impedance of the load is different from 1250 ohms, a voltage
reflection occurs whose magnitude and sign depends on the reflection
coefficient
L= 2o
T Zi+ Z,

K
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Let Ve be the pulse voltage at the pulser output and let 5 be the time
required for the pulse to travel in one direction through the transformers
and the cable.! If V, denotes the pulse voltage traveling from the
pulser to the load, the magnitude of V; at the pulser is ¥V». Because
there is some attenuation of the pulse voltage in traversing the trans-
formers and cable, the voltage appearing at the load end is kVp, where
k < 1. When Z; > Z,, the reflection coefficient at the load is positive,
and the reflected voltage is

Vi kVp(Z +§;’) (109)

This voltage therefore adds to the incident voltage at the load, producing
an actual load voltage

(Voh =kVe+ Vi = kVp[ + (z T ?)] (110)

The load pulse voltage can be larger than the output voltage of the pulser,
as in the first series of pulse pictures of Fig. 2-46.

The reflected voltage travels back toward the pulser, where it is again
reflected. At the pulser the reflection coefficient

_Zy —Zo
Zp+Z0

where Z, is the internal impedance of the pulser. For a hard-tube
pulser Z, is merely the switch-tube resistance r,. Since, in general,
Z, is considerably less than 1250 ohms, the reflection coefficient is nega-
tive, and the polarity of the reflected voltage is opposite to that of the
main-pulse voltage. At a time 26 after the start of the pulse at the pulser
output, the voltage at the input terminals of the stepdown pulse trans-
former is

Ve=Ve+kVi+ 7V, (111)

Vs = kV] (g: _; 22) (112)

The pulse voltage traveling away from the pulser toward the load is now
V. + V,, which is less than Vr because V, is of opposite polarity to V.
At the time 38 this new pulse voltage appears at the load, where a reflec-
tion again occurs such that

Vi= k(Vi+ Vz)(

where

113
7T zo) (113)

1 The velocity of propagation in the cables used with pulsers for microwave applica-
tions is about 450 ft/usec. The observed time delay in the pictures of Fig. 2-46 is
0.42 usec, indicating that the two transformers introduce a delay of about 0.03 usec in
addition to that of the cable.
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and the load is subjected to a voltage
’ Z —
(V2 = k(Vi+ V) + Vi = k(Vi + V) [1 + (—’—Z")] (114)
Zy + Z

Since (V1 + V) < Vg, the pulse voltage at the load changes suddenly
at time 34 from the value given by Eq. (110) to that given by Eq. (114),
producing the first step that appears in the pictures of Fig. 2-46.

If the pulse duration is several times longer than 28, a succession of

Pulser —T¥ ¥ —T[— these steps occur as indicated in the sketch

output |V Vi W' of Fig. 2-48. The successive steps become

voltage I* L) progressively smaller, as evidenced by the

<51 | 25:45 65 186 fact that (I;); and (I:)s in Fig. 2-47 are al-

! s most equal. These pictures were obtained

Load ('V) ('V ).{V)s with the same transformers and magnetron,

vz:‘t':;e OO but with 100 ft of cable instead of the 175

T ft used for the pulses shown in Fig. 2-46.

: I g When the impedance of the load is less

I : | than that of the cable, the steps are in the
Loy, vaab of A . :

+Tl_f—‘fll__'i/f— oppos1te d'1rect10n., as can be seen in the third

tﬁf;‘e Lk 10, L series of pictures in Fig. 2:46. As a result of

current | ™| the change in load impedance during the time

] the pulse voltage is built up, reflections of

Fia. 2:48.—S8ketch of volt-
age and current pulses indicat~
ing the steps resulting from an
impedance mismatch between
the load and the cable when two
pulse transformers are used with
a hard-tube pulser. The load
impedance is greater than the
cable impedance referred to the
high-voltage windings of the

short time duration occur. The effect of
these reflections is evident from the second
series of pictures in Figs. 246 and 2-47, in
which the load and cable impedances are ap-
proximately equal. Smallirregularities occur
at the times corresponding to the steps in the
other two series of pictures.

transf . i i 1
ranstormers As an example of the foregoinhg discussion,

the experimental and calculated values corresponding to the first series of
pictures in Fig. 2-46 are given. The voltage at the pulser output is

Ve = 8.55 kv
and that at the load is

(Vi) = 9.36 kv

Since
(Ii), = 4.82 amp,
_ 936 X 10°
(Zi), = —58s = 1940 ohms.
The reflection coefficient at the load is therefore
Z,— Zo _ 1940 ~ 1250

7 F Z, _ 1940 + 1250 ~ 2216
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and the value of £ may be determined with the aid of Eq. (110), that is,

9.36 X 108

k= e x 10X 122 ~

0.9

The reflected voltage traveling toward the pulser is then

V1=0.9 X855 X 103 X 0.216
= 1.65 kv.

The reflected voltage, V,, at the pulser is
V.= 09 X 1.65 X 103(—0.82) = —1.20 kv,

where the reflection coefficient (x = —0.82) is obtained by assuming
the switch-tube resistance to be 125 ohms. The pulse voltage traveling
toward the load after time 2§ is therefore

Vi+ V.= (855 — 1.20) kv = 7.35 kv.

When this voltage reaches the load at time 385, the reflected voltage is
determined by a new load impedance, since the pulse voltage is less than
the original value of 9.36 kv. In this case the new reflection coefficient is
0.346, and

(V). = 0.9 X 7.35 X 10% X 1.35 kv = 8.90 kv,

The dynamic resistance of the magnetron used for the pictures of Fig.
2.46 was determined experimentally to be 250 ohms, and the starting
voltage V, was 8.10 kv; thus

8.90 — 8.10
I1)e = (—250“—) = 3.2 amp.

This caleculated value for the magnetron current after the first step agrees
reasonably well with the value of 3.4 amp measured experimentally.

The above numerical example is given to justify the previous argu-
ment explaining the presence of the steps in the load current and voltage
pulses when a long cable is used between the transformers. It is possible
to derive relationships from which the load current and voltage may be
calculated for the successive steps. To do this, it is necessary to know
the load pulse voltage and current before the first reflection is effective,
the dynamic resistance and bias voltage for the load, the cable impedance
referred to the secondary of the transformers, and the pulser internal
resistance. If the attenuation factor k is known from auxiliary experi-
ments, the initial pulse voltage and current at the load need not be
known, and the pulse voltage at the pulser cutput terminals ean be used
as the starting point for the calculations.
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1] In the pulse pictures of Figs.
241 and 2-45, the steps resulting
from reflections are not resolved
- : since the transit time for the trans-
' formers and the 6-ft cable is only
about 0.04 usec as compared with
0.42 usec for the 175-ft cable and
T 0.25 usee for the 100-ft cable.
The effect of the reflections is pres-
HEE ent, however, even for the short
(@) 0.5-usec voltage pulse. cable, and is superimposed on the
current pulse droop or rise result-
ing from a value of R; different
from +/ZL./C. In order that
= neither of the two effects occur,
the pulse transformers must be
designed so that the normal load
impedance matches the cable im-
pedance, and at the same time is
: equalto v/ ZL.C.
- 1 In the pulse pictures of Figs.
o H 244, 2-45, 2-46, and 2-47 there are
: small oscillations superimposed on
the top of the current and voltage
pulses. These oscillations are due
to the shock excitation of the cir-
: ! cuit containing the elements L,
Asmnana by f me -+ and C,. Their amplitude is
- \ ; greater with some transformers
than with others, as can be seen
; ot b by comparing the pictures in Fig.
——rt — 113 2-44 with those of Fig. 2-45.
Zero tine T L I Backswing Voltage.—It was in-
} : dicated in Seec. 2-3 that the volt-
4 age at the pulser output terminals
1 reverses its polarity at the end of
3 ‘ -1 the pulse when there is an induct-
# T = A 154]] ance in parallel with the load.
L - — This backswing voltage is inherent
in pulsers using pulse trans-

.

14

RERn

(h) l-usec voltage pulse.

o

SRS
11

(¢) 2-uscc voltage pulse.

1'tG. 2:49.— Oscilloscope traces of voltage . L.
pulses showing oseillations superimposed on formers. In this case it is due to
the general backswing voltage that is charac- the current built up in the shunt

teristic of the use of pulse trausformers witha | .
hard-tube pulser. Pulse amplitude = 11 kv. inductance L. durmg the pulse.
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It is shown in Seec. 14-1 that the amplitude and duration of the backswing
voltage depends on L., R., C, and i, the current flowing in L. at the
instant the switch-tube becomes nonconducting. For any given pulse
transformer the maximum amplitude of the backswing voltage increases
as the pulse duration is increased.

When it is necessary to use a pulse transformer for a range of pulse
durations, a compromise must be made between a high backswing voltage
for the longest pulse and a slow rate of fall for the shortest pulse. The
slow rate of fall is not serious if the backswing voltage is aperiodic. How-
ever, there are high-frequency oscillations superimposed on the general
backswing voltage because of the current flowing in the leakage induct-
ance at the end of the pulse, and the presence of the capacitances Cp
and C;.  For short-pulse operation these oscillations may be large enough
to cause the load voltage to swing over to normal pulse polarity again
and cause some load current to flow. In microwave-radar applications
this occurrence may cause some post-pulse energy to be radiated, leading
to confusion with the echoes from nearby objects. The form and
amplitude of the oscillations is indicated in the oscilloscope traces repro-
duced in Fig. 2-49. When the load is unidirectional, these oscillations
are damped only by the transformer losses represented by the shunt
resistance R..

A high backswing voltage is to be avoided in the operation of a hard-
tube pulser, as is stated in Sec. 2:3. Since the voltage appearing across
the switch tube is the sum of the power-supply and the backswing
voltages, a high backswing voltage may seriously aggravate any tendency
for the switch tube to spark. However, a shunt diode may be used tc
prevent the backswing voltage from becoming effective.



CHAPTER 3
VACUUM TUBES AS SWITCHES

By G. N. GLASOE

3-1. Required Characteristics.—The switch used in a pulser with a
condenser as the electrical-energy reservoir is a high-vacuum tube rather
than a gaseous-discharge tube when only a small part of the stored
energy is discharged during a pulse, hence, the name ‘“hard-tube pulser.”
The reasons for this choice of switch are mentioned briefly in Chaps. 1
and 2. The purpose of this section is to elaborate upon them, and to
discuss the characteristics required of the switch tube for satisfactory
pulser operation. The following sections of this chapter consider the
inherent characteristics of available high-vacuum tubes with particular
reference to switch-tube operation.

As is evident from the discussion of the pulser output cireuit in Chap.
2, there are four major considerations that determine the properties a
tube must have in order to function satisfactorily as the switch:

1. Current. During the pulse interval the switch must conduct a
current that, under the most favorable conditions, is slightly
larger than the pulse current at the output terminals of the pulser.

2. Effective resistance. The switch is in series with the pulser load
during the pulse interval. For maximum efficiency, therefore, the
effective resistance of the switch must be as small as possible, that
is, the potential difference across the switch tube, called the ““tube
drop,” must be small during the conduction period.

3. Voltage. During the interpulse interval the switch must be able
to withstand the power-supply voltage, which is slightly larger than
the pulse voltage at the pulser output terminals. (If backswing
voltage is present, it must be added to the power-supply voltage
for this consideration.) The current through the switch during
this interval must be negligibly small.

4. Transition from the conducting to the nonconducting state. It
must be possible to change the switch from the conducting to the
nonconducting state, and vice versa, in a negligibly short time.
This transition must be possible while the power-supply voltage is
applied to the switch terminals.

90
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The characteristics of a gaseous-discharge tube such as the thyratron
satisfy the current and tube-drop requirements better than those of con-
ventional high-vacuum tubes. The thyratron can be kept nonconduct-
ing if the grid is near cathode potential, or somewhat negative with respeet
to the cathode, before the plate voltage is applied. Once the gas is
ionized, however, and the tube is conducting, the nonconducting state
cannot be attained again without first removing the plate voltage for a
time long enough to allow complete deionization of the gas. It is this
feature of available thyratrons that prevents their use as switches in
pulsers of this type. A similar objection can be raised against the use
of triggered spark gaps.

In contrast to the thyratron, it is possible to control the conduction
through a high-vacuum tube merely by changing the voltage of the con-
trol grid with respect to the cathode. The voltage on the grid of a high-
vacuum tube has a large effect on the tube drop and the plate current,
but in order to make the best use of the available electron emission from
the cathode it is necessary to apply a high positive voltage to the grid,
hereafter referred to as the “‘positive grid drive.” This positive grid
drive causes a grid current to flow, and requires power to be delivered to
the grid during the pulse interval.

For a given cathode material, size, and temperature the positive grid
drive that is necessary to obtain a particular plate current depends on
the number and disposition of electrodes in a high-vacuum tube. The
plate current in a triode is given by!

W3¢
I, = k(E,l +12)
o

where E, is the grid voltage, V, is the plate voltage, n is the amplification
factor, and k is a constant sometimes referred to as the perveance. This
relation indicates that the influence of the plate voltage on the plate cur-
rent is increased by decreasing u. A low value of p, however, is incon-
sistent with the need for a low cutoff bias. In a tetrode the space
current (the sum of the plate and screen-grid currents) is influenced
very little by the plate voltage, and is given by

E, 3%
L=¥F (E,,l + —’> ;
Hsg

where E; is the control-grid voltage, £, is the screen-grid voltage,

dE,,
Koo = dEyl I, constant

LF. E. Terman, Radio Engineers’ Handbook, McGraw-Hill, New York, 1943, Sec. 4,
par. 6.
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is an amplification factor analogous to that of a triode, and ¥’ is a constant
depending on the electrode geometry. As indicated by this relation the
tetrode is preferable to the triode because a reasonable cutoff bias can
be obtained with a low value of u,,, and the required positive grid drive is
therefore less because of the effect of the screen-grid voltage on the plate
current. The choice of the particular tube to serve as the switch in a
given pulser design requires some compromise between the necessary
positive grid drive, the grid power, the cathode-heating power, the
effective tube resistance, the ability to withstand high voltage, and the
physical size of the tube.

In order to maintain the nonconducting condition in the high-vacuum
tube, it is necessary to apply a sufficiently large negative bias voltage
to the grid. The transition from the nonconducting to the conducting
state is then accomplished by removing or neutralizing this bias voltage
and supplying enough voltage to carry the grid positive. The time
required for this transition depends on the rapidity with which the grid
voltage can be changed, which in turn depends on the associated cireuit
and the grid capacitance. Since the total change in grid voltage during
the pulse, called the ‘‘grid swing,” is the sum of the bias voltage and the
positive grid drive, it is desirable that the required bias voltage be as
small as possible. For this reason, a switch tube having a sharp cutoff is
generally used in order to have a negligible amount of current flowing
through the tube during the interpulse interval.

For example, in a pulser designed to deliver 100-kw pulses to a load
at 0.001 duty ratio, suppose that the plate voltage on the switch-tube
during the nonconducting interval is 11.5 kv. If the unbiased current
through the tube is 1 ma, the average power dissipated in the tube is
11.5 watts. The switch-tube current during the pulse is about 10 amp,
and for available high-vacuum tubes the tube drop is about 1.5 kv.
Thus, the average power dissipated in the tube during the pulses is 15
watts. Although the 1-ma plate current during the interpulse interval
is only one-ten-thousandth of the pulse current, the corresponding tube
dissipation is almost equal to that resulting from the pulse current. If
the tube does not have a sharp cutoff, it may therefore be necessary to
use a very high bias voltage in order to keep the tube dissipation small
during the interpulse interval. This high bias voltage increases the
required grid swing and input power and makes the grid-driving circuit
more complicated.

The desirability of using a switch tube that is nonconducting during
the interpulse interval arises from the consideration of average power.
For a conduction period corresponding only to the pulse interval,
it is possible to use a smaller tube for a given output pulse power
and duty ratio. For this reason, it has been possible to use available
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high-vacuum tubes as switches for pulsers having a high pulse-power
output. :

Some Switch-tube Characteristics Affecting Pulser Design and Circuit
Behavior.—For microwave-radar applications, it has been necessary to
design hard-tube pulsers within the limits imposed by commercially
available high-vacuum tubes. These tubes have generally been designed
for c-w oscillator or amplifier service, and not for pulse applications, and
their voltage and current ratings are accordingly based on satisfactory
operation in conventional oscillator and amplifier circuits. The upper
limits for these ratings are usually determined by the allowable power dis-
sipation for the tube elements. It is not surprising, therefore, that
experience with these tubes has proved that they may be used as pulser
switch tubes with plate voltages and pulse currents many times greater
than the maximum values given in the normal tube ratings. A separate
set of specifications has been developed for some tubes that gives the
allowable values of plate voltage and plate current that are applicable
to pulse operation.

The maximum allowable plate voltage for pulse operation generally
depends on the tendency for sparking to occur between the tube elements.
The ability of a tube to withstand a high plate voltage with the grid
biased beyond cutoff depends on the tube construction and the nature
of the tube elements, particularly the cathode. One of the first tubes
used successfully in a high-power pulser for microwave radar was the
Eimac 304TH. This tube has a rating of 3 kv for oscillator use (that is,
6 kv peak), but it has been used as a switch tube with as much as 15 to
20 kv applied to the plate during the interpulse interval.

The cathode of the 304TH is a thoriated-tungsten filament that
requires 125 watts of heater power, and the plate and grid are such that
they can be very thoroughly outgassed during the evacuating process.
The pulser design is limited, however, by the pulse current that can be
obtained with this tube for a reasonable positive grid drive. The tube
was successfully used with a pulse plate current of about 6 amp, but
the necessarily high bias voltage makes the required grid swing about
1300 volts.

Another tube that has been widely used as an oscillator and amplifier
and has proved to be a useful switch tube is the RCA 829 beam tetrode.
This tube has a maximum plate-voltage rating of about 750 volts and a
d-¢ plate-current rating of about 200 ma. The tube has an indirectly
heated oxide-coated cathode that requires 14 watts of heater power.
In pulser circuits it has been possible to use this tube satisfactorily with
a plate voltage as high as 2 kv and a pulse plate current of several
amperes. The plate-voltage rating for this tube is limited because of
internal sparking at relatively high plate voltages. This sparking is con-
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sidered to be caused by foreign matter introduced into the tube by the
mica sheets used to space and support the plates. By removing the mica
and using ceramic spacers for the plates, it was possible to place a rating
of 5 kv on the tube. It was then found, however, that the ceramics
tend to limit the operation of the tube in a high-frequency oscillator, and
therefore two tube types were designated. The tube suitable for normal
high-frequency oscillators and amplifiers was called the 829B, and that
for pulser applications was designated the 3E29. The 829B can be used
up to a plate voltage of about 2 kv and a pulse plate current of about
2 amp, whereas the 3E29 is rated at a plate voltage of 5 kv and a pulse
plate current of 8 amp. The 829B and 3E29 tubes are almost identical
in construction, and the difference in ratings corresponds to limitations
of the tests to which the tubes are subjected by the manufacturer.

Experience with commercial tubes has shown that those having a
thoriated- or a pure-tungsten filament can be operated at a plate voltage
considerably higher than that at which tubes having oxide cathodes can
be operated. A partial explanation lies in the fact that it is difficult to
outgas a tube with an oxide cathode to the extent possible with one having
a tungsten filament. Also, the oxide-cathode tube is apt to have small
particles of the oxide material on various parts of the tube elements, and
these increase the tendency for a spark to occur. Tungsten-filament
tubes have been used with plate voltages in excess of 35 kv, but about
20 kv have been the limit with available oxide-cathode tubes. The
715B is an oxide-cathode tube, with aligned grids, which wasdeveloped
in the Bell Telephone Laboratories primarily for pulser applications and
was manufactured by the Western Electric Company and by the Ray-
theon Company. This tube has a plate-voltage rating of 15 kv and a
pulse-plate-current rating of 15 amp. The 5D21 tube is identical in
construction to the 715B, but has a plate-voltage rating of 20 kv. This
increase in the maximum safe plate voltage was made possible by a more
careful processing of the tube, and by tube selection in the final testing of
completed tubes. It is not meant to imply here that 20 kv is a practical
upper limit for tubes with oxide cathodes; improvement in the tube
manufacture will undoubtedly raise the allowable plate voltage for non-
sparking operation in pulser applications.

The nature of the sparking in tubes with an oxide cathode is such that
it is difficult to correlate cause and effect. Some tubes spark violently
when subjected to a steady high plate voltage with the grid biased beyond
cutoff. When these tubes are used as the switch in a pulser and made
alternately conducting and nonconducting, however, the plate voltage
may sometimes be increased without sparking to as much as 25 per cent
above the limit for a steady-state operation. The explanation is some-
what difficult to determine because the interpulse interval may be 99.9
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experience with the tubes, and correspond to reasonable values of positive
grid drive, tube drop, and operational life. To obtain satisfactory
switch-tube operation with a high plate voltage it is necessary to accept
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the disadvantage inherent in the high cathode-heating power required for

tungsten filaments.

As has been mentioned, it is usually necessary to drive the grid of a
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tube positive in order to obtain the required plate current. The grid
current associated with tube operation of this type causes a certain
amount of power dissipation in the grid. During the outgassing process
in tube manufacture, some of the material that is always vaporized from
the cathode may settle down on the grid wires. Since this vaporized
material contains thorium from the thoriated filaments and barium from
the oxide cathodes, it lowers the work function of the grid-wire material.
Thus, when the grid becomes heated, there is a greater tendency for the
emission of primary electrons from the grid. The emission of secondary
electrons may alsc be enhanced. Electron emission, whether primary
or secondary, is very undesirable for proper tube operation, and can
vitiate the control of plate current by the externally applied grid voltage.
Various methods have been used to minimize this contamination of the
grid. Gold plating and platinum plating of the grid wires have both
been fairly successful in this connection. The practical difficulty, in
many instances, is the evaporation of the plated material during the
processing of the tube, which may progress to such an extent that the
operational life of the tube is materially shortened. Since it is almost
impossible to detect this evaporation in a tube by tests in the
manufacturing plant, the best safeguard seems to be the rigid con-
trol of the processing schedule, correlated with life tests on completed
tubes.

Oxide cathode tubes have exhibited a behavior that was never
observed at the Radiation Laboratory with thoriated-tungsten-filament
tubes, namely, cathode fatigue. As a result of cathode fatigue, some
tubes show a marked decrease in plate current during a pulse. This
decrease may be as much as 40 to 50 per cent during a 2-usec pulse. The
phenomenon seems to be correlated with inherent cathode activity, but
the wide spread of values obtained with tubes of a given type indicates
that the reason for this fatigue is probably complex. Some tubes that
exhibit cathode fatigue to a marked extent when they are first put into
operation tend to improve with age for a short time and then become
worse, other tubes show a progressive deterioration from the very begin-
ning of operation, and still others may never exhibit the fatigue during
many hundreds of hours of operation. Cathode fatigue is probably
related in a complex way to the method of processing and inherent
characteristics of the cathode material, and to the manner in which the
material is activated in the completed tube.

In most microwave-radar applications of hard-tube pulsers, the ability
to withstand a high plate voltage and to conduct a high pulse current
have been the major considerations in the choice of the switch tube
because the duty ratio is of the order of magnitude of 0.001, and average-
power considerations are therefore not important. When the duty ratio
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becomes high, however, the average power dissipated in the switch tube
may govern the choice of the tube to be used. It may then be advisable
to use two or more tubes in parallel, rather than a single larger tube.
Pulsers with as many as six tubes in parallel have given completely
satisfactory operation. The most serious difficulty encountered in such
an arrangement is usually the difference in the plate current for tubes of
the same type corresponding to a given positive grid drive and tube drop.
If the tubes are very different in this respect, the total plate current is
nonuniformly distributed between the tubes. A fairly large factor of
safety must be allowed in the power dissipation and the pulse current
required of each tube when assuming equal current distribution.

3.2. The Characteristic Curves for Triodes and Tetrodes and Their
Importance to the Function of a Pulser Switch Tube.—As with any
application of vacuum tubes, the functional relationships between the
various tube parameters such as plate current, plate voltage, grid voltage
(or voltages), and grid current (or currents) are important in the proper
choice of the operating conditions for a switch tube. In general, these
relationships are difficult to express analytically, for a wide range of values,
and graphical representations given by the so-called ‘‘characteristic
curves” are used instead. These curves are plotted for corresponding
values, obtained experimentally, of any two of the tube parameters,
holding all others constant. A third parameter may be introduced by
plotting a family of curves, each one of which corresponds to a particular
value for this third parameter. (Each curve of such a family is actually
the boundary of the intersection of a plane with the surface generated by
plotting the corresponding values of the three quantities along the axes
of a rectangular-coordinate system.!)

For conventional oscillator and amplifier applications, the static
characteristics for a tube are usually adequate. The data for such curves
are obtained by applying d-¢ voltages to the plate and to the grid or
grids, and measuring the d-c plate and grid currents. For the operation
of a pulser switch tube during the pulse interval, however, the range of
values for the plate current and the control-grid voltage given in the
static characteristics is generally too small. The limiting values of these
quantities are usually imposed by the average power dissipation allowable
in the tube elements. In order to extend the range of values, it is neces-
sary to apply a pulse voltage to the control grid and to measure the pulse
plate and grid currents with d-c voltage applied to the plate, and, in the
case of a tetrode, to the screen grid as well. The curves plotted from
data obtained in this way are referred to as the “pulse characteristics.”
In the following discussion the pulse characteristics are those obtained

1 E. L. Chaffee, Theory of Thermionic Vacuum Tubes, 1st ed., McGraw-Hill, New
York, 1933.
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with 1-usec voltage pulses applied to the control grid at a recurrence
frequency of 1000 pps.

Plate-current—Grid-vollage Characteristics.—During the interpulse
interval the switch tube is nonconducting; therefore, the tibe characteris-
tic of interest is the curve showing the plate current asa function of negative
grid voltage. As mentioned in the preceding section, the plate voltage
during this interval can exceed the normal tube rating in many cases.
Tt is necessary, in such cases, to extend these curves in order to include
the higher plate voltages required for pulser operation. Since the inter-
pulse interval may be very long compared with the pulse duration, the
data for such curves must be obtained in the manner used for the static
characteristics of the tube. The shape of these curves in the region of
small plate current is particularly important to pulser design. As
pointed out previously, a plate current as small as 1 ma can cause an
appreciable amount of power dissipation in ‘
the switch tube for a high-power pulser.
A plate current of this magnitude can often
be the result of leakage current in the tube.
This leakage current may be due to a bent
grid wire or to a grid structure that is im-
properly placed so-that it fails to screen a

Plate current

small portion of the cathode from the plate. e
When this condition exists, there is a small Negative grid voltage
residual plate current that is relatively ¥ig.  3:2.—Plate-current—

. . . . id-volt haracteristi f
unaffected by an increase in negative grid ﬁ;fgh_“icﬁﬁfﬂ th{):( Se}f;s‘:.lﬁlgothz

voltage. This effect is indicated by the effect of leakage current resulting
two curves sketched in Fig. 3-2, in which [rom™ improper grid structure.
the solid line represents the normal tube characteristic and the dotted
line shows the behavior when leakage current is present.

The negative grid voltage necessary to make the plate current equal
to some arbitrarily chosen small value is called the cutoff bias voltage,
or simply the cutoff bias. The particular value of plate current chosen
for cutoff depends on the application, and often on the shape, of the
characteristic. For switch-tube applications, a good choice is the maxi-
mum plate current that is allowable during the interpulse interval.
There are three aspects of the tube cutoff that should be considered in
connection with pulser design. First, it is desirable to have as small a
cutoff bias as possible because the required negative grid voltage must
be added to the positive grid drive in order to determine the necessary
grid swing. The second aspect is the range of cutoff bias voltage for
different tubes of a given type. If this range is large, provision must be
made for a bias voltage considerably higher than that needed for an
average tube in order to insure a small plate current for all tubes. This
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increase is a serious matter when the necessary minimum bias voltage is
already large. The third aspect is the variation of cutoff bias with plate
voltage and, in the case of a tetrode, with screen-grid voltage as well.
The pulser must be designed to provide a bias voltage large enough to be
effective for the highest plate and screen-grid voltages that may be
encountered in the operation of the pulser, particularly when the pulser is
designed to have different output powers for various applications. In
the operation of a hard-tube pulser, the output power can most readily
be varied by changing the power-supply voltage.

Because of the effect of the screen grid, the cutoff bias for a tetrode is
usually less than that necessary for a triode having comparable cathode
%X 15 cemission, as illustrated by the

X i 1,202 ma} J‘ .('m-\'os of.h;'z,‘\'. 3'3fl and h.. :\,\

i ‘ mmdicated in Table 3-1, the 621
]6(321' ) triode and the 6D21 tetrode are
almost identical with respect to

—
[=

6021 : .
T RN Al cathode-heating power and pulse
O‘ —_E‘g;’;,r// plate current, and both have tlu?ri-
5 20 5 B 35 20 ated-tungsten filaments. The

Plate voltage in kv 304TH triode has a thorated-
tungsten filament, whereas the
5121 tetrode has an oxide-couated

Negative grid voltage
w

0 The 6021 triode and the 6D21 tetrode

2 e - . T " . N . e
10°x10 1,="0.2ma 304TH- (unhml(,l and i capable of more
2 than twice the pulze plate current
0% 5~ ’I—f——%—/’—r - obtainable with the 304TH.  The
zg 5D21-7 ‘: ' Cof et vid v s O
5% 0 = 1200V : values (»'1 SETEEN-gric \ult:Lg(\\ cor-
Z ——— - — . responding to the curves for the
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Plate voltage in kv
(hy The 304TH triode and the 5D21 terrode,  that have heen used in microwave-

tetrodes are approximately those

Froo 330 Vardation of cutolf bias with plate radarapplications. The ranges of
voltase. cutoff bias voltages shown on the
curves of Fig. 33 wre bused on data taken tor a large number of
tubes, and are fairly representative; @ =mall percentage of tubes mav be
found to have cutoff values Iving outside of the ranges shown, but nor-
mally =ueh tubes are apt to be inferior in other respects and =should be
rejected 1 the final tests by the manutacturer.

The cutoft bins of a tetrode is 2 function of the sereen-grid voltage axs
well is the plute voltage, as 1= indicuted by the carves of Fig. 3-4 for the
521 tetrode.  The effect of sereen-grid voltage i= an added complica-
tlon in the wse of a tetrode as a pulser =witeh tube. However: the
maximun bias volrage required fora tetrode is smallfer than that required
for o comparable triode, even when taking into account the possible
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variation in screen-grid voltage, by an amount that is large enough to
give preference to the tetrode.

Plate-current—Plate-vollage and Grid-current—Plate-voltage Characteris-
tics.—TIt has already been mentioned that a higher plate current can be
used with pulse operation of available high-vacuum tubes, and that,
consequently, the range of values must be extended beyond those of the
ordinary static characteristics. This extension is accomplished by
applying the pulse voltage to the control grid and measuring the resulting
pulse plate and grid currents. The measurements of the pulse plate
current are made by using the tube as the switch in a hard-tube pulser
with a noninductive resistance of known low value as the load. The
pulse voltage developed across this resistance by the pulse current can
be measured with the aid of a synchroscope, as described in Appendix A.
The plate voltage or tube drop corresponding to the pulse current is the
difference between the power-supply voltage (measured with a d-¢ volt-
meter) and the load pulse voltage. For high values of plate voltage the
load voltage may be neglected, since about 50 volts is adequate for the

precision required in such meas- 500
T

urements. For low plate voltage,
however, the correction for load o |t 1200

. 8 E, ‘
voltage should be made in order £ ,44 2 |
that the curves may be used pro- 5 | _|——+—"T 1000

POS & |
perly. ' If the voltag.e pulse across h [
the resistance load is rectangular £ 399 ] 800
. . og
in shape, and the pulse duration 2 I
and pulse recurrence frequency L | 600
are accurately known, the aver- 200
8 10 12 14

age power-supply current can be Plate voltage in kv

used to calculate the pulse current
with reasonable precision. The

Fi1c. 3-4.—Variation of cutoff bias with
screen-grid and plate voltages for the 5D21
tetrode, I, = 0.2 ma,

principal error introduced in this
procedure is due to the contribution to the average power-supply current
resulting from the recharging of the storage condenser.

The pulse grid voltage can also be measured with the use of a syn-
chroscope. Since it is the value of positive grid voltage that is important,
the negative bias voltage must be subtracted from the pulse-voltage
measurement. The latter is a rather difficult measurement to make
with high precision because of the self-bias generated in the grid circuit.
The preferred way of measuring this positive grid voltage has been with
a positive peak voltmeter. The precision that can be obtained in such a
measurement depends on the flatness of the top of the grid-voltage pulse.
For pulse-characteristic measurements, it is necessary to be able to view

-
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the grid pulse on a synchroscope in order to make the top of the pulse as
flat as possible. If a spike is present on the top of the pulse, the peak-
voltmeter reading may correspond to the spike maximum, thus giving an
erroneous reading of the positive grid voltage. The pulse grid current is
difficult to measure, and has usually been obtained from the average grid
current and the measured duty ratio. Although this procedure is lack-
ing in precision, it has been adequate for pulser applications in micro-
wave-radar systems.

In order to obtain the data necessary for the pulse characteristics of
small tubes of the receiver type, a circuit was devised which made it
possible to read pulse voltages and currents directly on ordinary d-c
meters.! This circuit uses pulse voltmeters to measure pulse voltages,
and the pulse currents are obtained by measuring the pulse voltages across
precision noninductive resistors connected in series with the grids and
the plate of the tube under test. A block diagram of this circuit isshown
in Fig. 3-5, and a schematic diagram in Fig. 3-6.

Pulse in
Variable Tube Varliatble
bias  p—t—AN under ANV v%l?aeg-e
supply Ry test Ry supply
Peak Peak Peak
Peak I, . detector detector detector
detector meter and and and
€g meter I, meter €p meter

Fig. 3-5.—Block diagram of a circuit used to determine the pulse characteristics of a tube
of the receiver type.

The pulse characteristics for several tubes are shown in Figs. 3-7-3-11.
From curves such as these, the effective resistance of the tube and the
grid-driving power can easily be determined for the pulse current cor-
responding to the pulser output power. One of the first hard-tube
pulsers to be used extensively in a microwave-radar system used two
Eimac 304TH tubes in parallel as the switch. A pulse-power output
of about 150 kw with a pulse voltage of 12 to 13 kv was required for this

1R, B. Woodbury, ‘“Pulse Characteristics of Common Receiver Type Tubes,”
RL Report No. 704, Apr. 30, 1945.
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pulser.
ing the interpulse interval.

that two tubes in parallel were needed to carry the pulse current.
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Fis. 3-7.—Pulse-characteristic curves

for the 5D21 and 715B tetrodes and the
304TH triode.

VACUUM TUBES AS SWITCHES

[SEc. 3-2

The 304TH was found to withstand the high plate voltage dur-
The curves of Fig. 3-7 indicate the reason

From
these curves it is seen that a posi-
tive grid drive in excess of 400 volts
is required to obtain a pulse plate
current of 12 amp, and that, under
these conditions, it is necessary to
operate the tube with a tube drop
of 4 to 5 kv. For two tubes in
parallel however, the required pulse
plate current can be obtained with
a positive grid drive of about 200
volts and a tube drop of about 2
kv. The low grid-driving power
necessary to operate the 304TH as
the pulser switch tube was an addi-
tional reason for its selection. One
of the most undesirable features is
the high cathode-heating power
required, 125 watts for each of the
two tubes.

After the 715B tube was devel-
oped by the Bell Telephone Labora-
tories, it was possible to construct
a hard-tube pulser for 150-kw power
output with a higher over-all effi-
ciency and more satisfactory pulser
operation. The curves for thistube
are shown in Fig. 37, where it can
be seen that a pulse current of 15
amp can be obtained with a tube
drop of about 1.5 kv and a positive
grid drive of 200 volts. In this
case also, the grid-driving power is
small because a grid current of less
than 1 amp is necessary. Since
the cathode-heating power for the
715B is 56 watts, a saving of

about 200 watts is effected when this tube is used in preference to

two 304TH tubes.

Also, slightly less power is dissipated in the

715B tube than in two 304TH tubes because of the lower tube drop.
The power dissipation resulting from the screen-grid current is not suf-
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ficient to offset the decrease in plate dissipation. The screen-grid volt-
age, required because the 715B is a tetrode, can generally be obtained
from the power supply for the driver circuit, and the pulser design is not
further complicated.

In addition to the positive grid drive and the tube drop necessary in
order to obtain a given value of plate current, the shape and disposition
of the characteristic curves as a function of grid voltage are also important

£15
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o
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E lo AN 4\ s 10 02 -
2 \ 600v g 800V
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B 400v - [ v 200V
:1 5 Iy : 5 N /'/ .
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0 400 800 1200 1600 0 400 800 1200 1600
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g ol E
+200v A=
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Fi1a. 3-8.—Pulse-characteristic curves F1G. 3-9.—Pulse-characteristic curves for
for the two sections of the 829 beam tetrode the 3D21 beam tetrode (Hytron).

(RCA, NU, Kenrad, Raytheon).

to pulser operation. The effect of variation in grid voltage on the output
pulse of the pulser may be illustrated by drawing the load line on the
plate-current-plate-voltage diagram. In Fig. 3-12 a family of character-
istic curves is drawn for a tetrode such as the 715B for constant screen-
grid voltage. Two load lines are drawn on this diagram. Line (1)
corresponds to a low-resistance load in series with a bias voltage, such as
the dynamic resistance of a magnetron or biased diode, line (2) corre-
sponds to a high-resistance load of the same magnitude as the static
resistance of the biased diode for the operating point O,. From this
diagram it is evident that a change in grid voltage corresponding to the
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curves 4, B, and C has a negligible effect on the operating point for the
switch tube. The only change in the operating point is due to the slight
shift of the curves toward lower plate voltage as the grid voltage is low-
ered. This effect is observable in the tetrode characteristics shown in
Figs. 3-7, 3-8, and 39, and is caused by the smaller grid currents that
correspond to the lower values of positive grid drive. The load voltage

3
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. Machlett). Fia. 3-11.—Pulse-characteristic curves for

F1a. 3-10.—Pulse-characteristic curves for the 6SN7 and 527 triodes.

the 6D21 tetrode and the 6C21 triode.
and the load current therefore remain very nearly constant even though
the grid voltage may change within this range during the pulse. There-
fore, if adequate positive grid drive is provided to keep the operating
point for the tube somewhat below the knee of the characteristic curve,
irregularities in the top of the grid voltage pulse are not observed on the
pulser output pulse. This consideration is of considerable importance to
the design of the driver circuit.

If the initial operating point corresponds to the curve C of Fig. 3-12
and the grid voltage changes over the range C to E, a different situation
obtains. In this case both the load voltage and the load current are
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affected. For the low-resistance load the change in voltage is AV and
the change in current Al,. Similarly, for the high-resistance load the
corresponding changes are AV, and Al,. Because of the slight upward
slope of the characteristic curves abcve the knee, the change in current is
greater for the low-resistance load and the change in voltage is less.
When the pulser switch tube is operated in this manner, irregularities in
the grid-voltage pulse are transferred to the load pulse.

When the characteristic curve of the switch tube does not have a
knee as shown in Fig. 3-12, the shape of the grid-voltage pulse must be
controlled more carefully in order to obtain a flat-topped pulse at the

Fi1c. 3:12.—Family of plate-current—plate-voltage curves with load lines corresponding
to a low and a high resistance showing the effect of a change in grid voltage on the operating
point of a pulser switch tube; A, B, C, D, and E are curves for different values of E,.l with

E,, = constant.
load. As an example, see the curves for the 304TH tube in Fig. 3-7.
There are triodes that exhibit a knee in the characteristic, as shown by
the curves for the 6C21 and the 527 in Figs. 3-10 and 3-11. If these
curves are compared with those for the tetrodes in Figs. 3-7, 3-8, and
39, however, it is seen that the curves for different grid voltages are
separated by a greater amount below the knee. The change in the
operating point that results from a change in grid voltage is not as great
as that resulting from operation above the knee of the characteristic
curve. For a 6D21 tetrode this knee occurs at such a low current that
the tube is usually operated well above the knee. Because of the greater
slope of the upper portion of the curves for this tube, the variation in
grid voltage does not have as great an effect as it does for comparable
operation of the 6C21 triode.

A comparison of the curves for the 6C21 and the 6D21 in Fig. 3-10
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with the curves for the 5D21 and 715B in Fig. 3-11 indicates that the
latter tubes are better from the standpoint of plate current and grid-
driving power. The only reason for using a 6C21 or a 6D21 as a pulser
switch tube is the fact that they can stand a higher plate voltage than
can the 5D21 or 715B. This comparison illustrates the increased dif-
ficulty involved in designing a hard-tube pulser for a power-supply
voltage in excess of 20 kv with existing high-vacuum tubes. When pulse
power of the order of magnitude of several megawatts is wanted, how-
ever, this disadvantage must be accepted until better tubes are available.
A 1-Mw hard-tube pulser using three of the 6C21 tubes in parallel as
the switch has been built and used extensively. This pulser has a pulse
output of 25 kv at 40 amp. The 6D21 was used in a pulser designed to
have an output of 3 Mw, 30 kv at 100 amp. In this case five tubes were
used in parallel. The highest power hard-tube pulser built at the Radia-
tion Laboratory used six 527 tubes as the switch. This pulser had an
output of about 25 kv at 400 amp, and a grid-driving power of about 700
kw.

An effect similar to that resulting from variation in grid voltage is
observed if the screen-grid voltage of a tetrode is allowed to change. The
effect is illustrated by the family of curves for the tetrodes in Figs. 3-7,
3-8, and 39 in which the control-grid voltage is constant and the sereen-
grid voltage is varied. For satisfactory operation of a tetrode as the
switch tube, therefore, the voltage of the screen grid must not be allowed
to change during the pulse. Because of the flow of pulse current to the
screen grid and the plate-to-screen capacitance, it is necessary to provide
a large bypass condenser between the screen grid and the cathode. For
most effective operation, this condenser must be connected as close to
the tube element as possible.

The curves for the 829 beam tetrode shown in Fig. 3-8 illustrate
another consideration in the operation of a tetrode as the switch tube.
For a given pulse plate current and tube drop it is advantageous to use
the highest possible screen-grid voltage and the lowest possible positive
grid drive. The curves of Fig. 3-8 indicate that the control-grid current
decreases as the screen-grid voltage is increased for a given positive grid-
drive voltage. Since the screen-grid current increases with the screen-
grid voltage, some compromise must usually be made between the two
grid voltages for most efficient tube operation.

The shape of the characteristic curves has another effect on pulser
operation. If the grid voltages are held constant, there is still the pos-
sibility of changing the operating conditions by varyving the power-supply
voltage. This effect is discussed in detail in the following section.

3-3. The Effect of Switch-tube and Load Characteristics on the Pulser
Regulation.—The characteristics of the switch tube in a hard-tube pulser
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may be utilized to a certain extent to minimize the change in load cur-
rent resulting from a change in the power-supply voltage. This power-
supply voltage may vary because of changes in either the input voltage
to the pulser or the average current from the power supply. The change
in average current may be brought about by variations in the duty ratio
that occur as a result of changes in either the pulse duration or the pulse
recurrence frequency. The discussion of this section shows the way in
which this regulation depends on the characteristics of the load and the
switeh tube.

Those features of a hard-tube pulser that are essential in this discus-
sion are shown schematically in Fig. 3-13. In this circuit Sy and r,
represent the switch tube, Ey, is the power supply, R. is the isolating

Cy
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R, rlc 7;,[1,, *?1 | :
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Fig. 3-13. —Equivalent eircuit of a hard- Fig. 3-14.—Current-voltage characteristic
tube pulser with a biased-diode load. of a high-vacuum switch tube.

resistor, C,, is the storage condenser, Z; is the condenser-recharging path
that is necessary when the load is unidirectional, and =, S;, and V,
represent the load. The considerations are restricted to the voltages and
currents that correspond to the top of a pulse when the pulsing is con-
tinuous, and to pulse durations that are considered small compared with
the interpulse interval.

The plate-current-plate-voltage characteristic of the switch tube may
be represented as shown in Fig. 3-14. For the purposes of the present
discussion, the I,-V, curve is very nearly a straight line above some
current value I, and for the greater part of the curve below some cur-
rent /,. The knee of such a curve, already referred to in the preceding
section, is the region between I, and I,. Two tube resistances may be
defined, one for the operation of the switch tube below the knee, and the
other for the operation above the knee. Thus

1 {av,
™ s (—(7) W
and

, 1 fav,
= tany (dI,, LT, @
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For a tetrode, two families of characteristic curves may be drawn,
one for E, constant and the other for E, constant. 1t is evident from
the tetrode curves shown in Figs. 3-7, 3-8, and 3-9 that the values of
r;, for various values of the grid voltages are essentially the same. The
value of r,, however, does change somewhat with variations in either of
the grid voltages. The change is small, and is neglected in this discus-

+ B P2 T ? B+ A 1
I Ey, L E’z
G A
(@) E,,2 constant, b E,7l constant.

Fi1a. 3-15.—Idealized current-voltage characteristics of a tetrode.

sion. The idealized curves for a tetrode are sketched in Fig. 3-15. The
curves of Fig. 3-15a may also be considered applicable to a triode. The
value of 7, is more dependent on E, in a triode than it is in a tetrode, but
the characteristic curves shown in Figs. 3-10 and 3-11 indicate that r, is
practically independent of E, .
The most general load that can be considered is one having a non-
linear current-voltage characteristic as sketched in Fig. 3-16. The
magnetron or biased-diode load dis-
cussed in Chap. 2 is a special case of
T the nonlinear load in which the current
I below V, is considered negligibly small
and the I-V curve above V, is linear.
Compare Fig. 3-16 with Fig. 2-11. In
discussing the effect of the load charac-
teristics on the pulser regulation, it is
not necessary to restrict the argument
v to this special case since only the
§ V=  values of Vi and I; at the top of the
Fig. 3:16.—Current-voltage character-  1,]se are being considered. It is as-
istic of a nonlinear load.
sumed, however, that the range of
voltage and current values is so small that the I-V curve may be con-
sidered linear at the operating point.
The static resistance of the load is given by

Vi1
RZ_I—l—mnﬂ 3

and the dynamic resistance is
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r;—%l——tana (4)

For a small range of values about a particular operating point, the follow-
ing relationships hold approximately:

Vi=V.,+ nl %)
and
=V,
I, = — (6)

By using the above relations for the switch-tube and load char-
acteristics, and referring to the pulser circuit of Fig. 3-13, it is pos-
sible to derive the relationships that express the load operating voltage
and current in terms of these characteristics and the circuit parameters.
In particular, there are two operating conditions for the switch tube to
be considered, namely, (1) operation above the knee of its characteristic
curve corresponding to the point marked A in Fig. 3-15 (type A opera-
tion), and (2) operation below the knee corresponding to the point B
indicated in Fig. 3-15 (type B operation).

Operation of the Switch Tube above the Knee of the I,-V, Curve.—As
stated previously, the power-supply voltage Ey, varies principally because
of changes in line voltage and duty ratio. Variation of the line-voltage
input to the pulser causes a change in all the voltages in the pulser, and
therefore changes the voltages applied to the grids as well as the plate
voltage of the switch tube. Asindicated in Fig. 3-15 changes in the grid
voltages cause the value of the intercept I, indicated in Fig. 3-14, to
change. Therefore, in considering the effect of line-voltage changes on
the operating conditions for the load, the variation in I,, must also be
taken into account. The change in operating values for the load and
switch tube that results from the simultaneous variation of Ej and
I', may be written as follows:

61; 3,

Al = gt dBu + 5 dI, @)

v, = "V' L dF + :II,” dr., ®)
V )

v, = aE”dE,,,, + aI,”dI 9)

Referring to Fig. 3-14 and the definition of |, given by Eq. (2) the
plate current for the switch tube is given by

I=I,+ 7 (10)

»
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Considering the pulser circuit of Fig. 3-13, the plate current is
I,=I,+ 1.+ 1. an

As discussed in Chap. 2, the voltage across the condenser, V., is never
very different from Eu, if the capacitance is sufficiently large. For steady
pulsing the condenser voltage is slightly less than the power-supply
voltage, but for the purpose of this discussion it is reasonable to neglect
this difference and to assume that V., = E,. The voltage across the
load with switches Sy and S; closed is, therefore,

Vi=Ve—V,=Ew—V,. (12)
The currents I, and I. in Eq. (11) can be expressed in terms of V;, thus,

I =1 (13
s Z; )
where Z, is the effective impedance of the condenser-recharging path.
Also

BV, Ty
- R. " R,

Thus from Egs. (6), (10), (11), (12), (13), and (14), the expression for the
load current becomes

I (14)

_ To 4 Tl 4
By, V..[1+RC+Z!]+IW%

I = T | ThT (15)
A %
From Egs. (6) and (15),
Vi = Ewri + Vg + Loy, (16)
t T
ntrnt+tp +t7
From Egs. (12) and (16),
' !
o R T A Rt
Vp = ’ T;,Tl T;,Tl (17)
i+ rp+ R. + 7

It is seen from Eqgs. (7) and (15) that the variation of load current can
be made zero if
dly, = — df""- (i8)

4

The characteristic curves for tetrodes shown in Figs. 3-7, 3-8, and 39
and sketched in Fig. 3-15 indicate that it is possible to satisfy this rela-
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tion. For a particular tetrode and for moderate changes in grid voltages,
the following relations are approximately true:

dl;o = (kldEgl)E,Zoonlt, (19)
and
dl, = (k:dE;) g, const. (20)

If the characteristic curves for the switch tube are known and the values
of k; and k, therefore determined, it is possible to devise a control circuit
that changes the grid voltages, as Ey varies, in such a way as to satisfy
Eq. (18). Since the voltage outputs of the grid and plate power supplies
may depend on the input line voltage to approximately the same degree
such a control circuit should not be very complicated if the duty ratio
remains constant. When the duty ratio changes, however, the average
currents also change, and the added factor of inherent regulation in these
power supplies has to be considered, which complicates the design of the
control circuit considerably.

For a low-power pulser using a tetrode switch tube, grid voltages of
only a few hundred volts are generally required. Power supplies that
are electronically regulated against variations in input voltage and output
current can easily be built for these voltages. It is not economical,
however, to construct a high-voltage power supply with similar regula-
tion. The changes in load and switch-tube operating values that
are due to variations in the high-voltage power supply only may be
obtained from Egs. (15), (16), and (17) by differentiating with
respect to Ew. Since the denominator of each of these expressions is the
same, let

v
T | THT

D=Tz+T;,+RC+~§—'- 21
Then
ol 1
ﬁ =5 (22)
aV; _n
3E, ~ D' (23)
and
; .”':,7'3 [Ny
v, _"tR T
3Ew D (24)
D —r
-5 (25

The Egs. (15), (16), and (17) do not explicitly involve time. If
the condenser-recharging path Z, is an inductive resistor, however, the
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time measured from the start of the pulse is included because, for this

case,
z,= B _,
1— ¢ L
where R, is the resistance and L. is the inductance of the element. Three
cases are of interest in this connection:

1. When the recharging path is a wire-wound resistor whose induct-
ance is not negligible. In general, L,/R, <t where fma = 7 (the
pulse duration), so Z, =~ R,.

2. When the recharging path is an inductance coil of low ohmic

R,
resistance such that L,/R,>>t where tmee = 7. Expanding ¢ L
and using only the first two terms, Z, = L,/t.

3. When the recharging path is a combination of inductance and

resistance for which L,/R, = 7. If, for a particular value of 7,

L,/R, = 7, then Z, = R,/0.63.

When the recharging path is an inductance having low resistance
Condition 2 obtains, and the load current decreases during the pulse, as is
evident from Eq. (15) in which the term 7, /Z, increases with time. For
long pulses, that is, with a duration of 2 usec or more, this effect may
become prominent. This decrease in load current during the pulse
occurs in addition to the change in load current given by Eq. (22).
Other effects already discussed, such as the drop in voltage across the
storage conaenser and the possible change in cathode emission in the
switch tube, can also cause the load current to change during a pulse.

Operation of the Switch Tube below the Knee of the I,-V, Curve.—The
switch tube is now operated at point (B) indicated in Fig. 3-15. If
Fig. 3-14 is again referred to, it is evident that the relationships derived
above also apply to this case, when r, is substituted for r}, and I, is sub-
stituted for I5,. The value of I, may be expressed in terms of V ,,, thus

Vo
Tp

With these changes, the Eqs. (15), (16), and (17) become

Lo = —

(26)

Ebb— Vs|:1+%+rz‘p:| - Vpo
I = < : ) 27

ror Tl
ntr,+ p L
c 8

_ EN;T[ + V,'I'p -— VpoT[
= ’

rl+rp+%n+rérl

Vi

(28)
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and
Ebb [rp + Zl%:_l + 7_:2_?] - Vnrp + Vporl
Vo = rrL | Tl (29)
ntnt Rty

In general, V,, is so small compared with Ej, that it may be neglected.

When the switch tube is operated below the knee of the I -V, charac-
teristic curve, it is evident that changes in line-voltage input to the pulser
affect the operating values for the load only because of the resulting
change in the power-supply voltage, since all the terms in Eqgs. (27),
(28), and (29) except Ew are independent of the pulser input voltage.
The pulser regulation is therefore obtained simply by differentiating these
equations with respect to Ey without considering the variation of grid
voltages. The resulting expressions are identical with Egs. (22) to (25)
when 7, is replaced by r5.

Ezamples of the Two Types of Switch-tube Operalion.—The order of
magnitude of the effect of variations in the high-voltage power supply
on the operating values for the load and switch tube is illustrated by the
following typical values for two pulser-load combinations. As an
example of a medium-power combination, the operation of a pulser is
considered with a 715B switch tube and a 725A magnetron as the load.
The 2J41 magnetron operated with a pulser using a 3D21 switch tube is an
example of a low-power combination. Data are given for the two types
of switch-tube operation in each case. The term “type A operation”
refers to operation of the switch tube above the knee of the 7,-V, curve,
and the term ‘“type B operation’ refers to operation below the knee of
the curve.

For type A operation of the 715B tube, the applied screen-grid voltage
is about 1000 volts, and the positive grid drive must be about 100 volts
in order to obtain a current of 10 amp through the 725A magnetron.
With a magnetic field of about 5000 gauss the voltage across this magne-
tron is approximately 11 kv for a 10-amp current pulse. In order to
obtain the same operating conditions for the magnetron with type B
operation of the 715B, the screen-grid and control-grid voltages must be
raised to about 1200 volts and 150 to 200 volts respectively.

The normal operating voltage and current for a 2J41 magnetron are
about 2.5 kv and 1 amp. The 3D21 switch tube in a pulser operating
with this magnetron requires about 300 volts on the screen grid and a
25-volt positive grid drive for type A operation. For type B operation
of the 3D21, these grid voltages must be increased to about 400 volts
and 50 volts respectively.

Values of pulser and switch-tube parameters considered typical for
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the above-stated operating conditions are given in Table 3-2. The
values of the quantities 81;/0Ew, 0Vi/0Ew, and 8V ,/3E, that have
been calculated from these data and from Eqgs. (22), (23), and (25) are
also tabulated. It is to be noted that the quantities r,ri/R. and r,r/Z,
may be neglected for all practical purposes, since their sum js only one
or two per cent of the sum (r, 4+ r). A negligible error would therefore
have been introduced for these examples if the switch-tube current had

TaBLE 3-2—VaLuges CaLcuraTED FroM Egqs. (22), (23), anp (25) ror TyricaL
OPERATING CONDITIONS FOR Two PULSER-LOAD COMBINATIONS

715B switch tube, 725A magnetron, |3D21 switch tube, 2J41 magnetron
type A operation | type B operation | type A operation | type B operation
R. 10,000 ohms 10,000 ohms 15,000 ohms 15,000 ohms
(1) 10 mh (1) 10 mh 15,000 ohms + | 15,000 ohms +
z 5 mh 5 mh
‘ (2) (7500 ohms +| (2) (7500 ohms +| 15,000 ohms + 15,000 ohms +
3 mh) 3 mh) 5mh 5 mh
r;, 2500 ohms ...l 3500 ohms  [................
S 100 ohms  |....... .. ... ... 75 ohms
r 125 ohms 125 ohms 200 ohms 20G ohms
T2t 3lohms  |........oon 47 ohms ... ...
o for t = 107° sec for t = 107% sec
5 (1) 31 ohms | ... 44 ohms | ...
* (2) 46 ohms
L 125 0hms  |o....iiiiii. 1 ohm
R.
.y for ¢t = 107¢ sec for t = 107% sec
%—l ................ (1) 1.25 ohms |, ........couun.. 1 ohm
: (2) 1.5 ohms
ol _.amp __amp _,amp _,amp
3Enn 3.7 X 10 ‘volt 44 x 107? Tolt 2.6 X 10 Jolt 3.6 X 1073 Solt
av,
3Em 0.047 0.55 0.052 0.72
g3 0.95 0.45 0.95 0.28
Eyom . . . .
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been assumed to be equal to the load current. It is also evident that,
for the type A operation of the switch tube, the value of 7, may also be
neglected in the denominator of the expressions (22), (23), and (25) with-
out causing serious error in the calculated pulser regulation.

These examples indicate that the change of load current that is due
to the variation of the high-voltage supply is decreased by a factor of
about 10 if the switch tube is operated above rather than below the knee
of the I,-V, characteristic. It must be remembered, however, that in
order to realize this gain, the screen-grid voltage and the positive grid
drive must not be allowed to change. As pointed out in the previous
section, when the load line crosses the switch-tube characteristic above the
knee, the shape of the control-grid voltage pulse is transferred to the load
pulse. In order to take advantage of the better regulation against power-
supply variations, and thus to realize an output-pulse amplitude that
is constant throughout the pulse duration, the control-grid pulse must
have a flat top. The particular application to which a pulser is to be
adapted generally determines the type of switch-tube operation that is
desirable.

Some pulser applications require that the operating conditions for
the load must not change even though the duty ratio may vary over wide
limits. Tor such a pulser, either the high-voltage power supply must
be regulated for a large variation in the average current delivered, or
the regulation must be obtained by type A operation of the switch tube,
in which case the voltage across the switech tube changes by almost the
same amount as the power-supply voltage. It is therefore necessary
to adjust the pulser voltages so that the lowest value of Ey, to be expected
in the operation does not cause the tube drop, V,, to fall below the value
V., indicated in Fig. 3-14.

For a pulser designed to operate at constant duty ratio, the variation
in power-supply voltage produced by the change in average current is
less important than that caused by changes in the line voltage. It must
be decided, therefore, whether or not the improved regulation provided
by type A operation of the switch tube compensates for the difficulty
of regulating the grid-voltage power supplies. If the effect of line-volt-
age variation is not serious, there are some advantages to be gained by
operating the switch tube below the knee of the I,-V, curve. Besides
the smaller effect of change in grid voltage mentioned in the previous
section, there is also the advantage that a lower power-supply voltage is
required, as can be seen from the relative positions of points -4 and B in
Iig. 3-15.

When the load has a dynamic resistance that is low compared with its
static resistance, the variation of load current is generally of more interest
than the variation of load voltage. (In the operation of a magnetron the
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oscillation frequency is a function of the magnetron current. The change
of frequency, f, caused by current change is referred to as the ‘‘pushing
figure’’ of the magnetron, and is generally expressed as the value of
3f/3I,,, where I, is the magnetron current.) For a magnetron load, the
ratio dI;/I:is often more significant than the value of dI;, From the equa-
tions developed in the preceding discussions it is possible to express
the ratio dI;/I;in terms of the ratio dEw/Ew. Thus Eq. (22) gives

_ 4By
ali = -5 (22)
Dividing by the value of I, given by Eq. (27) for type B operation,
dl; _ dEw Ey,

= (30)
I Ey, . rp Tp
Eyw — V, [1 +p+7

For type B operation of the 715B switch tube, a 725A magnetron operat-
ing at 11 kv and 10 amp, and the data given in Table 3-2,

V. = 9750 volts

and
Ebb = 12 kv.
With these data, Eq. (30) gives
dl; _dEw
T~ Ew XC

This value is the same as that obtained in Sec. 2-8 by the use of Eq.
(2:106) assuming that r; = r,. Thus, the variation in load current leads
to very nearly the same regulation factor as the variation in load power
when the dynamic resistance of the load is small.

If the high-voltage power supply has very good regulation, the per-
centage change in the input line voltage and in the power-supply voltage
is almost the same. The percentage change in load current is therefore
about six times the percentage change in input line voltage for an average
magnetron load. For a pure-resistance load, V, = 0, and the percentage
change in load current is equal to the percentage change in input line
voltage.



CHAPTER 4
DRIVER CIRCUITS

By G. N. Grasor

In the preceding discussion of the hard-tube pulser circuit, it is
assumed that there is an available means of making the switch tube con-
ducting for a controlled length of time that corresponds to the desired
pulse duration. The control of the pulse duration can be accomplished
by the application of the proper voltage to the grid of a high-vacuum tube.
The circuit that performs this function is called the ‘“‘driver,” and is an
essential part of a hard-tube pulser.

In the discussion of switch-tube characteristies in Chap. 3 it is pointed
out that, in order to obtain the necessary plate current, the grid of the
switch tube must be at a positive potential relative to the cathode during
the pulse. Since this grid must be maintained at a high negative voltage
during the interpulse intervals, the output voltage of the driver must
equal the sum of the bias and positive grid-drive voltages. This required
voltage output is called the ‘“grid swing,” and may vary from about a
hundred volts to several kilovolts depending on the switch-tube charac-
teristics. The pulse-power output of the driver is, therefore, the product
of this grid swing and the grid current in the switch tube. For very high
power pulsers, for example, the one using six 527 tubes in parallel men-
tioned in Sec. 3-2, the driver output power may amount to as much as
ten per cent of the pulser output power. In general, however, it is more
nearly of the order of magnitude of one per cent of the pulser output
power.

The pulse duration is entirely determined by the characteristics of
the driver circuit for a hard-tube pulser. The circuit should, therefore,
be designed so that all the pulses, in a long succession, are identical, and
their duration can be determined accurately. For such a succession of
pulses, it is generally desired that the interpulse intervals, as well as the
pulses, be of controlled duration. The control of the interpulse intervals
is usually accomplished by constructing the driver circuit in such a way
that it does not produce an output pulse until it has received the proper
impulse at its input terminals. These impulses are called trigger pulses,
and are produced by some form of auxiliary timing circuit that has a
negligible power output. In order to keep the pulser design as versatile
as possible, this trigger generator is ordinarily not a part of the pulser,
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and is commonly used for other functions in addition to starting the action
of the driver. One of the principal advantages of the hard-tube pulser
over the line-type pulser is that the pulse duration is determined in a
relatively low power circuit. For this reason, the driver circuit can
be designed so that the pulse duration and the interpulse interval may
be changed readily over a wide range of values without necessitating any
major changes in the circuit. A given design of a hard-tube pulser may
therefore be adapted to a large variety of applications with little dif-
ficulty; therefore, a pulser of this type is particularly suitable for research
and development work where the specific values of pulse duration,
interpulse interval, and output power desired are not definitely known.

There is an inevitable time delay between the start of a trigger impulse
and the start of the pulse at the pulser load. When this time delay varies
in a random manner from pulse to pulse, there is said to be ‘‘time jitter”
in the output pulses. This time jitter causes unsatisfactory operation
when the functioning of auxiliary circuits depends on both the trigger
impulses and the pulser output pulses.

4-1. The Bootstrap Driver.—Many circuits that are available for
generating voltage pulses are incapable of delivering enough power to
drive the grid of a pulser switch tube. The obvious procedure is there-

+

Input pulse
¥
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pulse

Input pulse
putp Output

Input pulse
l pulse Output
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Fic. 4:1.—(a) Plate coupling; requires ‘‘on’’ tube for a positive output pulse. (b)
Cathode follower; requires ‘' off’ tube for positive output pulse, voltage gain less than one.
(c) “‘Bootstrap’’ cathode follower; requires ‘‘off " tube for positive output pulse, voltage
gain greater than one

pulse

fore to design an amplifier with a power gain sufficient to deliver the
requisite power. Several stages of amplification may be necessary, and
the problem of maintaining good pulse shape becomes rather serious.
The so-called ‘‘bootstrap driver’” was devised to generate a pulse at a
low-power level, and to amplify it with a minimum number of tubes and
circuit elements  Although with the development of satisfactory pulse
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transformers this circuit has become obsolete, it is discussed here because
it was one of the first uses of the pulse-forming network as a means of
determining pulse duration.

Since the driver output pulse must be positive, the coupling to the
plate of an amplifier tube, as indicated in Fig. 4-1, requires that the tube
be conducting during the interpulse interval and nonconducting during
the pulse interval. When it is considered that the output pulse must
supply a current of the order of magnitude of several amperes to the grid
of the switch tube, it 1s obvious that such plate coupling is very wasteful
of power. The cathode follower provides a means of getting a positive
output pulse with a normally ‘““off”’ tube, as is indicated in Fig. 4-1b.
The disadvantage of this arrangement is that the ratio of the voltage
output to the voltage input is less than one. The arrangement of Fig.
4-1¢, however, provides both a voltage and a power gain greater than
one. However, the circuit generating the input pulse must be able to
rise or fall in potential as the potential of the cathode rises or falls as a
result of the flow of current in the cathode resistor.

To grid of
pulser
tube

Fig. 4-2.—Circuit for a bootstrap driver.

The complete circuit of a bootstrap driver is shown in Fig. 42 The
pulse is generated in the part of the circuit that is enclosed in the dotted
lines. This pulse generator is merely a low-power line-type pulser in
which the pulse-forming network, PFN, determines the pulse duration
(see Part II for the detailed discussion of line-type pulsers). The gase-
ous-discharge tube T'; is the switch tube, and the resistance R, in parallel
with the input resistance of the amplifizr tube T';, is the pulser load.
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In the quiescent state of this driver circuit, the reference potential for
all voltages is determined by the grid-bias voltage required for the switch
tube in the pulser output circuit. In Fig. 4-2 this voltage is indicated
as (E.).. Thus, the plate voltages for the two tubes are (E;). and
(Ev)s, and the grid voltages are (E.): and (E.)s for tubes T; and T’
respectively. The grid voltages are adjusted to be sufficiently negative
to keep the two tubes nonconducting. When tube T'; is nonconducting,
the PFN is charged to a potential difference equal to (E3),.

The operation of this circuit is initiated by applying a positive trigger
voltage to the grid of T'» through the capacitance C, and the diode T'.
When this grid is raised in potential relative to the cathode, the gas in the
tube becomes conducting, and the PFN is connected directly across the
resistance B;. The point A is thus raised in potential relative to point B
by an amount depending on the characteristic impedance of the PFN
and on the effective resistance between A and B. In general, an attempt
is made to match these impedances so that one half of the network volt-
age appears across B,. By virtue of the coupling capacitance C;, the
grid of T is raised in potential along with point A. The resistance R,
must be large enough to decouple the grid from the bias-voltage supply
during the pulse. If the potential difference across R; is greater than the
bias voltage (E.,)s, the grid of T'; becomes positive with respect to the
cathode (point B in Fig. 4-2). Tube T3 is thus made conducting, and a
current flows in the cathode resistance R;. This current causes the point
B to rise in potential and, if the current is large enough, the grid of the
pulser switch tube becomes sufficiently positive with respect to ground to
make the plate current sufficient to obtain the required pulser output
current. Itisto be observed that, asthe point B starts to rise in potential
because of conduction in tube T, all the parts of the pulse-generating
¢ircuit must also rise in potential. The circuit is referred to as a boot-
strap driver, since it is raised in potential by its “bootstraps,’” so to speak.

The duration of the pulse from this circuit is determined by the time
required for a voltage wave to travel down the PFN and return. When
this time has elapsed, the network is completely discharged (if the PFN
impedance is matched by the resistance between A and B), and the
potential difference across R, falls suddenly. This drop in potential
cuts off the current in both T's and its cathode resistor, thus removing the
grid drive from the pulser switch tube.

The bootstrap action of this circuit has important consequences that
must be taken into account in the design. When point B rises in poten-
tial, it causes the cathode of the gaseous-discharge tube to rise with it;
therefore, the life of this tube is seriously affected if the grid can not
also rise in potential. In order to permit the potential of the grid to
increase, the capacitance Cs, shown in Fig. 4-2, is added. The capaci-
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tance C, and diode T, are introduced to decouple effectively the grid of
T, from the trigger-pulse-generating circuit during this action. The
network of resistances R, provides decoupling between the trigger input
and the bias supply, and allows the circuit to return to its quiescent
state during the interpulse interval. The resistance R;s provides decou-
pling between the pulse-generating circuit and the power supply during the
pulse. The value of this resistance should be as large as is possible
without seriously reducing the voltage on the PFN at the end of the
interpulse interval.

Another consequence of the bootstrap action is that the stray capaci-
tance of the circuit to ground (wiring, components, filament transformers,
etc.) must be kept as small as possible. As the circuit rises in potential,
this stray capacitance must be charged, and, unless it is small, the pulse
shape is seriously distorted. At the end of the pulse the charge on this
stray capacitance must leak off, and, as indicated in Chap. 2, if the RC
time constant for the discharge is large, the trailing edge of the pulse falls
slowly. In order to make the voltage drop more rapidly at the end of
the pulse, the inductance L is introduced in parallel with the cathode
resistance Rs.

This circuit was used successfully to drive the grids of two 304TH
tubes in parallel as the pulser switch tube. A bias voltage of about
— 1000 volts and a positive grid drive of 4300 to 4400 volts were neces-
sary. Thus, the voltage developed across the cathode resistance R,
had to be about 1300 to 1400 volts. This voltage was obtained with
(E3)s equal to 1550 volts when an 829 beam tetrode was used as the tube
Ts. The gaseous-discharge tube T, was either an 884 or a 2050, the
performance of the latter being somewhat more satisfactory. The volt-
age (E.,): for either of these tubes was critical: if it were too large or too
small, the tube would tend to remain conducting. The value of (E.,).
usually had to be adjusted for the particular tube being used. For this
application, the circuit was designed to give three different pulse dura-
tions, 4, 1, and 2 ysec. By the use of a selecting switch, any one of three
different networks could be connected into the circuit. For the high
recurrence frequency (2000 pps) used with the shortest pulse, the PFN
‘did not become charged to the full value of (£,), if Rs were very large.
On the other hand, reducing Es made it more difficult to prevent tube T,
from becoming continuously conducting. With careful adjustment of
the circuit voltages and the values of the circuit elements, however, it
was possible to obtain satisfactory operation at 4000 pps. The particular
gaseous-discharge tube to be used had to be selected carefully, since the
long deionization time for some tubes did not allow the charge on the
PFN to accumulate fast enough to produce the full network voltage
before the initiation of the next pulse. The values finally used were
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(Eb)2 = 500 to 600 volts and R; = 0.6 megohm. The characteristic
impedance of the PFN was about 1500 ohms, and R, ranged from 1500
to 2500 ohms. The other values of the circuit components were as
follows: C1 = 0.005 uf, Cy = C3 = Cy = 0.01 uf, R; = 100,000 ohms,
Rs = 1000 ohms, R, = 25,000 chms, Rs = 30,000 ohms, L = 2.5 mh.

4.2. The Blocking Oscillator or Regenerative Driver.—With the
development of transformers capable of passing pulses of short duration,
it became possible to design a driver circuit using a single tube. A cir-
cuit of this type was used extensively in pulsers with medium-power
output (150 to 250 kw) for airborne microwave-radar systems, and
became known as the blocking-oscillator driver. This name was given
to the circuit because of a similarity between it and the blocking oscil-
lators used to produce pulses in television applications. The driver
circuit is not an oscillator in the same sense as the circuit used in tele-
vision, and may more properly be referred to as a ‘‘regenerative pulse
generator.”” This term is not exclusively distinctive, however, since
there is a large class of circuits, such as the multivibrator for example,
which could go by the same name. The particular type of circuit dis-
cussed here is called a ‘“‘regenerative driver” in an attempt to avoid
confusion with the circuit used in television.

There are two essential differences between the regenerative driver
and the conventional blocking oscillator:

1. The regenerative driver can be kept in its quiescent state for an
indefinite length of time, and starts its operating cycle only when
the proper impulse is applied to the input terminals.

2. The output pulse is almost constant in amplitude throughout the
pulse duration, as a result of the circuit and tube characteristics.

There is still a third difference that is not always essential, namely,
that the pulse duration from a regenerative driver is usually determined
by a line-simulating network, whereas that from most blocking oscil-
lators is determined by a parallel LC-combination:

A regenerative driver circuit arrangement which incorporates an
iron-core pulse transformer together with a line-simulating network in
the grid circuit of a vacuum tube is shown schematically in Fig. 4.3.
As discussed later, the range over which the pulse duration may be
varied, by changing the network parameters, depends on the pulse trans-
former characteristics. Because of the line-simulating network, the
circuit has sometimes been referred to as a “line-controlled blocking
oscillator.” The triggering pulse for this circuit is introduced directly
onto the grid; this arrangement is called ‘‘parallel triggering’’ in contrast
to the method of series triggering shown in the circuit of Fig. 4-4. The
latter circuit has been widely used in pulsers for microwave-radar systems,
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and the regenerative feature is therefore discussed from the standpoint of
Fig. 4-4 rather than the earlier arrangement of Fig. 4-3. The series-trig-
gering arrangement proved to be somewhat more stable and less critical in

regard to the values of circuit parameters than the parallel-triggering
circuit.
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F1a. 4-3.—Circuit of a regenerative Fia. 4-4.—Circuit for a regenerative driver with
driver with parallel triggering. series triggering.

The circuit of Fig. 4-4 consists of a tube T, pulse transformer PT,
line-simulating network PFN, and power supplies for the tube-element
voltages. The tube 7'; is represented as a tetrode, but triodes can be
uszed as well. The grid voltage for the tube is sufficiently negative to
keep the tube nonconducting when the full values of plate and screen
grid voltages are applied. The operating cycle of this circuit is initiated
by applying a positive trigger pulse to one terminal of the PFN. This
trigger voltage raises the potential of the line, the transformer winding
(3), and the grid of T’ to a value sufficient to start a flow of plate current
in the tube. Because of the flow of plate current, the voltage at the plate
of T, falls, causing a potential difference to appear across the primary
winding (1) of the transformer. A voltage therefore appears simul-
taneously across the other two windings, (2) and (3), of the transformer.
The grid of T, is connected to the winding (3) in such a way that the
voltage on this winding raises the potential of the grid. A regenerative
action is thereby started, which continues until grid current starts to
flow.

The voltage across the grid winding of the transformer is divided
between the PFN, the grid-cathode resistance of T, and the output
resistance of the trigger generator. A cathode-follower output is gener-
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ally used for the trigger generator in order to ensure a relatively low effec-
tive resistance. The voltage appearing across the PFN starts a voltage
wave traveling toward the open end, where it is reflected and returns
toward the transformer end. When this cycle is completed the PFN is
fully charged, and the potential of the grid of T starts to fall abruptly.
The plate current in the tube then begins to fall, reducing the voltage
across winding (1). This process results in a reduction in the voltage
across winding (3) that makes the grid still more negative, and causes a
regenerative shutoff of the plate current. The voltage across the grid
winding then disappears, and the PFN discharges through the resistances
R, und R., driving the grid below cutoff. The bias voltage (E.)1,
keeps the tube nonconducting until the next trigger pulse starts another
cycle.

The above description of the action of a regenerative driver is very
qualitative. The analysis of the effect of transformer and tube character-
istics on this circuit is extremely difficult. An approximate analysis has
been made with a simplified circuit for the effects introduced by the pulse-
transformer parameters. This analysis is given in See. 14-2.

In the action of the regenerative-driver circuit a voltage is induced
across the winding (2). This winding is connected between the bias
supply and the grid of the pulser switch tube. In order for this circuit to
function as the driver for the switch tube, the voltage appearing across
this transformer winding must be equal to the required grid swing. The
load introduced by the grid circuit of the switch tube has a strong
influence on the flatness of the top of the voltage pulse appearing at the
grid. If the load on winding (2) is small, the voltage pulse generally has
oscillations of appreciable magnitude superimposed on its top. Since
switch tubes of a given type vary
considerably in their grid-voltage—
grid-current characteristics, it is
sometimes necessary to introduce
resistors across one or more of the
transformer windings to damp out
the oscillations. These oscilla-
tions are the result of the inherent
leakage inductance and distributed
T I capacitance of the transformer,
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Fia. 4-5.—Voltage pulse at the grid of a
715B tube obtained from a regenerative
driver using an 829 tube. Sweep speed:
10 div. per usec; pulse amplitude: 1000 volts.

and they may therefore be mini-
mized to some extent by careful
transformer design. The oscillo-
scope trace reproduced in Fig. 4-5

indicates the character of the pulse obtained at the grid of a 715B switch
tube from a regenerative driver using an 829 beam tetrode.
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Both the maximum and the minimum pulse durations obtainable
with a given regenerative driver are dependent on the pulse-transformer
characteristics. The maximum is determined by the magnetizing cur-
rent and core saturation. "When the magnetization of the transformer
core approaches saturation, the magnetizing current increases very
rapidly, increasing the tube drop and thereby reducing the voltage across
winding (1), and hence across winding (3). This decrease in voltage
causes the regenerative shutoff to start before the PFN is fully charged.
The pulse may be terminated by this same process, even if the transformer
core does not become saturated, if the magnetizing current becomes too
great. The minimum obtainable pulse duration is determined by the
inherent inductance and capacitance of the circuit (including the trans-
former), exclusive of the pulse-forming network. For intermediate
values of pulse duration, the duration of the output pulse corresponds
reasonably well with the calculated value based on the inductance and
capacitance of the network. Thus, if Ly is the total inductance and Cy
is the total capacitance of the network, the time required for a voltage
wave to travel from one end to the other is v/LyCy and the pulse duration
r=2LyCnx.

It has been possible to design regenerative drivers in which the pulse
duration may be varied over a wide range merely by changing the con-
stants of the PFN. With an 829 tube and a GE 68G627 pulse trans-
former, satisfactory operation can be obtained in this manner over the
range 0.5 psec to 5 psec. The relatively low voltages involved in the
circuit make it possible to change from one pulse duration to another by
means of small remote-controlled relays. It is thus feasible to adapt a
single design to a number of different applications.

The range of pulse duration may be extended beyond 5 usec merely
by connecting the corresponding windings of two pulse transformers in
series. In this way the circuit has been made to operate satisfactorily at
10 psec. A second transformer can also be introduced with the aid of
small relays, which thus provides a range from 0.5 usec to 10 psec with no
major change in the circuit.

The lower limit of the range in pulse duration that can be obtained
with a given 68G627 pulse transformer is considerably less than 0.5
usec. Below this value, however, the inevitable small variations in
transformer parameters from one unit to another begin to have a greater
effect. With any given unit, it is possible to construct a pulse-forming
network that produces a 0.25-usec output pulse from the driver. Although
the same PFN in another circuit with a different transformer may produce
a pulse duration as much as 50 per cent greater, the 0.25-usec pulse dura-
tion can generally be obtained by adjusting the constants of the PFN.
It is, therefore, possible to have the range 0.25 usec to 10 usec available
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from such a driver if the PFN’s for the shortest pulses are properly
adjusted for each individual case.

When the desired range of pulse durations does not extend higher
than about 1 psec, a smaller pulse transformer than the 68G627 can be
used. The Utah OA18 transformer has been found satisfactory for the
shorter pulses. Using this pulse transformer, it has been possible to use
pulse durations as short as 0.1 usec with no serious difficulty. When
very short pulse durations are desired, the shape of the trigger pulse
becomes important for reasons that are discussed below.
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F1G. 4-6.—Oscilloscope traces of the pulse shapes occurring at various points in a
regenerative-driver circuit with a GE 68G627 pulse transformer and an 829 tube. The
letters correspond to the labelling on the circuit diagram of Fig. 4-4. Sweep speed = 10
div. per usec.

It has been found experimentally that, with some transformers and
tubes, it is possible to maintain a reasonably good pulse shape for pulse
durations as long as 2 psec and as short as 0.1 usec by reducing the net-
work to a single inductance and a single condenser. The pulse shape is
not as good as that obtained from a multisection line, but, with a switch
tube such as the 715B, the pulser output pulse can be made considerably
more rectangular than the grid-driving pulse. (Compare Fig. 4-5 with
Figs. 2:25, 226, 2-27, and 2-28.) The possibility of simplifying the net-
work in this way has made it possible to adjust the pulse duration as
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much as +20 per cent by varying the inductance of the single coil. This
inductance may be varied either by means of a slug of magnetic material,
which may be moved in or out of the inductance coil, or by moving a
piece of copper toward or away from the end of the coil. Oscilloscope
traces of the voltage pulses appearing at various points in the circuit of
Fig. 4-4 are reproduced in Fig. 4-6a and b. These two pictures indicate
that the output pulse from the driver is the same whether a two-section
or a six-section pulse-forming network is used to determine the pulse
duration.

The characteristic impedance Zy = v/Lx/Cx of the PEN used in a
regenerative driver circuit has an effect on the circuit behavior. It
has been found experimentally that there is a range of values of Zy that
allows satisfactory operation. The extent of this range, however, varies
with the particular combination of tube and pulse transformer. With
an 829 tube and a GE 68G627 transformer the mean value of Zy for this
range is about 1000 ohms, and the operation does not become seriously
affected until Zy is reduced to about 500 ohms or increased to about 1500
ohms. At the high impedance values the pulse duration may be too
short, and there is sometimes a tendency for several short pulses to occur
in the time corresponding to the normal pulse duration. At the low
impedance values the pulse duration tends to become longer than it
should be, and is finally limited by the transformer characteristics
Thes: effects are illustrated in the oscilloscope traces reproduced in Fig
4-7a, b, and c.

As the desired pulse duration becomes shorter, the total capacitance
of the PFN becomes smaller, and the magnitude of the trigger pulse that
appears at the grid of the tube for a given input trigger pulse also becomes
smaller. If the trigger-pulse amplitude at the grid becomes sufficiently
small, the regenerative action may not start. Thus, for a low-capacitance
line or a slow-rising trigger pulse, there can be an uncertainty in the time
at which the regeneration starts. This effect is indicated by the sketches
of Fig. 4-8 for a given network capacitance and for both a fast- and a
slow-rising trigger pulse. Time jitter, that is, the uncertainty in the
starting time for the grid pulse shown in Fig. 4-8b, is observed when a
succession of pulses is desired. The effect shown in Fig. 4-8b is also
obtained when the capacitance of the PFN is very small, even though the
trigger-pulse voltage may rise fast enough for satisfactory operation with
longer pulse durations. When this situation exists, it can generally be
corrected by introducing a trigger amplifier and sharpener between the
trigger generator and the driver input.

The time delay between the start of the trigger pulse and the start
of the driver output pulse also depends on the rate of rise of the voltage
pulse appearing at the grid of the driver tube. For a given tube and
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given circuit voltages, this time delay remains very nearly constant over
long periods of time. The actual value of this time delay is a compli-
cated function of the tube characteristics, the bias voltage, and the rate
of rise of the trigger-pulse voltage.

For a few pulser applications, for example, for pulse-coding in radar
beacons, it is required that some of the interpulse intervals be comparable
with the pulse duration. When it is necessary to have successive pulses
of about 1-usec duration follow each other at intervals as short as 10
to 15 usec, special attention must be given to the driver design. The
regenerative driver is readily adaptable to this application. By referring
to the circuit of Fig. 4-4, it may be seen that the voltage of the grid of T,
becomes considerably more negative than the bias voltage at the end of

¢ c

B
(@) ®)

F16. 4-8.—Sketch made from oscilloscope traces showing the effect of fast- and slow-
rising trigger pulses on the start of regeneration in a regenerative driver. Curve A4 is the
trigger pulse at the input to the PFN. Curve B is the trigger pulse at the grid of the driver
tube. Curve C is the grid voltage after regeneration starts.

the pulse because of the discharging of the PFN through the resistances
R,and R,. The time constant of this discharge is therefore dependent on
the capacitance of the network and on the values of these resistances.
Since R, serves to decouple the grid from the bias power supply during the
pulse, it cannot be reduced in value without affecting the grid voltage at
that time. The obvious alternative is to use a small inductance in com-
bination with a small resistance in place of the high resistance R,. For
pulses with durations of the order of magnitude of 1 usee, this inductance
can be about 1 mh. A driver having an inductance of 0.5 mh in series
with a resistance of 5000 ohms in place of R, and an 829 for T'; produces
satisfactory 2-usec pulses at a recurrence frequency of 80 kc/sec.

The regenerative-driver design has proved to be a versatile one for
use with 'a hard-tube pulser. In addition to the available flexibility in
pulse duration and interpulse interval, it is also possible to accomplish
some changes in pulse shape. For one particular application it became
necessary to reduce the rate of rise of the output pulse at the magnetron
load. Although this reduction can be effected in the output circuit,
as indicated in Chap. 2, it was easier in this case to make the change in
the driver circuit. The requisite change in rate of rise of the output
voltage pulse was obtained by introducing a small inductance in series
with the plate of the tube in the driver. When such an inductance is
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used alone, large oscillations are superimposed on the pulse. They may
be damped out, however, by inserting a resistance in parallel with the
inductance.

A regenerative driver using a single 829 tetrode provides a power out-
put and grid swing that are sufficient to drive the grids of two 715B or
5D21 tubes in parallel. This power output is 2 to 3 kw with a grid swing
of about 1000 volts. The power output of the pulser is about 250 to
300 kw.

4-3. The Multivibrator and Pulse-forming-network Drivers.—Multi-
vibrators are used extensively to generate pulses at low-power levels.
Several arrangements of the multivibrator circuit are discussed in Vol.
19 of the Radiation Laboratory Series. For microwave-radar systems,
the so-called *“‘biased multivibrator” has been adapted for use as the
pulse generator in the driver of a hard-tube pulser. This circuit is suit-
able for driver application because it has a single stable state. It is
therefore possible to obtain an output pulse from a biased multivibrator
only when the proper triggering impulse is applied to one of the tubes, and
the length of the interpulse intervals can be determined by a timing cir-
cuit that is independent of the pulser.

A driver circuit utilizing a biased-multivibrator as the pulse generator
has been devised for a 1-Mw hard-tube pulser (described in detail in
Sec. 5.2). The switch in this pulser consists of three 6C21 triodes in
parallel. It is evident from the discussion of switch tubes in Chap. 3
that the driver for such a pulser must deliver a pulse power of about
15 kw to the three 6C21 grids. The grid-voltage swing required for
1-Mw power output from the pulser is about 2.5 to 3 kv. Since it is
impracticable to try to obtain this much power at the output of the
multivibrator, it is necessary to use amplification.

The shape and duration of the output pulse from a multivibrator
depends on the load and on the values of the circuit elements and tube
voltages. In practice, some variation must usually be expected in these
parameters, and it is therefore necessary to allow sufficient latitude in the
circuit design to accommodate a reasonable range of values. The most
serious aspect of this characteristic of the multivibrator in the driver
application is the possible variation of pulse duration. In this driver
the difficulty was avoided by introducing an auxiliary means for determin-
ing the pulse duration, which consisted of a delay line connected between
the output of the driver and the input of the amplifier following the
multivibrator.

The block diagram of this driver circuit, shown in Fig. 4-9, indicates
the way in which the pulse duration is determined. The multivibrator
pulse generator is constructed so that the pulse fed into the amplifier at
B is of longer duration than the pulse desired at the output of the driver.
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When the leading edge of the pulse reaches A, a voltage wave starts to
travel from A to B through the delay line. This voltage wave reaches B
after a time determined by the constants of the delay line. If the pulse
fed into the amplifier at B is positive and the pulse voltage at A is nega-
tive, it is possible to neutralize the positive voltage at the amplifier input,
and thereby to terminate the pulse appearing at A. The pulse duration
at the driver output is thus fixed by the time it takes a voltage wave to
travel the length of the delay line, independent of the multivibrator
output. This arrangement has been expressively called the *‘tail-biting”’
circuit. .

In order to insure that only one pulse appears at the driver output
for each trigger pulse, the output pulse of the multivibrator must not

Input

trigger

pulse Biased Buffer Pulse | Output
multivibrator amplifier amplifier A

F1a. 4-9.—Block diagram of the driver for a hard-tube pulser using a multivibrator pulse
generator.

last longer than twice the transit time for the delay line. For pulse dura-
tions of about a microsecond, this latitude for the multivibrator output is
ample. When the desired pulse duration is very short, however, more
care must be exercised in the design of the circuit. The buffer amplifier
is introduced to minimize the effect of loading on the output pulse shape
and pulse duration obtained from the multivibrator. If the amplifier is
carefully designed, the shape of the pulse at the driver output can be
considerably better than that fed into the amplifier, and the dependence
of driver output on multivibrator output is further reduced.

A simplified schematic diagram for this driver circuit is shown in
Fig. 4-10. The biased multivibrator, which consists of the two halves of a
6SN7, delivers a negative pulse to the grid of the normally “on” buffer
amplifier tube, a 6L6. A positive pulse is then obtained at the grid of
the first 3E29 amplifier. The negative pulse that appears at the plate of
this 3E29 is inverted by means of a pulse transformer, and the resulting
positive pulse is applied to the grids of two 3E29 tubes in parallel. The
negative pulse obtained at the plates of these tubes is also inverted by a
pulse transformer in order to give a positive pulse at the grids of the
6C21 tubes. A part of the negative pulse at A is impressed across the
end of the delay line by means of the voltage divider consisting of R,
and R,. After traversing the delay line, this negative pulse appears at B
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with amplitude sufficient to neutralize the positive pulse output from the
GL6. This negative pulse lasts for a time corresponding to the pulse
duration at point A and, if this time plus the delay time is greater than
the duration of the pulse from the multivibrator, the bias voltage main-
tains the 3E29 nonconducting when the pulse is over.

The pulse duration from this driver may be varied by changing the
length of the delay line between points A and B. The switch S, indi-
cated in Fig. 4-10, is provided to facilitate this change. The switch S,

+ + |+

2-3E29's
B 3E29 in parallel A

R |
’Uﬁb\qv-’m\-v-"(fm
:’ E 3 = = Rz
— J

Y
Delay line

Fia. 4-10.—Simplified schematic diagram of the driver for a hard-tube pulser using a
multivibrator pulse generator and a delay line to determine pulse duration.

is mechanically coupled with S, in order to change the pulse duration at
the multivibrator output at the same time that the length of the delay
line is changed. The constants in the multivibrator circuit are chosen
so that the pulse delivered to the amplifier is about 25 to 40 per cent
longer than the pulse duration desired from the driver.

The operation of this driver requires two of the tubes, the 6.6 and
one half of the 6SN7, to be conducting during the interpulse interval.
When the pulser is being operated at a low duty ratio, where the inter-
pulse interval is about 1000 times as long as the pulse interval, it is desir-
able to have the power dissipated by these normally “on” tubes as small
as possible. The multivibrator power output should be kept small for
this reason also, and the necessary output power from the driver must be
provided by pulse amplification.

Another driver circuit making use of a biased multivibrator has been
devised for the 200-kw hard-tube pulser of a microwave-radar system
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used in aircraft. The switch in this pulser consists of two 5D21 tetrodes
in parallel. In this driver, the multivibrator serves a somewhat different
purpose than it does in the circuit just discussed. The pulse shape and
pulse duration are determined in this driver by a current-fed net-work
(see Part II for the detailed discussion of pulse-forming networks).
The function of the multivibrator is to start and stop the current in this
network. This circuit should, therefore, more properly be referred to as
a ‘“‘pulse-forming-network driver” rather than a “multivibrator driver.”

The operation of this driver circuit is best discussed with reference to
the circuit diagram shown in Fig. 4-11. The two tubes, 6AG7 and 3E29,

+

Input
trigger
pulse

F1G. 4-11.—Driver for a hard-tube pulser using a biased multivibrator with one stable state
and a current-fed network for pulse-shaping.

and associated circuit elements constitute a cathode-coupled biased
multivibrator. The values of the circuit elements and voltages are such
that the 6AG7 is normally conducting and the 3E29 is nonconducting.
A negative trigger pulse applied to the grid of the 6AG7 makes this tube
nonconducting, and the plate rises in potential. As a result, the grid of
the 3E29 is raised in potential by virtue of the coupling capacitance
C,, and plate current starts to low. The current flowing in the cathode
resistance of the 3E29 then raises the potential of the cathode of the
6AG7 through the miedium of the coupling capacitance C,, keeping this
tube in the nonconducting state. The 3E29 remains conducting until
the potential of the 6AG7 cathode falls sufficiently to allow this tube to
become conducting again. The time required for the cycle to be com-
pleted is determined by the time constant of the capacitance C; and the
cathode resistance.

A current-fed network is connected in series with the plate of the
3E29. In its simplest form, such a network is a short-circuited line-
simulating network, - as indicated in Fig. 4-12a. The configuration
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actually used for one of the networks in this driver is shown in Fig.
4-12b. The network of Fig. 4:12b is used in preference to that of Fig.
4-12a in order to obtain a better pulse shape. During the time that the
3E29 is conducting, current builds up in the inductance of the network,
thus storing energy in the amount 3LI2.. When the 3E29 suddenly
becomes nonconducting at the end of the multivibrator operating cycle,
the network begins to discharge through the load presented by the grid
circuit of the switch tube. A positive voltage pulse is thus started at
the plate of the 3E29 and the grid of the pulser switch tube. If the net-

B+ B+

L T T

% 3£29
(a) (6)

Fi1a. 4-12.—Current-fed networks used to form the pulse in the driver circuit shown in
Fig. 4-11.

work is well designed and the load presented by the grid circuit of the
switch tube matches the characteristic impedance of the network, the
pulse voltage drops to zero when the energy stored in the inductance is
completely discharged. The construction of the network therefore
determines both the shape and the duration of the driver output pulse.

The pulse duration obtained from this driver may be changed by
connecting different pulse-forming networks into the circuit. In one
pulser design, which was widely used in airborne microwave-radar
systems, three pulse durations can be selected by remote-controlled
switching of networks. For all three of these pulse durations, §, 15, and
21 usee, the conducting period for the 3E29 is the same. In this particu-
lar case, the multivibrator is designed to allow 4.5 usec for the buildup of
current in the network. A considerable range of pulse duration at the
driver output may therefore be obtained without changing the constants
of the multivibrator circuit.

The time delay between the start of the trigger pulse and the start
of the driver pulse is inherently longer with this circuit than for those
previously discussed because of the time required for current to build
up in the inductance of the pulse-forming network. The dependence of
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the pulse duration of the multivibrator output on the circuit voltages
affects this time delay. If, for any reason, the voltages applied to the
tubes of the multivibrator are subject to random variations, the change
in time delay appears as time jitter in the output pulse.

Because of the effect just mentioned,.a later version of this driver
incorporated a modification of the multivibrator circuit such that the
6AG7 tube is returned to the conducting state by the positive pulse
obtained by connecting a short-circuited delay line in parallel with the
trigger input as shown in Fig. 4-13. For this modification, indicated

=)

Input
trigger
pulse
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FiG. 4:13,—Driver for a hard-tube pulser using a biased multivibrator with one stable state
and one quasi-stable state. The pulse-shaping is obtained with a current-fed network.

in Fig. 4:13, the coupling capacitance between the cathodes of the two
tubes is removed, and a direct connection is made in its place. The two
tubes have, therefore, a common cathode resistor. The behavior of this
circuit when a negative trigger pulse is applied to the grid of the 6AG7 is
the same as that for the circuit of Fig. 4-11. The 3E29 is changed from
the conducting to the nonconducting state by the positive pulse at the
6AG7 grid, and, because it is again desired to have 3E29 conducting for
4-5 psec, the delay line is constructed so that it has a two-way transit
time of 4-5 usec. This circuit, as well as the earlier version, has a single
stable state, but, because of the long time constants in the grid circuits,
the state in which the 3E29 is conducting can be considered quasi-stable
as far as the circuit operation is concerned. The principal advantages of
this arrangement over the previous one are a smaller dependence of
circuit behavior on the 3E29 characteristics, and the possibility of better
control over the length of the PFN-charging period.
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For reasons already mentioned, it is desirable to have the normally
“on” tube of the multivibrator dissipate as little power as possible. It
is also desirable to keep the conducting period for the 3E29 short in order
to maintain a high over-all efficiency.

A pulse-forming-network driver can also be designed with a voltage-
fed network. In this case the driver is a line-type pulser of the type
described in detail in Part IT of this volume. Although the pulse genera-
tor used in the bootstrap driver, discussed in Sec. 4-1, is such a line-type
pulser, the output power is too small for the driver function, and it is
necessary to provide amplification. The subsequent development of
pulse-forming networks and satisfactory gaseous-discharge tubes capable
of handling high pulse power has eliminated the necessity of amplification.
With the 3C45, 4C35, and 5C22 hydrogen thyratrons it is now possible
to design line-type pulsers having a range of pulse-power output from a
few kilowatts to several megawatts.

The schematic circuit for one possible arrangement of a pulse-forming-
network driver using a voltage-fed network is shown in Fig. 4-14. The

Prmtlar
suppl ¥ o

To grid of
Iser
switch tube

F1a. 4-14.—Pulse-forming-network driver for a hard-tube pulser.

PFN is charged during the interpulse interval from the d-c¢ power supply
through an inductance and a diode in series. The output pulse is
initiated by the application of a positive trigger pulse to the grid of the
gaseous-discharge switch tube. When the tube is conducting, the PFN
discharges into the load, which consists of the cathode resistor and the
grid circuit of the high-vacuum switch tube of the pulser output circuit.
The pulse shape and the pulse duration are determined by the character-
istics of the PFN and its discharging circuit. The reader is referred to
Part II for further details concerning the operation of line-type pulsers.

When the pulser application requires only one pulse duration and
recurrence frequency, it is unnecessary to have a diode in the charging
circuit of the network. With the diode, however, it is possible to change
recurrence frequency over a considerable range, and the pulse duration
may be changed by connecting different networks into the circuit.
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By using a pulse transformer, it is possible to connect the cathode of
the gaseous-discharge tube to ground, as shown in Fig. 4:15, and thus to
eliminate the need for a filament transformer with high-voltage insulation.

Charging
diode

Charging
choke

Power ™
Supply —

To grid of pulser

o |€ switch tube
To bias

F1a. 4-15.—Pulse-forming-network driver with pulse-transformer coupling to the grid of
the high-vacuum switch tube.

A possible disadvantage is that the introduction of the pulse transformer
may result in a somewhat poorer pulse shape at the grid of the high-
vacuum switch tube.



CHAPTER 5
PARTICULAR APPLICATIONS

By G. N. GLasoe

6-1. The Model 3 Pulser—A Light-weight, Medium-power Pulser
for Airborne Radar Systems.—The original specifications for this pulser,
based on the requirements for a light-weight airborne search radar, ASV,
and an aircraft-interception radar, Al, were formulated in the winter of
1941. By the summer of 1945 this pulser had been incorporated into
six different radar systems and their various modifications. The pulser
was manufactured in very large numbers by the Stromberg-Carlson
Company and the Philco Corporation. A revised model of the pulser,
Mark II, in which improvements were made in engineering and manu-
facturing details, was manufactured during the last year of the war. A
few circuit modifications were also incorporated as a result of the experi-
ence gained in the operation of the original version, Mark I. The revised
pulser was designed to meet the requirement that it be physically and
electrically interchangeable with the original unit. The stringent require-
ments placed on the size and weight of this pulser resulted in some depar-
tures from accepted engineering practices. Improvements in techniques
and in the design and manufacture of components, however, warranted
such departures, and extensive laboratory tests proved their feasibility.
Because of the small size of this pulser compared with others that had
previously been constructed for an equivalent power output, the unit was
facetiously referred to as the “ vest-pocket pulser.”

The Model 3 pulser was designed to meet the following specifications:

Output pulse power: 144 kw (12 kv at 12 amp).

Duty ratio: 0.001 maximum.

Pulse duration: 0.5, 1.0 and 2.0 psec. (Remote control of pulse
selection.)

Size: must fit into a cubical space 16 in. on a side.

Weight: preferably no greater than 60 lbs.

Ambient-temperature range: —40 to +50°C. (External fan to be
provided with ambient temperature above 430°C.)

Altitude: must operate satisfactorily at 30,000 ft.

Input voltages: 115 volts at 400 to 2000 cycles/sec and 24v d-c.
(The a-c frequency range was changed to 800 to 1600 cycles/sec
when the revised pulser was being designed.)

140
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The design of a pulser to meet these specifications was undertaken
hefore satisfactory pulse transformers and line-type pulsers were devel-
oped. The design, of necessity, included the high-voltage power supply
associated with a hard-tube-pulser design. The combined size, weight,
and altitude specifications therefore required that the pulser be housed
in an airtight container in order to maintain atmospheric pressure around
the high-voltage parts of the circuit, regardless of the reduced external
pressure at high altitude. The need for an airtight housing complicated
the problem of heat dissipation. Because the lack of ventilation and the
high external temperature caused the components to operate at high
temperatures, it was imperative that the over-all efficiency be as high as
possible. The size and weight specifications imposed the necessity of
using small components, resulting in small factors of safety. The com-
pleted pulser unit was mounted on a square base 15 in. by 15 in. by 4% in.
The airtight housing was a cylinder having a diameter of 15 in. and a
dome-shaped end of dimensions such that the over-all height was 113 in.
The combined heights of the base and housing were 16 in. A space
under the base was provided for mounting a magnetron, TR tube, pre-
amplifier, and miscellaneous parts associated with the r-f components.
- The original unit manufactured by Stromberg-Carlson weighed 64 Ib,
and the Philco unit weighed 60 lb. The revised pulser, which was
manufactured by Stromberg-Carlson, weighed 53 1b. Photographs
of the Stromberg-Carlson pulser are reproduced in Figs. 51 and
52, and the schematic diagrams for these two units are shown in
Figs. 54 and 5-5.

The control circuit and connections to the primary power source are
omitted for the sake of clarity.

The Output Circuit.—The original plans for the Model 3 pulser called
for its operation with the 2J21 and 2J22 magnetrons. TMe 725A magne-
tron, which was developed later, replaced the 2J21 as soon as it became
available. From a knowledge of the operating characteristics of these
maguetron oscillators, it was decided that the output voltage pulse
obtained from the pulser could be allowed to drop as much as 2 per cent
during a l-usec pulse without seriously affecting the frequency of the
magnetron output. The minimum capacitance of the storage condenser
to be used in the pulser was, therefore, determined from the relation
AV, = I, Al/C,, as indicated in Chap. 2. For a pulse voltage of 12 kv
and a pulse current of 12 amp, the capacitance of the storage condenser is

C. - 12 X1 X 10-¢
YT 2 X107 X 12 X 10°

= (0.05 X 10-¢ farad.

Operation at a pulse duration of 2-usec was considered satisfactory, even
though it resulted in a 4 per cent drop in pulse voltage at the magnetron
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input, because these pulses were intended only for beacon interrogation.
The current drop in the 2J21 and 2J22 magnetrons corresponding to this
change in pulse voltage was approximately 10 to 15 per cent for a 1-usec
pulse.

When using the TR tubes and receivers first developed for microwave-
radar systems, it was considered necessary that the trailing edge of the
voltage pulse applied to the magnetron drop to zero in § psec or less.

Fig. 5-3.—S8ketch showing the two types of airtight housing used with the Model 3 hard-
tube pulser.

In order to accomplish this voltage drop when using a resistance as the
recharging path for the storage condenser, this resistance had to be only
three or four times the static resistance of the magnetron. Since the
resulting pulse-power loss in the recharging resistance was appreciable,
the need for high efficiency made this arrangement impractical. A
10-mh inductance was chosen for the recharging path because it brought
the trailing edge of the pulse down quickly and wasted less power since
the pulse current in this shunt path is only 1.2 amp at the end of a 1-usec
pulse.
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In the original design the isolating element in series with the high-
voltage power supply was a 5-mh inductance. Oscillations in the voltage
of the storage condenser occurred during the charging interval, as indi-
cated in the curves of Figs. 2-39 and 2-40. The amplitude of these oscil-
lations was sufficient to induce voltages in other parts of the circuit,
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F16. 5-5.—Schematic diagram of the revised Model 3 hard-tube pulser.

causing false signals to appear on the indicator of the radar system. It
was therefore necessary to introduce a 500-ohm resistor in series with the
5-mh charging inductance in order to eliminate these oscillations. The
result of the addition is shown in Fig. 2-40. Since it proved difficult to
find a satisfactory 500-ohm resistor that was not too bulky, the 5-mh
inductance was soon replaced by a 10,000-ohm resistor. The shape of
the trailing edges obtained with the 10-mh recharging path and the
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10,000-ohm isolating resistor for the three pulse durations is shown in
the oscilloscope traces reproduced in Fig. 2-25. The traces reproduced
in Fig. 2-19 indicate the corresponding behavior when the 10-mh induct-
ance was replaced by a 10,000-ohm resistor.

As the development of radar systems and components progressed, it
became evident that the importance of having a steep trailing edge on
the voltage pulse had been overemphasized. Therefore, in the design of
the revised version of the pulser less attention was given to this detail.
Perfectly satisfactory operation of the radar system could be obtained
with a voltage pulse that dropped to zero in as much as 1.5 psec.

The use of an inductance as the recharging path causes a positive
backswing voltage to appear at the end of the pulse. This positive volt-
age is added to the power-supply voltage at the plate of the switch tube
and may result in sparking, particularly when the power-supply voltage
is near the safe upper limit for the tube. It is therefore necessary to
introduce a shunt diode, as indicated in Chap. 2. When an inductive
resistor is used as the recharging path, and the magnetron is connected
directly to the output of the pulser, the shunt diode is unnecessary.
(This was one of the modifications incorporated into the revised design as
a result of the relaxed requirement on the time for the voltage to fall to
zero.) The photographs of Fig. 2-27 show the voltage pulses obtained
with an inductive resistor in parallel with the magnetron load.

1t is generally desirable to have some available means of monitoring
the current through the magnetron. In a hard-tube pulser, the average
magnetron current is equal to the average current corresponding to the
recharging of the storage condenser. This current may be measured
simply by connecting an ammeter in series with the recharging path as
indicated in the Figs. 54 and 5-5. This meter must be bypassed by a
capacitance sufficiently large to prevent the meter from being damaged
by the pulse current that flows while the switch tube is conducting. The
precautions necessary for such average-current measurements are dis-
cussed in detail in Appendix A. A resistor is usually connected in parallel
with the meter in order to provide a conducting path when the meter is
disconnected. This resistance must be large enough so that it introduces
a negligible error in the ammeter reading, but not so large that it appreci-
ably increases the condenser-charging time constant. (In the Model 3
pulser this resistance was about 200 ohms.) When a shunt diode is
used in the pulser, the average-current meter must be connected in such
a way that it measures the sum of the currents in the diode and the
recharging path.

When the design of the Model 3 pulser was begun, no really satis-
factory switch tube was available. The 304TH, which had been used in
previous designs, required so much cathode-heating power that it could
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not be considered for a small airtight unit. The development of the
715B provided a tube that was capable of withstanding the high voltage
and had sufficient cathode emission for the required plate current.
Since this tube has an oxide cathode, much skepticism was expressed
concerning its suitability for an application where a plate voltage of as
much as 15 kv and a pulse-plate current of almost 15 amp were needed.
Extensive life tests, however, showed that factory tests could be devised
that would eliminate the relatively few tubes that could not meet the
pulser requirements.

The 715B tube is a tetrode and, as indicated in Chap. 3, its pulse
characteristics make it very suitable as a pulser switch tube. The bias
voltage that is necessary to keep the tube nonconducting during the
interpulse interval is about —500 volts, although occasional tubes require
as much as —750 volts. The Model 3 pulser was designed with a bias
voltage of at least — 650 volts in order to insure a negligible plate current
during the interpulse interval for the majority of 715B tubes. The bias
voltage and the screen-grid voltage of +1250 volts are both obtained
from the power supply in the driver circuit. Since a high resistance is
connected in series with the screen grid as a protection against excessive
screen grid current, it is necessary to bypass the screen grid to the cathode
with a reasonably large capacitance. This capacitance was 0.06 uf in
the original model, but was increased to 0.3 uf in the revised pulser.
The increase in size of the bypass capacitance improved the pulse shape
for marginal tubes, since it decreased the drop in screen voltage during
the pulse.

With a screen-grid voltage of 1250 volts and a positive grid drive of
200 to 250 volts, a pulse current of 12 amp can be obtained in the magne-
tron for a tube drop of about 1.5 kv in the 715B. The plate current at
the start of the pulse consists of the load current and the current through
the 10,000-ohm isolating resistor. At the end of the pulse, the current
that has been built up in the 10-mh shunt inductance is an additional
contribution to the plate current. As stated previously, this additional
plate current is about 1.2 amp for a 1-usec pulse.” Thus, the plate cur-
rent should increase from 12 amp to 13.2 amp during the pulse if the
magnetron current remains constant. The drop in the voltage on the
storage condenser, however, causes the load current to decrease by an
amount which may actually be more than the increase in current occurring
in the 10-mh inductance, and as a result the net plate current may be less
at the end than at the beginning of the pulse.

A plot of the components of the cathode current in a 715B switch
tube used in one of these pulsers is shown in Fig. 5-6. The pulse current
in the magnetron load, the current in the 10-mh inductance, the screen-
grid current, and the total cathode current were measured by means of a
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synchroscope and calibrated noninductive resistors. The block labeled
"I, + I10k resisor + €rrors’” was not measured, but its magnitude agrees
well with the expected value. With a power-supply voltage of 12 kv
and a magnetron-pulse voltage of 10-5 kv, the current in the isolating
resistor is about 1 amp, which leaves a value of about 0.5 to 0.9 amp for
the control-grid current. This value agrees with the pulse characteristics
for the 715B shown in Fig. 3-7. The drop in voltage on the 0.05-uf
storage condenser for a 2-usec pulse
} should be about 480 volts. The
@ 13_5 observed drop in magnetron cur-
10kg 10mhg -

rent was 3 amp, corresponding to

a dynamic resistance of 160 chms,

0.054f
—t

8 0,'36 12k a .value that is also in agljee_ment

J6.4a with the known characteristics of

6l 7 the 725A magnetron used for these
15a o, + 1104 ResstoroNpj—-157a . .

0.0 QA + errors, I 19 measurements. From this plot it

L, ."I, ’ may be seen that the total cathode

2.2a current actually decreases slightly

125 during the pulse. The slight de-

ok 23a crease in the screen-grid current

is due to a drop in screen-grid volt-
Envelope

iscathode  age during the pulse caused by a
i’ bypass condenser of insufficient

Pulse currents m amperes
]
v

12.3s,
6r /1oad capacitance (0.06 uf).
ol / 9.3a Because of the high frequency
of the primary power source, 400 to
Pys 2400 cycles/sec for the airborne
radar systems, it was possible to
o o 1 2 consider using a voltage-doubler

Time inut sec rectifier for the high-voltage sup-
Puo. g6 Compmente of 1199 xhnde ply.The sio ofthe powr tran-
former and the voltage on the filter
condensers for this design were less than those for an equivalent half-wave
or full-wave rectifier. The over-all specifications for the systemsusing the
"Model 3 pulser called for reasonably good regulation of the voltage from the
alternators. Therefore, because the inherent voltage regulation of the
voltage-doubler power supply was poor, it was necessary to specify that
the same duty ratio be used for each of the three puise durations. The
high-voltage power supply in this pulser consisted of two 0.15-uf 8-kv
condensers in a single can, and two RKR72 rectifier tubes. (Later the
3B24 became available and replaced the RKR72.) The high voltage .
could be changed by means of an 8-ohm variable resistor connected in
series with the primary of the high-voltage transformer. In order to
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cover a wider range of voltage without using a larger resistance, there were
three taps on the transformer primary. The regulation of the power
supply was considerably poorer with the resistance in the circuit. The
curves of Fig. 5-7 indicate the regu-

lation obtained with and without & 25

the 8-ohm resistance. ,i B
Theaverage current takenfrom g 20

the high-voltage power supply dur- f—; \ \

ing the oper.ation of a pulser serves -;u" 15 N

as a convenient means of monitor- 2 \ \

ingthecircuit behavior. A power- —E 10

supply current that is higher than 2 N \

the value corresponding to the av- §

erage current in the magnetron .in- &£ 9 1 12 13 14 15

dicates the breakdown of insulation Power supply voltage in kv

sqme\vhere inthe high-voltage part Fig. 57.—Regulation obtained with

. . . . - the voltage-doubler power supply used in a
of the circuit. In this way, 1t 1s light-weight medium-power airborne pulser.

often possible to detect the start of Curve 4 is for 8 chms in series and B is for
breakdown of the insulation in the no resistance in series with the primary of
the power transformer.

filterand storage condensers. The '

average current is measured in the ground connection to the power supply
in the same manner used to measure the magnetron average current. In
this pulser, the average power-supply current was about 5 ma higher than
the average magnetron current, in the range 8 ma to 12 ma, when a 0.001
duty ratio was used.

One of the major circuit modifications made in the design of the
revised Model 3 pulser was a change in the high-voltage power supply.
At the beginning of the description of the pulser output circuit, it is
stated that a 2 per cent drop in pulse voltage was considered allowable
for a 1-usec pulse. One of the factors involved in this consideration was
the physical size of the storage condenser. If it had been possible to use
a capacitance larger than 0.05 uf in the available space, a drop in voltage
smaller than 2 per cent would have been desirable. A smaller drop in
voltage during the pulse was obtained by combining the condensers of the
voltage-doubler rectifier with the storage condenser, as shown in Fig. 55.
The same condensers serve both purposes, and the effective storage
capacitance was therefore 0.15 uf. Thus, the drop in voltage is one third
of that obtained with the 0.05-uf condenser of the original design.

The power-supply arrangement of the revised pulser had one dis-
advantage, namely, that the effective filtering action was not as good
as that obtained with the original arrangement. This disadvantage was
alleviated, however, by the fact that the minimum frequency of the pri-
mary power supply had been raised from 400 cps to 800 cps by the time
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this revision was considered. With the 800 cps a-¢ supply, a small
amount (two or three per cent) of amplitude jitter was observable on the
magnetron current pulse. This small amplitude jitter was not found to
have any observable effect on the magnetron operation.

The Driver Circuit.—The regenerative driver designed for this pulser
used an 829 tube and a GE 68G627 pulse transformer. The circuit for
this driver is discussed in Sec. 4-2 and is shown in detail in Figs. 5-4 and
5-5. The power supply for the driver consisted of two half-wave recti-
fiers, one for the positive and one for the negative voltages required. The
same positive voltage was used for the 829 plate and the 715B screen grid.
The 829 screen grid and bias voltages were obtained from taps on the
bleeder resistance connected across the two parts of the power supply.
In the revised design, the filter condensers in the driver power supply
were made considerably smaller than those in the original, again because
of the higher frequency of the a-c input.

The pulse-forming networks used in the early driver units consisted
of several inductance and capacitance sections. As stated in Sec. 4-2,
the impedance of these networks is not critical, so it was possible to use
standard sizes of condensers and then adjust the inductances to produce
the desired pulse duration. The general precedure in designing such a
network is to make an approximate calculation of the values of Ly and
Cy from the two relationships r = 2 /LyCy and Zy = \/Lxy/Cx with
Zy = 1000 ohms. The actual value of Ly is then determined empirically
using the nearest standard condenser size. Once the constants for the
networks are found, it is somewhat of a problem to control the production
metheds so as to have pulse durations that lie within a +10 per cent
tolerance about the nominal value. This problem arises from the fact
that the actual pulse duration depends on many factors, such as the
network itself, the pulse transformer, the stray inductances and capaci-
tances in the driver circuit, the tube characteristics (to some extent),
and also the load presented to the driver by the grid circuit of the switch
tube. The final procedure adopted by the pulser manufacturers was to
test each completed network for proper pulse duration, rather than to
depend on inductance and capacitance measurements.

Experience with the regenerative-driver circuit indicated that a
satisfactory pulse shape could be obtained with pulse-forming networks
that were reduced to single inductances and condensers, at least for a
pulse-duration of 1 usec or less. Accordingly, the networks used in the
revised design were built in this manner, as shown in Fig. 5-5. It thus
hecame feasible to make the single inductance variable, and thereby to
have an available means for varying the pulse duration. In the units
manufactured by the Stromberg-Carlson Company the inductance was
varied by means of a copper slug that could be moved toward or away
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from the end of the coil. This copper slug provided an adjustment of
about +10 per cent in the pulse duration. In units manufactured by
the Philco Corporation, the variation was obtained by means of a ferro-
magnetic slug that could be moved along the axis of the coil. A variation
of about +20 per cent was made available by this arrangement. The
variable inductance proved to be a great convenience because it allowed
the pulse duration to be adjusted after the completion of the whole driver
unit. )

Protective Measures.—Because of the strict limitation on the size of
the Model 3 pulser, it was decided that a minimum of time-delay and
overload-protection devices would be incorporated. Consequently, the
control circuit was made as simple as possible. Two relays were pro-
vided to be actuated by the available 24 v d-c. The first controlled the
a-¢ input to all except the high-voltage transformer. By energizing the
second relay, the high-voltage power supply was turned on. The only
control over the delay time required after turning on the filaments and
before turning on the high voltage was a sign warning the operator to
wait three minutes. Instead of a relay for overload protection, two fuses
were provided, a 10-amp fuse in the main a-c line to the pulser, and a
5-amp fuse in series with the high-voltage power transformer.

In the original unit, a bleeder resistance was provided across the
high-voltage power supply. When the input circuit to the power trans-
former was opened, this bleeder reduced the voltage on the filter condenser
rapidly enough to give reasonable protection against electric shock.
The bleeder resistance could not be used with the revised pulser, however,
and it was therefore necessary to provide a shorting device. This device
was a mechanically operated shorting bar that short-circuited the power
supply when the airtight housing was removed.

Heat Dissipation.—Since the unit was required to be airtight, it was
necessary to circulate the air within the housing in order to obtain as
much heat transfer as possible to the walls. This circulation was accom-
plished by means of a small blower with a 24-v d-¢ motor. The outside of
the housing was corrugated to increase the surface area exposed to the
external air. The power input to the original pulser was about 450 watts
for an output of 144 watts. Thus, about 300 watts were dissipated within
the airtight container. The temperature rise within the unit under these
conditions was about 55°C. With an external fan blowing air against
the outside of the housing at the rate of 60 ft3/min, this temperature rise
was reduced to about 40°C. The heat dissipation in the revised pulser
was reduced slightly from the above figure and, with improved heat
transfer to the walls of the housing, the internal temperature rise was
about 40°C without an external fan. In the revised design, better heat
transfer to the outside air was obtained by the use of a double-walled
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housing. The internal blower forced the heated air to pass between the
walls of the inner and outer housing wall, as shown in the sketch in Fig.
5-3. Because of the high temperature at which the components of this
pulser must operate, special attention was given to the choice of the
condensers. The Sprague Vitamin Q condensers proved satisfactory up
to 105°C, and were therefore used in both the original and revised
Model 3 pulsers. )

6.2. The Model 9 Pulser—A 1-Mw Hard-tube Pulser.—The need
for a high-power pulser to be used in the testing of magnetrons became
urgent early in 1941. The research and development that was started
at this time led to the design of a hard-tube pulser that could deliver a
pulse power of 1 Mw (25 kv at 40 amp) to a magnetron. The original
design of this unit was called the Model 4 pulser, but after some modifica-
tions were introduced, particularly in the driver circuit, the pulser became
known as the Model 9. In addition to its use in determining the per-
formance characteristics of magnetrons, this pulser was used in some
ground-based radar systems. One of these systems in particular was
widely used as a mobile radar unit in both defensive and offensive opera-
tions during the war. The Model 9 pulser was used in this radar applica-
tion because its operational characteristics satisfied the requirements for
precision ranging and automatic following. The operational use of this
radar system demanded that a very high degree of reliability be main-
tained over long periods of time under conditions of almost continuous
operation. Because of the somewhat unsatisfactory life of the available
switch tubes and magnetrons with the full 1-Mw pulse power, the pulser
was operated at a pulse-power output of about 800 kw.

The Model 9 pulser was designed to meet the following specifications:

Output pulse power: 1000 kw (25 kv at 40 amp).

Maximum duty ratio: 0.002.

Pulse duration: 0.25 to 2.0 usec (remote control of pulse selection).

Size and weight: As small as possible compatible with good engineering
design.

Input voltage: 115 volts, 60 cycles/sec, single phase (the units for the
mobile radar system were built for three-phase supply).

The specified voltage and current output for this hard-tube pulser
required that the high-voltage power supply be designed for about 30
kv and 100 ma. Because of this high voltage and average current, it
was impractical to design the pulser and the power supply as a single
unit. Consequently, the pulser was built in one cabinet and the power
supply in another, necessarily making the total weight larger than it
would be for a single unit. The completed pulser occupies a cabinet
26 by 34 by 55 in. and weighs about 800 1b. The power-supply cabinet is
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approximately the same size but weighs about 12001b. The photographs
reproduced in Fig. 5-8 indicate the disposition of the components in the
pulser cabinet. The schematic diagram for the Model 9 pulser with
control circuits omitted is shown in Fig. 5-9.

The Output Circuif.—For the measurements necessary in determining
the performance characteristics of a magnetron, it is desirable to have the
shape of the output pulse from the pulser as rectangular as possible.
It was therefore decided that the top of the voltage pulse should be flat to
better than the 2 per cent figure allowed in the Model 3 pulser design.
The choice of the actual energy-storage capacitance to be used was
influenced by the available high-voltage condensers. Since a value of
0.125 pf was chosen, the drop in pulse voltage for a 1-usec pulse is about
1.3 per cent at the full output power from the pulser (25 kv at 40 amp).
This value of the storage capacitance was considered sufficient for the
majority of the applications, and for many of these, the drop in voltage
was not greater than 1 per cent because the actual pulse current used
was less than the maximum value of 40 amp.

As in the case of the Model 3 pulser, the trailing edge of the voltage
pulse was required to drop to zero in less than 0.5 psec. With a magne-
tron load, the rate of fall of the pulse voltage depends on the amount of
energy stored in stray capacitance during the pulse, and on the nature of
the recharging path for the storage condenser. The stray capacitance
and voltage were larger for the Model 9 pulser than for lower-power
pulsers, and consequently, if a resistance were to be used as the recharg-
ing path, its value would have to be so small that a large amount of pulse
power would be wasted. It was therefore decided to use a 5-mh induct-
ance in place of the resistance, this value being adequate even for the
0.5- and 0.25-usec pulses.

The isolating element in series with the high-voltage power supply is
a 10,000-ohm resistance. Thus, a pulse current of about 2.5 amp flows
through this resistance at maximum pulse voltage output from the pulser.
The power lost during the pulse interval in this resistance at the maximum
duty ratio of 0.002 is, therefore,

P = I!R+(PRF) = (2.5)2 X 10* X 0.002 = 125 watts.

If the maximum duty ratio of 0.002 corresponds to operation at a pulse
duration of 1 psec and a PRF of 2000 pps, the interpulse interval is
5 X 10~%sec. If it is assumed that the 10,000-ohm resistor constitutes
the entire recharging path for the storage condenser, the power dissipated
during the interpulse interval may be calculated as outlined in Sec. 2-4.
Thus, in this case, the time constant is

RC = 10* X 0.125 X 10~% = 1.25 X 103 sec.
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and the interpulse interval is equal to 0.4RC. The rms charging cur-
rent is then 1.006 times the average current. For operation at full
pulse power and 0.002 duty ratio, the average recharging current is
80 ma, 50 (I.)ms = 80.5 ma, and the power lost in the charging resistor is
(0.08)2 X 104 =~ 64 watts. The isolating resistance must therefore be
capable of dissipating about 200 watts. Because of the high voltage

F1G. 5-8.—Photographs of

across this resistance, the pulser was designed with four 2500-ohm units
in series.

In order to eliminate the backswing voltage inherent in the use of
the inductance recharging path, it was necessary to incorporate a shunt
diode into the pulser design. This diode had to be capable of passing a
pulse current of several amperes, and of withstanding an inverse voltage
of 25 kv. The choice of tube for this function was somewhat limited, and
it proved to be more economical of space and cathode power to use two
8020 diodes in parallel, rather than a single large tube. It was necessary
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to use more than one 8020 tube because the plate dissipation was greater
than that allowed for a single tube.

The average magnetron current is measured by a meter connected in
series with the recharging path for the storage condenser. In the Model
9 pulser, a current-sensitive relay is connected in series with this meter,
The contacts of this relay are connected in series with the primary winding

the Model 9 1-Mw pﬁlser.

of the transformer used to heat the magnetron cathode. By adjusting a
resistance in parallel with the coil of this relay, it is possible to have the
magnetron-cathode heater current shut off when the average magnetron
current reaches a certain minimum value. This feature was added to this
pulser because the back-bombardment heating of the magnetron cathode
became large enough at high average power to keep the cathode hot
without any current in the heater. This automatic reduction of the
cathode-heating power minimized the danger of overheating the cathode,
and the consequent shortening of the life of the magnetron.
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A survey of available tubes that could be used as the switch in the
Model 9 pulser indicated that the Eimac 1000 UHF triode, later called
the 6C21, was the best choice. The pulse characteristics for this tube,
shown in Fig. 3:10, indicate that three tubes in parallel are required to
obtain a pulse current of 40 amp in the pulser load. It proved to be
more economical of cathode-heating power and grid-drive power to use
several of these tubes in parallel, instead of a single large tube that could
withstand the plate voltage of 30 kv and carry the required pulse current.
Although the 1000 UHF was rated for a considerably lower plate voltage,
laboratory tests proved that the tube could be operated at 30 kv under
the conditions of pulse operation.

The pulse currents in the 10,000-ohm isolating resistance and in the
5-mh recharging inductance must be added to the load pulse current
when determining the total plate current for the switch tubes. For a
40-amp load current in the Model 9 pulser, the total plate current is
45t0 50 amp. The curves of Fig. 3-10 indicate that this plate current can
be obtained with three 6C21 tubes in parallel if the positive grid drive is
1000 to 1500 volts and the tube drop is 4 to 5 kv. Under these conditions
the pulse-grid current becomes about 1.5 to 2.5 amp for each tube. In
order to keep the 6C21 tube from conducting during the interpulse inter-
val, the grid must be biased at least 1200 volts negative when the plate
voltage is 30 kv. The pulser was designed with a grid bias of 1500
volts to insure a negligible plate current during the interpulse interval for
any tube. The grid-driving power necessary for the switch-tube opera-
tion in this pulser is therefore about 20 kw. This value is not unreason-
ably large for a 1-Mw pulser.

The Driver Circuzt.—The driver circuit used for the Model 9 pulser
has been described in Sec. 4-3. A block diagram and a simplified sche-
matic of this driver are shown in Figs. 4-9 and 4-10. The 3E29 tube was
chosen for the final pulse amplifier in this driver because the grid swing
of 2.5 to 3 kv required for the 6C21 tubes could not be obtained from an
829 tube. As stated in Chap. 3, the 829 tube has a plate-voltage rating
for pulse operation of 2 kv, whereas the 3E29 was designed for a plate
voltage of 5 kv. Although the grid current of 5 to 8 amp in the three
6C21 tubes could be obtained with a single 3E29 tube, the driver was
designed with two of these tubes in parallel in order to provide a greater
factor of safety. A plate voltage of 4 kv and a screen-grid voltage of
720 volts was used for these final amplifier tubes in the driver.

Since the voltage output available from the 6L6 buffer amplifier
following the multivibrator was not sufficient, an intermediate amplifier
tube was necessary. An 829 could serve this purpose, but in order to
reduce the number of tube types, another 3E29 was used instead, which
operated with the plate voltage and the screen-grid voltage obtained
from a 750-volt power supply.
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As stated in Sec. 4-3, the pulse duration obtained from this driver is
changed by varying the length of the delay line in the feedback (tail-
biting) circuit. This variation is accomplished by means of a series of
taps on the delay line which can be selected by a switch. This switch is
mechanically linked with another switch that changes the constants in
the multivibrator in order to keep the pulse duration for the multivibrator
about 25 to 40 per cent larger than that desired at the output of the driver.

The driver for the Model 9 pulser was constructed in a unit physically
separable from the rest of the pulser. This arrangement provides an
easy means of servicing the driver and making any desired modifications.
All the d-c voltages necessary for the driver circuit, with the exception of
the 4-kv supply for the 3E29 plates, are obtained from power supplies
contained in the driver unit.

Modifications to Obtain Continuously Variable Pulse Duration over the
Range 0.5 usec to 5 usec.—A slight modification of the driver circuit made
it possible to vary the pulse duration continuously over the range 0.5
to 5 usec. This variation was accomplished by removing the delay line
entirely and introducing a variable resistance in place of the switch and
the series of fixed resistances in the grid circuit of the normally ‘‘on”
half of the 6SN7 multivibrator tube. Since the pulse duration is approxi-
mately an exponential function of this grid resistance, a tapered potentio-
meter was designed to allow the pulse duration to vary with the position

of the adjustment control in a rea-
ioput rigger 1041 657 o0osul  sonablylinearmanner. Themod-
2 ] 655 ified multivibrator is shown in Fig.
= ==H g™ 5:10. The circuit elements indi-
—\_ 125 cated in heavy lines are those that
15K 150k 4700 were changed from the original
arrangement shown in Fig. 5-9 in
o order to obtain satisfactory opera-
2= TL T tion over the 0.5-to 5.0-usec range
_ SISV +200v in pulse duration. The only other
o 0,510 Mcifed i 5 change i the dlrivr cireui nec-
durations continuously variable over the essary for this purpose was the
range 0.5 to 5 usec. addition of an inductive resistor
with a resistance of 1000 ohms and an inductance of 160 uh across the
secondary of the pulse transformer following the first 3E29 tube. This
element was necessary to make the driver output pulse fall more rapidly;
it was not needed in the original circuit, because the feedback pulse
through the delay line provided a sufficiently fast rate of fall for the driver
pulse.

Besides these changes in the driver circuit, two other modifications

were made in the Model 9 pulser for the extension to 5-usec operation.

1k
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The 0.125-uf storage capacitance was replaced by a 0.3-uf capacitance,
With the larger capacitance, the drop in voltage during a 5-usec pulse
is about two per cent at the full power output of 25 kv and 40 amp. The
other change in the output circuit consisted of replacing the 5-mh induct-
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Fru. 3:-11.—Regenerative driver for 0.1- to 0.5-usec operation of the Model 9 pulser.

ance in the storage-condenser recharging path by a 2.5-mh inductance and
4000-ohm resistance in series. With this inductance-resistance combina-
tion, the trailing edge of the voltage pulse is brought down quickly, and
the pulse current in these elements is considerably less than that in the
5-mh inductance for long-pulse operation.
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Modification to Obtain Pulser Operation over the Range 0.1 psec to 0.5
usec.—A regenerative-driver circuit similar to that described in See. 4-2
was also designed to be used with the Model 9 pulser for pulse durations
from 0.1 to 0.5 usec. The schematic circuit is shown in Fig. 5-11. This
driver was constructed to be physically and electrically interchangeable
with the variable-pulse-duration driver, thus providing a pulser that
can be operated over the range in pulse duration from 0.1 to 5 usec. For
the operation, from 0.25 to 0.5 usec, the 4000—ohm resistance in the stor-
age-condenser recharging path is short-circuited in order to make the
voltage pulse fall quickly, and for 0.1-usec operation only 1 mh of the
2.5-mh inductance is used. When a long tail on the voltage pulse is not
objectionable, the output circuit of the pulser can be used in the same
manner as for the longer pulse operation.

Protective Measures.—Because of the high voltage necessary for this
1-Mw hard-tube pulser, great care is taken to protect the operator from
accidental shock. Interlocks are provided on all doors, and all the power
supplies have bleeder resistances to discharge the filter condensers. An
automatic shorting bar is actuated so as to discharge the storage con-
denser when the cabinet doors are opened. Overload relays and fuses
are incorporated to protect components against abnormal increases in
voltage and current in critical parts of the cireuit.

Since several kilowatts of power are dissipated inside the pulser
cabinet, it is necessary to provide protection against overheating of com-
ponents. A large blower is therefore installed to draw air through a
filter from outside the cabinet and circulate it inside the cabinet.

6-3. A High-power Short-pulse Hard-tube Pulser.—This pulser was
designed and constructed for the purpose of determining the behavior of
magnetrons and the operation of radar systems under conditions of high
pulse power and very short pulse duration. For these tests it was
specified that the pulser be capable of delivering pulse power of 1 Mw or
more to a magnetron at various pulse durations in the range from 0.03
psec to 0.15 psec. The pulse shape was to be as rectangular as possible
in order that a reasonable evaluation could be made of the magnetron
and radar-system performance in terms of the pulse duration. It was
further required that the pulse-power input to the magnetron be adjust-
able from small to large values without any appreciable change in the
pulse shape or the pulse duration. The combination of these require-
ments dictated that the pulser be of the hard-tube type.

The schematic diagram for the pulser circuit designed to meet the
above requirements is shown in Fig. 5:12. Photographs of the unit
constructed for the laboratory tests are reproduced in Fig. 5-13.

The Output Circuit.—Because of the limitation imposed by available
components, particularly the switch tube, the pulser was designed for a
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maximum voltage-pulse amplitude of about 30 kv, and a pulse current
of about 35 amp. Since it was desired that the short pulses be nearly
rectangular, the output circuit had to be designed for a very high rate of
rise of voltage. The inductance and the shunt capacitance in the pulser
cireuit therefore had to be kept as small as possible. In order to minimize
the inductance introduced by the circuit connections, the components
were mounted as close together as their physical size would permit,
allowing for the spacing necessary to prevent high-voltage flash-over.
The importance of keeping the stray capacitance small is evident when

+Hv 30-35 kv
10k
+500v
-—
Trig.
Cable Pulse
length  duration
4.5ft. 0.02
5.81t. 0.03
10.2ft 0.05
21.7%. 0.1
2k
85mh
F+ 0.1
0-10M-A
-

F1g. 5:-12.—Schematic diagram of the circuit for a high-power short-pulse hard-tube pulser.

the charging current, C, dvi/dt, for this capacitance is considered. For
example, if the capacitance across the output terminals of the.pulser is
20 ppf and the voltage pulse at the load is to rise to 30 kv in 0.01 usec,
the condenser-charging current is 60 amp. Since this current must flow
through the switch tube, the maximum plate current needed to obtain a
large value of dv/df may be considerably greater than that needed to
deliver the required pulse power to the load. The magnetron may have a
capacitance of 10 to 15 puf, between cathode and anode, so it is obvious
that the additional capacitance introduced by the pulser circuit must be
small.
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F1a. 5-13.—Photographs of a hard-tube pulser constructed for laboratory tests at very short pulse duration and high pulse power.
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The storage capacitance used for this pulser consisted of two 0.05-uf
15-kv condensers connected in series. The effective capacitance of 0.025
uf was ample for the short pulse durations, since the drop in voltage is
only 140 volts for a 0.1-usec 35-amp pulse. These condensers were
arranged so as to keep the connections short and the stray capacitance
to ground low, as may be observed in the photographs of Fig. 5-13.

One of the most serious problems encountered in the design of this
pulser was the choice of a satisfactory switch tube. The requirements of
high pulse voltage and high pulse current could not be met by a single
tube of any available type. It was necessary to choose the 6D21 tetrode
from the standpoint of the high plate voltage needed, and to use four of
these tubes in parallel in order to obtain the plate current required for
the maximum pulse-power operation. The curves of Fig. 3-10 indicate
that four 6D21 tubes are capable of a total plate current of 70 to 80 amp,
which is sufficient to allow the voltage pulse to rise at the rate of 3000
kv/usec for a stray capacitance of about 20 upf.

In order to minimize the inductance in the pulse circuit, the plate
terminals of the four 6D21 tubes were interconnected by means of a
thick brass plate. This brass plate served also as the mechanical support
for one end of the storage condenser in order to provide a short connection
and to keep the capacitance to ground small. The other terminal of
the storage condenser was attached to the magnetron-cathode terminal
as can be seen in Fig. 5-13. The inductance of the ground connection to
the cathodes of the four 6D21 tubes was also kept small by mounting the
sockets on a heavy brass plate that served as the common ground ter-
minal for the pulser circuit.

The low value of stray capacitance across the pulser output aided the
quick return of the pulse voltage to zero at the end of the pulse. In
order to make the voltage fall to zero in a few hundredths of a micro-
second, however, it was still necessary to use a relatively low resistance
for the storage-condenser recharging path. A value of 2000 ochms was
used, although this value was only about twice the normal load resistance.
The use of an inductance for the recharging path was not considered,
because it would then be necessary to add a shunt diode to eliminate the
backswing voltage, and the addition of such a diode to the circuit would
of necessity increase the stray capacitance. It was considered more
important to keep this capacitance small than to decrease the pulse power
lost in the shunt path by the use of an inductance.

The Driver Circuit—Because of the relatively large pulse power
required to drive the grid of four 6D21 tubes, it was decided to use a
pulse-forming network driver of the type discussed in Sec. 4-3. This
driver was a line-type pulser using inductance charging of the pulse-
forming network. A hold-off diode was used in the network-charging
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circuit in order to provide some flexibility in the range of pulse recurrence
frequencies that could be used. The circuit was so arranged that the
screen-grid voltage for the 6D21 tubes was obtained from the power
supply used to charge the network.

The pulse-forming network in this driver consisted of a short length
of 50-ohm high-voltage pulse cable. The pulse duration could then be
easily changed by varying the length of the cable. The lengths actually
used for various pulse durations were obtained experimentally, and are
indicated in the diagram of Fig. 5-12. The approximate length to be
used for a particular pulse duration can be calculated since it is known
that the velocity of propagation for a voltage wave in this cable is about
450 ft/usec and that the wave must traverse the length of cable twice
during the pulse. The coil of cable used for the pulse-forming network
may be seen in the photograph of Fig. 5-13.

In order to obtain a fast rate of rise for the pulse applied to the grids
of the 6D21 tubes, it was necessary to keep the connection between the
driver and the grid terminals as short as possible. The 4C35 switch tube
of the driver was therefore mounted upside down beneath the plate sup-
porting the four tubes. Since the cathode of the 4C35 must rise and fall
in potential along with the 6D21 grids, a low-capacitance transformer was
used to supply the cathode-heating power.

Operation.—This pulser was operated at pulse durations as short as
0.02 usec and at a pulse power of 950 kw with a magnetron load. The
magnetron pulse current was not observed in the usual way (see Appendix
A), in which a resistor is introduced between the magnetron anode and
ground, because for these short pulses the added capacitance and induct-
ance introduced by such a resistor was sufficient to cause distortion of
the pulse shape. The pulse current was determined from the measured
average magnetron current, the pulse recurrence frequency, and the
pulse duration. The pulse duration was measured for the r-f envelope
pulse, and the oscilloscope sweep speed calibrated by measuring the
frequency difference between the first minima on either side of the center
frequency of the r-f spectrum. This calibration was done with a 0.1-usec
pulse whose frequency difference of 20Mec/sec could be measured with
reasonable precision.

Photographs of the oscilloscope traces for some voltage and r-f pulses
obtained with this pulser are reproduced in Fig. 5-14. The time delay
between the start of the voltage pulse and the start of the r-f pulse is
characteristic of magnetrons, and its magnitude depends on a large
number of factors (cf. Chap. 9 of Vol. 6). The relatively slow rate of
rise for the r-f envelope pulse is due in part to the detector and the oscillo-
scope circuit used to obtain the trace. The fraction of the observed time
required for the r-f pulse to build up that was due to the circuit and the
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fraction that was inherent in the magnetron output were not determined
in these cases. Other experiments! have indicated that the time for this
buildup may be about 0.01 usec.

One of the interesting results obtained with this pulser is the fact
that a magnetron can operate satisfactorily with considerably higher
pulse-power input as the pulse

duration is decreased. With a ¥ H HHE T
725A magnetron, for example, the T
operation was satisfactory, that . i T
is, there was no sparking, with a : ] _':

H

pulse-power input of 900 kw at a

pulse duration of 0.03 psec. The P

TorrrTTTax
r-f power output under these con- Voltage pulse rf pulse
ditions was 195 kw. In contrast, (@)

the magnetron could not be oper-
ated above 15 kv and 15 amp
without sparking when the pulse
duration was about 2 usec.

6-4. The Application of Pulse-
shaping Networks to the Hard-
tube Pulser.—Throughout the [HHHIHS
preceding discussions of the design Voltage pulse r-f pulse
of hard-tube plﬂsers’ the effect of I'1a. 5-14.—Ph0t(§l;raphs of oscilloscope
the value of the storage-condenser traces for voltage and r-f pulses obtained
capacitance on the change in pulse it ® JEpower shortpulte ard-tube
voltage and pulse current during a
pulse is emphasized. It is shown in Chap. 2 that, if the time constant for
the discharging circuit of the storage condenser is large compared with the
pulse duration, the drop in pulse voltage during the pulse is given approxi-
mately by the relation AV, = I'r/C,. If the pulse voltage changes, the
pulse current also changes, but, as indicated in Chap. 2, the above relation
is a sufficiently good approximation when AV, is only a small percentage
of the pulse voltage.

When the load on a hard-tube pulser is a pure resistance,

Al AV

T Ve

where Imas and Ve are the maximum load current and voltage at the
beginning of the pulse. With a magnetron or biased-diode load the
dynamic resistance is generally only a small fraction of the static resist-
ance, and Al/Iua > AV/Veue, the inequality becoming larger as the
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'F. F. Rieke and R. C. Fletcher, “Mode Selection in Magnetrons,” RL Report
No. 809 Sept. 28, 1945.
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dynamic resistance becomes smaller. In some cases the magnitude of
the current change may be so large that the operation of the magnetron
oscillator is unsatisfactory. For given values of I; and 7 the magnitude
of AV can be decreased by increasing C,, but the resulting increase in
condenser size becomes a serious problem when the size and weight of
the completed pulser are important. The purpose of the present discus-
sion is to point out a method for reducing the change in load current
during the pulse without increasing the storage capacitance. The
method consists of adding a network in series with the discharging circuit
of the storage condenser. The network may be simply a resistance and
an inductance in parallel, or it may be a more complex combination of
resistance, inductance, and capacitance.

In order to indicate the effect of such a network on the load current
during the pulse, an example in which the network consists of an induct-
ance, L, and a resistance, R, in parallel is discussed in detail. The fol-
lowing discussion deals only with the load current associated with the
top of the pulse, so the output circuit of the pulser may be simplified by
neglecting the stray capacitance and inductance inherent in any design.
The circuit is further simplified by considering an ideal switch with its
effective resistance combined in the load re-
sistance. The analysisis made for the circuit
shown in Fig. 5-15 with a pure-resistance
load. The initial voltage on the storage
condenser is V,, and the current in L is
assumed to be zero before the switch Sr is
closed in order to start the pulse. The re-

Fia. 5-15—Simplified out- gistance Rj includes any resistance in series
put circuit of a hard-tube . . . . .
pulser with an LR-network to With the pulse circuit exclusive of that intro-
minimize the change in load duced by the network. Thus R} represents
current during the pulse. the effective resistance (R; + rp) for a resist-
ance load R; and a switch tube of resistance r,. Using Kirchoff’s laws,
the Laplace-transform equations for this circuit are

Rix(p) + RiL(p) + I—g%) = —‘% )
Ri(p) + Lpis(p) = 0, 2)

and
i1(p) + 4a(p) = L(p). 3)

An equation for I,(p) is obtained by combining Egs. (1), (2), and (3),

with the result
Ve R
&+ R (” + I)

LIi(p) = - RRIC, + L N R
P TR ¥ RE)LC,? T ® T BpLCy
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Let

_ RRIC,+ L
2¢ =R + R)LC, )
and
R
b= ®FRpIC, ©®
Then Eq. (4) may be written
Ve R
v + _
_ B+ R) (” L)
Il(p) - (p + a)z + w? (7)
where w? = b — a% {8)
The inverse Laplace transformation of Eq. (7) gives
_ Ve e (R — La) . _
L) = A e [cos wt + o sin wl] 9)
If b < a? let k2 = —w? =a? —b. Then
Ve (R — La) . ]
L) = T e [cosh kt + S A sinh kt |. 10)
If b = a?
Ve (R — La) ]
L0 = g [1 +E T (11)

These three equations give the load current as a function of time for any
combination of the circuit parameters. Since in most pulser designs the
time interval involved is very small, the point of interest is whether or
not a condition can be found for the circuit parameters such that I(¢) is a
slowly varying function near { = 0. This condition can be determined
by differentiating Eqgs. (9), (10), and (11) with respect to time and equat-
ing the derivative to zero. Thus from Eq. (9)

il V.

(R — La)
- RTE)° L

L

cos wl — a cos wi

- a(RT_wLa—) sin wt]. (12)

—at [—w sin wf +

Equating this derivative to zero for ¢ = 0 gives the condition

R = 2La. (13)
With the value of ¢ from Eq. (5), Eq. (13) becomes

L = R*C,. _ (14)
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The identical condition is obtained by carrying out the same procedure
with Egs. (10) and (11). If the relation of Eq. (14) is used, Egs. (9),
(10), and (11) become

_ t
0 = ey ¢ (cos ot + e 2RC )
V t
L) = ® T Rz) (cosh kt + 2RC 7 sinh kt), (16)
and
I(t) = o ( 1+ 55 17
O ®mrE e 2RC an

Thus, when the condition of Eq. (14) is satisfied by the components of the
LR-network, the plot of load current as a function of time has a zero slope
at{ = 0. The equation for the load current without the LE-network in
the pulser output cireuit is

_t
L) = %“l' ¢ 0, (18)

Since the plot of current versus time from this equation has a slope not
equal to zero at ¢ = 0, the decrease in load current obtained from Eqs.
(15), (16), and (17) should be less for small values of { than that from
Eq. (18).

A numerical example shows more specifically the effect of the LR-net-
work on the change of load current during the pulse. Assume the
following values for the circuit parameters for Fig. 5-15:

Ve = 12.5 kv.
R} = 1000 ohms.
Cw = 0.05 uf.
R = 50 ohms.
L = R*C, = 125 ph.
T = 1 usec.
If L = R2C,, is substituted in Eqgs. (5) and (6), Eq. (8) becomes
3R — Rj
=ph—q? =,
W =b-d = ymEET R (19
In the present example, 3R < Rj, so
=gt —b = ti— 3R (20)

ARCL(R + By’

and the current is given by Eq. (16). The change in current during
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1 usec is therefore

3
azy = 22 X100 02 (cosh 0.18 + L1 sinh 0.18)]

11.9 X 0.005 = 0.06 amp.

Without the LR-network, the change in load current obtained from Eq.
(18) is

_ 125 X100 . o4
AL = =505 (1 =

12.5 X 0.02 = 0.25 amp.

Using the approximate calculation AV, = ﬂ-r, the change in pulse

I Ce
voltage is
AV, = 125 _ 950 volt *Vf—%———g" A
tE 005 T VYOS Fc. i, s
and S, L
AL = %% = 0.25 amp.
r’
Thus the droop in the current pulse is de- ‘
creased by a factor of four when the LR- =,
network is inserted. T
If the load is a biased diode or a magnetron, Fia. 5-16.—Simplified out-

: 3 put circuit of a hard-tube
the output circuit of the pulser appears as P ulser with a biased-diode

shown in Fig. 5'16. The analysis for this load and an LR-network to
circuit is identical to that for the circuit ?ﬁ;i’g;?zgcm!“g&;‘. load
of Fig. 515, r; replacing R; and V, — V,

appearing in place of V,. The resistance r} represents the sum of the
dynamic resistance of the biased diode and the effective switch-tube
resistance, that is, (r; + rp). As another numerical example indicating
the effect of the LR-network, consider the following values for the circuit
parameters:

Vo = 12.5 kv.

V. = 10 kv.
Cw = 0.05 ,uf.

7} = 200 ohms.

R = 50 ohms.

L = R*C, = 125 gh.

7 = 1 usec.

Since 7 > 3R, Eq. (16) again applies, and the change in load current
during 1 psec is

Al

2502 [1 — e %2 (cosh 0.089 + 2.2 sinh 0.089)]
10 X 0.015 = 0.15 amp.
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Without the LR-network, the change in current according to Eq. (18) is
AL = 2F82 (1 — ¢ %) = 12.5 X 0.095 = 1.19 amp.
Using the approximate calculations for AV,

12.5
AV; = 0—05‘ = 250 VOltS
and
Al = 33§ = 1.25 amp,
which agrees reasonably well with the value of 1.19 amp calculated by

the exact relation of Eq. (18).
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F1a. 5-17.—Change in load current as a function of time with and without an LR-network
in series with the output circuit of a hard-tube pulser.

In order to keep the load current constant within 0.15 amp by increas-
ing the capacitance of the storage condenser, this capacitance has to be
about 0.4 uf. It is therefore evident that a significant advantage results
from the use of the LR-network in series with the discharging circuit of
the storage condenser. If the allowable drop in the load current is larger
than the values obtained in the above examples, the use of an LR-net-
work makes it possible to have a smaller capacitance for the storage
condenser.
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The general effect of the addition of the network on the load current is
indicated by the curves of Fig. 5:17. One set of curves is given for a
900-ohm resistance load, and another set for a biased-diode load with a
100-ohm dynamic resistance, the switch-tube resistance being 100 ohms
for each set. These curves show that a marked improvement in the slope
of the top of the current pulse can be obtained even for relatively long
pulse durations. The curves also indicate that the use of an LR-network
is more important in the operation of the pulser with a low-resistance
load.

The examples given above indicate that there is also a disadvantage
associated with the use of the LR-network. The presence of the resist-
ance R in series with the load results in a lower pulse current for a given
condenser voltage V.. For the resistance load, the maximum value of
the pulse current is 12.5 amp without the network and 11.9 amp with the
network. For the biased-diode load, the corresponding current values
are 12.5 amp and 10 amp. Thus, the pulse power delivered to the biased-
diode load having a dynamic resistance of 100 ohms is 110 kw with the
LR-network, and 141 kw without it. In order to obtain the same pulse
power in the load in both cases, it is necessary to increase the condenser
voltage from 12.5 kv to 13.1 kv when the network is used. The actual
power loss in the resistance of the LR-network is small (about 5 kw in the
example given here), but the requirement of a higher condenser voltage is
sometimes an inconvenience. In the design of a hard-tube pulser, it is
therefore necessary to weigh the reduction in pulse power or the increase
in condenser voltage against the drop in load current during the pulse or
an increase in the capacitance of the storage condenser.

L,
maiiincey
Sr G S
n

Y
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Fia. 5-18.—Output circuit of a hard-tube pulser with a network of passive elements to
maintain approximately constant load current during the pulse.

Another method by which the pulse current can be kept approximately
constant for pulse durations of about a microsecond is indicated in the
diagram of Fig. 5:18. This arrangement was first suggested to members
of the pulser group at the Radiation Laboratory by Mr. A. A. Varela of
the Naval Research Laboratory, Anacostia, D.C.
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This arrangement has an advantage over the LR-network in that the
network consists of passive elements. There is, however, a loss in pulse
voltage, which makes it necessary to charge the condenser C., to a higher
voltage than is required without the network for a given pulse voltage at
the load. Another possible disadvantage of this arrangement is the need
for three circuit elements, including a condenser with a relatively high
voltage rating.



PART II

THE LINE-TYPE PULSER

The general characteristics of line-type pulsers are given in Sec. 1-4,
and a comparison of some features of the two principal types of pulsers
are made in Sec. 1'5. The next six chapters of this volume present a
detailed discussion of the line-type pulser. Before going into the analysis
of the components and circuit behavior, it is well to summarize the general
phiosophy from which the line-type pulser has been developed.

Fundamentally, the pulser consists of a reservoir of electrical energy
that is allowed to discharge completely into a load at predetermined
times to form the pulses, and that is connected to a source in such a way
that the same amount of energy is stored in it during each interpulse
interval. Obviously, there are many types of energy reservoirs that are
unsatisfactory because the rate of discharge of their energy into the load
does not produce the desired pulse shape. Chapter 6, dealing with pulse-
forming networks, sets forth the analysis by which combinations of
inductances and capacitances are determined to approximate a specific
output pulse shape, and gives the results obtained by various methods of
analysis for the pulse shapes most commonly used in pulsers for micro-
wave radar. The pulse-forming networks have been derived by con-
sidering circuits that do not include losses, or stray capacitances and
inductances, and for which the load resistance is equal to the network
impedance. The effects on the output from the pulser of nonlinear loads,
of impedance mismatch between load and network, of losses and of stray
capacitances in the circuit are considered in Chap. 7.

Chapter 8 gives a discussion of the types of switches most commonly
used with line-type pulsers, and of the auxiliary circuits that they require.
The different methods of restoring the energy to the pulse-forming net-
work between pulses are considered in detail in Chap. 9, and the over-all
performance of the pulser as it is affected by the various components and
by variations in load impedance is discussed in Chap. 10. Finally, Chap.
11 gives a few examples of pulsers in use at present, and also indicates
the possibilities of some variations in the usual pulser circuit.

It is worth noting again that the fundamental circuits of line-type
pulsers are always very simple. There can be many variations, depend-
ing on the required polarity of the output pulse and the power supply
available. Possibly their greatest advantage, next to their inherent
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simplicity, stems from the fact that only sufficient energy for one pulse is
stored at any one time; by comparison, the energy stored in the reservoir
of the hard-tube pulser is nearly always twenty to fifty times that required
by the load for a single pulse. The possibility of damage to the load or
to the pulser is thus naturally greater with a hard-tube than with a line-
type pulser.

The circuit simplicity results in less flexibility than can be obtained
from hard-tube pulsers. The latter type can usually be altered with
little effort to satisfy new requirements of pulse duration and recurrence
frequency. In the present state. of development, a line-type pulser
requires a new pulse-forming network if the pulse duration is to be
changed and, in the case of a-c charging of the network, it is also inflexible
as to recurrence frequency.
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CHAPTER 6
THE PULSE-FORMING NETWORK

ke Youl ol od

By H. J. Wuirg, P. R. GiLLETTE, aAND J. V. LEBACQZ!

The pulse-forming network serves the dual purpose of storing exactly
the amount of energy required for a single pulse and of discharging this-:
energy into the load in the form of a pulse of specified shape. The
required energy may be stored either in capacitances or in inductange or'a
in combinations of these circuit elements. Networks in which the enengy\«,
is stored in an electrostatic field are referred to as voltage-fed net&}kﬁ )
networks in which the energy is stored in a magnetic field are referﬁﬁgtd-._;!
as current-fed networks. Networks of the voltage-fed type are i
almost universally in practice because only with this type can the \ugafat- -2
gaseous-discharge switches, such as spark gaps and thyratrons, be e
The current-fed networks have certain important advantages, but gjyst=
far no suitable switch is available that permits high-power oper w
Therefore, the discussion of networks is confined largely to the consim-l-
tion of the voltage-fed type.

6-1. The Formation and Shaping of Pulses. Determination of
Pulse-forming Networks for Generating Pulses of Arbitrary Shape.—
A general mathematical procedure exists for the determination of pulse-
forming networks to generate pulses of arbi-

e il

Caladdiak

A Pulse-forming
trary shape, and the outlines of the theory are network
given for the case of voltage-fed networks. Pseshaping
If it is assumed that all the energy is stored in _(':
one condenser, the pulse-generating circuit ul

Zn

takes the form of Fig. 6-1. The required cur- }smm, R

rent pulse 7(f) flowing in the circuit may be
arbitrary in shape but practical considerations —
limit it to finite single-valued functions hav- g, k;;i'emiii:p}?ﬂa::; of ot
ing a finite number of discontinuities and a trary shape (voltage-fed
finite number of maxima and minima. In network).

analyzing this problem the Laplace-transform method is used. The

transform for the current may be found from the definition of the Laplace
transform, and is

i(p) = A T ite dt. (1)

1 Section 6.5 by P. R. Gillette, Sec. 6.6 by J. V. Lebacqz, the remainder of Chap. 6
by H. J. White.
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The Laplace-transform equation for the circuit of Fig. 6-1 is

1 . _ Qn . V¥
(Rz + Zv + CNP) i(p) = Cop =~ (2)
where R; is the load resistance, Zx is the network impedance, Cy is the
network storage capacitance, and Qv is the initial charge on the network.
The amplitude of i(p) is determined by Vx, the initial voltage on Cx. For
the present, V» may be considered as a known constant, and Eq. (2)
may be solved explicitly for the unknown impedance of the network,
giving
V 1
=—— — R — 7— 3
pie) ' Cwp ®

As a simple illustration, suppose that the current pulse is specified as
being rectangular with amplitude I; and duration r, and that the load is a
pure resistance of value B;. Then ¢(p) is found from Eq.(1) to be

Zy

i) = 21— &),

Substituting in Eq. (3), there is obtained

_ pVy 1
i e R
or rearranging,
(.V_N) -1 + e~ P
Zv + 1 =R LR .
o Cvp : 1 —e?r

If the numerator and denominator are multiplied by /2,

1
Zx+m—Rz

Vu _ )e%
= R;| coth pr + _IIRI - °

Choosing V» = 2LiR;, there is obtained
1 _ pr
ZN + CTP = Rz COth D) (4)

The right-band member of Eq. (4) is recognized as the impedance
function for an open-circuited lossless transmission line of characteristic
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impedance Z; = R;, aud transmission time & = 7/2. Hence, in this
case, either the pulse-shaping circuit plus the capacitance Cx must be an
electrical equivalent for the transmission line, or the transmission line
itself may be considered as one form of the network that generates the
required rectangular pulse.

Unfortunately, in all but the simplest cases it proves very difficult
to recognize an actual physical network from the form of Zy given by
Eq. (3), and there is no straightforward method for changing the expres-
sion into a form which is so recognizable. The difficulty is increased by
the fact that Zx~ generally contains dissipative as well as reactive elements.
Hence, actual designs are usually based on more specialized and indirect
approaches to the problem, the most important of which are discussed
below.

Pulses Generated by a Lossless Transmis- Q_/lll
ston Line.—Since the microwave oscillators Switch

for which most pulsers have been designed ﬁ:ﬁ&“&ﬁ"& R,
require the application of an essentially rec- ""s"c'z’:'"d’““
tangular pulse, the lossless open-ended trans- Fio. 62— Schematio cir-

mission line considered in the foregoingexample  cuit diagram for producing an
may be taken as a starting point in the discus- .J¢al rectangular pulse from
sion. The nature of the transient produced by
the discharge of such a transmission line into a resistance load (see Fig.
6-2), may be studied in more detail by further application of the Laplace
transform or operational method of analysis.

The a-c impedance, Z, of the transmission line, is given by elementary

transmission line theory as
Z = Z, coth jws.

The Laplace-transform impedance is found by substituting p for jo,
where p is the transform parameter. Then

Z(p) = Z, coth ps, (5)

where § is the one-way transmission time of the line, and Z, is its charac-
teristic impedance. The current transform is then

i(p) = Ve
P) = 3R, + Zo coth ps)
. Vo ] — e
= 2@ + Ry B,
1+m+ ’

_Vo(l—e_z") Zy — Ry ) - e J ]
T p(Ze+ R) [1 Zo+Rz +(Z°+R) " > ©®



178 THE PULSE-FORMING NETWORK [SEc. 6-1

where ¥V, is the initial voltage on the transmission line. The inverse
transform gives the current as

) Vo Zo— R
i(t) = 7.+ & [1 — U@t — 28) — Z—OT—R:[U(t — 28) — U(t — 48)]
Zy — R\
+(ﬁ;ﬁ) (UG~ 45) — Ut — 68)] — - - ] -

where
U =1 forAt >0
vt =0 for At < O
At = (t — nd), n=2146,---.

If Ry = Z,, that is, if the line is matched to the load, the current con-
sists of a single rectangular pulse of amplitude I; = V,/2Z; and duration
7 = 28, Current and voltage pulsesfor B; = Zy, By = 2Zo,and R; = 3Z,
are shown in Fig. 6-3.
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F1g. 6:3.—Current and voltage pulses for a lossless transmission line discharging into
a resistance load. The solid and broken lines represent the voltage and current pulses,
respectively.

The effect of mismatching the load is to introduce a series of steps into
the transient discharge. These steps are all of the same sign when
R: > Z,, and alternate in sign when R; < Z,. An elementary explanation
of the steps can be made in terms of reflections caused at the terminals of
the line by mismatching the load resistance. These reflections traverse
the line to the open end in time §, are completely reflected there, and
travel back to the load end in a total time 25, where they appear as posi-
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tive or negative steps depending upon the mismatch ratio. The reflec-
tions continue in this way, with constantly diminishing amplitude,
until all the energy initially stored in the line is dissipated in the load
resistor. Both the design and operation of line-type pulsers are affected
by these reflections.

A transmission line having a one-way transmission time of § generates
a pulse of duration 2§; assuming a pulse of 1-usec duration and a signal
velocity on the line of 500 ft/usec (a representative value), a line of length
1 =500 X 1/2 = 250 ft is required. It is obvious that a high-voltage
line or cable of this length would be impractical because of its large size
and weight, and hence, that a substitute in the form of a line-simulating
network is necessary for any practical equipment. Pulse-forming net-
works have other advantages in.that the pulse shape may be altered by
varying the values of the network parameters and the number of elements.

6-2. Networks Derived from a Transmission Line.—The develop-
ment of pulse-forming networks that simulate a transmission line is a
mathematical problem in network synthesis. As may be anticipated, no
network having a finite number of elements can exactly simulate a trans-
mission line which in reality has distributed rather than lumped param-
eters. As the number of elements for a given network type is increased,
the degree of simulation will improve. It may happen, however, that
the network pulse is a good approximation to the rectangular pulse during
only a portion of the pulse interval. For example, the network pulse may
exhibit overshoots and excessive oscillations, especially near the beginning
and end of the pulse. These possibilities must be kept in mind, and the
properties of networks derived by formal mathematical methods must be
investigated with care to determine how closely the networks approxi-
mate transmission lines.

Network Derived by Rayleigh’s Principle—From the mathematical
point of view, physical problems involving distributed parameters give
rise to partial differential equations, whereas lumped-parameter problems
give rise only to ordinary differential equations. Inasmuch as the
partial differential equation for a physical problem may usually be derived
by taking the limit of a set of ordinary differential equations as the num-
ber of equations in the set approaches infinity,! it is clear that a finite
number can at best give only an approximate answer to the distributed-
parameter problem, but that the degree of approximation improves as
the number of equations, and therefore the number of physical elements,
is increased. This line of reasoning also appears plausible on purely
physical grounds.

1 Usually referred to as Rayleigh’s principle. See, for example, A. G. Webster,

Partial Differential Equations of Mathematical Physics, 2nd ed., Stechert, New York,
1933, pp. 93-97.
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Application of Rayleigh’s principle to the transmission line yields the
two-terminal line-simulating network shown in Fig. 6-4.

The properties of the line-simulating network of Fig. 6-4 may con-
veniently be investigated by find-
ing its impedance function. For
present purposes the operator func-
tion is used rather than the a-c
impedance function. These two
alternative forms are equivalent,

v, = but the operator form is particu-
T larly useful in calculating the tran-

sient response.
Fia. 6-4.—T_wo-terminnl lipe—gimu.lating net- The impedance function may
work derived by Rayleigh's principle. be found by writing down the set
of n transform equations for the network and noting that these are differ-
ence equations, each equation except the first and last being of the form

@ (1 4 BYin - P <o, ®

where r is the rth mesh. The general solution of this difference equation
is

Line simulating network

i(p) = Ae™® + Be? 9)

where cosh § = 1 + (LC/2)p? and A and B are arbitrary constants to
be determined by substitution in the first and last mesh equations. Con-
sider first the case for which the resistance R;, in series with the battery
Vx, is put equal to zero. The circuit is then composed of purely reactive
elements, and the currents that flow upon closing the switch persist—
that is, the currents continue indefinitely and represent a steady-state
rather than a transient condition. Transients can arise only if dissipative
elements are present. Solving for the arbitrary constants A and B and
reducing to hyperbolic functions, the following expression is obtained for
the current transform 7,(p):

sinh né

u(p) = CVw sinh (n 4+ 1)8 — sinh né

The corresponding input-impedance transform for the network is then

Ve _ 1 [sinh (n+1)8 1]_
pi(p) Cp sinh (n8)
It may be of interest to find the limiting form of Z(p,n) as napproaches

infinity in such a way that the total inductance and capacitance of the
network remain constant.

Z(pn) =

(10
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Jim 2 = C‘,, [Fioa ]
= C—- [cosh & 4- coth nd sinh 6 — 1].
But
cosh 0 = 1+ 22 =—1+Lg0n," ,
sinh 0 = Voo g =T = Yl p [y 4 TGy
nd = 2n sinh~! \/_é,;_c'_,, P,
which gives 3
lim Z(pm) = lim C—"ﬁ[ng” 1 4+ ‘/__ 1 4 L
coth (2n sinh—! -\/—gz—& p)] = ,\/% - coth p /IxCx
= Zy coth p3, (11)

which is the exact form for the impedance function for a transmission
line given in Eq: (5). Thus, the network impedance function reduces in
the limit to the transmission-line impedance function, in accord with
Rayleigh’s principle.

The pulse shape generated by the line-simulating network of Fig. 6-4
on matched resistance load, B; = v/Ly/Cx = v/L/C, may be found by
calculating the charging-current pulse when the voltage V.~ is applied to
the circuit of Fig. 6-4. If the voltage transform is divided by the sum of
the load resistance and the network impedance [Eq. (10)],

Vx

) = J smh sinh (n 4 1)8 1]
C Cp|l  sinhno
CVxy

- p VIC + [sinh'(n +1)6 1];

sinh n@

but from the value of 8 in Eq. (9)

sinh 0:

2
P=ic™™ 2
CVy sinh n@
sinh (n + 1) + { 2 sinh % - 1) sinh né@

hence

ip) = y  (12)
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Equation (12} is valid for any number of sections n. The simplest
case occurs when n = 1, that is, when the network is reduced to a single
mesh. In this case

i(p) = CV sinh

sinh 26 + (2 sinh g — 1) sinh 6
_ CVy
2cosh6+2sinhg— 1

CVx

T2 L + VIO — 1
Vs 1
=1

1 1’
2 —_— —_—
p* + _LCP+LC

which is recognized as the current transform for a one-mesh RLC-circuit
with R = v/L/C.

By the method used in deriving Eq. (11), the limit of 4,(p) as n
approaches infinity in such a way that the total distributed capacitance
Cy and the total distributed inductance Ly remain fixed is shown to be

lim 7,(p) = —T;”—
n—« 2 —z p
Cw

This is the Laplace transform for a rectangular current pulse of amplitude

V
2vILn/Cx

and of duration 2 v/LxCx, and is the result to be expected according to
Rayleigh’s principle.

In order to check the theory, both calculated and experimental pulse
shapes were obtained for a five-section uniform-line network on matched
resistance load, that is, when R; = Zy. The calculated pulse shape was
found by using Eq. (12) with n = 5. In carrying out the solution, it is
necessary to convert from the hyperbolic to the algebraic form corre-
sponding to Eq. (12). Since the denominator is of the 10th degree (= 2n),
the roots are tedious to find. The resulting pulse shape is plotted in
Fig. 6-5a, using dimensionless ratios for the coordinates. The corre-
sponding experimental pulse shape, shown in Fig. 6-5b, was obtained by
using an experimental network for which the actual values of all the
parameters were within 1 per cent of the theoretical values. The cor-
respondence between the calculated and experimental pulse shapes is

(1 — e—2-\/L1vCNp). (13)
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very close, the only significant difference being in the initial overshoot
for which the calculated value is about twice the observed value. This
difference occurs probably because the hydrogen-thyratron switch used
in the experimental pulse-generator circuit does not close instantaneously,
and also because there are, in any physical system, unavoidable losses
and distributed capacitances and inductances.
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(a) Calculated pulse. (b) Observed pulse.

Fia. 6-5.—Pulse shapes produced by a five-section uniform-line network on matched
resistance load.
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(a) Rl = ZN. ) R = 2Zn.
Fia. 6:6.—Voltage pulse shapes obtained with the network of Fig. 6-5 as seen with a slow
sweep speed.

The oscillograms in Fig. 6:6 were taken with the same network;
Fig. 6-6a is identical with Fig. 6-5b except that a slower sweep speed was
used in order to show the complete pulse tail. The effect of mismatch
with R; = 2Zx is shown in Fig. 6-6b, in which the series of steps as shown
in Fig. 6-3b is evident, although not very well defined. It may be con-
cluded that the five-section uniform-line network is a poor equivalent for
a transmission line. A larger number of sections would give better line-
simulation, but this approach is not a very promising one.

Relation to Steady-state Theory.—The network of Fig. 6-4 comprises a
low-pass filter for alternating sine-wave currents. The correspondence
between its transient d-¢ pulse properties and steady-state sine-wave
properties is of considerable interest. For steady-state sine-wave cur-
rents, the solution of the network is of the same form as Eq. (9), that is,
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for the rth mesh
1.(1) = Ae'® + Be™, (14)

where 6 is now defined by the expression

coshf=1— LCT“’ . (15)

Equation (14) shows that 7.(¢) will be attenuated only if 8 has a nega-
tive real component, that is, if

0=a+j8 and a<0
Then, as cosh 6 can be expressed in the form
cosh 6 = cosh @ cos 8 — j sinh « sin B,

it is clear that, fora = 0,cosha = 1,sinh @ = Oandcosf = 1 — LCw?/2.
Inasmuch as cos 8 must satisfy the inequality |cos 8] £ 1, there results

LCuw

|1—— s1,

or

0 éLCw

s+2 (16)

Thus all frequencies, 0 £ f £ 1/x v/LC, are passed without attenua-
tion, whereas all higher frequencies are increasingly attenuated.

The Fourier series for a succession of identical and uniformly spaced
rectangular pulses contains discrete frequencies extending throughout
the band to infinity. Most of the pulse energy is accounted for, how-
ever, in the frequency band between zero and several times 1/7. A very
conservative estimate for the significant upper frequency limit might be
taken as 10/r. Thus, it is reasonable to set the cutoff point for the low-
pass filter that will transmit such rectangular pulses without appreciable
distortion as

Je = : =

T

=

5

or
VIC = ﬁ (a7

The quantity \/LC represents the delay time per section of the low-
pass filter; therefore, an n-section filter structure, when used as a pulse-
generating network, should produce a pulse of duration

+ = 2n VIC. (18)
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The factor 2 arises from the fact that the pulse wave traverses the filter
twice and is reflected back to the load from the open end once. If
Eqs. (17) and (18) are solved for n, the number of sections, a value of
n = bxr ~ 16is obtained. Less conservative estimates for the frequency-
transmission band required might yield, for example, n = 5 or 10.

Networks Derived by Rational-fraction Ezxpansions of Transmission-
line Impedance and Admittance Functions—Two other networks that
simulate a transmission line may be derived by the process of expanding
the transmission-line impedance apd admittance functions in an infinite
series of rational fractions, and then identifying the terms of the series
thus obtained with network elements. As given earlier in Eq. (5), the
operational form of the impedance function for a lossless open-ended
transmission line of characteristic impedance Z, and one-way transmis-
sion time & is

Z(p) = Z, coth pé.

The rational-fraction expansion for Z(p) is*

hnd 2208
xin?
52

L L— (19)
=

Z
Z() = 32+

The term Zo/5p is the operational impedance of a capacitance of value
Cx = 8/Z,. The remaining terms represent the operational impedance
of a series of parallel combinations of capacitance and inductance. For
such a combination the imped-

: 2Ly 2L, 2Ly
ance operator 1s == T
7 = Lwp
"= TF LCop? —j— -
. . N
By comparison of coefficients, L
Cn Cy Cx
2Z¢ 2L
L. = 2299 _ 2%, (20q) ooz 2
mn T°n F1a. 6:7.—Two-terminal network to simu-
5 ¢ late an open-ended transmission line, ob-
C, = = N, (20b) tained by rational-fraction expansion of the

- ﬁ; T2 impedance function.
The resulting network is shown in Fig. 67,

The second line-simulating network is found by making a similar
expansion of the admittance function

Y(p) = Z}T — zio tanh ps, 1)

1 E. T. Whittaker and G. N. Watson, Modern Analysis, American ed., Macmillan,
New York, 1943, pp. 134-136.
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that is,
= 86 P
72Z, (2n — 1)
25°p? ’
w1 w2@n — 1) !

Y(p) = (22)

Each term can be identified with a series inductance-capacitance circuit
for which’

C.p

Yn = L”C“pz + 1'

A comparison of the coefficients shows the values of C, and L, to be

8 ) 8Cy

Co = @n — 12 ' Z,  (@n - 1)? (230)
and
L=% 1, (23b)

and the resulting network is shown in Fig. 6-8.

The networks of Figs. 6-7 and 6-8 are approximately equivalent for a
finite number of sections, but become exactly equivalent as n approaches
infinity, that is, for an infinite number of sections. The total capacitance
for the network of Fig. 6.8 is

- _ 8Cx 1 __ 8Cy =
CN_EC"_72(21;—1)2_#2 8’
n=l

ne]

which is equal to the series capacitance in the network of Fig. 6-7, and is
also the sum required by energy considerations when the network and
transmission line are charged to the

Ly Ln Ly same constant potential.
2 2 2 It is difficult and tedious to obtain
%v :frg I_‘ZL%J’? solutions for the current-pulse shapes

; to be expected on resistance load when
F16. 6:8.—Two-terminal network to . . .
simulate an open-ended transmission USINE more than two or three sections
line, obtained by rational-fraction ex- for the networks of Fig. 6-7 or Fig. 6-8.
pansion of the admittance function. . .

However, certain conclusions can be
drawn from other considerations. Forthe network of Fig. 6-7 with a finite
number of sections, it is clear that the current at the first instant (on
matched resistance load) is double the matched value.

The nature of the pulse to be expected for the network of Fig. 6-8 with
a finite number of sections can be investigated by calculating the input
current when a unit step voltage from a generator of zero internal imped-
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ance is applied to the network. This is & particularly simple calculation
as each network section acts as an isolated unit, and the total current is
simply the sum of the currents for the individual sections. The current
for the rth section is

CoN C’ 4 . (2r—Dx ¢
i,(t) = sm \/__ @r = 1)1_\/— sin 3 Vi,

and the total current is then

. Cx \ @ —
4 = %\/;_: 2 @r - n " i \/,%; 24

Equation (24) with n — « is the Fourier-series expansion for a
rectangular wave of amplitude v/Cx/Lx and period 4 A/LxCx, that is,
the waveform that would be obtained for the original transmission line.

The degree to which the Fourier series, Eq. (24), converges toward a
rectangular wave determines the extent to which the network simulates a
transmission line. The convergence of a Fourier series is uniform in any
region for which the original function is continuous (and has a limited
total fluctuation), but is nonuniform in any region containing a point of
ordinary discontinuity. In the present instance, the only points at
which trouble might be expected are the points of discontinuity which
oceur at ¢ = 0 and at integer multiples of ¢ = 2 4/LxCy. Hence, the
convergence of the series should be investigated near these points.
Denote the sum of the series (24) by Sa(t). Then, it can be shown that,
at time £ slightly greater than zero,

lim S.(0%) =—/'s£;fdo = 0.926.
0

n—m

Hence the maximum instantaneous current is given by

i) = 40820) [Or _ y 17 O (25)

Thus, the current rises initially to a-value about 18 per cent above the
value that would be obtained for an actual transmission line, and at this
point the network fails in its simulation of the transmission line. A
similar effect occurs for ¢ = 2 A/LyCx * ¢, where ¢ approaches zero.
An overshoot of the same type occurs when using a finite number of net-
work sections. (This overshoot effect of the Fourier series near a point
of ordinary discontinuity is known as the Gibbs phenomenon.)
It is clear then that the networks of Figs. 6-7 and 6-8 fail to give a
rectangular wave in that substantial overshoots occur near the beginning



188 THE PULSE-FORMING NETWORK [SEc. 62

and end of the wave, even though the number of network sections is
increased without limit.

The response of the networks of Figs. 6-7 and 6-8 in a pulse-generating
circuit is similar, in a general way, to their performance in the rectangular
wave-generating circuit just discussed, except that a single pulse is pro-
duced instead of a continuing rectangular wave. When using a large
number of sections of Fig. 6-8 and any number of sections of Fig. 6-7, this
single pulse exhibits the same overshoot phenomenon near its beginning,
and the amplitude of the overshoot is not reduced by increasing the
number of network sections. The pulse shapes produced on resistance
load by the networks of Figs. 6:7 and 6-8 are only approximately the
same for a finite number of sec-
tions, but become identical as n ap-
proaches infinity (for an infinite
number of sections).

The pulse shape produced by
the network of Fig. 6-7 with & finite
number of sections has a high initial
spike because the network has no
= series inductance, consisting merely

SN BABEA LN B8 of a series of anti-resonant sections
e % and a series condenser. ‘This spike
Fia. 09.—Yoltage pulse ?hlg'i!: obtained with g jllustrated in the experimental
- pulse shape of Fig. 6-9 obtained with
a six-section network; the pulse shape is a poor simulation of a rectangu-
lar pulse. The high initial current is clearly in evidence, and is followed
by a series of damped oscillations. The initial current does not reach twice
the matched value as theoretically expected because of the distributed
capacitance of the load and the initial voltage drop in the hydrogen-
thyratron switch used in the experi-
mental pulser. In contrast, it may
be noted that the network of Fig.
6-8, which consists of resonant sec-
tionsin parallel, does have inductance
in series with all the condensers. The
initial current must therefore be zero, [FH
and there is not likely to be a high
current spike as long as the number FrT EHBBEBSREA 22
of sections is not very large. This Fia. 6:10.—Voltage pulse shape for the
. . six-section network of Fig. 6-8.
premise is corroborated by the shape
of the experimental pulse of Fig. 6-10, taken for a six-section network.

Figure 6-11a shows the same pulse photographed with a slower sweep

speed; Fig. 6-11b shows the effect of mismatching the load resistance R;.
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In this case, R; = 2Zy, or twice the characteristic impedance of the net-
work. The steps on the pulse tail are well defined, and four of them are
clearly visible. A comparison of this pulse with the corresponding ideal
pulse that would be produced by a lossless transmission line, as shown in
Fig. 6-3b, reveals a very close similarity. Therefore, for a line-simulating
network of the admittance type, it may be concluded that the generated
pulse shape on resistance load is

good for a finite, but not very large, BIFHF yzas

number of sections. It has been 228 ‘ HEHHH | - H
shown that a very large number of BHTFHTIHT indx sapamsss
sections produces overshoots on the : - SRASamEEREEus:|
pulse. The six-section network ap- + H H
pears to have an insufficient number : Bas NN

of sections to produce the optimum - sn .- mxaxausxuas:
pulse shape, as is indicated in Fig. (4 g, . z,. ® Ri = 2Zy.

6-10 by the fact that the initial peak Fic. 6:11.—Voltage pulse shapes ob-

is somewhat lower than the average !ined with network of Fig. 6:8 as seen
3 A with a slow sweep speed.

top of the pulse. An increase in the

number of sections would be expected to bring the first peak up to the

average top of the pulse and, for a large enough number of sections,

above that average. It is, therefore, to be expected that some inter-

mediate number of sections produces the optimum pulse shape.

6-3. Guillemin’s Theory and the Voltage-fed Network.—The results
of the preceding section show that networks designed to simulate a
lossless transmission line have limitations of a fundamental nature. In
the generated pulse these limitations are evidenced by overshoots near
the beginning of the pulse and excessive oscillations during the main part
of the pulse as evidenced by Fig. 6:9. Guillemin correctly diagnosed
these difficulties as being due to the attempt to generate a discontinuous
pulse by means of a lumped-parameter network. In other words, the
ideal rectangular pulse generated by a lossless transmission line has an
infinite rate of rise and fall, and cannot be produced by a lumped-param-
eter network.

Guillemin! then argued that, inasmuch as it is impossible to generate
such an ideal rectangular pulse by means of a lumped-parameter network,
the theoretical pulse that is chosen should intentionally have finite rise
and fall times. Mathematically, this condition means that the dis-
continuity in the pulse shape is eliminated, and that the Fourier series for
the generated wave has the necessary property of uniform convergence
throughout the whole region. The property of uniform convergence
insures that overshoots and oscillations in the pulse can be reduced to

LE. A. Guillemin, *“A Historical Account of the Development of a Design Pro
cedure for Pulse-forming Networks,” RL Report No. 43, Oct. 16, 1944.
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any desired degree by using a sufficient number of sections. The intro-
duction of an arbitrary pulse shape leads to a new difficulty, however, in
that the impedance function necessary to produce the given pulse shape
is unknown.

The logical way to determine the impedance function would be to
use the basic circuit of the line-type pulser and work backward from the
specified pulse shape to the impedance

Voltage-fed function necessary toproduceit. This

o——] pulse-forming A
+ Switch network procedure proves too difficult, how-
Vv = ever, and instead, the steady-state

problem for the circuit of Fig. 6:12 is
solved. Thealternating-current wave
F16. 6:12.—Circuit for producing a h d d b hi . s
specified steady-state alternating-cur- SNape produced by this circuit is spe-
rent wave similar to the desired single-  cified to be similar to the pulse shape
pulse shape. desired. It is then assumed that the
network determined on this basis will, when used in the basic line-type
pulser, produce a pulse shape reasonably close to the desired form. This
assumption has proved surprisingly valid in practice.
There is a wide choice of reasonable pulse shapes possible. Two of
those originally discussed by Guillemin are shown in Fig. 6:13a and b.

(a) Trapezoidal alternating-current wave. (b) Alternating-current wave with flat top
and parabolic rise and fall.
Fia. 6-13.
The rising portion of the wave in Fig. 6-13b is formed by an inverted
parabola and joins smoothly to the flat top of the wave; the falling
portion is similar but reversed. The equation for the parabolic rise is

W _gt 2 (26)

I, ar a’r?

The Fourier series for these waves may be found by the ordinary
method as follows:

Case 1. Trapezoidal wave. As i(f) is an odd function, the series

contains only sine terms. and there is no constant term.  Then

i) = I z b, sin %‘ @7

y=1
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where

_2 [T g
b,—T/; 7, S dt, (28)

and ¢(¢) is defined by the equations
Ly 0=t= ar,
i ar
- =41, ar £t £7 — ar (29)
I
T—1

ar

) r—ar St ST

The indicated integrations for b, yield
4 sin vma
vr vma

b, = where » = 1,3, 5, - - - (30)

Case 2. Wave with flat top and parabolic rise and fall. Again i(t)
is an odd function, so that only sine terms occur in the Fourier series.
Again,

i) = I z b, sin Ef
ye=1]

b, = g/ Msinitdt,
T JO Il T

where
and 7(t) is defined by

t {2
2— ——) 0=<i=ar
i) ar a%?
- = (1, ar St <t — ar (31

I . n .
[1—(-—————1-—01-)], r—ar St =1
ar

From these equations, b, is found to be
2

; where v = 1,3, 5, + - - (32)

It is of interest to note that the order of convergence of the several
waveforms considered is

Rectangular wave................... [ like %
Trapezoidal wave............covviiiiiininn.n. like;lz-
1

Wave with flat top and parabolic rise and fall. .. ... like -
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These results could have been predicted from the general theory of the
Fourier series. Likewise, it can be predicted that the Fourier series for a
wave that has continuous derivatives up to order n, but a discontinuous
nth derivative, will converge like 1/v"+1,

Determination of Paramelers of the Admittance Network Required to
Switch Generate a Specified Steady-state Waveform.—FEach
term of the Fourier series, Eq. (27), consists of a
*_:_V —1, 3L, sine wave of amplitude b, and frequency »/2r. Such
.:I v ]-C., a current is produced by the circuit of Fig. 6-14.
Fic. 6-14,—Cir-
o e 4= Veq[200 i v =185 6

state current.

The value of L, and C, may be determined by com-
parison with the coefficients of the Fourier series, Eq. (27), which gives

L, = fr‘b’ (34)
+b,
C, = s

where Zy = Vn/Ii, and may be called the characteristic impedance of
the network.

The resultant network required
to produce the given wave shape
consists of a number of such reso-
nant LC-sections in parallel, as
shown in Fig. 6-15. The values of
b,, L,, and C, for the several waves
studied are given in Table 6-1.

Networks of the parallel admittance type derived above are often
inconvenient for practical use. The inductances have appreciable

Ly

Fia. 6-15.—Form of voltage-fed net-
work derived by Fourier-series analysis of
a specified-alternating-current waveform.

TABLE 6-1.—VALUES OF b,, L,, AND C, rorR NETWORK OF FIG. 6:15

Waveform b, L, Cy
Rectangular 4 Znt 4 7
yr 4 vigt Zy
Trapezoidal 4 (sin vra Zyt 4 7 sin vra
vr vra 4 sin vra vir2 Zy  wvwa
rrQ
Flat top and parabolic rise and | 4 (sin jrra? Zyt 4 T (sin 5u-;ra)2
fall v jvma 4 sin Yvwa\? | vix? Zn vra
{vra
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distributed capacitance, which in effect shunts them and therefore tends
to spoil the pulse shape, whereas the condensers have a wide range of
values which makes manufacture difficult and expensive. Therefore,
it is desirable to devise equivalent networks that have different ranges of
values for capacitance and inductance.

Theoretically, it is possible to determine a large number of equivalent
networks. The methods for carrying out the determinations are all
based on mathematical operations on the impedance function of the net-
work.! From the mathematical point of view, the impedance function
completely characterizes the network, and all networks that have the
same impedance function are equivalent. The determination of equiva-
lent networks is therefore primarily a mathematical problem.

Equivalent Network Derived by Foster’s Reactance Theorem.—The
admittance function for the network of Fig. 6:15 may be written by
inspection, and is

n

_ C.p

Y(p) = 2 Lo, F1 (35)
vy=13,...

The right-hand member of Eq. (35) can be converted into the quotient of

two polynomials the denominator of which is the product of all the

denominators in the sum. Then, by inverting the quotient thus found,

the impedance or reactance function, Z(p), is determined, that is,

n

I @ep+1)

Z(p) — Y(lp) - i v=13,... - (36)

C.p H (L,Cyp® +-1)
»=13,... v=13,...
¥ =v i8 omitted

The numerator is of degree 2n and the denominator of degree 2n — 1;
consequently, Z(p) has a pole at infinity as well as at zero. The zeros of
Z(p) are the poles of Y (p), as must be true from circuit theory. The
poles of Z(p) must be found by carrying out the indicated operations and
finding the roots of the resulting polynomial. As usual, the labor in
finding these roots may be heavy.

The function Z(p) may then be expanded in partial fractions about its
poles, and an expression of the following form is obtained:

2n—2
_ 4 Ap
Z(p) = P + _; B,p—2+_1— + Ap. 37

! For a detailed discussion of equivalent networks, see E. A. Guillemin, Communi-
cation Networks, Vol. II, Wiley, New York, 1935, pp. 184-221.



194 THE PULSE-FORMING NETWORK [SEc. 6-3

Equation (37) represents the impedance function for the network of
Fig. 6:16. By inspection,

L e Cv=-5  Lon=Awm (39
LG Ao
Hci_' ) ~ and it can be shown that the remain-
Ly . .
o ) L ing elements are given by
Fia. 6:16.—F f network i
lent !t(t}) that of o;‘?:;.o e'-‘fswﬁiriii'&" vba; L,=A4,, C, = % (39)
Foster's reactance theorem. 14
The values for Cy and L, are found from Eq. (35) by noting that
1
Cy = lim = Y(p) = C,, (40a)
p—)o P »=13,...
and that
1 . 1
o= lim pY(p) = . (40b)
" P vy=13,... g

Thus, C is equal to the sum of the C,’s shown in Fig. 6-15, and L, is equal
to the inductance of all the L,’s in parallel.

Equivalent Networks Derived by Cauer’s Extension of Foster’s Theorem.
Two additional forms of physically realizable networks may be found
by making continued-fraction ex-

pansions of the reactance or admit- Znt
tance functions and identifying the
coefficients thus obtained with net- Ynop Uy

work elements. The continued-
fraction expansion represents a
ladder network, as can easily be
seen by forming the impedance
function, Eq. (41), for the ladder network of Fig. 6:17 by the method
commonly used in finding a-¢ impedances:

1

Fi1g. 6:17—Form of network yielding a
continued-fraction impedance function.

Z.=Zl+

1
zs +

s + 1

Ya + -

(41)
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An equation of the form of Eq. (41) may be formed from Eq. (36) by
dividing the denominator of Eq. (36) into its numerator, which gives z,,
inverting the remaining fraction and dividing again, which gives y,, and
continuing this process. The first division to find 2, gives by inspection

n

z; = Lip, WhereLli = 2 Ll,’
y=13,...
and is equal to the series inductance of the Foster network of Fig. 6-16.
When the network involves more than a very few sections, this process
can, from a practical point of view, be carried through only with numerical
coefficients. It can be shown, however, that the network of Fig. 6-16
always yields a network of the form of Fig. 6-18.

c, C, Cp-
L Ly Ly ° .|l ; ————— i
z AI\IC“: TIC; AI‘EC;HIUVU‘]']‘C;. %le %L.A Ly, %Lln
[ : ! : o—d o
F1c. 6-18.—Form of network equivalent F1G. 6-19.—Form of network equiva-
to that of Fig. 6-16, derived by continued- lent to that of Fig. 6-15 derived by
fraction expansion of the impedance continued-fraction expansion of the
function. admittance function,

A network of the admittance type, shown in Fig. 6:15, can also be
transformed into a ladder network by an exactly similar process, starting,
however, with the admittance function Eq. (35) rather than with the
reactance function. The form of the network thus obtained is similar to
that of Fig. 6-18, except that the inductances and capacitances are inter-
changed, as is shown in Fig. 6:19. The values of C} and L) can be deter-
mined by simple means, for it is clear from Eq. (34) that

b 1o z
Ci=1m-Y(p) = C,, (42)
p—0 P
»=13,...
that is, C{ is the sum of all the capacitances C’, of Fig. 6-15. Likewise,
from Eq. (34),

n

1 .

n= Imave = ) 43)
v=13,. .

Summarizing the discussion on equivalent pulse-forming networks,

it may be said that three additional canonical forms of networks that are

equivalent to the admittance network of Fig. 6-15 can be found by

mathematical operations on the admittance and impedance functions.
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Many more equivalent networks can be found by combining these
mathematical operations in various ways, but most of these additional
networks are of only limited interest. The form or forms of networks to
be used in practice are determined by such practical considerations as
ease of manufacture and specific pulser requirements.

Networks of Equal Capacitance per Section.—The most important
pulse-forming network obtained by combining the canonical network
forms is the type shown in Fig. 6-20,

e which hasequal capacitances. From
the standpoint of mass production

=L, —L,y =Ly » . . o - - .
. in manufacture, it is highly desira-
c ¢ IC IC ble to have ail capacitances of equal
o——LI ————— value. This is particularly true for
Fi16. 6-:20.—Pulse-forming network having

! high-voltage networks because the
equal capacitances.

condensers for these constitute by
far the most difficult and expensive item to manufacture. The net-
work of Fig. 6-18 has capacitance values that are not very far from equal,
and is therefore chosen as the starting point in deriving the network of
Fig. 6-20. The network derived under the condition that the capaci-
tances be equal may be expected to have inductances in the shunt legs
to compensate for the altered values of the capacitances. If the actual
capacitance in a given shunt leg is increased in transforming from the
network of Fig. 6-18 to that of Fig. 6-20, the compensating inductance
may be expected to be negative, and vice versa. The detailed procedure
for the derivation of the equal-capacitance network is described below.
The capacitances of Fig. 6-20 are all known, each being equal to
Cn/n where Cy is the total energy-storage capacitance, whereas the
inductances are all unknown. The admittance and impedance functions
for the network are the known functions specified by Eqs. (35) and (36).
In the unknown network of Fig. 6-20 it is noted that, if an impedance
Lp is subtracted from the impedance function Z(p) so that

Z\(p) = Z(p) — Lp, (44)

a zero of Z,(p) appears—that is, the series combination of L, and C
corresponds to a zero of Z,(p) or to a pole of Yi(p) = 1/Z.(p). The
Cp
LuCpr +1
the poles of Y(p) corresponding to the L, and C resonant section must

be given by

admittance of the series combination of L,; and C is Hence,

(1
= 4 =
P=*\gp = P

and Y,(p) can be expressed in the form
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a as
p—m+p+m

Yilp) = + Yai(p), (45)

where Y3(p) is a remainder admittance function regular at +p,.
The constants a; and a; can be found by algebra, for

a1 = lim (p — p)¥i(p) = lim [_”‘—7"—]
' —m A PP Z(p) — Lip
1 i

d =Z0m) - L
2@ = Liploon (pr) = Ly

Likewise,
1
=7 =m—L
Since Z'(p) is a function of p?, as may be seen by differentiating Eq. (37),
a; = a3 = a. Thus Y,(p) can be expressed as

2P 1 ¥.(p). (46)
- N

Yl(p) = pz

The first term of the right-hand member of Eq. (46) must be the admit-
tance of L3 and C in series, so

1
Cp  _ _Lu® _ 20
Li.Cp* + 1 ? 4 1 p® — p} (47)
P T Ll

The identity (47) gives the following two equations for determining
the two unknowns p; and L,:

1 VA —L
Lu = QTZ = (plzz l) (48(1)
and
1 = 2
Tug = P (181)

where pi is a root of Z(p) — Lip = 0; thus, L, = Z(p:)/p:. From Eq.
(36) it is evident that the roots of Z(p) — L\p = 0 are all of the form
p}, and that there are n such roots. The root p? is found by eliminating
Ly, between Eqs. (48a) and (48b), and is given by

S (49)

Since the value of C is known and only p; is unknown, Eq. (49) deter-
mines py.
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Then
L1 = % ’ (50(1)
Li gp L2 @) -LiL. (500)

It is clear that L. is negative for all cases for which p? is positive, and
vice versa. In order to examine further the sign of the root p}, suppose
that Z,(p) is expressed as the ratio of two polynomials—which is always
possible—that is,

The coefficient of the leading term of N(p?) then contains the factor
(L{ — L1), where L] is the first inductance in the network of Fig. 6-18.
All the other factors for all the coefficients of the polynomial N(p?) are
positive because they are comprised of combinations of the inductances
and capacitances of the network. By Descartes’ rule of signs, N(p?) = 0
can have no positive roots unless the coeflicients of its terms have at
least one change of sign when considered ‘as a sequence. This change of
sign can occur only if (L} — L)) < 0, that is, if L, > L], in which case
there is a single positive root. Hence, if p} > 0, it follows that L, > LI,
for which condition L, is negative.

The nature of the root pt may also be seen by expressing Eq. (49) in
a somewhat different form. For this purpose it is noted that

If the form of Z(p) given by Eq. (37) is used,

and

2
pi[@z] _ 20, z _ABat
Ydpl p bn T A L Bai+17

Using this result, Eq. (49) becomes

2n—2

1 A,B,p}

g= 4ot z Bt + DY (51)
r=24,..
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or, a8 A9 = 1/Cy and 1/C = n/Cu,

A,B,p}
Z (G ER (52)

y=24

The range of variation possible for C may be found by letting p} vary
between zero and infinity. The limits are

%=Ao=al;; when p} = 0,
2n—2
1 4, 1 1 1
6'-’Ao+ F—E—+—6'+ + - +CZn—2’
y=24,.

when p? — «

The C,’s are for the network of Fig. 6-:16. Inasmuch as the series induct-
ance L, of the network of Fig. 6-16 is equal to L] of Fig. 6-18, it is clear
that the first capacitance C; of the latter network must be given by

11,1 1, 1

ag-otatat Cone

Thus C must satisfy the inequalities

1 1 1

Cn < =< C,:
or

C: < C < Chy. (53)
In particular, it is noted that

c<c=-

n

is a condition to be satisfied if p? is to be a positive root of N(p2) = 0.

The foregoing procedure serves to determine Ly, and L,, and reduces
the degree of Z,(p) by 2. The whole process may then be repeated on
the remainder function Z.(p) = 1/Y(p), where Y,(p) is defined by Eq.

(46), and L, and L,; are thereby Ly, L, Lyin
determined. A new remainder N AR
function Z;(p) = 1/Y(p) is left, LiLy, L;ngL:;i m
and the whole process can be re- C C - C
peated again and again until all T T T T
of the roots are exhausted. ° ’ ° - i

Si t induct F1a. 6-21.—Equal-capacitance mutual-
1nce negative inductance ¢an  j,4yctance network equivalent to that of

be realized physically by the use of  Fig. 6-20.

mutual inductance, the network of Fig, 6-20, in which the inductances
Lyz, Las, - + © Ln—1)s are negative, may be realized by a mutual-induct-
ance network of the form shown in Fig. 6-21. The latter network, how-
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ever, is a very practical form because all the inductances, including the
mutual inductances, may be provided by winding coils on a single tubular
form, and the condensers may then be tapped in at the proper points.

Design Parameters for Guillemin Nelworks.—As has been seen, there
are only a few canonical types of network that simulate rectangular
waves. In contrast, Guillemin’s networks have a pulse-shape parameter
(a in the formulas) which is, in effect, the fractional rise and fall time of
the generated pulse. This parameter may be chosen arbitrarily to have
any value between zero and one-half. The value zero corresponds to
the rectangular pulse and the value one-half corresponds to a triangular
pulse. The number of network sections required to simulate the pulse
shape corresponding to any given value of a is more or less in inverse
proportion to a, that is, a one-section network is satisfactory for a = %,
whereas a very large number of network sections are required to give a
rectangular pulse shape, corresponding to a small value of a.

In addition to the parameter a, there is another factor in Guillemin
networks which may be varied, namely, the shape of the rising and falling
sections of the pulse. The treatment herein has been limited to pulse
shapes having linear and parabolic rising and falling sections. A great
many more types are possible, but it does not appear profitable to con-
sider them here. Pulse shapes having rapid rates of rise can be satis-
factorily generated by networks that simulate trapezoidal pulses having
small values of a; pulse shapes having slower rates of rise are satisfac-
torily produced by networks that simulate parabolic-rise pulses having
somewhat larger values of a.

The first Guillemin networks were designed on the basis of a trape-
zoidal pulse shape having a rise time of approximately 8 per cent. Both
five- and seven-section networks were built, but the improvement of
the seven-section over the five-section network was very slight. No
more than five sections are therefore necessary to generate a pulse having
an 8 per cent rise-time parameter. Elimination of the fifth section was
found to have an appreciable, although small, deteriorating effect on
the pulse.

The number of network sections necessary to give good pulse shape
can be estimated with fair accuracy by observing the relative magnitudes
of the Fourier-series coefficients for the corresponding steady-state
alternating-current wave. In the case of the five-section network just
discussed, the relative amplitude of the fifth to the first Fourier coefficient
is 0.04 and that of the sixth to the first is 0.02. In this case, the elimina-
tion of all harmonic components having amplitudes relative to the funda-
mental of 2 per cent or less has an inappreciable effect on the pulse shape,
whereas the effect of eliminating the 4 per cent harmonic is appreciable
although still small.
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The basic network derived by the Guillemin design procedure is
shown in Fig. 6-15, and consists of a series of resonant LC-elements con-
nected in parallel. Design parameters for the first five sections of a
network of this type, as well as the corresponding Fourier-series coef-
ficients, are given in Table 6-2 for pulses having both linear and parabolic
rise and fall, and for a range of values of the rise-time parameter a.

00893  0.0202 0.0075 0.0026
0.0781

0466 Type 4
0235 0259 1%0313 10506

00781 0.0632 0.0658 00774 0.1083
Type B

&0.0-646T 0.0642T o.o7o:<sT- o.oagoT o.xs74T

o
o.zsa‘% o.z7o% 0.367‘% 0.547_% o.74o-%“°°c

&0.4003'1‘ o.ousT o.omT o.ooasT o.oo17T

0.0914 00909 00908 00906 0.0882

Type D

o 00910 0.0916T" 0.0916T" 0.0916T" 0.09167

0.456 0.054 0.009 0.0012 0.000076

o.195% 0.182% o.423§ 1.33% 21.2%“”‘“
O—

F1a. 6-22.—Equivalent forms for five-section Guillemin voltage-fed network. Multiply
the values of the inductances by Zyr and the values of the capacitances by 7/Zy. The
inductances are in henrys and the capacitances in farads if pulse duration r is expressed
in seconds and network impedance Zy in ohms.

It may be noted that a few negative values of inductance and capacitance
are listed for a trapezoidal pulse with @ = 0.20. These negative values
are, of course, not realizable in a physical network.

Equivalent networks can be derived from the values listed in Table
6-2 by the mathematical procedures outlined above. A set of equivalent
networks for the five-section network producing a trapezoidal pulse with
a rise time of about 8 per cent is shown in Fig. 6-22.

Examples of one-, two-, and three-section networks, all for pulses



TaBLE 6-2.—VALUES OF INDUCTANCES AND CAPACITANCES FOR FIvE-sEcTiON PuLse-rorMING NETWORK oF Fig. 6-15

Fourier coefficients Inductance Capacitance
Waveform a
bt by bs b1 be Iy L, Ls L1 Lo Ch Ca Cs Cr Cs
Rectangular 0 |1.2732|0.4244(0.2547 0.1819 0.1415|0.2500(0.2500|0.2500| 0.2500| 0.2500(0.4053(0.04503(0.01621|0.00827( 0.00500
Trapezoidal 0.05|1.2679|0.4089|0.2293 0.1474 0.0988|0.2510(0.2595|0.2777| 0.3578| 0.3578(0.4036(0.04318(0.01459(|0.00670( 0.00349
Trapezoidal 0.08(1.2601|0.3854|0.1927 0.1015 0.0482|0.2526(0.2753|0.3303| 0.4478| 0.7340(0.4011(0.04089(0.01227(|0.00462| 0.00170
Trapezoidal 0.10]1.2524|0.3643|0. 1621 0.0669 0.0155|0.254210.2912|0.3927 0.6796{ 2.2875/0.3987|0.03865|0.01032(0.00304| 0.00055
Trapezoidal 0.20]1.1911|0.2141 [} —0.0393 |—0.0147|0.2672|0.4455| = —1.1561|—2.4052|0.3791|0.02272 1} 0.00179| —0.00052
Parabolic rise 0.05]1.2699|0.4166|0.2418 0.1640 0.1194|0.2507(0.2547|0.2632| 0.2773| 0.2961/0.4042({0.0442010.01539(|0.00745( 0.00422
Parabolic rise 0.1011 2627|0.3939(0.2064 0.1194 0.0691|0.2521/|0.2694[0.3084| 0.3808| 0.5122|0.4019/0.04179|0.01314(0.00543| 0.00244
Parabolic rise 0.20]1.2319|0.3127|0.1032 0.0246 0.0017|0.2584(0.3393(0.6168| 1.8472| 20.94 (0.3921/0.03318(0.00657(0.00112 0.00006
Parabolic rise 0.25|1.2092(0.2610(0.0564 0.00353( 0.0017|0.2632{0.4065/1.1292] 12.887 | 21.37 |0.3849(0.02769(0.00359(0.00016| 0.00006
Parabolic rise 0.33(1.1609(0.1720{0.00930| 0.00338] 0.0064(0.2742|0.6168|6.8493| 13.44 5.5556(0.3695(0.01825|0.00059|0.00015 0.00023
Parabolic rise 0.40|1.1142(0. 1080 0 0.0085 0.0015|0.2857|0.9821| = 5.346 | 23.15 [0.3547]0.01146 0 0.00039| 0.00005
Parabolic rise 0.50|1.0319(0.0382{0.00825| 0.00300] 0.0014(0.3085{2.7747|7.7160] 15.15 25.00 |0.3285(0.00406|0.00053(0.00014| 0.00005

Multiply the inductances by Zyr and the capacitances by r/Zy.
is expressed in seconds and the network impedance is in ohms.

The inductances are given in henrys and the capacitances in farads if the pulse duration
a is fractional rise time of wave, see Fige 6+-13a and b.

i) = —Z—;’ E by sin ?
1,3,..

1
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with parabolic rise and for various values of the rise-time factor a, are
shown in Fig. 6:23. The two- and three-section examples are of the type
known as type A and consist of one or more antiresonant sections in series
with an inductance and a storage condenser. Calculated pulse shapes
produced on a matched resistance load by these three networks are shown

0.0606

0308 UL 0.190
0329 0367 —
0.256
(a) One-section, a = 0.50. () Two-section, a = 0.33.

00768 00118

0.1402

0.415

0.232 0.382

(¢) Three-section, a = 0.25.

F1a. 6-23.—Theoretical parameters of one-, two-, and three-section type-4 voltage-fed
networks for parabolic rise. Multiply the inductances by Zyr and the capacitances by
7/Zny. The inductances are in henrys and the capacitances in farads if pulse duration r
is expressed in seconds and network impedance Zy in ohms.
in Figs. 6-24, 6-25a, and 6-26a respectively. The calculated pulse shape
for the five-section network of Fig. 6-22 is shown in Fig. 6-27.

Considerable improvement in the pulse shapes from networks of
more than one section can be produced by slight departures from the
theoretical values of the parameters. Figure 6-25b shows the improve-
ment over Fig. 6-25a resulting from a 15 per cent increase in the series
inductance, and Fig. 6-25¢ shows the

further improvement resulting from a 12 [
5 per cent increase in the capacitance /N
of the storage condenser. Figure 08
] ' 2Zyin(t)
6-26b shows the improvement over Vy /
Fig. 6-26a resulting from similar in- 04
creases in inductance and capacitance
in the three-section network. The o
fact that these improvements can be 0 05 t/T 10 N1

made is perhaps an indication that the Fia. 6-24.—Calculated pulse shape for
correspondence between the stea dy- the one-section network of Fig. 6-23a.
state waveform and the transient pulse, which was assumed to be exact,
is in reality only approximate.

Design Parameters for Equal-capacitance Networks.—The physically
realizable form of the equal-capacitance network in Fig. 6:22 is shown in
Fig. 6-28. The values of inductance given in Fig. 6-28 are obtained from
those given for the type D network in Fig. 6-22 by making the algebraic
sum of the inductances around corresponding meshes the same in the two
cases. As has been stated, all the inductances and the mutual induct-
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(a) Theoretical parameters.
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(b) L4 increased 16 per cent from theo-
retical value.
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A
0 e
0 0.5 10 15

/T

(¢) L4 increased 16 per cent, Cy increased
5 per cent from theoretical value.

R=Z,

= % Parabolic rise.

Fi4. 6:26.—Calculated pulse shapes for the two-section network of Fig. 6-23b.

12
V2
0.8f \
22, iy(0) \
W 04 \
0 \
0 05 10 15

(a) Theoretical parameters,

Cy

1.2

P T
08 l/ A
22, iy
W o4
0 \
0 05 10 15

t/r
(b) L¢ increased 21 per cent, Cx increased 4
per cent from theoretical value.

a={ parabolic rise
F1u. 6-26.—Calculated pulse shapes for the three-section network of Fig. 6-23c.
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ances may be obtained by winding coils on a single tubular form, and by
adjusting the spacing between successive coils; however, care must be
taken to insure that mutual-inductance effects between alternate coils
are negligible.

The networks derived from the
theoretical type D network by re- T~ \
placing the negative inductances 97 ¢ (t)O-B \
in series with each condenser by NN
mutual .inductances between ad- Vu 0.4 \
jacent coils are normally referred
to as type E networks. Experi-
mental work done in early 1942 %% 05 o7 55
by J. R. Perkins proved the valid- /T
ity of the assumptions made in Fia. 6:27.—Calculated pulse shape for the
designing networks with induect- Bve-section network of Fig. 6-22.
ances as given in Fig. 6-28. Further simplifications can be made, how-
ever, by noting that the values of the inductances of the three center
sections and of the mutual inductances from section to section are very
nearly equal. It has been found in practice that they can be made equal
without affecting the pulse shape appreciably.

One way of reducing a type E network to this latter physical form
consists in winding a continuous

12

O o
. 8 - 3 solenoid in such a way that its
= S o o total inductance Ly = 7Zy/2.
S/ \G/ \  The total network capacitance,
I\ — . . .
00801 00673 Goses_ 00701 00805 C¥ = 7/2Zx, is divided equally
i I W W between the sections, and each

condenser is connected to a tap
on the solenoid. The taps are
located to obtain equal inductance
0.0910[ 0.0910] 0.0910] 0.0910] 0.0910] for all sections except the ends,
which should have 20 to 30 per
[o . : s . ¥
Fie. 6-28.—Equal-capacitance mutual- cen,t more self mducj;ance, and the
inductance network equivalent to the equal- ratio of length to diameter of the
capacitance. network in Fig. 6:22. The 44l is chosen by a method involv-
inductances are in benrys and the capaci- , A
tances in farads if the pulse durstion is ing the use of Nagoaka's function
expressed in seconds and network impedance ¢ givea mutual inductance which
in ohms. . .
is 15 per cent of the self-inductance
of each center section. The relative values of inductance and capacitance
obtained by this method show good agreement with those given in Fig.
6-28, and networks of five or more sections built in this manner give
excellent results. ‘The same pulse shapes can be obtained, however, by
the use of coils judiciously designed and located, as long as the sum of
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their self- and mutual inductances agrees closely with the values of
Fig. 6-28.

If networks of less than five sections are to be designed, it is usually
found that it is no longer possible to obtain satisfactory pulse shapes by
using the same inductance per section. If the values corresponding to a
type D network are known, the necessary values of self- and mutual
inductances can again be computed, and the coils wound and spaced the
right distance to duplicate these values. Or, charts can be obtained
experimentally to determine the percentage inductance for each section
and the total mutual inductance required to give a pulse shape that has
certain characteristics of time of rise and ripple. The number of sections
in the network varies with the time of rise required for the particular
application: practical experience indicates that it is not always desirable
to obtain a very fast rise (see, for instance, discussion on magnetron mode-
changing in Chap. 10 of this volume and in Chap. 8 of Vol. 6); and, in
general, a shorter time of rise results in a ripple of higher amplitude on
the top of the pulse. Practical considerations involving the size of the
condensers and the inductances, as well as the effect of other pulser com-
ponents, make it generally undesirable to use a large number of sections
for very short pulses. Experience gained with type E networks shows
that optimum over-all results are usually obtained for the following
number of sections: 1 to 3 for pulse durations of less than 0.5 usec, 2t0 5
for pulse durations from 0.5 to 2.5 usec, and 3 to 8 for pulse durations
from 2.5 to 5.0 usec.

To recapitulate, the Guillemin theory provides a means of designing
pulse-forming networks that duplicate accurately the pulse shapes nor-
mally required on a resistance load. It is then possible to compute the
actual pulse shape produced by the theoretical network and, by judicious
changes in some of the parameters, to approximate even more closely
the desired pulse shape.

The theoretical design procedure is likely to be lengthy, especially
for networks of more than two sections. In practice, therefore, it was
found easier to derive experimentally any variations from the Guillemin
design for a given pulse shape and number of sections, rather than to
work through the detailed theory for each variation. The experimental
procedure is necessary in any case to compensate for unavoidable sim-
plifications in the theory. Stray capacitances and inductances, the effect
of different qualities of dielectrics, the nonlinear and reactive character-
istic of the load, and losses in the network cannot be accounted for easily
in any kind of theoretical computation.

For instance, the pulse photographs of Fig. 6-29 show the modifica-
tions in pulse shape that can be obtained by altering some of the param-
eters of the network of Fig. 6-30. The first photograph shows the
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11
= :
1
i
—n aas ' H 1
Tkt 1T BENEEREN T e
(@) Normal. (b) 20 per cent added ca- (¢) 20 per cent added ca-
pacitance between pacitance between
points 1 and 4. points 3 and 4.
T ]
11T I T 1T B
(d) 10 per cent added induc- (¢) 10 per cent added in- (f) 10 per cent added ca-
tance at point O, ductance at point 3. pacitance between
points 1 and 5.
- : s
LIt TT 81 e n T
(g) 10 per cent added ca- (k) 10 per cent added ca- (i) 10 per cent added ca-
pacitance between pacitance between pacitance between
points 2 and 5. points 3 and 5. points 1 and 5, 2 and 5,

Fic. 6-29.—Effect of variations in the values of L and C ona?liap:?s‘i :impe obtained
with a type E network. The numbered circuit points correspond to those shown in
Fig. 6:30.
lesired pulse shape after the parameters of the network had been adjusted
experimentally. The next four indicate the effect of changing the value
of some of the parameters, and the
last four show the effect of stray ca-
pacitance from various points of the
coil to ground. The changes in
pulse shape obtained for small vari-
ations in parameters indicate the
ease with which it is possible to meet
specific requirements, but they also
show the necessity of holding the
values of elements to close toler-
ances and of minimizing the stray
capacitances.

6-4. Current-fed Networks.—Current-fed networks are distinguished
from voltage-fed networks in that the energy is stored in inductances

Pulse-forming network

Fi1a. 6-30.—Circuit diagram for Fig. 6-29,
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instead of in capacitances. A current-fed network is therefore recharged
by building up a current in an inductance that is an integral part of the
network. Upon discharge, a portion of the built-up current appears in
the load in the form of a pulse whose shape may be controlled by varying
the network construction. The whole theory of current-fed networks is
entirely analogous to that of voltage-fed networks, except that the cur-
rent rather than the voltage plays the primary role.

As in the case of voltage-fed networks, it is instructive to consider
first those current-fed networks that produce ideal rectangular voltage
pulses on resistance load. The voltage across the resistance load for an
ideal rectangular pulse is defined by the function »(t),

Vi, for0 <t <,
v(t) =
0, fort > r.

The corresponding Laplace transform, »(p), is
|4
o(p) = ;’ (1= e). (54)

In solving this problem, it is simpler to consider the inverse case—that is,
the case for which the pulse is pro-
duced by charging the network in par-
allel with the load resistance from a

CI) Current-fed G constant-current source. Since the
D/ network of 1 duced by discharei
S fadmittance %4 i pulse produce y discharging the

network is identical with the charging
I ‘ pulse, the two cases are equivalent as

Fic. 6:31.—Schematic circuit for far as determining the form of the

generating a rectangular voltage pulse network is concerned.
by charging a current-fed network and Th h . 1 .
a load of conductance G; in parallel. e charging pulse is generated

by opening the switch S in the circuit
shown in Fig. 6:31. The Laplace-transform equation for the circuit
written on a current-node basis is

Yy + G v(p) = I; 55)

where Y is the network admittance, G; is the load conductance, and Iy
is the initial current from a constant curfent source. Solving for ¥y,

In In
) R Ry L, S
T R 7 e Rl
In
¥ 14
- % (56)

1 — e
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If the numerator and denominator are multiplied by e”/? and the terms
rearranged to introduce the coth function, there results

(G.-2)#
Yx = Gi| coth T + G'Z'—.» . (57)
ez —e 2

The constant Iy has been treated as known, but is in fact arbitrary.
Choosing

In = 2G,V,,
the expression for ¥~ reduces to
Yy = Greoth B (58)

By substituting Eq. (58) in Eq. (55) and solving for »(p), the unknown
quantity, it may be seen that Ix = 2G;V; is the correct choice for Iy.
The expression G coth pr/2 is recognized as the input admittance of a
lossless transmission line of characteristic impedance Z, = 1/G; and of
electrical length r/2 when the far end of the line is short-circuited. The
required current-fed network must, therefore, be either a transmission
line of this type, or an electrical equivalent of such a line.

The functioning of the short-circuited transmission line in producing
the desired rectangular pulse may readily be understood in terms of the
elementary theory of wave propagation on such a line. At the instant
at which the switch is opened, the current I, from the constant-current
source divides equally between the line and the resistance load if the
resistances of the two are equal. A rectangular voltage wave of ampli-
tude $1o,Z, travels down the line, is totally reflected with reversal of sign
at the short-circuited end, and travels back to the input end in a total
elapsed time of 26 = 7. When the reflected wave reaches the input end,
the voltage there drops immediately to zero and remains zero thereafter
because the line is properly matched by the resistance R; = Z,, and there
is no reflection at the input end. However, the line is fully charged with
magnetic energy because a constant current of value I, is flowing through
it. The voltage pulse generated at the load during the charging period
clearly has an amplitude of 4/,R; and duration 2.

If the circuit between the constant-current source and the transmis-
sion line is then broken, an exactly similar voltage pulse is generated by
the resulting discharge of the magnetic energy stored on the line. The
total energy stored on the line is §LoI%, where L, is the total distributed
inductance of the line. This energy must be equal to that dissipated in
the load, or

12
—LoIo = GlV T = E‘)
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which reduces to the relation

T Rir

Lo = G, = 2 (59)
The analogy between the transmission line used as a voltage-fed cur-
rent-pulse-generating source and as a current-fed voltage-pulse-generat-
ing source is very close. The far end of the line is open-circuited when
it is used as a voltage-fed network and short-circuited when it is used
as a current-fed network. In the first case, the line is charged to a volt-
age Vo, which produces a current pulse on matched load of amplitude
Vo/2R;; in the second case, the I'ne is charged to a current I,, which

produces a voltage pulse on matched load of amplitude

I, _ IR

2G, 2

Current-fed Networks Derived from a Transmission Line.—Current-fed
networks may be derived from the short-circuited transmission line by
methods exactly analogous to those used in Sec. 6-3 in deriving voltage-
fed networks from the open-circuited transmission line. A summary of
the networks thus derived is included, but the details of the derivations
are omitted as they are considered sufficiently obvious.

Current-fed Network Simulating a Uniform Line Derived by Rayletgh’s
Principle.—This network, shown in Fig. 6-32, is identical in form to the
voltage-fed network of Fig. 6-15 except that the far end is short-circuited
instead of open-circuited.

L L L L
[, S—
T _m»mm_*
Fi1a. 6-32.—Current-fed pulse-forming net- F1a. 6-33.—Current-fed network de-
work of the uniform-line type. rived by rational-fraction expansion of the

transmission-line admittance function.

Curreni-fed Nelworks Derived by Rational-fraction Expansions of the
Admittance and Impedance Functions of a Short-circuited Transmission-
line.—These are analogous to the similar networks derived by rational-
fraction expansions of the impedance and admittance functions for the
open-circuited transmission line. The network derived by expanding the
admittance function

Y =Y, coth %
is shown in Fig. 6-33.
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Similarly, the network derived by the rational-fraction expansion of
the impedance function

Z = Z, tanh %’

is illustrated by Fig. 6-34.

Current-fed Networks of the Guillemin Type.—The theory of the
Guillemin current-fed network is similar to that of the voltage-fed net-
work, except that the roles of the voltage and current are interchanged.
Instead of generating a specified steady-state alternating current by
applying a constant-voltage source to the unknown voltage-fed network,

T

Currentfed
L pulse-forming
T network
Fig. 6-:34.—Current-fed network de- Fio. 6-35.—Circuit for generating a spec-
rived by rational-fraction expansion of the ified alternating-voltage wave similar to the

transmission-line impedance function, desired single-pulse shape,

a specified steady-state alternating voltage is generated by applying a
constant-current source to the unknown current-fed network. Compare
the circuit of Fig. 6-12 with that of Fig. 6-35. The alternating-voltage
wave in this case is started by opening the switch rather than by closing
it as in the case of the voltage-fed network.

A Fourier-series expansion is made for the specified alternating-
voltage wave shape and the coefficients of the resulting series are identified
with the network of Fig. 6-36.

The voltage across the vth anti-

resonant section is given by ' l l l l l
L, . t
v, = Iy C. sin ——— (60)

L C Fig. 6:36.—Form of current-fed net-
A comparison of Eq. (60) with Eq, Yok derred by Fourerseris analysis of
(33), which is the corresponding
expression for the voltage-fed network, shows that the two are identical
in form with the exception that I» appears in Eq. (60) instead of Vy and
that L, and C, are interchanged. All of the results derived for the volt-
age-fed network may be immediately applied to the current-fed network
by making the changes stated in the previous sentence.

In particular, the values of L, and C, are given by the equations

b, — Zyrh,

Yy vE

L, =

(61)
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and

C="'_Y”= T

vrb,  vrh,Za

(62)
The parameter values given in Tables 61 and 6-2 for the voltage-fed

network of Fig. 6-15 apply directly to the current-fed network of Fig.
6-36, provided that the L,’s and C,’s are interchanged and the induct-

%0.235 ‘%O.ZSQ 0.313 0.506 _]2.0781

Type

O—9—
0.456
A

o—

Tooses To.0202 Tooo7s To.0026

00646 00842 00703 0080 01674
Type
Io.om 'Eoeaz To,ossg 13.0774 'F.1093 B

0.400. 00416 00111 000378 0.00169

0.195 0.]82 0423 83 4.2
0.456 0.054%0.0090% 0.0012 <0.000076 Ty;e

(Type D not physically realizable)

FiG. 6:37.—Equivalent forms for five-section Guillemin current-fed networks. Multi-
ply the inductances by Zyr and the capacitancesby 7/Zy. Inductances are given in henrys
and capacitances in farads if the pulse duration r is in seconds and the network impedance
Zy 18 in ohms,

0329

o— 0.405 0'256% 0.220=F
0.308
b o 0.606 T

(a) One-section, a = 0.50. () Two-section, a = 0.33.

11

0430 0.232% o.aszé 0.1700
00768 o0.0118]

(¢) Three-section, a = 0.25.

Fi1g. 6:38.—One-, two-, and three-section type A current-fed networks. Multiply the
inductances by Zyr and the capacitances by r/Zy. Inductances are given in henrys and
capacitances in farads if the pulse duration 7 is in seconds and the network impedance
Zy is in ohms.

P, —
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ances are written in terms of 7/Yx = Zyr and the capacitances in terms
of Yvr = v/Z5. As an example, reference to Table 6-1 row 1 gives the
following values for the corresponding current-fed network

4Zyr
L, = —W,

_ T
=z

Likewise the voltage-fed networks shown in Figs. 6-22 and 6-23 can
be transformed to current-fed networks by following an identical pro-
cedure. The current-fed networks thus derived are shown in Figs.
6-37 and 6-38. The five-section networks are correspondingly designated
in Figs. 6-22 and 6-37. The type D current-fed network is not realizable
in physical form because some of the capacitances are negative. It is
"therefore omitted from Fig. 6-37.

6.6. Materials and Construction.! Coils.—The losses in the coils of
a network can be determined by calorimetric measurement during opera-
tion, provided that the coils can be thermally insulated from the con-
denser elements. An alternate method is to calculate the frequency

C,

I
]
—1 — 11
- - g . -
{ X, e

N 1 -..1.,‘:3:: 4
FET SEiSiEdiE
1 1 | ne & 111

Fie. 6-39.—Condenser-discharge currents in the four-section type-E network shown in
Fig. 6-40.
distribution of the currents in the various coils, and to determine the Q
of the coils at those frequencies either by calculation or by measurement.
The Q of a coil may often be calculated approximately with the use of
one of various empirical formulas which are given in handbooks. It
is usually much easier, however, to measure the @ of a sample on an r-f
bridge. The frequency distributions may be calculated from Table 6-2.
The calculation of losses in the coils and in the condensers of a type
E network during discharge may be simplified by the usc of a single
effective frequency instead of the band of frequencies given by Table
6-2. The discharge currents in the condensers of a four-section type E
network are shown in the oscillogram of Fig. 6-39 as obtained with the
cireuit of Fig. 6-40.

1By P. R. Gillette.




214 THE PULSE-FORMING NETWORK (S8Ec. 65

The following approximate method of calculating this effective fre-
quency leads to values of losses that are accurate enough for all practical
purposes, although the frequency itself may be inaccurate. The actual
currents shown in Fig. 6-39 may be represented approximately by por-

Pulse forming network  110NS of sine waves as shown in Fig. 6-41a.
R=zyr "~~~ ~ 71 The current in the end condenser is as-
LI L LL BRI L . .

l sumed to consist of two overlapping waves
O R of the same form as those for the other
condensers. These waves may be added
to give the coil currents, as indicated in Fig,
| ; 6-41. The frequency of the sine waves,
_________ ) in terms of the number of sections and the
Fic. 6-40.—Circuit diagram for pulse duration, is given approximately by °
Fig. 6:39. the expression f = n/2r. The effective
frequency for the rise and fall of current is given to a similar degree of

accuracy—that is, to within a factor of two—by the same expression.

The discharge currents in the coils may each be broken up into a
rising, a flat, and a falling portion, and the losses calculated separately
for each portion. The power dissipated in a coil during the rise and fall
may be calculated on the assumptions
(1) that the current is a sine wave of
period equal to four times the rise
time and of peak amplitude equal to
the pulse amplitude, and (2) that the
effective resistance is the a-c resist-
ance corresponding to the frequency
of this sine wave. The power dissi-
pated during the flat portion of the
pulse may be calculated on the as-
sumption that the current is a direct
current of magnitude equal to the
pulse amplitude. The power dissi-
pated during the charging period may Time —-
be calculated on the assumption that Fia ﬁ.ﬁ’)_i's‘i,‘,,"‘}é"f}“'

. 5 plifie representa-
the current is a sine wave of frequency tions of currents in the elements of a
equal to half the pulse recurrence fre- pulse-forming network.
quency. The total average power dissipated in the coil is the sum of the
values of losses computed as above.

In this way the correct wire size, the respective merits of solid,
stranded, and litz wire, and coil shapes (single-layer, bank-wound, etc),
may be determined. The power loss is usually a far more important
consideration than is current density in the choice of wire size. Losses
in coil forms may be reduced by the use of materials having low dielectric

r|-=-—-————-1-

Current — .

Time —

~ Current___
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loss and by the use of hollow rather than solid forms. Increasing the @
of coils by increasing their size may cause difficulties unless care is taken
to keep the self- and mutual inductances constant.

In addition to the generation of heat, the effect of losses in the coils
is primarily to attenuate the high frequencies. A pulse with a smoother
top and a slower rate of rise is thus produced with coils of higher losses.

Condensers.—A network that satisfies all electrical requirements can
be constructed of separate coils and standard mica condensers of suitable
current and voltage ratings. A bulky network results, however, because
of the problem of insulating the separate components, and also because
the current ratings of standard condensers are based on continuous
operation rather than on duty ratios of about 0.1 per cent. The expe-
dient of overrating smaller conventional condensers is dangerous because
they are designed with interdependent voltage and current ratings. It
has therefore been found necessary to develop new techniques in design
and construction. All components are put in one container, with com-
mon means of insulation. The condensers are designed to withstand the
high voltages, but have a smaller current-carrying capacity than is
ordinarily associated with such voltages.

Losses in the condenser elements can be calculated and measured by
methods analogous to those suggested for coils. The losses may be
measured calorimetrically, or the effective frequencies may be calculated
by one of the two methods outlined in the discussion of coil losses, and the
effective dissipation factor of the completed condenser either measured
or calculated for those frequencies. The effective dissipation factor
includes the losses in the dielectric, the foil, and the impregnant. Under
most conditions, the effective current through the condenser foils is well
within the current-carrying capacity of the thinnest commercial foils.
For high duty ratios and short pulse durations, where the skin depth is
less than the foil thickness, the foil resistance may become a limitation.

Dielectrics such as mica, oil-impregnated paper (hereafter referred to
as “paper”), and a relatively new material known as diaplex have been
used successfully. Diaplex is an organic-inorganic material that was
developed as a substitute for mica, and has been used in a number of
special applications for which the requirements are especially stringent.
Paper, the material used most commonly in high-voltage condensers,
has found by far the widest application in network manufacture. Mica
and paper condenser elements are almost always oil-filled; diaplex units
are usually oil-filled, but it is also possible to use a plastlc material as a
bonding medium.

In general, best results are obtained when the losses in a network are
evenly divided between the inductive and capacitive reactances. If
this rule is followed, it is generally possible to use paper dielectric for the
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condensers. In this case, the temperature-limiting constituent of the
condensers is the paper dielectric, and that of the coils is the enamel or
other organic insulation. If mica or diaplex dielectries are used in the
condensers, and the coils are wound with glass-insulated wire, the phenolic
insulating members, impregnating oil, and solder become the tempera-
ture-limiting constituents. Mica or diaplex is therefore used as the
dielectric in high-temperature units, and special high-temperature types
of phenolics, oils, and solders are employed in the construction of the
networks.

A “hot-spot” temperature, the maximum stable operating tem-
perature of the materials, is generally taken as a maximum both for
condensers and coils. In paper condensers, the amount (thickness) of
paper dielectric is determined by the hot-spot temperature, which is
usually 125°C. If the thickness of dielectric has been chosen with regard
to this temperature, the occurrence of corona in the paper may easily
be avoided by conventional methods. The same consideration applies
to diaplex at low and medium voltages. However, corona will appear at
the higher voltages if a liquid impregnant is used, apparently because
strong electric fields drive the oil out from between the layers of dielec-
tric material.

For mica condensers, the losses increase at a much greater rate than
the applied voltage, partly because of corona in the voids of the mica
itself. Hence, measurements made when the input power is low are not
adequate to determine the maximum power that can be applied without
exceeding the safe temperature for the other components. Mica is unique
among dielectrics in that corona of moderate intensity does not produce
chemical degradation of the dielectric, which would induce further losses.
In this respect, paper is by far the worst of the three types of dielectric
under discussion. Dielectric losses may also increase faster than the
applied voltage with materials other than mica. Hence, empirical life-
testing of the network is an important part of the design procedure.

Some of the electrical characteristics of mica, diaplex, and oil-impreg-
nated paper condensers are listed in Table 6-3.

TasLE 6-3.—ELECTRICAL CHARACTERISTICS

Mica | Diaplex | Paper

Dielectric constant (25°C, 1 ke/sec)................contn. 6.7 4.8
Dissipation factor (25°C, 1 ke/sec, %)..........coovvnnn.. 0.15| 0.35

o W
N 0

The variation with frequency and temperature of the capacitance and
dissipation factor of condensers constructed with the three different
types of dielectric is illustrated by the curvesin Figs. 6-42 and 6:43.
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Whereas the dielectric constant of mica and diaplex is nearly inde-
pendent of frequency, that of paper decreases as the frequency isincreased,
particularly at low temperatures. Therefore, the energy stored in paper
condensers of a pulse-forming network cannot be entirely removed in
high frequency components of the pulse shape. Thus, at low tempera-
tures, short pulses of 0.5 usec or less have a duration shorter than that
which is predicted from low-frequency measurements.

I GE condenser with oil-
i paper dieletric . j
--- - P Bonded diaplex condenser

A Sprague mica conderiser _] |
25,~50°C~ "] S 5°C
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F1a. 6-42.—Variation of capacitance with frequency and temperature.

The dissipation factor of paper becomes very great at high frequencies,
indicating that, as the time delay per section is decreased, the propor-
tion of losses in a paper network increases rapidly. In a mica or diaplex
network this effect is not nearly so pronounced. The increase in dis-
sipation with frequency also causes the pulse from a paper network to
be more rounded than that frem a similar mica or diaplex network.
The curve showing dissipation factor as a function of temperature leads
to the interesting conclusion, borne out in practice, that the losses in a
paper network are a minimum at 75°C.

To summarize, both mica and diaplex may be used to advantage in
small light-weight high-temperature units. Paper, because of its lower
maximum operating temperature, gives, in general, a more bulky net-
work. It may be used in the storage condensers of type A networks,
but the antiresonant sections usually require higher @’s than may be
achieved with paper. Finally, the rapid decrease in dielectric constant
at low temperatures discourages the use of paper in units required to
operate at extremely low temperatures. Since paper is the least expen-
sive of the three dielectrics discussed, it is generally chosen for applica-
tions in which only a normal range of ambient temperature is encountered.
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After the type of dielectric to be used in a given network is chosen,
the required volume must be determined. This volume depends not
only upon the amount of energy to be dissipated, but also upon the
maximum hot-spot temperature that the dielectric can withstand in
normal operation, the efficiency of heat transfer from the dielectric to
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Fi1G. 6-43.—Variation of dissipation factor with frequency and temperature.

the case, the efficiency of heat transfer from the case to the surroundings,
and the maximum temperature of the surroundings. The efficiency of
heat transfer from case to surroundings may be improved by mounting
the case so that there is a large area of contact between it and a heavy
metal plate, by the proper use of fins, and by forced air circulation. The
efficiency of heat transfer from the dielectric and coil to the case may be
improved by spacing the elements in the case in such a way as to achieve
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the freest possible convection of oil, and hence the maximum convective
cooling action. Improvement in any of these factors reduces the required
volume of the dielectric.

Fia. 6-44.—Typical type-E networks.

Ezamples.—The four network designs listed in Table 6-4 are typical
examples of networks used in pulsers for radar systems. The networks
are shown in Fig. 6-44, and the pulse shapes produced on the appropriate
resistance loads are shown in Fig. 6-45.

TaABLE 6-4.—TyricAL TyPE E NETWORES

Peak Nom- Dimensions*
charg- Pulse Impe- | inal | No. of
No. | ing ‘:;":- PRF, dance, | pulse | sec- Wt. Al:Ph' Mfg.
volt- on. ppa ohms | power, | tions | w.,| L, |ht., cation
usec . . .
age, kv kw in. | in. | in,
1 3.5 0.84 840 50 25| 3 12 oz | Airborne | GE
2.24 420 345 1% 3% 23
2 8 0.25 1600 50 200 | 2 2 104 54 51b | Airborne | Sprague
0.50 800 2 9 oz
2.60 400 4
5.20 200 444
3 8 1.0 1000 50 200 | 5 33 43| 5% 41b | Ground- | Sprague
9 0z | based
4 17 2.0 300 25 2000 | 2 4} | 134} 94 | 241b | Ground- { GE
11 0z | based

* Not including insulators.



220 THE PULSE-FORMING NETWORK [SEC. 65
} o .
] : ] l‘ﬂ
(a) Network No. 1; 0.84-usec pulse (b) Network No. 1; 2.24-usec pulse
j] 11
} -
[_j ¥
| 1 X
[,
i LT !
(¢) Network No. 2; 0.25-usec pulse (d) Network No. 2; 0.5-usec pulse
| T

IIfl][ill

(e) Network No. 2; 2.5-usec pulse

(f) Network N

0. 2; 5-usec pulse

T

-l

I

HY

(g) Network No. 3; 1-usec pulse
Fia. 6-45.—Pulse shapes on resistance load from the networks listed in Table 6-4.

(k) Network N

0. 4; 2-usec pulse
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The construction of network No. 3 may be considered as typical of that
employed in the majority of type E networks. It is housed in a terne-
plate can with metalized glass bushings. The can is of sufficient resiliency
to take care of differential expansion. The five condenser sections are
designed to distribute the voltage effectively by four series sections and
to minimize the inductance arising from the lead connections. The
gradient is approximately 210 volts per mil. The condenser sections are
held between bakelite end plates by means of metal bands. The total
capacitance of the network is adjusted so that it will be within +5 per cent
of the rated value after impregnation.

The inductance consists of two close-wound coils wound on a 3-in.
bakelite form. The input inductance is wound with 32 turns of No. 22
enameled wire and is mounted separately from the main coil, which
consists of 26, 26, 26, and 31 turns of the same size wire. Although the
input inductance must be separated from the other inductances because
of the choice of can size and shape, it is possible to obtain a satisfactory
wave shape on resistance load. The coils are mounted in a bakelite frame
that can be attached to the end plates of the condenser bank before the
assembly is placed in the can.

6:6. Test Procedures.—The electrical tests to which networks are
subjected include a voltage-breakdown test, an insulation-resistance
test, and a dissipation factor test; tests involving the determination of
pulse duration, rate of rise, general pulse shape and impedance; and,
finally, determinations of the temperature rise (which is a measure of
efficiency) and life of the unit under normal operating conditions. Only
those tests designed specifically for networks are described in this section.

For temperature-rise and life tests, the network is operated under
normal rated conditions in a pulser of a type similar to that in which it is
to be used. Tests are conducted at both the maximum and minimum
ratings for continuous operating temperatures, as well as at normal room
temperature.

The impedance of a network may be measured in several ways
Probably the most obvious method is to discharge the network into a
pure-resistance load through a bidirectional switch, and to adjust the
resistance until no reflection is obtained after the pulse. The resistance
of the network is then equal to the load resistance. The main drawback
of this method is that it introduces an unknown quantity, the switch
resistance. This difficulty can be avoided to a certain extent by the use
of a long cable whose impedance has previously been determined by other
methods, but the possible difference in its impedance under pulse and r-f
conditions makes this expedient of doubtful value. In addition, the
voltage of the first step is related to the voltage of the main pulse by

1By J. V. Lebacqz.
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Vi_Ri—2Zy
Vi R+ Zy
which can be rewritten
ZN = IRI.
1+ 7
Vi

In practice, the voltage V; has to be 1 to 2 per cent of V;in order to give a
noticeable deflection on the CRT screen and, under these conditions, the
maximum accuracy for measuring Zy is only 2 to 4 per cent. Actually,
the error is greater because of the change in switch resistance during
conduction after the pulse and the variation in pulse shape introduced by
network attenuation and phase shift. For the same reasons, it has not
proved satisfactory to measure impedance of actual networks by inten-
tionally using a load that gives a large mismatch, and computing the
impedance from the above formula as a function of the ratio of step
voltages. Other methods used for cables (r~f bridge measurements of
open-circuit and short-circuit impedances) are usually not applicable to
pulse-forming networks because of distortions introduced by the lumped
constants, and because only two terminals are available in the majority
of cases. Pulsed bridge circuits were tried, and proved to be the most
satisfactory means of measuring network impedance.

High-
voltage Source
input puise-
forming
network Pulse-forming
. network | Z
Trigger under test
input
J1
$4 1
k?ro R,
scope 2V,

F1G. 6-46.—Schematic diagram of ;ulsed bridge.

The circuit finally adopted at the Radiation Laboratory is given in
Fig. 6-46. As can readily be seen, the circuit is essentially a conventional
bridge in which the external voltage is supplied by a pulse-forming net-
work. Although with this system the switch resistance has no effect
on the value obtained for impedance, great care must be exercised to
eliminate stray capacitances and small additional inductances. This
circuit has been used in either of two ways: as a matching method, or
as a computation method. In the matching method, the switch S is
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a commutator and R, is made equal to R;. The resistance R is then
varied until the traces of the voltage across R, and R, appear super-
imposed on the CRT screen through the action of the switch S, as indi-
cated in Fig. 6:47a. The value of Zy is then equal to R..
In the computation method, all the resistors are fixed, and the value
of Zy is easily obtained by measurement of the voltages V) and V,
because
ViR,

N = VZE(Ra'I‘Rx) —Rz.

The matching method is more convenient for the routine checking of
networks. Difficulties are apt to arise, however, because of the induct-
ance unavoidably introduced in building & variable resistance capable of
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(a) Oscillogram showing balance of im- (b) Oscillogram showing effect of non-
pedance in pulsed bridge. Trace A is ob- inductive resistor in pulsed bridge. Trace
tained from the network arm of the bridge A is obtained with an inductive resistance
and trace B from the resistance arm. and trace B with a noninductive resistance.

Fia. 6-47.

L1111

withstanding the power and voltage requirements. In the setup that
has been used at the Radiation Laboratory, the resistor consists of non-
inductive elements connected through three selector switches to enable
variations in steps of 10, 1, and 0.1 ohms. The additional connections
necessitated by this system result in the appearance of oscillations on
the top of the pulse, as indicated by Fig. 6-47b. This figure shows the
wave shape through the resistance arm of the bridge only; the smoother
trace corresponds to use of a noninductive resistance for K3, the other one
to the use of a variable resistance for R;. The two resistors were equal to
within 0.1 ohm.

The choice of the best possible pulse-forming network for the source
still remains to be discussed. Experience has indicated that the value
obtained for the impedance of the network under test depends slightly on
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the characteristics of the source. It is necessary to keep the resistances
R, and R, small in order to produce the desired amount of deflection on
the scope if the measurement is to be made at a power level comparable
to that for which the network is designed. Thus, if the two networks
have very nearly the same impedance, the source network is working
into a load impedance that is considerably smaller than its own imped-
ance. It has also been observed that this amount of mismatch has an
effect on the oscillations on the top of the pulse. Figure 6-47a indicates
that the response of a network and of a resistance to the leading edge of
the pulse is not the same. In view of this fact, it is probably desirable to
use for a source network one that has an impedance approximately equal
to that of the load and whose other characteristics correspond, as nearly
as possible, to those of the network under test. In order to meet these
conditions, however, a large number of special source networks are
required. In practice, either a network of the same series, or one of
approximately the same pulse duration and impedance as the one under
test, is used.

The values of impedance obtained by pulsed-bridge methods can be
duplicated easily with a circuit of the same type. Any discrepancies in
the results that are obtained by the two methods (these discrepancies
have been as high as 5 per cent) are caused chiefly by the inductance of
the adjustable resistor that is used in the matching method.



CHAPTER 7
THE DISCHARGING CIRCUIT OF THE LINE-TYPE PULSER

By J. V. LeEBacqz

7-1. General Properties of the Discharging Circuit.—The basic
characteristics of the discharging circuit are determined entirely by the
elements making up that circuit: the pulse-forming network, the switch
tube, and the load. A pulse cable and a pulse transformer are often
added between the pulser and the load although they are not essential
to the operation of the equipment. The pulse cable is usually added
only for convenience in engineering, and for greater flexibility in the
physical location of the pulser and the load. The pulse transformer, on
the other hand, can often be considered a necessary component of the
pulser because it reduces the maximum network voltage that is necessary,
and thus eases the problems of switching. As a result, the design prob-
lems are simplified, and a saving in weight and an increase in reliability
are generally effected. The introduction of a pulse cable and a pulse
transformer also affects the general characteristics
of the discharging cxrcul't. . . ' Pulse-forming

The general properties of the discharging cir- [ | network
cuit can conveniently be arrived at by considering
the simple circuit of Fig. 7-1.

As has been seen in Chap. 6, a charged loss- Switch
less transmission line produces a rectangular pulse
of energy if it is connected through an ideal switch
to a pure resistance equal in magnitude to the
characteristic impedance of the line. In practice, Fie. 71—Simple
however, the pulse-forming networks do not dupli- schematic diagram of the
cate exactly the pulse shape obtained from a loss- ﬁf:_}:;;i";guge’ﬁmt for a
less transmission line.

The switch in a line-type pulser is not required to open the circuit at
the end of the pulse because the current ceases to flow when all the energy
stored in the pulse-forming network is dissipated. This important
property of the circuit makes it possible to take advantage of the high
current-carrying capacity and low voltage drop that are characteristic of
gaseous-discharge switches. The mechanism of the switch operation has
an important effect on the operation of the circuit, as is discussed later.

225

Load
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The loads to which pulsers must supply power are not, in general,
pure resistances. For most radar applications, the oscillator tube can
be considered as a biased diode, as is already shown in Chap. 2 (Fig.
2-11). Random variations in the values of either the bias voltage or
the dynamic resistance may occur from pulse to pulse or during a single

pulse, and their effect on pulser performance
l must be considered.
S

Some of the characteristics of the circuit
can be determined by considering the dis-
charge of a lossless transmission line of
impedance Z, through a resistance R;. Con-
Fio. 72.—Ideal discharging gider the circuit of Fig. 7-2, in which the

circuit for a line-type pulser, R A .
switch can be closed instantly, and is assumed
to have zero resistance when closed. If the line is charged to a potential
V,, the current in the load after closing the switch is given by

, |4
W= 7t R

+(Z ;R) [Ut—-48) -~ Ut —68)]— - - -, (6.7)

2
&Y—e
R

(1 U —28) — Z gZ[U(t — 28) — Ut ~ 48)]

where
Uary =1 for At > 0,
vuat) =0 for At < 0,
At = (t — nd), n =2, 4,6,

In general, only the energy transferred to the load during the first
time interval 24 is of practical value, and in that case,

1
h=Vop+z M
and
R
Vi=Vop 17, R + Zo @
The pulse power in the load is
— - V3
R e A ®
and the energy dissipated in the load is
W, =Pr= 0 _p &)
‘T F_(Rz'i"zo)z m (

where r = 24 is the duration of the pulse at the load. As can immediately
be seen from the foregoing equations, the pulse power and the energy
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dissipated in the load per pulse are a function of the load resistance. The
value of load resistance for maximum power transfer can be obtained by
differentiation of Eq. (3);

apP, Vi 2ViR:

iR BAZy Btz O
and the maximum power transfer is obtained when
By = Z,. )]
With this condition,
I, = 2—Z01 (6)
Vi = Yz—" )
-
P = iz, (8?
and
VZ
Wx = 4—Z00 T. (9)

The value of load resistance for maximum pulse power given by Eq. (5)
could have been anticipated from physical considerations; Eqs. (1) to
(4) apply only for the first interval 25. If the load impedance equals the
line impedance there are no reflections, and all the energy stored in the
line is dissipated in the load during the interval 2. Any mismatch
causes part of the energy to be dissipated in the load after the time 23,
and thus results in a decrease in power during the main pulse.

10
/o/r— P O]
8, H
B
05
0,
0 05 1.0 15 20

Rl/zo

F16. 7.3.—Effect of load mismatch on power transfer.

Fortunately, exact matching of the load to the transmission-line
impedance is not particularly critical from the standpoint of power trans-
fer, as long as the mismatch does not exceed 20 to 30 per cent, as can be
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shown by taking the ratio of the power into any load resistance R; to
the power into a matched load Z,. This ratio is

V2

0
Po _ (Bit Zo)" 2 _ B 1 (10)
Py~ i Zy R\

iz, 1+ 7

The values obtained for Eq. (10) are plotted in Fig. 7-3, showing the flat-
ness of the curve near the maximum. As an example, the values of
R,/Z, for which 3 per cent of the energy stored in the transmission line is
dissipated after the time 28, equal to the pulse duration 7, are found as

follows:
Ry
1-003 N Z,

1 ' R\?
<1 -+ Z))
R,
=1 = 142
<Zo>1 142,
R\ _
(). om

Thus, from power considerations alone, the matching of the load to the
line impedance has very little effect on the discharging circuit, since only
3 per cent or less of the energy stored in the transmission line is not dis-
sipated in the load if the load impedance varies from 70 to 142 per cent
of the transmission-line impedance.

The energy dissipated in the load under matched conditions is equal
to the energy stored in the transmission-line capacitance before the pulse,
or

y

Vi-r 1 2
37, ~ 30

which gives the fundamental relation
T = QCOZo. (1 1)

The pulser design is affected by the pulse-power and energv-per-pulse
requirements in several ways.  Equation (8) shows that the pulse output
is proportional to the square of the voltage on the transmission line or
network, and inversely proportional to the line or network impedance.
Figure 7-4 gives the maximum pulse power Pz, that can be expeeted from
an ideal pulser for various line impedances and voltages.

If nearly matched conditions are to be realized, it can be seen that the
voltage necessary to supply a high pulse power to a high-impedance load
becomes prohibitively high. For example, for a pulse-power require-



Sec. 7-1] PROPERTIES OF THE DISCHARGING CIRCUIT 229

ment of 1 Mw into an 800-ohm load, the theoretical transmission-line
voltage is 60 kv. The practical figure is higher because the losses in the
discharging circuit have been neglected. A slightly lower network
voltage can be used if the line and the load are intentionally mismatched
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FiG. 7-4.—Maximum pulse power output vs. transmission-line voltage at various impedance
levels.

because the power transfer is not seriously affected. In practice, up to
about 40 per cent mismatch can be tolerated (R:/Z, = 1.4), and under this
condition, the line impedance is approximately 600 ohms with an 800-ohm
load, and the voltage is 50 kv instead of 60 kv.

Handling voltages of this order of magnitude presents serious engineer-
ing problems. The most important problem is that of securing a suitable
switch. Gaseous-discharge switches are not readily suited to the very
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high voltages required in the high-impedance circuit. Neither would
these circuits use the high current-carrying capacity of these switches to
the best advantage. On the other hand, vacuum tubes have a high effec-
tive resistance, and the losses that occur when these are used as switches
in high-impedance line-type pulsers result in low efficiency.

The small storage capacitance that results from the use of a high-
impedance transmission line or network leads to other difficulties. This
capacitance is given by Co = 7/2Z, [Eq. (11)] and, for a given pulse
duration, decreases proportionally to the increase in line impedance.
Assuming, for example, an 0.8-usec pulse and an 800-ohm transmission
line,

—6
Co = 0.8 X 10

= 7% 08 x 100 _ 200 sl

The small transmission-line or network capacitance may prove a serious
handicap in the design of the charging circuit because a charging diode
with peak inverse voltage greater than 30 kv is required to prevent the
size of the charging inductance from becoming prohibitive. Also, the
construction of the network itself presents very serious problems because
the network inductances increase proportionately with the impedance,
and the effect of distributed capacitance on wave shape becomes pro-
portionately greater as the total active network capacitance is decreased.

In spite of these difficulties, several line-type pulsers were designed in
the early days of the Radiation Laboratory to operate directly into high-
impedance loads. However, a much more satisfactory solution to the
problem was achieved by the development of an impedance-matching
pulse transformer. These pulse transformers can be used over the wide
range of output power (from 500 watts to 20 Mw) required from pulsers
and over a range of pulse duration from less than 0.1 to more than 5 usec
without seriously affecting the shape of the output pulse. The impedance
ratio of a pulse transformer is essentially equal to the square of the turns
ratio. For a 1-Mw pulser supplying an 0.8-usec pulse to an 800-ohm
load, and using a 4/1 pulse transformer, the load R;; = 800 ohms that is
across the secondary appears across the primary as

Ry = 3% = 50 ohms.

The maximum line or network voltage is now about 15 kv and its capaci-
tance
0.8 X 10~*
Co = —i%.f- = 8000 puf.
The disadvantages of a pulser coupled directly to a high-impedance load
have now disappeared. Another advantage in the use of pulse trans-
formers is the possibility of introducing a physical separation between the
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pulser and its load. In many radar applications, it has been found neces-
sary to separate the oscillator from the pulser itself—in some cases,
because of the physical motion of the oscillator. Under these conditions,
a pQav cable links the pulser to the load. Theoretically, pulse cables
can be made in almost any impedance range, but practical considerations
limit their impedance to less than 100 ohms. In the United States, the
50-ohm impedance level for pulse cable was standardized, and, for con-
venience in matching cable to pulser when necessary, the great majority
of line-type pulsers were designed to use 50-ohm pulse-forming networks.
In special applications requiring an exceptionally high-power output,
however, networks of 25 and even 12.5 ohms were used. In Great
Britain, on the other hand, the network impedance was centered around
80 ohms—again for convenience in cable matching.

Since the loads used in microwave radar usually have input character-
istics similar to those of a biased diode, the
performance of the pulser circuit with this
load must be considered in some detail. The
method of approach, however, can be extended
to pulser circuits with loads of any type
imaginable.

The current-voltage characteristic of a bi-
ased-diode load can be represented by Fig. 7-5.
For any point along the load characteristic,

Fi1g. 7-5.—Voltage-current
R, = Z.‘ = Vi+ Litan « = V. + Itrl, characteristics of a biased-
I, I; I F3 diode load.

where 7, is the dynamic resistance of the diode. Under these conditions
the general expression (see Eq. (1)) for the current in the load becomes

I= VO = VO = VOIl .,
‘"Rt Z, VitIn p ~ Vot I+ Za)
I; 0
or
VoV VI_T‘;—.
— Y0 — Ys __ Yo 0
= n+ 2o Z T (120)
14+
Zy
80
1+ Zo
Rl =T + V. mr (12b)
and
VoV n+ 2 r;1+%1‘7’!
= =1 ! AT L)y, N Ve
Vi= LR = A <T1+V.V°_V‘) V"Zo Ly (13)
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In this case, the conditions for optimum power transfer between the
transmission line and the load depend on the bias voltage as well as on
the initial voltage on the line. Substituting R; = Z, in Eq. (12b),

(Zo — ) (Vo — V) = Vi(ri + Zy),
which may be simplified to

Zo =1 ‘.VO_V:—O2.V'! (14)
or
Vo = __2L (15)
1= 0
Zo

Equation (15) expresses the voltage to which the transmission line must
be charged in order that the load operate at the only point corresponding
to matched conditions, or to maximum power transfer.

Then, for matched conditions,

I,=—-————-=— (16)

V; = Vo band 11Zo = = (17)

and
P = 1z, (18)

It is seen that the expressions for current, voltage, and pulse power are
identical with Eqgs. (6), (7), and (8) obtained for a pure-resistance load.

S
;\7— Z (1, "
ZO ?‘ R, Vl

Vs +
() =v,

Fiq. 7-6.—Simplified equivalent circuit for  Fia. 7-7.—Simplified equivalent circuit for a
a line-type pulser with a resistance load. line-type pulser with a biased-diode load.

+
Vo -T

Expressions identical to those for the current and the voltage in the
line-type pulser can be obtained from the consideration of a simple series
circuit containing a battery of constant voltage V, and internal resistance
Zo, a switch closed for the time 7, and a load resistance R; (see Fig. 7-6).
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For this circuit
L= Yo
VYT Zo+ R
and
R,
Vi=Voz TR, Z, + R, Rt

[See Egs. (1) and (2).] For a biased-diode load (Fig. 7-7) of dynamic
resistance r;,

Vo—V,

Zo+ 1

o— V. Vo4 V.Z,
Vi= V+T1Z+Tl_ Zy+ 1 )

L=
and

[See Eqgs. (12) and (13).]

Since the circuits of Figs. 7-6 and 7-7 give the same results as those
obtained by the transmission-line theory, they can be considered adequate
equivalent circuits for a further discussion of the currents and voltages
in line-type pulsers. On the other hand, this circuit is not satisfactory
for determining energy relations because Z, is not physically a dissipative
element. The value of Z, is determined from a fundamental considera-
tion of the charging of an infinite transmission line, across which a battery
voltage is suddenly applied, and is then defined as the ratio of voltage to
current in the line. If the line is assumed to be lossless, the impedance,

= +/Lo/Cy, has the dimensions of a pure resistance, but does not dis-
sipate energy. It can easily be seen that the circuits of Figs. 7-6 and 7-7
are identical with those of the hard-tube pulser discussed in Chap. 2.
The principal difference lies in the ratio of Z, to R; or ;. For most
practical applications of line-type pulsers, Z, is very nearly equal to R,

or to r,VV—“W, whereas, in general, a hard-tube pulser is operated
[ s

with a load whose impedance is high compared with the pulser internal
impedance (effectively the resistance of the switch tube, which is dis-
sipative). This difference is very important in the consideration of pulser
regulation, efficiency, and the effect of

other circuit parameters on pulse shape. Pulse.

7-2. Pulser Characteristics. —A [ formin — puse ||
typical discharging circuit for a line- {s it Jans. Load
type pulser can be represented by —
the diagram of Fig. 7-8. The ideal

Fi1a. 7-8.—Block diagram of the dis-

rectangular pulse that was considered charging cireuit of a line-type pulser.

in the preceding section is usually
unobtainable in practice because of the characteristics of the various com-
ponents used in the circuit. Some of the effects on pulser behavior and on
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pulse shape introduced by the characteristics of the separate components
are discussed in this and in the following sections. A brief résumé of
the characteristics that affect the behavior of the discharging circuit is
given here to facilitate reference.

The Pulse-forming Network.—As explained in Chap. 6, the pulse-

2z, forming networks used in practice can only

@ produce an approximately rectangular output-

Puise input c pulse on a pure-resistance load. In order to
's

simplify the mathematical analysis, it is as-
. v sumed in this chapter that the pulse shape
valont ot & et 20 generated by the network is either rectangular
work for the study of pulse or trapezoidal. It should be noted, however,
shapes. that most practical networks also produce
amplitude oscillations during the ‘“flat” portion of the pulse—that is,
between the end of the rise and the beginning of the fall. In general,
these oscillations are small and are neglected. In addition, actual net-
works always have stray capacitances to ground that must be taken into
account when particularly fast rates of rise or fall
are desired. f
For simplicity in analysis, the stray capaci-
tances to ground are lumped and connected at the
capacitance input terminal of the network. The
pulse-forming network can then be represented as
in Fig. 7-9, in which the subscripts 0 for a lossless H 3
transmission line have been replaced by N, ty ¢ .
The Switch.—Three types of switcheshave been "Fcf' d:(;;o.; f:’n‘;‘tf:;
used extensively in pulser operations: rotary of time.
spark gaps, fixed triggered gaps, and thyratrons.
In general, the electrical characteristics of these three types are the same
during the main pulse or conducting period. Fixed gaps and thyratrons
both show a rapid decrease in tube drop from time ¢ = 0 (when the tube
begins to conduct), and the tube drop stays very nearly constant for the
remainder of the pulse. A typical curve of tube drop
during a pulse is shown in Fig. 7-10. The time ¢, re-
quired for the voltage to decrease to a steady-state
value, V, varies with the particular switch considered
1~ and is usually about 0.3 usec for triggered gaps, and
e NF;:;Z‘;F&;TP"Z 0.1 usec for thyratrons. For a given tube the steady
function of current. value of the tube drop is very nearly independent of
the current, as shown by Fig. 7-11. The average values
for V, under actual operating conditions are approximately 120 to 150
volts per gap for typical fixed spark gaps, and 70 to 110 volts for typical
hydrogen thyratrons.

-

}
14
%
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The data taken with rotary spark gaps points to approximately the
same results as were obtained with fixed gaps or thyratrons. Rotary
gaps, like thyratrons, have been used succeesfully at pulse durations of
the order of magnitude of 0.1 usec, indicating a very fast decrease in
voltage drop across the gap after the initiation of conduction. Although
the time jitter of the rotary gap does not directly affect the discharging
circuit, it may affect the final charging voltage of the network. Under
unfavorable conditions, the resulting change in power output from pulse
to pulse may be several per cent.

The principal difference that is introduced in the behavior of the cir-
cuit by the switches occurs immediately after the pulse. Rotary gaps
and triggered fixed gaps are esseutially bidirectional devices, but the
thyratron is unidirectional, and therefore holds off any negative voltage
appearing at the plate as a result of impedance mismatch. This fact
has a definite effect on the shaping of the tail of the pulse, causing post-
pulse conduction for bidirectional switches and a higher voltage back-
swing for the thyratron switch. Different principles of circuit-element
protection must also be applied because of dif-

ferences in the switches. Primary ,n.:',’.p Secondary
The Pulse Transformer.—An equivalent -

circuit adequate for the discussion of the effect L, R, Lo

of pulse transformers is derived in Sec. 12-1,

and is given in Fig. 7-12 for reference. To o TC"
make the analysis easier, however, further Fia. 7-12.—Equivalent circuit
simplifications are usually introduced, and for & pulse transformer.
those circuit elements that have little effect on the particular portion of
the pulse under consideration are neglected.

For simplicity, it is assumed in the following discussions that any
pulse transformer introduced in the circuit having a voltage stepup ratio
of n is replaced by a 1/1 transformer, and equivalent circuits for line-type
pulsers are all referred to the secondary of the pulse transformer. Under
these conditions, the actual primary voltages are multiplied by n, the
actual primary currents are divided by =, and the actual impedances are
multiplied by n?, that is,

R..g = anwi;
L..., = n"’L,.ﬂ,
1

The assumption that the losses in the pulse transformer are negligible is
sufficiently accurate for discussions of pulse shapes, and is warranted by
the simplifications it introduces in the mathematics. When the losses
have to be taken into account, it can be assumed that the voltage trans-
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formation is conserved, that is, the ratio of primary to secondary voltage
is equal to the ratio of the number of turns in the pulse transformer. The
losses then appear as shunt losses and affect the ratio of currents and
impedances as follows:

V... = nV"l,

1
I-g - n—m Ipﬂ,
Zl-o = nz‘mzndy

where 7, is the efficiency of the pulse transformer.

The Load.—As previously stated, the load most widely used in radar
applications of pulse generators has the characteristics of a biased diode.
In addition, a certain amount of eapacitance is usually present in parallel
with the load, and its effect on the leading and trailing edges of the
pulse must be considered. Although the scope of this chapter does not
permit a specific study of all the possible types of pulser loads that can
be used, an important special application of the circuit has been found in
the triggering of series gaps. In this case, the pulse shape is relatively
unimportant, and the load is essentially a pure capacitance until the
breakdown of the gaps, at which time the load is short-circuited. This
particular case is considered in Chap. 8.

Equivalent Circuit for a Line-type Pulser—A complete equivalent dis-
charging circuit for a line-type pulser, obtained from the above considera-
tions,! is shown in Fig. 7-13.

‘Um Zy I‘I.
o—\\VV LN

1 1 ]
1 1
I ! N
]
R, | 1ian sk ﬂi-—u "
pl CsN’\Ige e I"NI
] | | =
t ]
1 !
] 1
i
]
[}

=~

i
— i

—_ ' i !
= 1 Pulse-forming Pulse
Switch |~ “network transformer 1 Load

F1a. 7-13.—Equivalent discharging circuit for a line-type pulser.

For the remainder of this section, further simplifications can be made
1 this circuit. First, the output-power pulse is considered to be rec-
tangular, even though it is shown in Sec. 7-4 that a perfectly rectangular
pulse is unobtainable in practice. It is therefore necessary to define the
pulse duration. In general, the pulse duration of any shape pulse is con-
sidered here to be that of a rectangular pulse that has an amplitude equal
to the average amplitude (see Appendix B) of the top of the pulse under

1 The series resistance R, includes the equivalent switch resistance and the series
losses in the network and pulse transformer.
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consideration, and that delivers the same amount of energy to the load
as does the pulse under consideration. Then the equation

T,
vy dt

Vil

gives the equivalent pulse duration, where V; and I, are the amplitudes
of the voltage and current pulse averaged over the top of the pulse, and
v;and 7; are the instantaneous values of voltage and current.

The general circuit that is of interest in this discussion includes the
losses of the components that make up the circuit. With the above
definition of pulse duration, however, it is not necessary to refer to the
actual pulse shape in order to determine the power and energy relation-
ships; instead, the equivalent rectangular pulse is considered. The
equivalent circuit of Fig. 7-13 can thus be further simplified by the fol-
lowing assumptions:

1. The series inductances are neglected, since no voltage can appear
across them during the ‘““top” of a rectangular load-current pulse.

2. The time constant of Zx and Cp is considered to be so small com-
pared with the pulse duration that the charging time of Cp, and
therefore C, itself, can be neglected.

3. The voltage drop across Zy and the series resistances produced by
current flowing through L. is considered to be negligible, since the
output current pulse is assumed to remain rectangular in shape,
and thus L, can also be neglected.

(a) Switch resistance is independ- (b) Switch drop is independent of
ent of current. current.

Fi16. 7-14—Equivalent circuits for the study of power transfer.

4. The series losses produced by the switch, network, and pulse trans-
former can, in general, be lumped into one resistance R,, as indi-
cated in Fig. 7-14a. This assumption is equivalent to saying that
the switch has a constant resistance that is independent of the
current. In cases where the switch drop is not very small (less
than 10 per cent) compared with the network voltage, it is prefer-
able to assume that the switch has a constant voltage drop V,,
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as indicated in Fig. 7-14b. In this case, the value of the series
resistance is represented by R,

Pulse Power, Power Transfer, and Load Line.—If the case of a resist-
ance load, for which V, = 0 and r; = R;, is considered first, the current in
R; corresponding to Fig. 7-14a is given by

Ve=1 (1 + %‘) (Zv + R,) + LRy,

or
ViR,

L= & FR)Zn ¥ Ey) TRES

which can be written
Vs

hi= R Zv+R (19)
P N P
Z;v(l +Z—N) +.Rz(1 + T)
Introducing the coefficients
a=1+ Z"_;'f_v
and
14 B
F=1+3,
Eq. (19) becomes
Vu
I, Zw8 + R (20)
A comparison of this expression with Eq. (1),
-_— Vo
hCnrw M

indicates that the load current is reduced by the losses in the circuit,

since ¥y and Z, are equivalent to Vv and Zy respectively (the subscript

zero refers to lossless transmission lines and the subscript N to actual net-

works). For this reason, the coefficients a and 8 are referred to as

*‘loss coefficients,” « representing the shunt losses, and 8 the series losses.
From Eq. (20), the load voltage is given by

ViR
Vi= Y (21)
and the pulse power by
2
P, ViR (22)

= Z+B + Ra)®
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The relation between R; and Zy for maximum power transfer into the
load for a given network voltage can again be found by differentiating
Eq. (22), and equating the result to zero; thus

Py _ Vs, __ ViR2a _ 0
dR; ~ (ZxB + Ria)? (Zs8 + Ria)? ’

or
ZyB + Rie — 2R = 0
Bi=zxE. (23)

Equation (23) shows that, when losses are taken into account, the maxi-
mum power transfer to the load is obtained for a value of load resistance
that is different from the characteristic impedance of the network. If
only series losses exist (R, = o), maximum power transfer is obtained
for a load resistance that is equal to the network impedance plus the
resistance corresponding to the series losses, that is, R; = Zy + R,.
If only shunt losses exist (R, = 0), the value of load resistance for maxi-
mum power transfer must be equal to the equivalent resistance of the
network impedance and shunt-loss resistance in parallel, that is,

" ZuR.
B=o TR

In general, the series and parallel losses are of the same order of mag-
nitude (a =~ 8). Therefore, it is usually sufficient to make Zy equal to
R,, and the departure from optimum power transfer is not great because
of the flatness of the power-transfer curve (Fig. 7-3). When the condi-
tions for maximum power transfer are realized for a resistance load, the
expressions for load voltage, current, and power are

_Vw
Vl = zl (24)
V
I} = m: (25)
and
(Pi)mas = %B' (26)

The load current, voltage, and power are easily obtained by the same
methods from Fig. 7-14b if Vu is replaced by Vv — V,, R, by R, a by o’
and 8 by #, giving
_ VN -~ V,,

T Zyf + R’
_ Vx— VR
' T ZwB + R

I (27

1% (28)
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and v VR
— N" Vp ]
Pl = (ZNﬂI F R:a')*’ (29)
The maximum power that can be delivered by the circuit is
_ (VN —_ Vp)z.
(Pl)m = 4Z1va’ﬂ' (30)

The principal reason for a representation of this type in the study of
the obtainable pulse power is to emphasize the effect of tube drop in the
design of low-power pulsers. As long as the tube drop is only a few per
cent of the network voltage either presentation is adequate. However,
the rapid increase in losses, and the corresponding decrease in available
power as the switch drop increases, are more evident from Eq. (30) than
from Eq. (26). For instance, if ¥, is about 10 per cent of Vy, the losses
in the switch amount to nearly 20 per cent of the load power.

In Fig. 7-4 a series of curves for Pz, = V3/(4Z,) are plotted. The
same curves can, of course, be used to represent Eq. (26) if the coordi-
nates are made to represent [a8 Pi)m] and Vy instead of Pg, and V,, or
Eq. (30) if the coordinates are changed to [a’8'(P)umu] and (Vy — V)
respectively.

If the load is considered in the more general terms of a biased diode of
instantaneous static impedance

Rl = V' '.ll' I 1 l’
1
the expression for load current [Eq. (20)] becomes
Vn

I =

2.8 + (V—#) «

This equation can be rewritten as

Vv =V
L = Zob ¥ i 31)
which is of the same form as Eq. (12).
With the value of I; from Eq. (31), the voltage across the load,
Vi=Iin+V,,
becomes vz
_ Va4 V.ZxB
Vi= "ZdFrm 2)
and the pulse power is
Py = vipy = Wit VZuB) (Vo — Via) (33)

(ZxB + ria)?



Skc. 7-2] PULSER CHARACTERISTICS 241

Maximizing the power as a function of 7y, it is found that the network
voltage giving maximum power transfer to the load is
Ve=2V,—% . (34)
1.2
Zy 8
A coraparison of Eqgs. (15) and (34) shows that when the losses in the cir-
cuit are considered, the voltage on the network for maximum load power
is greater than that obtained when the losses are neglected, by a factor
approximately equal to a«. The same expression may be obtained by
maximizing the power as a funection of V,, or by introducing the expres-
sion for static impedance of the biased diode into Eq. (23) aund using
Eq. (31). It is therefore evident that there is only one operating point
for a nonlinear load where maximum power is obtained and, accordingly,
that there is only one definite value of network voltage that leads to
operation at that point. It is fortunate that the circuit performance is
not greatly affected by slight deviations from the conditions giving maxi-
mum power transfer.
To demonstrate this point, Eq. (33) may be rewritten to express the

pulse power as
T Vl Vu
_nt@r ) (-

= 1z, SRR

(/3 + 7
By introducing Eq. (34) into Eq. (33), the pulse power corresponding to
maximum power transfer is found to be

P,

( Vi1,
\Pl)mu b 4ZN’(1_B (35)
The power-transfer relation P;/(Pi)ms can be expressed as
P ;—IJFL")(l_IK' “)
] 4 N N N (36)

= 4af
Poee n Y
(B + 2z )

When V,/V~ equals zero, the special case of a pure-resistance load is
obtained. For any value of V,/Vx greater than 1/«, the power output
drops to zero because the expression gives a negative value for power
under this condition. The curves of Figs. 7-15 and 7-16 indicate the
effect of the losses in the circuit on the conditions required for optimum
power transfer when the loss coefficients have the values 1.0, 1.1, and 1.2,
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¥1a. 7-15.—Power-transfer curves for various values of V,/Vy, & and 8.
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Fig. 7-16.—Relation between V./Vy and ri/Zy for maximum power transfer for various
values of loss coefficients.
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which cover the range ordinarily encountered in line-type pulsers. These
curves also show that very little loss in power results from a slight mis-
match, as was already determined in Sec. 7-1 (Fig. 7-4) for a resistance
load and a lossless circuit. More important, these curves show that, in
order to achieve maximum power transfer, the dynamic resistance of the
load must decrease as the bias voltage is increased. This phenomenon
can best be explained physically by a consideration of the load line of the
pulser, a curve that gives the relation between output current and output
voltage as the load resistance is varied, all other conditions remaining
the same. Referring to the expressions (20) and (21), and eliminating
R; between them, there is obtained

vi=2r 12,8

- 37)
which is the equation for the pulser load line plotted in Fig. 7-17. By
inspection of this equation, it can be seen that the open-circuit load volt-
age is Vn/a, the short-circuit load current is Vy/(Zw»B8), and that the

Vu
ZyB ¥
sl %
' 3," 1“\ 4 ‘}'DQ
2 5
I, & 8
p:
Py
%,
S
Sy _
4,)0
0 Vi— Y
(43

F1a. 7-17.—Diagram showing the determination of the load voltage and current by the
intersection of the load characteristic line with the pulser load line.

function is linear. The load characteristics can be represented on the
same plot; thus a resistance load is represented by a straight line passing
through the origin, whereas a biased-diode load is represented by a
straight line intersecting the V axis in the positive region. The inter-
section of the pulser load line with the load characteristic line gives the
operating point. A load characteristic line has been drawn for

Ri = (g) Zn,
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corresponding to optimum power transfer from the pulser to the load.
Its intersection with the pulser load line at point A corresponds to a
voltage Vn/(2a) and a current Vx/(2Zx8), the only point on the load
line for which optimum power transfer obtains. Conversely, any load
whose characteristic passes through that point enables the pulser to
operate under the conditions of maximum power transfer.

Such a load could be the biased diode represented in the Fig. 7-17.
It is evident from Eq. (36) that, unless negative resistance is considered,
the highest value of bias voltage that permits operation at point A is
Vu/(2a) (see Fig. 7-16). It is also apparent that the higher the bias
voltage on the diode, the steeper the load characteristic must be if it
is to pass through point A. This condition corresponds to a small
AV /AI or dynamic resistance, and explains why the maxima in the
curves of Fig. 7-16 shift toward small values of r;/Zy when V,/Vy is
increased.

7-3. Pulser Regulation and Efficiency.—Pulser regulation refers to
the changes in pulser output voltage, current, and power resulting from
changes in operating conditions. These changes may take place either
during a pulse or from pulse to pulse. The present discussion neglects
the circuit inductances and stray capacitances, and is valid as long as
the ‘“transient regulation” is not considered. The results therefore
apply to the cases where a change in circuit parameters has taken place
between two pulses, or, if the change takes place during the pulse itself,
the results are valid only after any transient effects have been damped
out.

There are two types of regulation to be considered: (1) that produced
by changes in the network voltage, and (2) that produced by changes in
the load characteristic. In either case, transient regulation may appear.
The effect on the pulser output of possible oscillations or irregularities
on the top of the input voltage pulse can be analyzed only by methods
similar to those of Sec. 7-4 used in studying pulse shape. If, on the
other hand, the load characteristics suddenly change during a pulse,
the transient behavior from one characteristic to the other depends on
the values of the distributed capacitance across the load as well as on the
series inductance introduced by the pulse transformer.

Neglecting transients, the circuit of Fig. 714 can be used for the
study of regulation, leading to the expressions.for load voltage, current,
and power obtained in Sec. 7-2, namely,

VNTz + V,szﬂ
ZwB Fra

Vv —Va

t= szﬁ + Tza’

V= (32)

I (31)
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and
(Vari + ViZwB) (Vy — Vna),
(ngﬂ + 7'[(1)2

Py = (33)

The regulation may be obtained from these equations by differentiation.
Regulation against Variations in Network Voltage.—The voltage regu-
lation is obtained by differentiation of Eq. (32), which gives

av, Tl

d_h B Zy8 + TlCt-
Multiplying by dV~, dividing by V;, multiplying numerator and denom-
inator of the right-hand member by V, and replacing the differential
by a finite difference, there results

SV A V2B Ve | ViZan Va8

( ) Z8 + + T Vr AVy 1 AVy
+

TZB +ra Va ni P

For operation at maximum power transfer,
I a
1 1

V. _~ " ZuB
Ve 2a

(34)

and the expression for voltage regulation becomes

(AV\ 2 AVy
(V,)V,,_H_Qg Vv (39)

T

The expressions for current and power regulation are obtained in the
same way, with the following results:

Al 1 AVx
(—I_l VN_—V—a VN} (40)
l -«
and
Zx
an) v (o) Ve
Pilow L V. zNﬁ_ )_ L)’ZN g
VN @ VN T;a

For the case of maximum power transfer, these equations may be sim-



246 DISCHARGING CIRCUIT OF THE LINE-TYPE PULSER (Skc. 7-3

plified to
AL _ 2 AV
T,)v,, 4o % (42)
Zx B
and
AP, AVx.
(?) =27, (43)

For a resistance load, ¥V, = 0, and the expressions for regulation reduce
to

AV AV
'>VN = VNN (44)
AV
( )H - 5 (45)
and
AP AV
?f) - 287, (46)

whether or not the load resistance is matched to the characteristic
impedance of the network in order to obtain maximum power transfer.

An examination of expressions (38) and (40) shows that, for a biased
diode, the load voltage always changes less rapidly than the network
voltage, whereas the load current changes more rapidly. For instance,
assuming Zy/r; = 10, « = 8 = 1, and maximum power transfer, Eq.

(39) gives
) 2 AV _ a0 dVn
(V,),,,, =TV, D syl
and Eq. (42) gives

\ _24VN_ AV
( )v,,—l.l vy -~ V82

The value of V,/Vx corresponding to the above assumptions is 0.45
(Fig. 7-16). It must be noted that the current regulation is improved
(made smaller) if the ratio of V,/Vy is decreased. For instance, for

V. Vs = 04,
AL\ 1 AVa AV
(T) =06V, - v,

It is interesting to note that the output-current regulation against a
change of network voltage depends only on the ratio V,/Vy. It is also
worth noting that, since the network voltage is directly proportional to
the input voltage to the pulser circuit, V» can be replaced by E in
the above expressions. This fact is important in pulser design, where
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tolerances on the input voltage are usually known. For all practical
operating conditions of magne ron load encountered to date, V./Vx is
in the neighborhood of 0.4 to 0.45, and hence the percentage change in
magnetron current resulting from pulser regulation alone is approximately
1.75 times as great as the percentage change in input voltage.

Regulation against Variations in Load Characteristic—Two types of
regulation of the pulser output against load variation are discussed here.
First, it is assumed that the bias voltage, V,, of a biased-diode load may
change either from pulse to pulse or during a pulse, but that the dynamic
resistance, r;, stays constant (this case corresponds quite closely to
mode-changing in magnetrons). The expressions obtained for this case
are

ZyB v
A_V,) _Zw8+ra_ AV, _ 1 AV, )
Vi /v, Vari+ V.Zyg V, 1+ Vy _T_ll Ve
ZwB + 1 V.Zx8
—a v
(&) _ZsBtma " AV, -1 éL, (48)
Ix Ve VN - V.a V. 1 VN_I. V
ZNﬁ + 1 &
and
" a V.
gg __'"zE v aw, 49)
P Jy, (1 Vs l) (1 v, ) V.
tv.z.5)\! "~ we

For operation at the point corresponding to maximum power transfer,
the expressions for regulation against load bias voltage become

1~ e
S Y 1
Vl V._ ﬂc_! V.
1+ 7.5
1—-ne
(A_I, _ ZvB AV,
I, v, ll_g Va
1+ 708
and
AP
P,)v.—o-

It is obvious that the power regulation at the point of matched condi-
tion is perfect—that is, a small change in load bias voltage around that
point produces no change in power output from the pulser—since the
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tangents to the power-transfer curves (Fig. 7-15a) are parallel to the
V./Vx axis at the points of maximum power transfer (matched condi-
tions). For the same reason, the values of voltage and current regula-
tion must be equal, but of opposite sign. For Zy/ry = 10anda = g = 1,

1 0.9 AV, AV
( ) =117, -8y

The second case to be considered is that in which the bias voltage,
V., stays constant, but the dynamic resistance varies. Of special interest
is the condition V, = 0, giving the regulation as a function of load varia-
tion for a pure-resistance load as

AV _ 1 AR
(T, T4 Re R (50)
Zp
_ B
ALY _ __Zv8 AR
T,),,, 14 Be R (51)
]
and
1 — B
AP _ _ ZsB AR
(&), - .+ Be R ©2
Z:B

For operation at maximum power transfer,
a7y 1ok
Vi 2R’

oI\ _ _1aR

L Jm 2Ry’

AP\
an), =0

and

It must be noted again that the above expressions apply only to small
variations in the value of the load resistance. If the load variation is
very large, as in the case of an accidental short circuit at the load, it is
better to refer to the load line of the pulser under consideration.

A special case of regulation from pulse to pulse, corresponding to
the pulser using a unidirectional switch, is considered later (see Sec. 10-2).
As has already been pointed out, the network energy is conserved under
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these conditions if R;/Zx~ is less than one, and the network voltage after
the next charging cycle is higher than normal. Since a discussion of this
phenomenon involves the over-all pulser circuit it is beyond the scope of
this section, which is concerned primarily with the characteristics of the
discharging circuit.

Efficiency.—The over-all efficiency of a line-type pulser can be
obtained only by a consideration of the different parts of its circuit.
Losses occur in the discharging as well as in the charging circuit. If
na and 5, are the efficiencies of the discharging and charging circuits
respectively, the total efficiency 5, of the pulser circuit is 7, = 74 X 7.
This efficiency, however, does not take into consideration all the power
that has to be supplied to the pulser. For d-¢ charging, a rectifier circuit
having an efficiency = usually has to be introduced. For a-¢ charging,
the frequency of existing power supplies is such that a special motor-
alternator or frequency converter is usually needed, which is also con-
sidered to have an efficiency #,. Finally, there are overhead losses, some
of which are associated with the switch and some with the auxiliary cir-
cuits and equipment. The hydrogen-thyratron switch requires filament
power and sometimes a trigger amplifier, the series-gap switch requires a
trigger generator, and the rotary-gap switch requires a driving motor
(whose power loss may already be included in 7). The auxiliary ecir-
cuits and equipment include line-switching relays, control circuits, cooling
fans, etc. If the power required for the overhead is designated as P;, the
over-all efficiency is given by

(Pt)ar Nenp
M0 = = (53)
(Pl)-v + PL 1 + PLﬂbﬂp
LU (P1)av

The following discussion is concerned principally with the efficiency
of the discharging circuit, with an occasional reference to the over-all
pulser efficiency. The over-all efficiency for a few special applications
is considered in Chap. 11.

The discharging-circuit efficiency is the ratio of the energy transferred
to the load to the energy taken from the pulse-forming network per
pulse. This definition of discharging efficiency is considered because,
under some conditions of load mismatch, some of the energy may be
conserved on the network when a unidirectional switch is used, as is
evident from consideration of an idealized circuit (Fig. 7-2). The energy
dissipated in the load is given by

W, =

and the voltage left on the network after the main pulse is
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R — Zy

R+ Zy

If Ry > Zy, Vy_1is of the same polarity as Vy, and the network dis-
charges completely even through a unidirectional switch. If R; < Zy, an
amount of energy $C~V%_, is left on the network because a unidirectional
switch does not permit the network voltages of polarity opposite to that
of V to discharge. Under the latter condition, the amount of energy
taken from the network is

Via="Vx

“lowr —vr oy = logn |l - B Znt
Wy = 2CN(VN VN—I) = 2CNVN [1 (Rl + Z;v)’

=1 s 4Rix .

= 2C~VN s+ 2w
As was shown in Sec. 7-1,

™~ = 2CNZN,
and the energy taken from the network is
ViR,

Wy =@tz ™

which is exactly equal to that transferred to the load, provided that
7; and 7y are equal. This condition is obviously attained in a circuit
containing only pure-resistance components, such ag that of Fig. 7-2.

It may be concluded from the above considerations that it is desirable
to use unidirectional switches and permit the load to be mismatched.
Other disadvantages, however, result from changes in load impedance
(see Sec. 10-2), and usually make it desirable to drain off most of the
energy left on the network after the pulse. Accordingly, in the remainder
of this discussion this energy is considered to be lost, that is, the network
is considered to be completely discharged after each pulse.

In Sec. 7-2 it has been shown that the maximum pulse power in the
load is given by
(Piows = 2 L (26)
max 4ZN aB
Then, if r; is the duration of the power pulse at the load, the maximum
energy per pulse is given by

(W)awe = 4—;& ’; (54)

and the energy stored in the network is

W CNV’ = (55)

4Z bl
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where 7; and 7y are the equivalent pulse durations at the load and at
the network. It must be noted that these pulse durations are not neces-
sarily equal. Since the pulse power considered above is the average of
any oscillations that may be present at the top of the pulse, the effect
of the inductances and capacitances is small and has been neglected.
The only factor that may be significant is the voltage drop across Zxy8
caused by the current flowing through L. and Cp. Actually, the time
constants are such that the effect of Cp can, in general, be neglected except
for the first 0.1 usec. In order to avoid introducing the pulse duration
into the expressions for pulse power, and because the pulse shape was
considered rectangular, the effect of L. has been neglected until now.

Actually, the effect of the shunt inductance cannot be neglected in
discussions of efficiency. For simplicity, however, an approximate
expression may be used. It is assumed, as before, that the voltage across
the load remains constant for the duration of the pulse, instead of droop-
ing because of the additional voltage drop across the network impedance
that results from the current flowing through L.. Under these conditions,
the current through L. at any time is given by

. "
L, = L¢ t)
where ¢ is the time elapsed from the beginning of the pulse, and the energy
stored in the inductance at the end of a pulse of duration r;is
1 Vi

2L¢7:%. = ‘E; 71-

The assumption of constant voltage V; introduces a value for the losses
in the inductance L, that is in excess of the actual value. On the other
hand, any energy stored in the series inductance, L., of the circuit at
the end of the pulse is neglected because the value of this inductance is
small compared with L.. For this reason, an assumption leading to
the higher value for the losses in the shunt inductance seems to be
reasonable.

The losses in the total shunt capacitance across theload C, = Cp 4+ C;
appear only when the load is a biased diode, and can be written as #C,V?.

If the inductances and capacitances are neglected, the energy output
under the conditions for optimum power transfer is

Vi
(Wl)mn = ——4szaﬂ.

Actually, this energy output is decreased by the losses in L, and C, to

V%,T N V’l 2 1

(Wi)et = m - TL.TI —3 (6 43 (56)
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For optimum power transfer

from Eq. (24),

from Eq. (34), and

Yy BZsx , BCZnx{, Tlc_xz]-
(Wl)°“_4ZNaB[TN_Z§ETI_; 2 \! 77,8

Since Zy = 7x5/2Cy, the discharging circuit efficiency can be expressed as

W _ 1| _BZyrd By, ne 2]
M=y, T aff 1 a2Ll.7y 4« 1 Zx B ’ (57a)
where y = C,/Cy. In general, 7, is nearly equal to rw; therefore only a
very small error in introduced by rewriting

_ 1 _BZy By n aY
nd_a_ﬁ[l —&Z_L:TN_ZI(I_ZVB ] (57b)

The equation for efficiency for unmatched conditions is not given
because it cannot readily be expressed in terms of the pulser parameters;
however, it can usually be determined with sufficient accuracy by multi-
plying the efficiency for optimum power transfer by the actual power
transfer.

An examination of Eq. (57b) shows that the efficiency of the discharg-
ing circuit decreases when the pulse duration is increased, and when v
(the ratio of distributed to network capacitance) is increased. If the
distributed capacitance is constant, v varies inversely with pulse duration;
consequently, the third term of the expression causes a decrease in effi-
ciency when the pulse duration is decreased. Since the effects of the last
two terms of Eq. (57a) are in opposition to each other, the curve showing
efficiency as a function of pulse duration for a given set of pulser param-~
eters may be expected to have a maximum. The expression for the
particular pulse duration that corresponds to maximum efficiency is
easily obtained by the differentiation of Eq. (57b), and is

TN = LoCl (1 - %%)' (58)

Assuming the usual ratio of 0.1 for r;/Zy and values for L, and C, that are
found in typical pulse transformers and loads, the pulse durations cor-
responding to maximum efficiency are found to be about 0.5 to 3 usec.
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Actually, the efficiency for very short pulses decreases much more
rapidly than is indicated by Eq. (57) because of the nonlinear character-
istic of the switch drop as a function of time. As explained in Chap. 8,
a great part of the power loss in the switch occurs during the first 0.3 usec,
and sometimes during an even shorter time. As a result, the coefficient 8
should actually be a function of time; however, the values obtained by
expression (57) are sufficiently correct for most practical purposes. For
very short pulses, the efficiency obtained from Eq. (57) is usually too
high unless a value of 8 that holds for these short pulses can be used.

The efficiency can also be expressed as the ratio of the average power
transmitted to the load to the average power supplied by the pulse-form-
ing network. Since

(P = Wi X f;
and
(Py)ar = Wx X fi,

the expression is the same as that obtained above. The efficiency of the
charging circuit is discussed in Chap. 9. For d-c charging, it is given as

_14e ™
e = Ty
and, for a-c charging, as
e~ 1 — b
¢ 3Q

Hence, the over-all circuit efficiency 5, can be obtained from the
relation 7, = 1. X 74.

The pulser power output is usually measured by two methods. The
average power input into a magnetron may be represented by

(Pl)-v = VI X (Il)-v, (59)
or by
Poaw = Vi X I X 11 X fr (60)

If Eq. (59) is used, the average magnetron current is measured directly
by an appropriately protected d-¢ milliammeter (see Appendix A). For
Eq. (60), a current-viewing resistor is used to present the current pulse on
the screen of the cathode-ray tube of a synchroscope. The average
amplitude of the top of the pulse I,, as well as the pulse duration ; (at
31)), is either measured directly with the synchroscope, or the area

/; 4, dt is integrated graphically from photographs of the oscilloscope

trace. In general, readings of individual points by the two methods agree
to within a few per cent; most of the difference can be attributed to experi-
mental errors and, for a large number of readings, these errors cancel
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each other. In some cases, however, a systematic difference in the read-
ings is introduced, either by a small amount of post-pulse conduction,
or by capacitance currents that may be recorded by the average-current
meter, but are neglected in interpreting the oscilloscope trace. A sys-
tematic difference greater than two per cent, however, usually indicates
some fundamental difficulty with the calibration of either the sweep speed,
the recurrence frequency, or the average-current meter. All three cali-
brations are apt to be troublesome, those of the sweep speed and the
recurrence frequency because they may vary slightly from time to time,
that of the average-current meter because of the change in calibration
produced by the shunt resistance that is usually introduced for protection
in the metering circuit.

It must be pointed out that, at best, Eqs. (59) and (60) are approxi-
mate. They are rigorous only for a biased-diode load having a dynamic
impedance equal to zero because they are obtained by assuming that the
load voltage stays constant during the current pulse. In general, the
results obtained from these equations are sufficiently precise as long as
the top of the voltage pulse is flat and the duration of the top of the cur-
rent pulse is long compared with the sum of the times of rise and fall of
the current. Because of these restrictions, the method is not usually
very precise for short pulses (less than 0.5 usec), for which the time of
fall of the current is often of the same order of magnitude as the duration
of the top of the pulse.

Obviously, the average-current meter cannot be used to measure
average-power output for a resistance load, since tke network-charging
current flows through the meter and cancels the reading of the discharging
circuit. Under these conditions, the average power may be computed
from oscillographic observation, or measured by a calorimeter.

The power input to the circuit can be measured by the standard
procedure, a d-¢ voltmeter and an ammeter giving the output from the
power supply when d-c charging is used, and a wattmeter giving the input
to the resonant transformer for a-¢ charging.

The average network power can be obtained by measuring the peak
forward network voltage Vw, that is,

(PN)IV = %'CNV?vfr.

If a unidirectional switch is used without shunt diodes to ‘“bleed off”
the inverse voltage left on the network by load mismatch,

(PN)IV = %CN(V} - V%r_],)fr-

The correction can usually be neglected because a value Vy_1/Vy = 0.2,
which corresponds to a mismatch larger than usually tolerated, intro-
duces an error in Py of only 4 per cent. In practice, it is difficult to obtain
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an accuracy greater than 2 per cent in measuring Vy, which corresponds
to a 4 per cent inaccuracy in the value of (Py)..

Because of the inherent inaccuracy in the measurement of (Px)ay, it is
generally not advisable to give as much weight to the measured values
for the efficiencies of the discharging and charging circuits as is given to
measurements of over-all circuit efficiency.

Values of over-all circuit efficiency for line-type pulsers may range
from less than 60 per cent to about 80 per cent depending on the power
level, on the type of switch, and on the load.

7-4. The Discharging Circuit and Pulse Shape.—A basic equivalent
circuit that can be used to study the behavior of line-type pulsers during
the discharge of the pulse-forming network has been obtained in Sec.
7-2 (Fig. 7-13) by considering the characteristics of the variouscomponents
of the circuit. This same circuit can also be used for an analysis of the
output-pulse shape. Some further simplifications are necessary, however,
if the equations are to be kept workable. Examination of the circuit
indicates that those elements that have a large influence on the shaping of
some parts of the pulse can readily be neglected in the study of other parts
of the pulse without introducing appreciable errors. The number of
meshes, and hence the degree of the differential equations, is thereby
reduced. Thus, the discussion on pulse shape is divided into three parts
concerning the leading edge, the top, and the trailing edge of the pulse.

The Leading Edge of the Pulse—The time variation of the switch drop
during the ionization period undoubtedly affects the rise of the voltage
across the load. Except in a few special cases, however, the complica-
tions introduced in the equations by a nonlinear parameter are not war-
ranted by the change in the results. A few examples are treated later
to show the order of magnitude of the effect of variation in switch resist-
ance, but for the remainder of the discussion the series losses are repre-
sented by a resistance R, assumed to be constant, and the series
resistance Z» 4+ R, is replaced by Z,.

The effect of capacitance C.x (of the order of magnitude of 20 uuf) can
be neglected because the time constant of this capacitance and its series
resistance Z; (about 1000 ohms) is approximately 0.02 usec. Hence,
C.v is almost entirely charged in about 0.08 usec, and the effect of charg-
ing this capacitance can be neglected except when very short rise times
or very short pulses are considered. Since the pulse-transformer shunt
inductance, L., is always much larger than the other inductances in the
circuit, the pulse current flowing through it during the first few tenths of
a microsecond is very small, and can be neglected for practical purposes.
The load distributed capacitance C, is, in general, much smaller than the
pulse-transformer distributed capacitance C». The two can be lumped
together if the charging inductance L, is neglected. Actually, neglecting
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C; introduces some difference only at the very beginning of the pulse, as

explained later, whereas neglecting L, leads to unsatisfactory conditions

at the transition between the rise and the top

of the pulse; hence, C; is neglected here.

T The pulse-transformer shunt losses, repre-

i sented by R., are usually so small (that is,

R. is so large) that they have little effect on

,,c JCD_I_ the voltage buildup across the load. For this

} reason they are neglected, and, until the out-

Fie. 718—Simplified DUt voltage exceeds the bias of the diode load,

equivalent circuit of a line- the circuit of a line-type pulser may be sim-

:Kfﬁe‘:gf:; Z‘Ifgihifa&ffﬁ;ﬁ plified as shown in Fig. 7-18. Assuming that

the initial current through the inductances

and the initial charge on the condenser are zero, the differential equation
for this circuit is

Lo+ L

D) dt + Zl’LN + -~ / 7:N dt = I)N(t).

The Laplace-transform equation is then

(L + Lo)pin(p) + Ziin(p) + igi’;) = v(p).

Solving for ix{(p),

. _ Copvw(p)
W) = T F Lo’ + Z:Cop F 1 (61)

and the Laplace-transform equation for v; is obtained from the relation

u(p) = Lopin(p) + 52,

and is given by
o) — o EoCopt + Ln(p)
WP) = Gl + Loyp? + Z:Cop + 1

For any specific form of applied voltage vx(¢), the Laplace transform v;(p)
defines a time function »(¢) that expresses the voltage applied to the
load. As long as w(t) < V., the circuit of Fig. 7-18 is applicable. A
time ¢, can be found at which »,(t) = V,, and the values of current 7x(,)
through the inductances and voltage v¢(¢;) across the condenser at that
time can be determined. The value of vc is obtained by the Laplace-
transform equation

(62)

At time £ = 1,
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This is the initial condition that applies to the study of the top of the
pulse, during which time the load is taking power from the pulser.

The Top of the Pulse—The simplifications of the equivalent circuit
of a line-type pulser applying to this part of the discussion are essentially
the same as those used for the rising portion of the pulse. The capaci-
tance C.v can be neglected, and R, is, in general, so large compared with
R, (static impedance of the load) that it may be omitted also. The pulse
transformer shunt inductance L, should be included in this part of the
discussion. The simplification of the equations, however, makes it
advisable to consider the effect of L. independently. If it is assumed that
the voltage across L. is very nearly constant
during the pulse, the current through it is

given by
.V (i
1L, = —I: t. .
] =V
In general, this current does not exceed 10 TC -T

per cent of the load current, so its effect is o 719 Simolified
usually to introduce only a slight additional equi‘,’:’lént' ci’;;itl ";fp al I’iﬁe_
voltage drop across Z,, with a resulting droop type pulser fc})lr thf analysis
in the voltage and current pulses. Since this of the top of the pulse.
droop is neglected in the following discussion, the circuit for analyzing the
top of the pulse reduces to that of Fig. 7-19.

The differential equations are, for i < ¢t < ¢,,

Ziiw + Lo B 4 Lo % (i — i) + - / Gy — i) dt = va(t),

and
Lo % Gy — iv) +i/ (G — i) db + rir = —V,
dt Co
with the initial conditions
l.)v = 1:N(t1) = IL,
and
Ve = l)c(tl) = Vcl.

The Laplace-transform equations can be written

(CopZy + CoLip® + CoLpp® + 1)in(p) — (CuLop® + 1)i(p)
= CD[PVN(P) - VC] + PILx (LL + LD)])
(CoLop®+ 1)in(p) — (Colipp?+ 1+ niCop)u(p) = Co(Ve — Ve, + Loply,).

By usual methods, the expressions for the current transforms are found to
be

isp) = YiP) (63)
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and

. N

w(p) = —#; (64)
and the voltage transform v, is

_V .o _ Vib + priNi(p) _ N(p)
u(p) = o + rau(p) = oA = A" (65)

where
A

C_D =P ‘CDLLLDpa 4+ Cofri(Le + L) + LDZI]P‘z

+ (L. + CDTIZI)p + (Zl + Tl)]'

%f) = LDCszv(’p)pa - [CDV,(LL + LD) + LDCDZ‘IL, - LLCDVcl]p2
+ [Lilo, + CpZ (Ve, — V) + vn(p)]lp — V,,
NelD) — LoColon(p) + LulLlp®

+ {rtcn[vN(P) + IL,(LL + LD)] - V:CDLD}p2
+ [U}\'(p) + LLILl - TICDVL‘JP - Vly

Né:;) = CoLo[V.L1 + ron(p)lp?

+ [TlCD(_LLVCl - LpleL;) + V.CDLDZJP"’
+ {LL(V. + TlIL.) + Tt[UN(P) + CDZIVCJ}Z’ + V.Z..

Again, for any particular time function vx(¢), the Laplace transforms for
load voltage and load current lead to time functions that can be com-
puted. The complexity of the solution is such, however, that little can
be said about the effect of individual parameters. Examples are treated
later, and more detailed discussions of a few special cases are given. This
circuit can be used to obtain a reasonable approximation of the pulse
shape until a time f. This time is defined as that for which the static
resistance R; of the load equals the shunt resistance R. of the pulse
transformer.

The Trailing Edge of the Pulse.—The trailing edge is the part of the
pulse that is applied to the load following the main pulse of energy
delivered by the pulse-forming network. The shape is determined
principally by the energy stored in stray capacitances and inductances in
the circuit if it is assumed that maximum power transfer to the load is
obtained, as is discussed in Sec. 7-3. Accordingly, it is assumed that
vy(t) = O after { = {; as defined above. At this time, the energy that
has been stored in the shunt inductance of the pulse transformer cannot
be neglected. Since this inductance was not considered in the previous
calculations, it is necessary to estimate the current flowing through it
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at the time ¢;. This current is given with sufficient precision by
. 14
11,(t2) = r: (tz — t1) = I,

At the time corresponding to zero current in the load, the currents in
the transformer leakage and charging inductances (L. and L,) cause
energy to be stored in these elements. This energy can be neglected,
however, by comparison with that stored in the shunt inductance.
Energy stored in the distributed capacitance C', must, of course, be con-
sidered. The discharging circuit may then be reduced to a parallel
R.L.C p-combination.

At this point, however, the assumption that the pulse-forming net-
work may be replaced by a source of internal impedance Zx no longer
holds because, on this assumption and with vx(t) = 0, Zx is in parallel
with the discharging circuit, causing a very fast dissipation of the energy
stored in that circuit. Since a pulse-forming network is not a dissipative
element, but rather is capable of storing electrical energy, the above
assumption is obviously false.

Practical networks are made up of series-parallel combinations of
capacitances and inductances. In order to reduce the number of loops
to a minimum, it is assumed that the network can be replaced by a simple
series LC-circuit, with the conditions that

- ]

Zy = o|72 R

¥ Cx Ly L, :fCD €
I

T = 2CNZN,

and

leading to the equivalent circuit of Fig. 7-20. Fie. 7-20.—8implified
If the pulse-transformer leakage inductance is :333%3?;,01{2? "v:-hgf a?mily’;:
not negligible compared with the network of the trailing edge of the
inductance Ly, it can be added in series with pulse.

Ly. The same equivalent circuit is still applicable if Ly is replaced by
(Lx + L.)in the equations.

The initial conditions for this circuit are determined as follows. The
voltage on Cp and the current through L, are obtained from the analysis
of the top of the pulse. Since it is assumed that the energy stored in the
network has been entirely dissipated in the load before the time ¢, the
voltage across the network capacitance Cy can be assumed equal to zero
at the time ¢;. However, the voltage across the network is not zero,
but is given by Ve(t:) = V¢, and causes a rate of change of current
through the network inductance given by

div Ve,

dt ~ Ly
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The current through the network is considered to be equal to the current
I~2 that was flowing through the source at the time 3, and can be obtained
from the analysis of the top of the pulse. This value satisfies Kirch-
hoff’s law of currents in the present circuit, but implies a small amount of
energy left in the network inductance; however, this energy is usually
very small compared with the energy stored in the pulse-transformer
shunt inductance. The equations for the circuit of Fig. 7-20 can then
be written
LB 41,8 Gy — i) + - / ivdl = 0,

L‘%(“—"”)‘Fc%/ (G, — i) dt = 0,

Ci/ (G — i1) dt + @R, = 0,
D
giving the following Laplace-transform equations:

Luix(p)p + Lefin(p) — iu(p)lp + %%) — Lulys + La,

Llliz(p) — ix(p)lp + i—L(p')c:pil(p) =l - I;C,'
a(p) — iu(p) | . _ Ve
S + W(p)R. = —1_7—

From these, an expression for the Laplace transform of the current 7
can be obtained, which, multiplified by E., gives

v;(p) = RJ;(})) = Re J%,p);
where
Ni(p) = LJJLxCoCxVe,p? + LaCx(Iny — Ia)p? + CoVep — I,
and

A = LNL.;R@CNCDP“ + LNLeCAVps
+ Re(LeCD + LzCN + LNCN)pZ + Lep + Re-

For most practical values of the coefficients at least two of the roots of
the denominator A’ are complex, and result in a damped oscillation of
high frequency (1/f is of the order of magnitude of 7). This oscillation is
superimposed on a low-frequency damped oscillation that corresponds to
the voltage backswing on the network after the pulse. This voltage
backswing can be estimated fairly accurately by obtaining the Laplace
transform 7x(p), from which the network-condenser voltage is obtained as

wn(p) = —%—Ef;)'
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This backswing has a polarity opposite to that of the original source
voltage, and, if a unidirectional switch is used, is approximately equal to
the inverse voltage left on an actual network.

7-6. Computed and Actual Pulse Shapes.—In order to keep the treat-
ment as general as possible, the previous discussion makes no reference
to the time function that can be used, and pertains to a biased-diode
load, which was chosen because of the flexibility that results from vary-
ing either its bias or its resistance.

If the load is highly capacitive, it is possible to use the same procedure
by replacing the distributed capacitance C, by the load-plus-transformer
capacitance. If the load is a pure resistance, V, = 0, and the first step
is eliminated. It is conceivable that a pulser may be used to initiate an
arc of negative-resistance characteristic; it should then be possible to
use a negative value for r; to fit the arc voltage-current characteristic
over the appropriate range, and again the general solution holds.

The pulsers most widely used by the Radiation Laboratory had
magnetron loads, and therefore the following examples consider the case
of a magnetron such as the 4J52 operated from a typical pulser. Assum-
ing that the characteristics of this magnetron are V, = 13 kv, and
r; = 100 ohms, and its operating current is 15 amp, the corresponding
static load resistance is about 1000 ohms. In discussing examples of
this type, it is convenient to refer all quantities in the pulser discharging
circuit, including the pulse-transformer parameters, to the secondary of
the pulse transformer. The sum of pulse-forming-network impedance
and estimated series losses is thus assumed to be Z, = 1200 ohms,
which necessitates a network voltage equal to

V4 (nI) (R + Z)) _ (13,000 + 100 X 15)2200
- R, a 1000

Va =~ 32,000 volts.

The characteristics of the pulse transformer are: L, = 90 yh,
L, =22 ph, Cp = 60 puf, L, = 50 mh, and R, = 20,000 ohms. For
the first example, the function vx(f) is assumed to be a trapezoidal pulse
with a time of rise equal to zero, a flat top of 2.5 usec, and a time of fall
of 0.25 usec. The second example considers a similar pulse shape with a
time of rise equal to 0.25 usec, a flat top of 2.5 usec, and a time of fall of
0.5 usec.

The time function of the applied voltage for the rising edge of the pulse
is

ox(t) = Va,
which gives the Laplace-transform equation
yN(p) = Kﬁ

4
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Introducing the voltage transform in Egs. (61) and (62), the following
time functions are obtained:

iv(t) e sin wi ,

Ve (L1 + Lo)w

a2Lp+ Ly . )
sin wt )

ult) _ 1— e (——~LL -cos wf +
Vw

L.+ Lo w L. + Lo
where
¢ =50, + Lo)
and

— 1 2
= \/CD(LL +L °©
The voltage time function is plotted in Fig. 7-21. It may be noted that
the voltage time function does not start from zero voltage, as is obviously
never the case in practice. The two assumptions responsible for this
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Fia. 7-21.—Computed load-current and voltage pulses for a line-type pulser (trapezoidal
applied pulse, instantaneous rise).

apparent discrepancy are (1) that the rise of applied voltage is instantane-
ous, which is not possible in practice, and (2) that the capacitance across
the load has been added to the pulse-transformer distributed capacitance.
Hence, at the first instant, the total applied voltage appears across the
series inductance of the circuit, and, since part of that inductance is
directly across the load, a fraction of the voltage equal to Lo/ (L. + Lp)
must appear across the load.
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This analysis is carried on until, by successive approximations, a
time ¢, is found such that
vlt) _ Ve
Ve  Vy
The current through the circuit and the voltage across the condenser Cp
at that time are then computed. For the particular values of parameters
chosen above, {;, = 0.087 usec, I.,/V~ = 416 X 10~¢mhos, and

Ve
Vw

The general form of the time function for the top of the pulse is too
complex to permit a useful analysis of the effect of individual parameters,
even with an applied voltage of the simple form assumed here. For the
particular values chosen for the parameters, the load voltage is of the form

= 0.383.

”y‘(‘%,‘*é‘é" = A, + B.e* + Coe sin (it + 6),
N

in which the first term has the value

V.
Va Zi+n
Av = W = 0452,
which is the steady-state value of the voltage arrived at from other con-
siderations in Sec. 7-2.
The term B,e* is an exponential with a very rapid decay, correspond-

ing to the increase from starting to operating voltage. Again, for this

example, B, = —0.0048, and b = —14.5 for ¢ expressed in microseconds.
The last term corresponds to the oscillations on the top of the pulse,
for which C, = —0.416, ¢ = —2.24 for { expressed in microseconds,

w; = 27.35, and ¢ = 1.431. The time function for the current is of the
same form as that for the voltage; the coefficients are given by

_
Vu
As n+ Z;
B,
Bi = TI_’
and
p— C"
s = -2
i

and the exponents, frequency, and phase angle are the same.
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A plot of the load-voltage time function obtained with the above
assumptions is given in Fig. 7-21. The amplitude of oscillations is much
greater than that observed in practice because of the shock excitation of
the pulse-transformer circuit. This excitation is introduced partly by
the discontinuous function chosen for the applied voltage, and partly
by the assumption that the switch voltage drops instantaneously to its
operating value.

When the applied voltage begins to decrease at { = 2.5 usec, its time

function is given by
tl
UN(t) = Vx (1 - E),

with ¢ = 0 at ¢ = 2.5 usec, where ¢’ is expressed in microseconds and
a = 0.25 usec. The Laplace transform for the voltage

(-3)
p ap?

introduced in Egs. (63) and (65) leads to a time function containing terms
of the same form as those for vx(f) = Vw, plus a term that is directly
proportional to the time. For the particular example chosen, the oscil-
latory term is negligible, and the expressions for the load voltage and
current can be written

”’(‘) = 0.475 — 0.308f — 0.023¢-14-5%
and

108 £ “(”

= 687 — 3077t — 230¢145% mhos.

The expression for v(f) is used until ¢ = ¢, t, having been defined as the
time for which

U

e
o

The load static impedance at any instant is given by

v Vetin = n
1] 0 V.

Equating this value to R., the load voltage is determined as a function of
load parameters, that is

R.

Vl(t2) = Vc R — Tl
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The time ¢; at which this voltage is reached can now be obtained from the
time function for v;. In the present example, it is 2.71 usec. This value
is used in turn to determine the initial currents to be introduced in the
circuit from which the trailing edge of the pulse is computed.

The amplitude of oscillations on the top of the current pulse isdeter-
mined to a large extent by the energy stored in the charging inductance
of the pulse transformer, and their frequency is determined almost
entirely by the distributed capacitance and charging inductance of the
pulse transformer.

Since the applied voltage vx~(f) is considered equal to zero for ¢ > t,,
the initial conditions fot the trailing edge of the pulse can readily be
found as follows:

In,  u _ _0.452 6. e
7 = VL (f2 — 1) = 50 % 10-3 X 2.62 X 10-% =~ 24 X 10—° mhos,
VC:
=04
Vs 0.408,
and
Int . 98 % 10~* mhos.
YV

The values for Ly and Cx» are found to be

_ 2.5 X 10=° | —12
Cx 2400 =~ 1000 X 10~!2 farads,
and

Ly = Z%Cx =~ 1.4 X 107 henrys.

If these values are introduced in the Laplace-transform equation for this
circuit (Eq. (65)), the time function for the voltage across R, is found to
be

9({,)—‘”’ = —0.178¢-%2% sin (0,134 — 0.132)
N
—0.386¢~039¢ sin (3.52f — 1.49).

As can be seen from Fig. 7-22, the load voltage during the tail of the pulse
consists essentially of two damped sine waves, one of relatively high
amplitude, frequency, and damping that corresponds approximately to
the L~Cp-circuit, and one of lower amplitude, frequency, and damping
that corresponds very nearly to the L.Cx-circuit.
The voltage buildup on the network capacitance Cy is given by the
expression
on(B)ises _
Ve

—0.182¢-%9225¢ gin (0,134t — 0.121)
+0.022¢—0-59¢ gin (3.52¢ + 1.434),
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and is also plotted on Fig. 7:22. If the switch is unidirectional, the net-
work voltage Vy reaches a maximum negative value, at which time the
discharging circuit is disconnected from the network, and only the charg-
ing circuit needs to be considered.
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F16. 7-22.—Computed voltage pulse on the load and backswing voltage on the load and
on the pulse-forming network (trapezoidal applied pulse, instantaneous rise).
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F1a. 7-23.—Computed load-current and load-voltage pulses for a line-type pulser (trape-
zoidal applied voltage, finite time of rise).

One assumption that is implicit in the above discussion is that the
charging circuit has no effect on the shape or on the trailing edge of the
pulse. This assumption is correct only if the charging inductance is
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very large compared with the shunt inductance of the pulse transformer.
The effect may become appreciable if the ratio v/L./L. is less than 10.
Figure 7-23 shows the voltage and current pulse shapes obtained for
the same circuit conditions as those applying to the preceding discussion,
but with an applied pulse shape that has a finite time of rise. The
detailed analysis is not repeated, but it is worthy of note that the ampli-
tude of the oscillations on the top of the pulse is reduced by a factor of at
least two by the decrease in the shock excitation in the circuit, as is to
be expected. In actual practice, the amplitude should be reduced even
more because, as explained later, the switch-resistance characteristics
in a line-type pulser tend to decrease the rate of rise of the pulse on the
load even though a unit step function of voltage is applied to the circuit.
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Fic. 7-24—Computed voltage pulse on the load and backswing voltage on the load and
on the pulse-forming network (trapezoidal applied voltage, finite time of rise).

The similarity between Fig. 7-24 and Fig. 7-22, showing the load voltage
during and immediately after the pulse, and the voltage on the network
capacitance, is quite obvious. The principal difference between the two
cases is a phase shift of the post-pulse oscillations corresponding approxi-
mately to the time of build-up of the front edge of the pulse.

The series of oscillograms shown in Fig. 7-25 have been obtained with
a circuit simulating a line-type pulser in order to indicate the effects of
distributed capacitance and pulse-tranformer inductances on the top
of the pulse. It may be noted that the damping of the -oscillations is
faster than that predicted by theory as a result of the losses in the simu-
lating circuit, which were neglected when making computations. It is
highly probable, however, that the losses in the actual circuit are even
higher than those obtained by the use of air-core inductances and micsa
condensers, The frequency of the oscillations on the top of the pulse is



268 DISCHARGING CIRCUIT OF THE LINE-TYPE PULSER |[SEc.75

seen to depend on the value of the charging inductance L; and on the
distributed capacitance, but not on the leakage inductance. The ampli-
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FiG. 7-25.-—O0Observed output pulses from an equivalent circuit for a line-type pulser.
tude of the first oscillation is, to a certain extent, determined by the leak-
age inductance and the distributed capacitance, but it is evident that the
principal factor contributing to that amplitude is the charging inductance.
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A comparison of these photographs with those shown in Fig. 7-30
indicates that the amplitude of the oscillations obtained in an actual
pulser circuit and with a magnetron load is less than that to be expected
from theoretical considerations. The circuit constants used for the above
computations and photographs are very nearly equal to those obtaining
for Fig. 7-30. The simplifying assumptions, such as the lumping of
capacitances and inductances to obtain a workable circuit, account for
this difference.

Effect of the Switch Resistance.—During the foregoing discussion the
switch resistance is assumed constant in order to simplify the equations,
although it is a function of time for the start of the pulse. A very simple
example is treated here to show the effect of the switch resistance on the
front edge of the voltage pulse on a resistance load. Figure 7:26 repre-

R,
R,
0 a t—
Fia. 7-26.—Equivalent discharging circuit Fig. 7-27.—Assumed switch-resistance char-~
for study of the effect of switch resistance. acteristics.

sents the discharging circuit and Fig. 7-27 gives the assumed switch-
resistance characteristics.

Two assumptions are made concerning the variation of switch resist-
ance as a function of time (discussed in Chap. 8):

1. That the resistance decreases linearly from a value R, at the
beginning of the pulse to a value R,. at a time ¢t = a, and is equal
to R,, for the remainder of the pulse.

2. That the decrease in resistance from the same value R, to the
value R,, at ¢ = a is parabolic.

This latter method avoids any discontinuity if the vertex of the parabola
is at point A and if its axis is parallel to the resistance axis. For a linear
drop in resistance, the switch resistance from the 