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Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during World War 11
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
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 great
task of preparing these volumes. The work described herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
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. DuBripGE.



MICROWAVE DUPLEXERS

EDITORIAL STAFF

CaroL G. MONTGOMERY
Louis D. SmuLLIN

CONTRIBUTING AUTHORS

W. C. CALDWELL
H. K. Farr

H. A. LEITER

C. G. MONTGOMERY
L. D. SMuLLIN

C. W, ZaBeL



Preface

uis volume of the Radiation Laboratory Series is concerned with the

theoretical and practical aspects of the design of duplexing circuits
for use in microwave radar equipments, and of the gas-filled switching
tubes (TR and ATR tubes) used in these duplexers. For a clearer pic-
ture of the equipment with which a duplexer must work the reader is
referred to the following volumes of this series: Vol. 16 ‘“Microwave
Mixers,” Vol. 9 “Microwave Transmission Circuits,” Vol. 23 *“ Micro-
wave Receivers,” and Vol. 6 “Microwave Magnetrons.”

The work upon which this book is based was done under the urgency
of war commitments, and the main goal was always the production of a
particular tube or duplexer circuit before a certain target date. As a
result, many corners were cut and many intuitive steps were taken with-
out, clearly understood reasons, and there are today many gaps in our
knowledge of the phenomena involved. This applies with particular
emphasis to the problem of the high-frequency gas discharge. It is our
belief that the material presented here fairly represents the present state
of the art.

Besides the authors of the individual sections of this book, we wish
to mention the following Radiation Laboratory personnel who actively
participated in the design, study, and testing of the various tubes and
duplexers discussed here. These people are: I. H. Dearnley, C. W. Jones,
T. K¢, F. L. McMillan, Jr.,, H. Margenau, C. Y. Meng, C. S. Pearsall,
J. Reed, F. Rosebury, and Norma Wolf,

Much work was done outside the Radiation Laboratory on these
problems. The outstanding contributors were M. D. Fiske at the
General Electric Research Laboratories, H, J. McCarthy of the Sylvania
Electric Products Co., A. L. Samuel of the Bell Telephone Laboratories,
and 8. Krasik and D. Alpert of the Westinghouse Research Laboratories.

The editors wish to acknowledge the work of C. W. Jones in the col-
lection of data and photographs and in the organization of Chapter 9.
The preparation of the manuseript was greatly facilitated by the efforts
of Gwenyth Johnson, Janet M. Jackson, and Anne Whalen. V. Joseph-
son and his group produced all of the illustrations.

CAMBRIDGE, Mass., THE AUTHORS.
Tune 25, 1946.
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CHAPTER 1
INTRODUCTION

By C. G. MONTGOMERY

1-1. Microwave Radar.—The importance of the military applications
of radio direction and range, or radar, in the last war is common knowl-
edge. For the detection of enemy ships and aircraft, for precise bombing
at night or through overcast, and for the control of night fighters of raid-
ing squadrons, radar has been unexcelled. At the beginning of the war
there were only a few long-wave radar equipments; at the end of the
hostilities many thousands of radar sets were in operation. Almost all
of this equipment was developed during the war and most of it operated
in the microwave region. Although no definite boundaries are estab-
lished, the microwave region that has been developed extends from fre-
quencies of about 1000 Mc/sec or wavelengths of 30 ¢cm to frequencies
near 30,000 Mc/sec or wavelengths near 1 ecm. The microwave region is
characterized by the fact that the components used for the generation
and for the transmission of waves of these high frequencies have dimen-
sions that are comparable with the wavelength, and the form of the
microwave circuits is greatly influenced by this fact.

An important part of a microwave radar is the duplexer. In order
to appreciate fully the problems involved in the development and design
of duplexers and duplexing components, it is necessary to have in mind
the parameters that describe the performance of a radar system and the
orders of magnitude of the various quantities involved. A radar set
operates by the detection of the energy reflected from a distant target.
A short pulse of energy is sent out by the radar transmitter, and the pulse
strikes a reflecting object that scatters it. The scattered wave, still in
the form of a short pulse, although very much reduced in amplitude, is
picked up by the radar receiver. The range of the target object is
obtained from the length of time between the transmission of the high-
power pulse and the reception of the weak reflected pulse. The direction
of the target is obtained by measuring the direction in which the radar
antenna is pointed when a signal of maximum intensity is being received.

The relation between the power Pz in the transmitted pulse and the
power Pg in the received echo signal is known as the radar equation,
which is,

G A

I)R=.PT'4 'J'm‘z' (1)

wR?
1



2 INTRODUCTION [Sec. 1-2

The power Pr is not radiated uniformly in all directions by the radar
antenna, but is concentrated in a narrow beam by an amount that is
measured by the antenna gain G of the transmitting antenna. The
product of the first two factors of Eq. (1) is thus the power crossing a unit
area at a distance R from the antenna, The target is characterized by
the scattering cross section ¢, and the receiving antenna by the absorbing
cross section or effective area A. The magnitude of the received power
as given by Eq. (1) is not explicitly dependent upon the wavelength
of the radiation. It depends on X implicitly through the quantities G
and ¢. For targets that have dimensions large compared with A, ¢ is
independent of A.

The maximum range at which a target can be detected is obtained
from Eq. (1) if the value for Pg corresponding to the minimum detectable
signal is inserted. In order to avoid confusion of the signal with the
thermal noise that is inevitably present in any electrical cireuit, the signal
power must be greater than some minimum value. The noise power in
an electrical circuit is proportional to the bandwidth Af of the cireuit.
For an ideal circuit that has no other sources of noise except temperature
fluctuations, the noise power is £7TAf. The bandwidth of the radar
receiver must be large enough so that the short pulses are sufficiently
sharp for accurate range determination. If the length of the pulse is
1 psec, a common value, Af is usually about 2Mc/sec, and kTAf is
8 X 107!% watt. An actual receiver, of course, has other sources of
noise; it is not ideal. The magnitude of the smallest signal that can be
recognized is dependent on a great many variables, and a discussion of
these would lead too far afield. A representative value for the smallest
signal power would be 100kTAf, or 8 X 10~12 watt. Values of the other
quantities in Eq. (1) which are typical are Pr = 10® watts, G = 1000,
A =10 ft%. If ¢ is 10° ft2, the value for a medium bomber, then the
maximum value of R is found to be 3 X 10° ft or 50 nautical miles. It
is evident that the most effective radar equipment has the highest possi-
ble transmitter power, the most sensitive receiver, and the largest
antennas for transmission and reception.

1.2. Radar Components.—At microwave frequencies, the high-power
transmitter is a magnetron. A magnetron tube has a cylindrical cathode
capable of the emission of large currents. Around the cathode there is a
ring of closely coupled resonant cavities that form the ‘“tank” circuit
of the oscillator. There is an axial magnetic field of several thousand
gauss supplied by a permanent magnet. A high-voltage pulse is applied
between the cathode and the resonant cavities, and a bunched rotating
space charge is set up which takes energy from the d-c¢ field and delivers
radio-frequency energy to the cavities. Useful power is extracted from
the ring of cavities by a coupling loop or series waveguide circuit and is
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made available in the microwave transmission line. The value of one
megawatt chosen for Pr in the previous section is a value near the upper
limit of the practical range for magnetron oscillators near a wavelength
of 10 em. At shorter wavelengths, the attainable power decreases and,
in fact, is roughly proprotional to the wavelength.

The microwave transmission line is usually a rigid coaxial line, for
wavelengths above 10 em and for low powers at 10 em. The diameter
of the coaxial line must be small enough to prevent the propagation of
higher transmission modes along it. Consequently, difficulties of con-
struction and voltage breakdown at high power levels make it necessary
to use waveguide, usually of rectangular cross section, for high powers
and short wavelengths. Coaxial line may be used in the 10-em region
for powers up to about 100 kw; above this level, waveguide 14 by 3
in. OD, is employed. For smaller wavelengths, waveguide is used
exclusively.

The sensitive receiver that is necessary for good radar performance is
a superheterodyne receiver with a silicon crystal converter. The
received echo signal is mixed with a microwave local-oscillator signal
without any amplification, and an intermediate frequency signal in the
neighborhood of 30 Mec/sec is produced. The signal is amplified, recti-
fied by a diode, further amplified by a wideband video-frequency ampli-
fier, and applied to one or more cathode-ray tubes that are watched
by the radar operator. The proper sweep voltages are also applied to the
cathode-ray tubes in order that the range and direction of the target
may be read off the tubes. The sensitive converter crystal is easily
damaged by overload. The large difference in power level between the
transmitted and reflected pulses (180 db in the example given) makes
the important problem of protecting the erystal a difficult one.

Microwave antennas have forms that are characteristic of the short
wavelength. The dimensions of the antenna are large compared with
the wavelength and it is possible to obtain high gain and narrow beam-
width with an antenna that is not too large. Microwave antennas are
designed on optical principles. Large converging mirrors or, more rarely,
lenses, are used to focus the signal and divert it down the small trans-
mission line to the receiver. The effective area A of the antenna is
related to the beam width @ and to the wavelength; approximately,

0~ _". 2)

V4

For A equal to 10 ft? and X equal to ¥ ft or about 10 ecm, © is about 6
degrees. The quantity © is the resolving power of the radar system in
angle. The accuracy of a determination of direction may be about
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©/10. The gain of the receiving antenna is approximately

4

or about 1000 for the example cited. The receiving and transmitting
antennas have equal values of gain and consequently equal areas.

A radar antenna, to be able to search a volume of space for a target,
must scan or be pointed to cover the angle subtended by that volume.
If the transmitting and receiving antennas are separate, both of them
must be scanned together. It isevident that there are many advantages
to be gained by the use of a single antenna for both reception and trans-
mission. A switch must be provided to connect the antenna to the
transmitter or to the receiver, and this switch is called the duplexer.

1.3. Microwave Duplexers.—The requirements of a radar duplexing
switch are easily stated:

1. During the period of transmission the switch must connect the
antenna to the transmitter and disconnect it from the receiver.

2. The receiver must be thoroughly isolated from the transmitter
during the emission of the high-power pulse to avoid damage of the
sensitive converter elements.

3. After transmission, the switch must rapidly disconnect the trans-
mitter and connect the receiver to the antenna. If targets close
to the radar are to be seen, the action of the switch must be
extremely fast.

4. The switch should absorb little power, either during transmission
or during reception.

A radar duplexer is thus the microwave equivalent of a fast, double-
pole double-throw switch, with low loss. Since the times involved are
measured in microseconds, no mechanical switch is possible, and elec-
tronic devices must be used. The electronic tubes that have been
developed for this purpose take forms similar to spark gaps where high-
current microwave discharges furnish low-impedance paths. A duplexer
usually contains two switching tubes connected in a microwave circuit
with three terminal transmission lines, one each for the transmitter, the
receiver, and the antenna. One tube is called the transmit-receive tube
or TR tube; the other is called the anti-transmit-receive tube or ATR
tube. The names are neither particularly appropriate nor descriptive,
but they have received common acceptance and will be used throughout
this book. The TR tube has the primary function of disconnecting the
receiver, the ATR tube of disconnecting the transmitter.

The commonly accepted meaning of duplex operation is operation
that permits the simultaneous passage of signals in both directions along
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a transmission line. In the narrow sense, it is improper to apply the
term to the switching operation in a radar equipment, since the trans-
mitted and received pulses are not simultaneous. Strictly simultaneous
operation must involve a 3-db loss in each direction (this is demonstrated
in Chap. 8), and such a loss is too large to be tolerated for radar purposes.
Although it is possible to build microwave duplexers for continuous-wave
operation, little attention has been given to the practical development of
such devices.

1.4, Duplexing Tubes.—The design and development of a radar
duplexer involves two major problems which are related to each other.
The tubes for the duplexer must be designed, engineered, and produced,
and the microwave circuits in which the tubes are used must be developed.
A tube for a duplexer must operate properly under two very different
conditions: when a gas discharge is passing through the tube and the tube
is a nonlinear device, and when the tube is expused to low power levels
and behaves linearly. The design of a TR tube to have the desired low-
level properties is similar to the design of many other microwave com-
ponents. A knowledge of the behavior of cavities and methods of
coupling to them is necessary. Measurements, such as those described
in Chap. 9, must be made of the reflected and transmitted power through
the switch. The dimensions and tolerances of the switch must be
determined to a great extent by experiment, although theoretical calcu-
lations are important since they make it possible to hold the number of
experiments that must be done to a minimum. The operation of linear
microwave devices is well understood. Chapters 2, 3, and 4 of this book
are devoted to the linear behavior of duplexing tubes.

On the other hand, the operation of a switching tube at high power
levels is not so easy to understand. Although the phenomena occurring
in discharges of electricity through gases have been known for a long
time and have been the subject of countless investigations, many prob-
lems remain to be solved. In fact, a principal result of the many investi-
gations is that the extreme complexity of even the simplest forms of
discharge has been emphasized. The fact that the discharges encoun-
tered in radar duplexers are excited by high-frequency voltages in a
frequency range where very little fundamental investigation has been
done renders it difficult to predict the behavior by extrapolation from
past experience.”” The désign | procedure_ has therefore been almost com-
ngmcal The urgency of the military needs was great, and
satisfactory solutions were the primary goal of the investigations rather
than an understanding of the phenomena involved. Chapters 5 and 6
are devoted to the high-level behavior of duplexing tubes.

An important consideration in the design of a microwave tube is the
ease with which it can be manufactured. Microwave tubes must be made
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of metal in order that no energy may be lost by radiation. The envelope
of a microwave tube is often a portion of the walls of a resonant cavity,
and is therefore an important circuit element. The construction is
fundamentally different from that of low-frequency tubes where the
circuit elements are inside an envelope that has only the function of
retaining the vacuum. The development of new microwave tubes must
therefore be paralleled by the development of new techniques of construe-
tion. Nearly all duplexer tubes involve constructional features that were
developed during the war. Thus the first TR tubes employed copper-
glass disk seals; integral-cavity tubes were possible only after the develop-
ment of Kovar-glass seals in the form of windows for resonant cavities;
and bandpass TR tubes and broadband ATR tubes were concurrently
developed with the large resonant Fernico-glass window. Close coopera-
tion was necessary at all times between the tube manufacturers and the
designers of components for radar equipment.

An additional complication to be overcome in the successful design
of a duplexing tube arises from the fact that a gas must fill the tube. A
high-frequency discharge in a gas makes it extremely active chemically.
For good performance the gas filling must remain unchanged in composi-
tion and pressure during several hundred hours of operation,

1.5. Microwave Circuits.—The switching tubes must be incorporated
in a microwave circuit to produce a complete duplexer. The circuit
itself is linear, and the nonlinear duplexing tubes can be regarded for
many purposes as simple knife switches that are opened or closed by the
gas discharge. One of the important developments during the war has
been the extension of the concepts of the conventional network theory,
applicable at low frequencies, to microwave frequencies and to the
propagation of microwave power in waveguides. This generalization has
been made rigorously and it will be adopted without explanation in the
succeeding chapters. A more complete explanation of the bagic princi-
ples involved is given in other volumes of the series.!

The practical aspect of the generalization is that the familiar con-
cepts of impedance, of impedance-matching, and of insertion loss, and the
transmission-line equations may be used with confidence. Thus trans-
mission through a cavity with two coupling lines may be regarded as
equivalent to transmission through a length of transmission line almost
short-circaited at each end by a high shunt susceptance. The power
transfer from a. generator connected to one coupling line to a load con-
nected to the other coupling line may be computed from well-known
relations. An obstacle in a waveguide which is thin in the direction
along the axis of the guide is equivalent to a shunt susceptance, and the

1Vols. 8, 9 and 10.
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scattered wave from the obstacle can be accurately described by circuit
equations.

Duplexing circuits can be divided into two classes, branched circuits
and balanced circuits. The branched circuits are simple in principle and
are widely used. A T-shaped junction in waveguide or coaxial line with
three arms, called a T-junction, is provided with switches in the two
arms that are connected to the transmitter and to the receiver. The
third arm is connected to the antenna. During transmission one switch
is open and the other closed; during reception the reverse is true. The
chief design problem in a branched duplexer is that of minimizing the
losses over a broad band of frequencies. In Chap. 7 the methods of
design are discussed. Some practical branched duplexers are described
in Chap. 8.

Balanced duplexing circuits are more complicated and involve the
combination of two magic T’s and two TR tubes. A magic T is the
microwave analogue of a balanced bridge circuit at low frequencies. It
may have any of a number of different forms in waveguide or coaxial line.
Although balanced circuits have been developed only recently, they show
great promise for the future. Balanced circuits are described in Chap. 8.

Although the duplexers that are described here were designed with a
highly specialized application in mind, there is much to be learned from
a study of the development. A good duplexer can result only from a
careful combination of the most advanced techniques in three fields:
linear microwave circuits of the most highly developed type must be
combined with a knowledge of the properties of electrical discharges in
gases at microwave frequencies and with the best techniques of construe-
tion of microwave vacuum tubes.




CHAPTER 2
LINEAR THEORY OF HIGH-Q TR TUBES

By Louis D. SmuLiN

9-1. Linear Behavior of the TR Tube.—The TR tube is a switch
which is used to short-circuit the receiver during the transmitting period,
and it also allows echoes to pass to the receiver when the transmitter is
off. An ideal TR tube would present a perfect short circuit during the
transmitting period and would cause no loss of the received signal.
These functions could be performed by a simple knife switch but the
speed and frequency of operation which are
needed are far beyond the possibilities of any
mechanical switch, Typical operating require-
ments are represented by a repetition rate of 2000
eycles per second, with the transition from either
open to short circuit or short to open circuit tak-

Cﬁ:] ing place in less than 10~7 sec. Such high-speed
Detector

perfoermance can be attained by using a spark gap
7 for the switch. In some installations these spark

Fie. 21.—Duplexing £2ps have taken the form of very simple air
cireuit with spark gap and  spark gaps; in others, the gaps have been placed
ideal transformer. in low-pressure atmospheres to reduce the break-
down and the sustaining voltages of the discharge.

From the point of view of transmitter efficiency, it is desirable to
make the discharge appear as a very low impedance in series with the
line. Similarly, to get best receiver protection, the voltage stepdown
ratio from the gap to the receiver line should be as large as possible.
Figure 2-1 indicates how such a circuit would appear if ideal transformers
were used. During the fired condition the arc or discharge impedance
Z, will transform to the terminals in the antenna line as Z,/N?. The
leakage power to the receiver load will be (Va/N,)*/Z; where V, is the
voltage drop across the discharge. During the receiving condition the
recelver impedance will appear to be Z;(N,/N)? at the antenna-line
terminals.

Except at comparatively low frequencies, it ig difficult if not impossible
to construct an ‘“ideal’”’ transformer or even one which is approximately
‘‘ideal.” However, it is fairly simple to make resonant transformers.
These may take the form of either lumped-constant or distributed-con-
stant networks. The lumped-constant circuits are made of conventional

8
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inductors and capacitors suitable for the desired frequency range. The
distributed-constant circuits usually take the form of a cavity or trans-
mission-line resonator. Such resonators may have unloaded Q's of
several thousand, whereas ordinary LC-circuits have maximum Q’s of
the order of several hundred.

Although in the microwave region the use of lumped-constant ele-
ments and circuits in the usual sense is impractical, it will be informative
first to discuss the TR tubes as if such construction were possible. Then
in succeeding sections, cavity resonators and their equivalent circuits,
high-@ TR tubes and their characteristics, and bandpass TR tubes will
be discussed.

r € 1 ”
g

+ + —

T — /y\ X34t

Yy — b, 0 w t @

A i VA
- - X412
Fic. 2-2.—8eries LC-cir- Fia. 2-3.—Frequency dependence of circuit
cuit, pararneters of Fig. 2:2.

2-2. Lumped-constant Resonant Transformers.—The circuit of Fig.
2.2 has a number of interesting properties. As shown, it consists of a
series LC-circuit with internal losses represented by the resistance r,
shunted by a susceptance b;. The input susceptance is

X
Y = X2+7.+.7( m)’ ¢y

where X = (wL — 1/wC). If resonance is defined as the frequency at
which the imaginary part of Y is zero, then

1 2
?)_ \/'—‘ 4r ,

2
and for rb; < %,
1
X = by
Then, at resonance,
Y = rbl. 3)

Thus, this is a resonant impedance transformer, since by varying
b, and adjusting the LC-circuit to make Im(Y) = 0, the input conduc-
tance Re(Y) can be made to vary over a wide range. Figure 2-3 illus-
trates graphically what is involved. The Re(Y) = g moves up and
down the curve as b; is varied.
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Similarly, let us consider the circuit of Fig. 2-4 where an output
circuit consisting of the shunt susceptance b, and the load conductance
g2 has been added. The input

C
1 L r 2 admittance Y when the circuit is
tuned to resonance [Im(Y) = 0]is
Y
——| | . , b\’
Re(Y) = g = 1t] + ¢» ) (4)

where (r 4 go/b})by <+ and
Fic. 2-4—Resonant impedance transformer  pZ > g3.  Equation (4) could also
with output circuit. . .
represent an ideal transformer cir-
cuit with voltage stepup and stepdown ratios of b, and bs, respectively.
Let us now examine the frequency response of the circuit of Fig. 24
in the vicinity of resonance.

. X+ X
Im(Y) =6 =b, — - > ey
m(¥) N R R G g u) GE (8)
where X' = —by/(g3 + b3) and 7’ = ¢./(¢% + b3). If this is restricted
to the region where b% >> g3, then
b= b, — I 6
- ! X - l/’bz ( )
At resonance, b = 0, and
.o 1V 1 1 biAbe
XYoo= =5 =516~ bk )

The @ of a simple series-resonant cireuit is given by

wl 1
Queries = F T oCR (8)

A parallel-resonant circuit having L, €, and G all in shunt is described by

wC 1
Qutunt = T T oG 9

In the circuits under discussion there is obviously neither a simple series-
nor a parallel-resonant cireuit at the input terminals. Near resonance,
the behavior of the susceptance curve is at least similar to that in a paral-
lel-resonant circuit. However, since it is not obvious just what particular
L, C, or G should be used to get an expression for the @ of the circuit,
further investigation into the nature of the quantity defined by @ should
be made.

It is possible to define @ in a number of ways all of which are
equivalent. The amplitude of oscillation of a freely oscillating system
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will decrease exponentially with a time constant equal to 2Q/w, where Q
is defined as in Eqs. (8) or (9). Alternatively, @ may be defined as
2r times the ratio of the energy stored to the energy

dissipated percycle. Inthe parallel circuit, oscillating  o————7H—

with a frequency w/2r and amplitude V, the energy
stored per cycle is §CV?%  The energy dissipated per Y _ ::C G
cycle is 2rGV?/2w, and @ = wC/G, as before. Finally, L
the frequency variation of the susceptance or react-
ance of an oscillating circuit around its natural or ch.. 2.5 Parallel.
resonant frequency can be studied. The parallel- resonant circuit.
resonant circuit of Fig. 2-5 has an admittance
Y =G +ifeC - L) =6¢+juc(1- (10)
= J\w ;Z = Jw -072 ’
where w? = (LC)~'. By using Eq. (9) and the approximation that
(wo — w) Ko,
Y ~ G + 5206 2. (11)
Wo
Let Im(Y) = b; then from Eq. (10), at resonance,
db wdb
dne) = do = 20C = 2QG, (12)
or
w db
Q= 2 Ao (13)

With Eq. (13) as a basis, an equivalent definition of @ may be set up
for the more complex circuit of Fig. 2.4. If the derivative of Eq. (6)
with respect to In w is taken, then

db - &db —p (wbobz + boba)(bo + b2) — boba(wb) + bg) (14)
d(In w) dw ! (bo + by)?
where
b
wjzl = |bi] = by, wj 2 = |ba| = by,

and

,_ dbo _ —wo b}
= 9% = Ba b + b (15)

Then by the use of Eq. (7) for by, and
wo _ Zbo
Aw - oC/f
2b1 2b%

= |by| toT o0 (16)
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The @ of the circuit is defined by Eq. (13) where the total conductance
G = Yy + b} + g2 (by/b2)?, and

Q= 1

Y, AN
C(b§+r+b—§>

where Y, is the conductance of the line or generator connected to the
circuit at terminals 1-1.
Equation (17) may be rewritten

1
Q Qout

thus defining the ‘““‘input,” ‘“‘output,” and ”unloaded” @’s. On this
basis,

17)

1 1 1
0.0 T o)
1 1 1 1
00T T o

where the subscripts indicate that the resonant circuit is loaded by the
generator only (Q:;), or by the generator and a load (Q:2).

Next, let us consider what happens if the capacitor C in Fig. 24 is
short-circuited. This would
correspond to the placing of a

7T spark gap across C which would

5 Eb b % break down upon the application
of sufficient voltage and which

° would require zero sustaining volt-

age, Fig. 2-6. The resistance r
may be neglected since the circuit
is no longer resonant. The ratio
of the power delivered to g, to the available power from the generator
will be determined. The input admittance to the cireuit is

{gz + Jba2)( "jbb)_ (19)

Fra. 2:6.—Circuit of Fig. 24 with the
capacitance short-circuited.

Y=t i = b0
For b; and b, large
2
YV =g (—Z—j) — Jbr + jbu. (20)
The power absorbed in g, is
n(5:)
2 {5~ 2
P= bs ~ 20 @1)

772 2hH2
[ng(%f)] +lb - by U
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This power is known as the direct-coupled leakage power to distinguish it
from the leakage power due to the voltage drop across the discharge.
The direct-coupling attenuation D expressed in decibels is 10 log;o of the
ratio of P of Eq. (21) to the maximum power available;

D =101lo ﬁdb (22)
= Z10 4gzb§ .

As a last example, the insertion loss of the circuit in Fig. 2-4 will be
calculated, with the assumption of a current generator with unit internal
admittance. At resonance, the input conductance of the circuit is given
by Eqg. (4). The power transferred to the load is

o (3)
L (2
P = bbzz 2
[1+gz (b—‘) +rb§]
2

The insertion loss expressed as the ratio of the actual to the available
power is the reciprocal of the transmission,

bl 2 2

[1 + g2 <b_) + be]
T-1 = LA (24)

()
by
Thus, Egs. (4), (18), (22), and (20) indicate that the impedance trans-
formation ratio, @z, insertion loss, and direct-coupling attenuation all
increase with the square of the coupling susceptances. It is, therefore,
necessary in any practical design to compromise between maximum
tolerable insertion loss and minimum transformation ratio.

2:3. Cavity Resonators.—The circuit analyzed in Sec. 2-1 is a thor-
oughly practical circuit and can be used with little modification up to
frequencies of the order of 100 Mc/sec. At higher frequencies, radiation
losses from open-wire circuits become excessive, and at the same time it
becomes practical to use resonant transmission lines or cavities instead of
conventional LC-circuits. Although it is difficult to obtain a @ of more
than a few hundred with lumped constants, it is not difficult to achieve an
unloaded @ of 2000 to 10,000, and practical designs exist for resonators
with ’s of 50,000 or more. As a result, it is possible to use large trans-
formation ratios without paying the penalty of excessively large insertion
losses.

Most microwave TR tubes (A < 50 em) use some form of resonant
cavity as a voltage and impedance transiormer. The low-Q resonant
irises used in bandpass TR tubes constitute a transitional group between

(23)
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lumped-constant and distributed-constant circuits and will be discussed
in Chap. 3. The remainder of this chapter will deal with the linear
properties of high-@ TR tubes and with detailed descriptions of various
tubes.

Resonant cavities have been discussed by a number of authors, and
complete mathematical analyses exist for a large number of different
geometrical shapes and modes of oscillation which give the resonant fre-
quency @ and equivalent shunt or series resistance. In the following
sections, a knowledge of microwave circuitry will be presumed, and, pri-
marily on the basis of transmission line analysis, the relation between
various cavity parameters and the functions of the TR tube will be indi-
cated. Because the methods of handling lumped-constant circuits are so
highly perfected and widely understood, equivalent lumped-constant
circuits will be developed for TR-tube resonant eavities.

In the design of a TR-tube cavity, a number of factors must be con-
sidered simultaneously. The mode of oscillation and the shape of the
cavity must be such that it is convenient to place a short spark gap at a
ﬁoint of maximum voltage, so that when the gap fires the direct-coupling

attenuation will be a maximum. For in-

: stance, it would be difficult to satisfy these

i d:b Y+l conditions in the TEo-mode of oscillation.

The ratio between the gap voltage and the

exciting voltage should be large. Since the

(@) ® )

Fle. 27.—Cross sectioms of loaded @ and the stepup ratio vary by

cavities. the same factors in a given cavity design,

and since extremely large values of Q@ are

undesirable because of instability in tuning, a compromise must be made
between the two.

Although the actual shapes of most TR cavities are fairly compli-
rated, they can be considered as modifications of a cavity made of a
cesonant length of rectangular waveguide operating in the TEy-mode
and coupled through large shunt susceptances to the load and generator,
Fig. 27a. In order to reduce the breakdown voltage to a low enough
value to be used, a pair of posts are placed across the cavity at a point
of maximum voltage to form a spark gap, Fig. 2:7b. The posts add a
shunt capacitance across the cavity which causes the resonant frequency
to be lower than if there were no posts present.

Impedance Transformatzon.—Let us consider the resonant mode of a
length of lossless transmission line of characteristic admittance ¥, short-
circuited at the far end and shunted by a comparatively large susceptance
B, at the point a-a, Fig. 2.8. The input susceptance will be

2

;414;' i

2nl

Yi = jBy — j¥ cot <, (25)
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where [ is the length of the line. For simplicity it is assumed that the
guide wavelength is equal to the air wavelength., By adjusting either
B, or [ the input susceptance can be made zero at any given wavelength.

a

—
v, 2 % =4

0 Y —»

a 7
f— 1+ — 2

Fic. 2:8.—Transmis- Fic. 2-9.—Equiva-
sion line with shunt jent circuit of Fig. 2-8
susceptance. near resonance.

impedance of a short-circuited transmission line is

If B, is large, Y, will be zero for 2xl/N = (nm + ¢€) where ¢ is small. The

7 = jZy tan QT"’ (26)
and if 2xl/X = nxr + ¢
7 = iZoe = jZo i—”li—x 27)
1) 0

In other words, the reactance of a short-circuited length of line varies
linearly around zero with wavelength. This, of course, is just like the
variation in reactance of a series LC-circuit near resonance; and for small
values of AM/Xe, a short-circuited length of transmission line can be

accurately represented by a series- |
resonant cireuit. Thus, an equi- * /:
valent circuit for Fig. 2-8 can be 1

drawn in as shown Fig. 2-9. The
frequency response of the circuit

may be analyzed as in Fig. 2110 ,
where it has been assumed that B,
is an inductive susceptance. The
frequency for which the input
susceptance Y is zero will fall to
the left or to the right of the pole,
depending upon whether B, is an
inductive or a capacitive sus- Fie. 2-10.—Frequency respouse of circuit
ceptance. In the vicinity of fo, if of Fig. 2:9.

B is large, the susceptance will vary nearly linearly through zero, which is
similar to the variation of a simple parallel-resonant circuit.

The circuit of Fig. 2-8 is a two-terminal network, and as such can be
used only as a shunt or series element. This is useful for ATR tubes and
further applications are discussed in Chap. 4. For a TR tube a four-
terminal network through which power is transmitted is required. This
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may be accomplished by coupling the cavity to an output load by a
susceptance B,, Fig. 2-11a.
The input susceptance ¥; may be written as

(Gz + JBz) + ]Yo tan /3l

Yo + (G2 + jBs) tan 8l

GgYo(l + tan? ﬂl) + ]Bz(Yo - Yo tan? Bl - Bz tan 8l)
(Yo — B; tan 81)2 + (G. tan gl)*

where 8 = 2x/\. If the imaginary part is set equal to zero the solution
for tan BI, where B, and B, are large compared with Y, is

Y; =jBl + Y,

= jB1+Y, ,  (28)

_y Bit+ B
tan gl = Y, BB, (29)
The real part of ¥; = G + jB, with B; and B:>> Yy, is
_ G,Y (1 + tan? 8) _ <§_1>“_
G = Yo 3B, tan B + (Cs tan A ~ U2 \B, (30)

Equations (29) and (30) are to be compared with Eqs. (7) and (4)
which give the identical results for the lumped-constant circuit. Alterna-
Y,/sinh 8l tively, a more exact equivalent cir-

cuit can be drawn by using the
° equivalent r-section for a length of

Y
Y, ~[B]] 0 5] ] li.ne;1 Flg 2:11b, and the same rela-
tions will be found at resonance.
o o o Cavity Losses—The calculations
b 1 X, tanh g1 /2 thus far have neglected the power
@ ® dissipated within the cavity itself.

Fia. 2-11,—Transmission line with two
coupling susceptances.

If the cavity is not too lossy, the

net effect of dissipation in the walls

can be represented by a lumped resistance shunted across the cavity

at the point of maximum voltage. It can be defined as
1 (voltage)?

Gu Bo =5 X energy lost per sec’

(31)

where
Energy lost per sec = = / |B|?de (32)

and § is the skin depth, f thre fequency, and B the magnetic field at the
surface of the cavity. The voltage is the line integral of the électric
field, which by Stoke’s theorem is

/E~ds1=——/B’ =~j—-‘f/B das, (33)

1 Guillemin, Communications Networks, Wiley, New York, 1935.
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where ds; is an element of length and do; an element of area in the cross
section of the cavity. The path of integration usually chosen for this
integral is one that gives a maximum of voltage without using an extreme
path. If Egs. (31), (32), and (33) are combined,

[[ B dn]'\
Ry, = 1652~ = —, emu. (34)
A2 / B?|do| °
Equation (34) is the equivalent shunt resistance that would have to be
placed across the resonator along the particular path of integration in
order to produce the same effect as the dissipation in the cavity walls.
It should be pointed out that since the “inductive’” and ‘‘capacitive’
elements are hopelessly intermingled, the equivalent series resistance R,,
if calculated by a similar procedure, will be related to the shunt resistance
by R, = R.s/A, where A may be larger than @? by as much as a factor
of 2.1

This method of calculating R., has been applied to most of the simpler
geometric shapes and to most of the modes of oscillation. The cavities
of TR tubes are usually so complicated geometrically that the method
becomes extremely complicated, and all design work is based on experi-
mentally determined values of a quantity proportional to R.. Such
values are obtained by measuring the input conductance of a cavity at
resonance (B = 0). It is, therefore, of interest to see how this measured
conductance varies with the coupling to the cavity.

Let us refer again to the simple line cavity of Fig. 2:11, and calculate
the input admittance ¥;. The assumption now is that the transmission
line forming the cavity has a propagation factor ¥y = « 4+ j8 where the
attenuation constant « is small. Then

Y _ g2+ b+ tanh ]
Yo 1 + (92 + ]bz) ta.nh ‘)’l’

where g; = G2/Y, and b, = By/Y,. Expanding tanh v,

(35)

e2leifl — =l (1 4 2al)e® — ¢ al
etaleiBl 4 e~ (1 + 2al)e® + ¢~ cos? B

tanh 4l = +jtan 6, (36)

where § = l. If B, and B, > Yy, and of < 1, the cavity will be nearly
a half wavelength long. If this is so,

tanh vyl =~ al + je, 37)
Bl=n+ce

1 W. W. Hansen, Lecture Series at Radiation Laboratory, RL Report T-2,
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The substitution of Eq. (37) into Eq. (35) gives

Y = lgs + o + jle + b2)][1 + goal — boe — F(goe + bzal)]_
Yo (1 4+ gaal — €b2)? + (g26 + baal)?

(38)
For resonance, the imaginary part of Eq. (38) must equal —b;. To
satisfy this, it is found that, if ol K 8> ¢,

€ = b1 + bz_
bib2

Finally, the solution for the real part is

) 2
% - (ﬁ—:) g2 + blal. (39)

Thus, at the input terminals, there is a total conductance composed
of the load conductance transformed through two coupling susceptances
and a quantity that may be variously interpreted as the shunt conduct-
ance or the series resistance of the cavity transformed through the input
coupling. The form of this equation is identical with that of Eq. (4)
for the lumped-constant circuit.

Finally, let us find the conductance at the center of the cavity.
At resonance, the imaginary part of the admittance is zero and Eq. (37)
can be written as

l 22l .2
tanh'y§=—:;——]?

Bl =, e

2_2+2

If this is put back into Eq. (35), it is found that at resonance the con-
ductance at the center of the cavity looking toward the output terminal
is

G l
%-T (40)

The total conductance at the center, including both input and output
terminals and assuming a matched generator is

%=al+—,}§+%§- (41)
Thus, the quantity ol can be defined as the shunt conductance of the
cavity, and the total conductance-loading of the cavity is the simple
sum of the external and cavity conductances, each transformed by a
constant appropriate to the reference plane chosen.

Equation (39) asserts that at its resonant frequency, the cavity and
its load may be replaced by an equivalent conductance. If this con-
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ductance G is equal to the generator conductance Y, the power delivered
by the generator is a maximum since the reflection coeflicient

Yo — Gy
T Yo+ G
is zero. However, G; is the sum of the transformed cavity and load

conductances; and it is the power delivered to the load that is of interest.
The net power flow into the cavity and its load is given by

P = Pyu(1 — T?). (42)

r

The fraction of this power delivered to the load conductance is
[ b 2 2
()
P=p|— N2/

b\’ N
g2 b—2 + gcbl

and the insertion loss in decibels is given by

B 2712
|1+ bige + o (g) ]
L = 10 logyo N 2 . (44)
i ()
2,

This equation is identical in form with that of Eq. (24) for the lumped-
constant circuit.

Calculation of Q.—As has been indicated at the beginning of this
section, the calculation of Q. for a cavity of simple design, such as a right
cylinder, is a straightforward procedure, and formulas are available for
a number of different designs.! These have been derived by calculating
the ratio of the energy stored to the energy dissipated per cycle. How-
ever, the quantity of direct interest is not this ratio but the rate of change
of input admittance with frequency (or alternatively, the variation of
insertion loss with frequency). Therefore, let @ be defined in thesame
way as before,

w db
=5

The problem, therefore, is to determine wdb/dw.

For convenience, variables are changed from w to k = 2z/A = w/c.
This is done because in microwave experiments wavelength is the varia-
ble that can be measured conveniently. It can be shown that the
derivative of the input admittance of a section of transmission line

(13)

tVol. 11, Chap. 5, and the references there cited.
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terminated in an admittance Y. is
1 dVie _ (kY | 1 AY our ,
TF Grazame o8 l(K) tir vty GV

where K = 2r/), and ), is the wavelength in the transmission line under
consideration, and all admittances have been normalized with respect to
Yo.! For waveguide of a high-pass tvpe X and X\ are related by

= :/(: ( > (46)
where X\, is the cutoff wavelength. Two other useful relations are

kdk = KdK (+7)
and

(MY ,

- (%) ()

It can be seen from Fig. 2-11a that Yo.. = ¢g» + jb. and at resonance
Yo = g — b1 (the reference plane i just to the right of b,); hence

d Yo
d{ln k)

= jb‘ly

and
Ve oo (EN = g4V R,
T k) —]A1<K> (1 —g*>+ b+ 299b1) + AT Zgube - (49)

1f 1, g, and ¢. are small compared with by and b,
dRe(Vi) (kY
din F) = Tkl (k)

dIm(Yi) _ pope (5 :
din k) = MR <1\>

(50)

If the relationships g = g (%) + g.bi and

!

byt by bt b
bibe bibe

and ¥i = Vi + jb: are substituted into Ioqg. (50),

dRe (Y, h\* \ :
d—(l(—n(gl?)_) = —2 [g._. (ﬁ) + g,.b;] binw (K)

dlm(Y) b l‘,>
din by = UVTAR

14 Wave Guide Handbook Supplement,” RL Report No +1-1/23/45.

Kl = tan! + nr,

(51)
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where n is the number of electrical half wavelengths most nearly equal
to the length of the cavity.
To determine @, Eq. (13) is used, and for the loaded @

Quz = 1 dln(Yy)
172G d(In'k)

_ binw k\?
= . 3 %)’

2,
_mfl ey (EY 52
Qu—'z— b% Fg‘ ge &) (52)

This expression is completely analogous to the corresponding one for
the lumped-constant circuit, Eq. (17).

If the coupling susceptances are large, then Eqgs. (51) indicate that
the conductance will change slowly with frequency, relative to the rate
at which the susceptance changes. Therefore, it is usual to approximate
a resonant cavity by a simple parallel-resonant circuit with a constant
conductance equal to the actual value of the circuit at resonance, and to
choose L and C to give the same @ as the actual circuit. In ordinary
cavities this approximation is sufficiently accurate to predict the perform-
ance at frequencies different from the resonant frequency by Aw/w = 3/Q,
despite the fact that the admittance has a pole at a frequency relatively
close to the resonant frequency instead of at infinity.

Voltage Transformation Ratio.—The voltage transformation ratio of a
resonant cavity used for a TR tube is of considerable importance since
it is one of the factors that determine the amount of leakage power
reaching the crystal detector. Two transfor-
mation ratios are of interest. The first ratio
refers to the behavior of the resonant cavity
and is the ratio between a voltage applied to
its terminals and the voltage across the gap i
before a spark has formed. The second is the by
ratio of the voltage drop of the discharge : I
maintained across the gap to the voltage " 0
appearing across the load. Although both of Fi¢:212.—Resonant line with

L. . susceptances b1 and bs.
these quantities have to do with leakage
power, they are functions of the linear properties of the cavity and,
therefore, will be discussed here.

Let us consider the case of a simple section of resonant line with no
spark-gap posts, Fig. 2-12. At the plane -7, the power flowing to the
right is v%¥G;; similarly, at the plane 0-0 the power flowing to the right is
%G, If there are no losses between the two planes, the two quantities

0

1

1
b
)
|
v,

,vo

b2
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must be equal. If Eq. (39) is used for G;,

2
P =} [Gz (2—;) + bfalYOJ' (83)

If the cavity losses are assumed to be negligible (al = 0) then

and

%= by, (54)

which is the voltage stepup ratio from plane -7 to plane 0-0.

Consider how cavity dissipation affects this ratio. Practical design
considerations generally require that at the input terminals to the cavity
the apparent shunt conductance be of the order of one-third the load
conductance. This amounts to about a 30 per cent power loss in the

cavity and, therefore, P; will be about 15 per cent
0 greater than Py because of loss through the first half
____] of the cavity.
ii If the center of the cavity 0-0 is chosen as the
jb, 1 reference plane, Thévenin’s theorem may be used to
replace the actual generator to the left of -¢ by an
__-:‘ equivalent one at 0-0. The equivalent generator
l‘% has an internal admittance Y’ obtained by open-
0 circuiting the actual current generator and observing
a]e'ﬂm'cirzc'lll?i:}fql‘:‘;{; the admittance seen looking to the left from 0-0.
of line in Fig. 2-12. The intensity of, the new current source equals the
current flowing through a short circuit across 0-0.
Equation (40) gives the equivalent generator admittance

To obtain the short-circuit current through 0-0, the various incident
and reflected waves are added, Fig. 2:13. If the current reflection coefli-
cient I'y = (Y — ¥Yy)/(Y + Yo), then the total current at 0-0 oan be
shown to be |I4| = I/b; for b; large. Now, the voltage at the input
terminals is the current I divided by the total conductance or

%

_ I
_ -
I+ gt + g (F)
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The voltage at the center of the cavity is found in a similar manner,

v—__I..
o—-bl

and
- = bly (54)

which is the same result that was obtained when cavity dissipation was
neglected. Thus, it is seen that the voltage stepup is proportional to the
square root of the input @ (similarly the voltage stepdown is proportional
to the square root of the output Q). This could have been anticipated
on a conservation-of-energy basis, since the admittance transformation
is proportional to the external Q.

!
[ | v, XL
o] B : "éfc E}J%
lo—t—-l-—z'—»l ‘T%

(@) ©)

Fia. 2:14.—Cavity with capacitive posts and equivalent circuit.

A practical TR tube will differ from this eavity in that it will have a
pair of posts across the guide at a voltage maximum to form a small
spark gap, Fig. 2:14a. The gap, of course, adds a capacitive load across
the cavity. However, more detailed examination indicates that there is
an inductive reactance in each of the posts forming the gap and, there-
fore, the equivalent circuit is similar to that of Fig. 2-14b. The net
susceptance across the center of the cavity is

Jbo = —j{(X:. — X)L

In a similar manner it can be shown that the voltage stepup ratio
from the external terminals to the center of the cavity is proportional
to the corresponding external Q. However, the voltage across the gap v,
is greater than the cavity voltage V, by a factor

Ve Xc bL

Ve Xo =~ Xo " bn = b7 (55)
and the total transformation ratio is
e L gy e (56)

v br — be
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The Q of such a cavity can be shown to be

03 2
2(%“ + 1)1(1(%) + bo
QL2 ~ N )
1 g
(b% +y gp)
where Kl = tan—‘b-zo ~7- %’ if by and by > bo.

Direct-coupling Altenuation.—During the transmitting period there is
a discharge across the gap which for all practical purposes may be con-

r [ Y, b b Y,
Yo« L _‘:" Eo b, ?o =
bll |b2 by by

Y «»Y'
(a) ®)
Fi6. 2-15.-—Cavity with short-circuited post and equivalent circuit.

(57)

(@
Fia. 2:16.—(a) Magnetic field in a cavity with short-circuited post. (b) Cylindrical
, cavity with two output lines.
sidered to have zero dynamic impedance. Since the discharge only
short-circuits the capacitor X¢ in Fig. 2-14, the total susceptance across
the guide is not infinite, but is equal to —jb.. As a result, the attenu-
ation between the input and the output terminals will be large, but finite.
To calculate the attenuation, all voltages and admittances are referred
to the center of the cavity, Fig. 2-15a. Toward the left from the
post, there is an admittance ¥ = 1/b2 — jbo/2, and toward the right
Y’ = go/b} — jbe/2 and, therefore, the circuit is that of Fig. 2-15b. The
ratio of the power delivered to the load, g./b}, to the available power is

P49
Poe  bI2(bo + D)
Thus, the direct-coupled power is inversely proportional to the product

(58)
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of the external @’s, and it also varies inversely with the square of the post
susceptance br.

A qualitative but useful concept of direct-coupling attenuation
assumes that the cavity short-circuited by the post, Fig. 2:16a, may be
thought of as two waveguides in parallel that are beyond cutoff at the
operating frequency. The incident power is exponentially attenuated
between the input and output terminals of the cavity, and the attenuation
increases with the diameter of the center post. This, of course, is simply
a restatement of the fact that the attenuation increases with the post
susceptance. If a cylindrical cavity is considered, Fig. 2-16b, it becomes
apparent that the attenuation decreases rapidly as the angle « between
the input and the output lines is made less than 180°.

2-4. Comparison of Loop-coupled and Iris-coupled Cavities.—In the
analysis of resonant cavities thus far, it has been assumed that the
external cavities have been connected to the resonant structure by direct
inductive or capacitive coupling.
That is, it has been assumed that
there is no mutual reactance be-
tween the couplings and the reso-
nant circuit. The equivalent
circuit assumed may be either the
simple one in See. 2-1 or the more
exact one shown Iin Fig_ 2-11p. Fia. 2-17.—Eguivalgnt circuit of TR tube
A Dbetter representation of the including losses.

TR tube is shown in Fig. 2-17 where b, and b, are the coupling sus-
ceptances, bo is the equivalent capacitive susceptance of the gap and
posts across the cavity, g. is the shunt conductance of the cavity. If
by = bibo/(2b; X be), and b} is similarly defined for b; and if b; and b, are

large,
by e b8 (1 n )
: (59)

’ bO
b; (1 -+ sz)

All these calculations and equivalent eircuits are based on the assump-
tion that no mutual couplings exist between b: and b, and the rest of the
circuit. This condition is satisfied if thin inductive or capacitive irises
are used for b; and b,, Fig. 2:184.1 However, coupling to a cavity can be
done equally well by means of a loop linking the magnetic field of the
eavity, Fig. 2:18b. If this is done, it is necessary to consider the mutual
coupling between loop and cavity, and the equivalent eircuit may be

~ For equivalent circuits of various obstacles in waveguides, see “Wave Guide
Handbook,” RL Report. No. 43-2/7 /44, and Vol. 10 of this series.
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drawn as in Fig. 2-19. It has been shown by W. W. Hansen! that the
transformed conductance seen at the input terminals varies inversely
with the square of the mutual conductances M, and M, for b, and b; large,

[

(@) )
F1G. 2:18.—Iris-coupled cavity (a) and loop-coupled cavity (b).

(by = 1/wL;). The mutual inductance is proportional to the loop area
and at resonance

Gi = G(A/Z:)% + Go(Z./2)* (60)
where G; is the input conductance, A is the area of the cavity in a plane
parallel to the & vector, Z; and Z,
are the areas of the input and out-

M, M g, put loops, and G. is the cavity
5 Eb gcsh = b’% 2 shunt conductance.
! ? S In a similar manner, expres-

sions for @ and direct coupling
which are completely analogous

Fig. 2-19.—Equivalent circuit of loop- {0 those for the iris-coupled cavity
can be derived.

Although a detailed discussion of methods for coupling to cavities
will be reserved for a later section, it is of interest to make a simple

coupled cavity.

(0 o ©

Fia. 2-:20.—Methods of coupling to a cavity.

comparison between loop and iris coupling. There are three cases to be
considered:

1. If the coupling iris is a small circular hole in a thin plate, Fig. 2-20a,
the susceptance is inductive and varies nearly as d—%.

L' W. W. Hansen, J. App. Phys., 9, 654 to 663 (1938).
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2. If the iris is symmetrical, of the type shown in Fig. 2-205, the
susceptance is inductive and varies nearly as d—2

3. If the coupling is a small loop, Fig. 2:20¢, the inductance is pro-
portional to its length and the susceptance, then, varies as d—.

The admittance transformation ratio N in these three cases may be
tabulated as in Table 2-1.

TaBLE 2:1.—ADMITTANCE TRANSFORMATION RaTiO N rorR THREE CaAsEs

Coupling N varies as
Circular iris b2 d~¢
Symmetrical inductive iris b2, d¢
Small loop b d¢

It should be pointed out that these variations are for small loops or
irises. For irises it is further assumed that the metal plate is very thin.
As the opening of the iris or the length of the loop is made larger, the rate
of change of b with d becomes slower. The rates indicated in the last
column may be deceptive because, although the tolerance on the circular
iris is the most severe, a round hole may be made to much closer toler-
ances than is possible with the other structures.

A symmetrical inductive iris is more difficult to make to accurate
tolerances; but most difficult of all is the loop which is made of fairly
thick wire, to give it rigidity, but is bent on a radius which is only a few
times the thickness of the wire. Despite this difficulty, it was possible
to make coupling loops for 10-em TR tubes in which the admittance
transformation ratio was held to a tolerance of about + 10 per cent.

2:5. Methods of Tuning.—It is usually required that a given TR
tube operate anywhere within a band of frequencies that is wide com-
pared with its bandwidth (Aw>> «/Q). The resonant cireuit, therefore,
must be made tunable. From a consideration of Fig. 2:17 it is seen
that variation of either the gap capacitance or the cavity inductance
changes the resonant frequency. It is not desirable to tune by varying
the coupling susceptances since the insertion loss and leakage power
change rapidly while the tuning rate remains very slow.

Variation of the gap capacitance is a convenient method of tuning
if the mechanical design of the tube permits a mechanical motion to be
transmitted into the low-pressure region where the spark gap is located.
Several TR tubes have been designed with such a tuningsystem. The
high-frequency end of the tuning range is generally limited by the leak-
age power, which increases with the gap length. It is usually possible in
this way to get a tuning range of 10 to 15 per cent and still maintain
satisfactory leakage power levels.

The inductance of the circuit may be changed by a variety of mechan-
ical schemes. Basically, what is desired is to change the magnetic field
strength in a given region, and thus change the energy storage or the
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inductance. A vane across a waveguide acts as an inductive lumped
susceptance, Fig. 221, because it causes a local concentration of the
magnetic fleld. Thus, the cavity can be made tunable as shown in
Fig. 2:22. Sliding irises which continually make good contact with the

U i ‘]
O o
§ - ” 1 % _nq
\Vane o 'ndUCt'VE “Variable inductive
coupling tuning irises
Magnetlc lines (H) irises
F16. 2-21 . —Waveguide with inductive vane. Fig. 2-22.—Variable inductive irises

for tuning a cavity.

top and the bottom of the guide present a design problem which is
mechanically very difficult. Figure 223 shows an equivalent scheme
commonly used with cell-type TR tubes. In tubes of this type the gap
and low-pressure region are confined within a glass envelope whose
diameter is small compared with the cavity diameter. A metal slug,

) R
(i ==
Metal \
slug
Dielectric

rod

(a) (b)

Fig. 2-23.—Metal slugs for tuning a TR cavity.

usually a screw, is pushed into the cavity. This adds a lumped induct-
ance in parallel with the rest of the circuit, and the frequency increases
as the slug is pushed inlo the cavity. A change in the cavity diameter has
an equivalent effect, and in fact, the slug may be considered simply as a
partial change in the equivalent cavity diameter.
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A third method of tuning involves changing the total circuit capaci-
tance by means of a metal slug that can be moved in and out radially,
but which is insulated from the cavity, Fig. 2:23b. Although the geo-
metric capacitance of the slug does not vary with position, the electric
field varies from a maximum at the center to zero at the outside of the
cavity. The displacement currents flowing through the capacitance
between the slug and cavity increase as the slug is moved toward the
center. Moving the capacitive slug toward the center decreases the resonant
Jrequency of the cavity.

A method that is markedly different from those just described
employs an auxiliary cavity tuned by one of these methods, and coupled
to the main TR cavity in such a way as to act as a variable susceptance
in parallel with it. The susceptance can take on positive or negative
values as the auxiliary cavity is tuned to higher or lower frequencies than
the incident frequency. In general, this scheme introduces a certain
amount of excess loss into the circuit. It has the advantage, however,
that a precise tuning mechanism may be built into it which may be
calibrated. This is not generally possible in the TR cavity. The two
cavities may be butted together and coupled by an iris, or they may be
joined by a transmission line about. A/2 long and coupled either by loops
or by irises.

2-6. Equivalent-circuit Calculations. Insertion Loss.—In previous
sections it was shown that a resonant cavity could be represented to a
good approximation by an equiva- 14
lent parallel-resonant circuit. The '

plane of reference is arbitrary; but
it is generally convenient to refer I 9,0 9
all admittances to the input ter- J H,, T
minals. This is indicated [in Fig.
224 where all admittances have Generator
been normalized with respect to Fia. 2:24.—Cavity and eqmvalent circuit
Yo, gé = !]cb% is the apparent cavity referred to terminals 4 4.
conductance, gz = ga(b1/bs)? is the apparent load conductance, and b is
the input susceptance. On the basis of this simple circuit, a number of
useful relationships involving €, insertion loss, and input standing-wave
ratio may be derived.

The transmission T of the circuit is the ratio of the power dissipated
in g. to the power available from the generator. The insertion loss L
will be defined as —10 logio T,

4'gLy
T T A (61)

where the generator is assumed to have unit internal conductance.
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Cavity Q. —In Sec. 2-2 an expression for @ was derived. Equation (52)
may be rewritten in the following forms:

1 db

O = 57 dm )
_ 1 db _ g: 62
Qu=srrnamn - Va1 o 82)
1 db gh

W gy r T ann - YETiTs

where Qy is the unloaded @ of the cavity; Q. is the @ of the cavity loaded
only at its input terminals by a matched generator; and @, is the Q of
the cavity loaded at both the input and output terminals.

The standing wave set up in a transmission line by a discontinuity
is equal to the sum of the incident and the reflected waves. The ratio
of the maximum voltage to the minimum voltage of the standing wave is
the standing-wave ratie r, and is defined by

_14r] |
=T (63)
where T is the voltage reflection coefficient. For the cavity whose input
admittance is

= (g2 + g2} + jb,
Yo =Y 1 —1{{g:+ g:) + b

"=V FY T TF o F o) + 7 (6)
IRV TR AL
r| = :
V(A + g+ gD+ 0
If this is substituted into Eq. (63),
_ANOF g+ g+ V(=g — g+ b (65)

TN F gt g R — A/ —gs — g F b

Examination of Eq. (61) indicates that the power to the load 4, falls
to half its maximum value when b = (1 + g + g.), and for this condi-
tion the standing-wave ratio will be

_ Qg + VT F (o + )t
(I +g:+g) — V1 + (gu + ¢)?

(66)

If the input standing-wave ratio at resonance is

1

= Ve
o a (gr + g:)’
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then
m=1+8+\/1+ﬁ”,
1+8-VI+p

It should be noted that a substitution of 1/8 for 8 results in the identical
equation.
Similarly, Eq. (65) may be solved for b, and

N P B

Figure 2-25 is a plot of the standing-wave ratio against frequency,
measured at the input of a typical TR cavity with no output loading.
A curve of b, caleulated from the
data by means of Eq. (67) s super-
imposed. The curve of b is a
straight line over the range con-
sidered, which is what would be
obtained from a simple parallel-
resonant circuit.

Optimum Coupling—Maximum
power is delivered to the load ¢, for
agiveng,wheng, = 1 +¢.. Simi-
larly, a reduction in g} results in an
increase in 7. It is generally nec-
essary, however, to make the best
possible compromise between leak- . . . . —_

. . -2 -1 1 2 3
age power and insertion loss.

Leakage power will be discussed A S Me/sec
in detail in Chap. 5; however, it has
already been seen that the direct- -3

€67)

(68)

—
o

Omf{ N W & O O ~ ® Y

coupled power varies inversely as Fia. 2-25.—Input standing-wave ratio
the product of the input and output
Q’s for a given tube and cavity, and

r, and susceptance b for a 1B27 TR cavity;

B =g'c=1.30, fo = 3260 Mec/sec, @ =
1 db

2 02 <1010,

20,£wdw 1910

it will be seen later that the arc
leakage power and spike leakage energy are substantially independent of
the input @, but vary inversely with the output Q.

It is important to choose the best operating point for a certain speci-
fied insertion loss that will give usable values of direct-coupled and are
leakage power, and spike leakage energy. Figure 2-26 is a plot of inser-
tion loss I in db vs. gz for various values of g/. It is obvious that there
are an infinite number of combinations of g and g, that will give the
same loss. Since the arc leakage power and spike energy increase with
increasing g., only values of g £ (1 + g/} will be chosen.
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Let us investigate the conditions that give maximum direct-coupling
attenuation for a given value of L. In Eq. (61) let b = 0 and substitute
the following quantities: g, = Nyg., gr = N1/N2. Then solve for the
product N:N, which is proportional to the direct-coupling attenuation,

2
NiNy = M (69)
2 - Nge 2 - - N

T ENTET P T

If the derivative d(N1N,)/dN is set equal to zero, a solution for the points

0 1 3 2 3
0 ] T l
Max. direct coupling attenuation
7 LA
A
7! T~
/ , \ ’“\%\
-]
& _2 , ; AN autput Z —
0 A
= Aat&:hed tL“ Equal 4
- input Z | windows | po 9
J (1+g,+9,)?
—3 // +
-4

F1g. 2-26.—Plot of insertion loss in decibels as a function of gz for various values of g'e

of maximum or minimum direct-coupling attenuation for a given value
of low-level transmission may be obtained,

d(N1N2)_ 3 22 é_ _..1. i _1 =
TaN, S MANMp A NG Zog)tEl-g) =0 (0

The roots of this equation are most easily found by assuming specific
values of T, and then using Horner’s method or some similar approxima-
tion. Only positive, real roots are of interest. Investigation shows that
these roots do indeed correspond to a maximum value of NN, and, there-
fore, represent maximum attenuation. These solutionsare plotted in Fig.
2-26 superimposed on the loss contours as the locus of points giving maxi-
mum direct-coupling attenuation. ¥or values of g/ > 0.1, the optimum
coupling condition lies somewhere between ‘‘equal’’ coupling (N; = NJ),
and ‘‘matched-output” coupling (9. = 1 4 g or N» = 1 + Nyg).
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For best performance in the receiving period it is desirable to use a
“matched-output’’ coupling since variations in the load conductance g
cause the least change of T in this region. This is important because
of the comparatively large variations that are found in the admittance
of crystal detectors. The conductance spread may be as large as 4 to 1
(from g, = Yo/2 to 2Y,), even after the crystal mount has been designed
to minimize this spread. In Table 2-2 the insertion loss L in decibels
and relative leakage power are listed corresponding to a crystal con-
ductance g, = Yo/2, Yo, 2Ys. The leakage power has been separated
into direct-coupled power, and gas (flat or spike) leakage power. The
latter is simply proportional to N3' while the former is proportional to
(N1N2)~L

TaBLE 2:2.—CoOMPARISON OF INSERTION Loss, Gas LEakaGe Powkr, anp DirECT-
couPLED PowER FOR THREE DirrereNT CoUPLING CONDITIONS
All adjusted to L = —1.25db forg, = 1

i Insertion loss db Gas leakage power Direct-coupled power
gs )
Yo |Matched P;?)‘Jal Matched| Matched Ec‘;ﬁal Matched| Matched }i‘;“al Matched
. - . - . u-
input pling output input pling output input pling output
0.5 —2.46 |—2.14] —1.76 0.375 0.5 0.666 0.57 0.5 0.58
1 —1.25 |—1.25| —1.25 0.75 1 1.33 1.15 1 1.16
2 —-1.0 |—1.06)f —1.76 1.5 2 2.66 2 2 2.32

Examination of Table 2.2 indicates that the direct-coupled power is a
rather insensitive function of the particular coupling. The insertion
loss undergoes the largest excursions with matched-input coupling.
Conversely, the leakage power is smallest for matched-input and largest

TaABLE 2-3.—SuMMARY OF FormMULAs FOR COUPLING THROUGH A TR Caviry

Matched input Equal coupling Matched output
Input standi 1 1+’2(1 1) 1+ 2
nput standing- ge = 2| —=— + 2g.
wave ratio ﬁ
T\ 2
gt ’
T 1—gi=1-2 <1+’2“> =0 =0 Q4g)t=1-2
) ’ ’
., 1 —T e —
, o g _1-T %y ~T | 9 _1=T
Qo 2 2 2+4g. 2(1 + g.) 2
Qua o _1-T| g _20-+7 o _,_ 7
Qo 14+g 2-7|1+g 2--/T 14+¢.
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for matched-output coupling. Equal coupling has the advantage of
ease of mechanical construction if the line to the receiver is of the same
type as the transmitter line (same size coaxial line or waveguide), since
the tube can be made symmetrical.

Special Cases.—A few special formulas may be derived for the three
couplings just described and the results are shown in Table 2-3.

2:7. Electromagnetic Calculations of Cavities.—Although the basic
phenomena of the resonant cavity are extremely simple, the exact
calculation of the resonant frequency @ voltage-stepup ratio, and
equivalent shunt conductance becomes very difficult when practical
shapes of cavities must be analyzed. Fairly straightforward methods
of analyzing cylindrical, spherical, and similar cavities have been derived
by a number of authors.»? For TR cavities or klystron cavities (rhumba-~
trons), the fields can no longer be expressed by simple functions, but
must be compounded out of a sum of many different modes, so adjusted
as to satisfy the boundary conditions that tangential E is zero at the
metal walls.

At the present time, an exact solution has not been obtained for the
cylindrical cavity with conical posts. Extremely accurate calculations
have been made, however, in which the posts were assumed to be right
circular cylinders, and where suitable means of estimating the equivalent
diameter of the cylinder were determined.®*® By these means it has
been possible to calculate the resonant frequency with an error of less
than 1 per cent.

The mathematical techniques used in these calculations will not be
discussed here since they are long and involved. The solutions obtained,
however, give the resonant frequency in terms of an effective parallel
L and C, where the C is a function of the static capacitance of the post,
and L is associated with the energy storage in the annular ring between
the posts and the outer walls. ‘

A more recent and advanced method in the art of treating cylindrical
resonant cavities has been used by N. Marcuvitz of the Radiation Labora-
tory. This method® considers the cavity as composed of several radial
transmission lines of various impedances (heights) and lengths (radii).
Although this method has not been applied to TR ecavities, its use would

1'W. W. Hansen, Jour. App. Physics 9, 654 (1938); 10, 38 (1939).

?8. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, N. Y., 1943.

*H. A. Bethe, R. E. Marshak, J. Schwinger, “Theoretical Results on the TR
Box,” NDRC Report D1-116, Jan. 20, 1943.

4+H. A. Bethe, R. E. Marshak, J. Schwinger, “Theory of the TR Box,” NDRC
Report 14-128, May 14, 1043.

¢ J. Schwinger, ‘“Theoretical Treatment of a Cylindrical TR Box,” RL Group
Report 43-8/26/42.

$Vol. 8 Chap. 8,
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result in great mathematical simplification, when radial-transmission-line
charts become available.

The coupling between the cavity and an external load or source of
power may take any of several forms. It may be a small hole in the wall
of the cavity, a loop, or a capacitive probe. The first two, the hole and
the loop, are used almost exclusively in TR cavities. The small hole or
iris is equivalent to the large shunt inductive susceptances in the equiv-
alent circuits of Secs. 2-1 and 2-2; the loop has been briefly described in
Sec. 2-3.

The calculation of the power flow through an iris involves the match-
ing of three fields: the unperturbed field in the cavity, the unperturbed
field in the waveguide or space into which the iris allows power to flow,
and the field in the immediate vicinity of the iris. Here again, the
mathematical complications grow roughly exponentially with the size
of the hole. If the hole is very small, then it can be assumed that the
field in the cavity and waveguide are completely undisturbed by the
presence of the hole, except in its immediate vicinity. Furthermore, it
can be assumed that the tangential H will be constant in magnitude
and phase over the entire window. With these limiting assumptions,
it has been possible to calculate correctly the loading and frequency
shift caused by inductive irises in TR cavities.»234

Loop coupling, although basically very simple, is complicated by the
finite thickness of the wire and the standing wave along the loop. As a
result, no accurate solutions exist for this problem.

2.8. Cell-type TR Tubes. Tube Types.—The cell-type TR tube is a
unit consisting of a spark gap in a low-pressure gaseous atmosphere,
enclosed in a glass envelope. Electrodes are brought out through the
glass for connecting to an external cavity, which in combination with the
TR tube is a resonant circuit. The tube is placed in the cavity so that
there is & maximum voltage across the gap.

One of the earliest 10-cm microwave TR tubes is shown in Fig. 2:27.
It was developed by J. L. Lawson at the Radiation Laboratory, and con-
sisted of a spark gap in a small glass tube which plugged into a cavity.
The leakage power of this tube was undoubtedly high, and because of the
small gas volume its life was short; however, it had only to protect a
grounded-grid-triode first detector, which it did. The first “modern”

1 H. A. Bethe, “Lumped Constants for Small Irises,”” RL Report 43-22, Mar. 22,
1943.

2H. A. Bethe, “Theory of Side Windows in Waveguides,” RL Report 199, Apr..4,
1943.

*H. A. Bethe, “Excitation of Cavities through Windows,”” RL Report 202, Apr. 9,
1943.

‘+H. A. Bethe, “Theory of Diffraction by Small Holes,”” RL Report 128, Jan. 23,
1942,
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microwave TR tube was the so-called soft Sutton tube developed by the
simple expedient of admitting gas into a Sutton reflex klystron tube
and using it, cavity and all, as a TR tube. One cavity and three tubes
were used to tune the three bands 9.1 em + 1 per cent, 10 cm + 1 per
cent, and 10.7 cm + 1 per cent. The tubes were identical except that
they were pretuned by varying the
gap spacing before they were
evacuated.

The 721A TR tube and later
the 724A tube, were engineered
by a group under A. 1. Samuel at
the Bell Telephone Laboratories.!
These two tubes are used in the
9-cm to 11-cm and 3.1-em to 3.5-
cem bands respectively, and,
together with the 1B27 tube
developed cooperatively by the
Radiation Laboratory and Syl-
vania Electrical Products Com-
pany, are the most widely used
microwave cell-type TR tubes.
They are illustrated in Fig. 2:28.
The spark gap is formed between

~ the small ends of two copper cones.

[ ..+ The cones are drawn from "thin

h - copper sheet and have circular

. flanges at their bases. A cylinder

of low-loss glass separates the two

flanges. In order to make a butt

seal between the glass and the copper, it is necessary to balance the strains

by simultaneously sealing glass cylinders to the backs of the flanges, as in

Fig. 2-29.  After the disk seals have been made, the keep-alive electrode

is sealed in at one end, the tube is pretuned and evacuated, and the other
end is sealed off.

Two other microwave cell-type TR tubes that have been used at
longer wavelengths (about 25 ¢m) are the 1B23 tube and the 1B40 tube.
The spark gap in the 1B23 tube, Fig. 2:30, is between the inside of the cone
and the wire electrode. The 1B40 tube is different from any of the other
tubes in this group, in that it has no r-f electrodes within the glass
envelope. It is used with a cavity such as that shown in Fig. 2-31, and
an electrodeless discharge is struck between the two cylinders of the

t Samuel, McCrae, and Mumford, “Gas Discharge TR Switch,” BTL MM-42-140-
26, Apr. 17, 1042,

L ISR S

FIG 2 27 ——Early 10—cm TR tube.
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external cavity. Although this simplifies the design, the leakage power
of this tube is very large and is tolerable only in certain special applica-

- 127 s
Fig. 2:28.—TR tubes types 1B27, 724B, 721B.

tions. The construction is very simple for it involves only Kovar-glass
seals.

The cell-type TR tubes have the advantage that they may be used
in a variety of circuits and cavities, e
and over a wide range of frequencies, It
With suitable cavities the 1B27 tube !
has been used at wavelengths ranging I llll Seal
from8cmto 13 em. The721B,724B, Copper | .
1B23, and 1B40 tubes are fized-tuned ~ flanees | " Z%ﬂ%‘:ﬁs‘
tubes. By varying the spacing each
is adjusted to resonate at a specified J L‘r
frequency in a cavity of standard e~
dimensions. Once the tube is sealed celli;‘;g:ﬁ%gﬁf‘ g’l’f:si:y‘i‘is:g';?ﬁg
off, no further adjustments of gap sealed simultaneously to both sides of
spacing can be made, and the com- the flanges.
plete TR assembly is tuned by inductive or capacitive slugs in the
external cavity as described in Sec. 2-5. The 1B27 is a tunable
tube. The gap spacing may be varied by means of a differential screw
mechanism that moves one of the cones in or out. The cone is sealed, of
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course, to maintain a low-pressure region around the gap. In a given
cavity, it is possible to tune the 1B27 tube from 10 to 15 per cent.

Z
y v 4

Fic. 2-30.—1B23 TR
tube.
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Fig. 2:31.—1B40 TR tube.

The critical dimensions of the 721B, 724B, and 1B27 tubes are shown
in Fig. 2:32. These dimensions are the glass diameter, the distance
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Fia. 2-32.—Critical dimen-

sions of 721B, 724B, and 1B27
tubes given in Table 2-4.

between flanges, the cone angle, the gap spac-
ing, the cone diameter, and the flange diam-
eters. Table 2-4 gives the dimensions of these
three tubes.

The use of high-@ cavities with large
admittance transformation ratios requires that
the losses in the cavity be held to & minimum.
The glass cylinder between the disks of the TR
tube is in a region of moderately high field.
The dielectric loss in the glass can make a con-
siderable contribution to the effective shunt
conductance g. of the cavity. Corning 707
glass has the lowest dielectric loss of any of
the common glasses. Only fused quartz and
Corning “Vicor” 709 glass, which is about 90
per cent quartz, have lower losses. These,
however, cannot be sealed to copper because

of their high melting points and low coefficients of expansion. In Table 2-5
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TaBLE 2-4.—CRITIcAL DMENSIONS OF CELL-TYPE TR TUBEs As INDICATED IN FiG.
2.32
Dimensions are in Inches

Dimensions 721B ! 724B 1B27
|

D, 13 0.372 i+ &

D, 13 + & 0.622 max. 1.062
0.615 min.

D; 13 + & 0.622 max. 1.000
0.615 min.

D, 0.075 0.020 0.125

g 0.030 0.030 0.002 to 0.035

a 18° 18° 18°

h 0.825 0.410 0.670

t 0.030 0.030 0.030

the complex dielectric constant e = ¢ + je'’ is given for Corning 707 glass
and 705 glass.

TABLE 2:5.—CoMPLEX DiELECTRIC CONSTANT OF 707 AND 705 GLASSES

707 glass 705 glass
A
¢ e'/e ¢ /e
25 cm 4.0 0.0019 4.72 0.0047
10 cm 4.0 0.0019 4.72 0.0052
3.2cm 3.99 0.0021 4.71 0.0061

The' copper flanges extending beyond the glass are made thin so that
they can be deformed by the clamping rings of the cavity, and can also
be pressed tightly against the cavity shoulder without breaking the glass
seal. This allows the resistance of the contact between the flanges and
the cavity to be held to a minimum.

Cavities and Tuning.—The TR cavity most commonly used in the
3-cm and 10-cm bands is illustrated in Fig. 2-33. It is cylindrical, and
operates in what may be described as a modified TEormode. There
is no variation of the field with angle, and except in the vicinity of the
posts, there is no variation of E between the top and the bottom of the
cavity.

For a given tube, the height % of the cavity is usually maintained
constant, and the diameter D is varied to make cavities for various tuning
ranges. To permit the tube to be connected into the cavity, the cavity
is split into two halves along a diametral plane. Since the lines of current
flow are radial on the top and bottom faces, the break between the two
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halves of the cavity does not cut any current lines, and therefore there are
no losses from radiation or from poor contacts.

Since the current flow in the top and
bottom faces is radial, an intimate con-
tact must be made between the tube
flanges and the cavity in order to hold
to a minimum the 12K losses at the joint.
This is done by exerting enough pressure
to deform the flange and cause it to
flow against the cavity. Figure 2-34
shows the details of two such arrange-
ments. In Fig. 2-34a the clamping ring
A is drawn down against the flange by
six screws spaced around the circum-
ference. This makes an excellent con-
tact, but it is difficult to replace tubes
quickly in such a cavity. Figure 2-34b
shows an alternative method wherein
a clamping nut B forces a ring C against
a neoprene gasket D, which in turn
presses against the tube flange. The
gasket, by virtue of its flexibility, forces
the flange to make good contact with
the cavity despite any high spots on the
cavity or misalignment between the ring and the cavity. The screw-
clamping mechanism is commonly used on the 1B27 and 724B TR tubes,

? 6 Equally spaced screws.

rr

- = —f

.
[4
H
>

Fig. 2-33.—TR cavity for cell-type
TR tubes.

e T s e = e

() ®

¥1a. 2-34.—Methods of clamping cell-type TR tubes into cavities.

except that it has been found unnecessary to use the gasket on the 724B,
presumably because of the small flange diameter. In the 1B27 tube (or
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the 721B), failure to use the gasket
loss of 1 or 2 db.

The fixed-tuned tubes (721B,
724B and 1B23) can each be char-
acterized by a curve which gives
the resonant wavelength as a
function of cavity diameter. Fig-
ures 2:35 and 2-36 show these
curves for the tubes, 721B and
724B. Figures2-37 and 2-38 show
a typical cavity and a tuning curve
for the 1B23 tube. The curves
are nominal, and production tubes
lie within a band less than +0.5
per cent around the average
curve. Thetubes are all pretuned
in a standard ecavity by changing
the gap spacing before the tube
is sealed off until resonance is ob-
tained at a standard frequency.
This means that if the cone diam-
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may result in an increase of insertion
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Cavity diameter D in inches
Fia. 2:35.—Tuning characteristics of

721B TR tube as a function of cavity diam-
eter. The cavity is loop-coupled to a
loaded @ of 300.

eter or glass thickness (for instance) varies from tube to tube, although
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Fi16. 2:36.—Tuning characteristics of 724B
The

TR tube as a function of cavity diameter.
cavity is iris-coupled to a Qg2 of 200.

Fig. 2-37.—Cavity for 1B23 TR tubes,
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the tuning will be correct at the standard frequency, for diameters larger
or smaller than the standard cavity the slope of the A vs. D curve will
vary and the spread will increase.
Figure 2:39 shows the tuning
1200 effect of inductive tuning plugs on
the resonant wavelength of cavities
of various diameters. Two plugs,
diametrically opposite, are inserted
equal distances for these curves.
The mechanical design of inductive
tuning plugs is difficult. Figure
20 22 24 26 28 30 240 shows two possible construc-
Diameter and height of cavity 4 ininches tions. The tuning screw in Fig.
tube for ravity shown in Fig. 337, (Dats  — 0@ i required to make good con-
are from Western Electric Co.) tact only somewhere near the cavity
wall, as indicated. Its tuning
range, however, is small. If the -in. screws shown in Fig. 2-39 were
replaced by §-in. screws, the tuning range (AN/A) would be only about 2
to 3 per cent, as compared with

the 10 to 15 per cent obtained f\
with the large screws. The screw 1 ~<

—
—
[=]
o

—

Yo (=4

(=3 [=]

[=] (=]
T

Resonant frequency in Mc /sec

TONNSSSS Ry

shovn in P, 206 compitaly (1] VA ¥ m KA
fills the space between the top and | I N\ ;{‘: o
the bottom of the cavity, and the — BoosnSoN SIS
tuning ranges indicated are ob- lk i U -a

tained. To be effective, however, ! b 1

the screw must make a good elec- 12

trical contact with the cavity at

its inner end, as shown in the §

drawing. This is a difficult con- 'é n 25}

dition to satisfy. The threadsin 5§ o2, &

the cavity wall only span about g Qea

15° to 20° and they lack precision € o \ \

for, in order to facilitate produc- § S ~L87% N

tion, they are tapped rather than & \

machine cut. Furthermore, be- P o4 06 o8

cause the threads must be silver- Plug insertion-d in inches

plated, it is not possible to specify Fra. 2-39.—Tuning characteristics of

. . . i 1 i -
a tight fit because the plating jams Zj,lnB ér,f iua%.” ® function of plug fnser

the threads, and makes it difficult

or even impossible to turn the screws by hand. As a result, when the
lock nut is loosened, the resonant wavelength of the cavity may jump back
and forth erratically as the contact changes, and, therefore, make it very
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Must make contact here

\
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)

/ W u
(@) Cavity (b) Locknut

Fie. 2-40.—Inductive tuning screws.

4 slots spaced
Section “A4-4" / 90° apart

A
Fia. 2-41.—Expanding inductive tuning screw.
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Fia. 2:42.—Capacitive tuning slug in 2.16-in. diameter 1B27 cavity.
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difficult to tune the cavity to a new wavelength. These effects become
worse as the radial travel of the tuning screw increases. In 10-em tubes
these effects are pronounced, whereas in 3-cm tubes they are hardly
noticeable.

In order to overcome this contact trouble, a number of schemes have
been considered. It is possible to use spring loading, but in order to
maintain constant pressure on the

screw, the spring must be several 1301
times as long as the maximum
travel of the screw. This makes 1251

the cavity assembly very large and

bulky. Figure 2-41 shows an ex- 120
panding tuning screw that has ’
been used successfully. It allows 115
a continuously variable pressure

to be exerted between the end of 11.04

£
Auminum 2
{ £ 105
N H
Kovar % 2 100
7z =
= 95
?—:4?
= A 920
= 85
8.0
Glass—/
75 i 1 I {
0 2 4 6 8 10
Turns of tuning screw
U | Increasing gap spacing ————
Fig. 2-43. F1a. 2-44.

Fiq. 2-43.—Differential tuning-screw mechanism for 1B27 TR tube.

F16. 2-44.~—Tuning range of 1B27 TR tube in various cavities: Curve A, coaxial cavity;
Curve B, cavity 2.150"" ID on 14” X 3" waveguide; Curve €, 1.800"” ID cavity loop-
coupled to 3’ coaxial line; Curve D, 1.550"" ID cavity loop-coupled to }'' coaxial line;
Curve E, 1.400"" ID ATR cavity on 13 X 3" guide; Curve F 1.400"” ID cavity on
134”7 X 8" guide.
the screw and the cavity, and thus permits the operator to loosen it to
the point where it can just be turned by hand and still maintain a good
contact during rotation.

Figure 2-42 indicates the tuning ranges which can be obtained with a
capacitive tuning slug. Since no electrical contacts are involved, the
tuning is very smooth. No measurements of the loss introduced by the
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currents in the slug, or by the presence of the polystyrene sleeve around
the slug have been made, but casual observations indicate that they are
not excessive.

Capacitive tuning slugs have found very little use thus far, partly
because of the mechanical-design difficulties associated with getting a
smooth driving mechanism on the polystyrene rod, and partly because
of the advent of the TR tube which has an adjustable gap.

These tuning difficuities are avoided in the 1B27 tube, which is
tuned by varying the gap spacing with the mechanism shown in Fig. 2-43.
The aluminum shell which carries the tuning mechanism is cemented
to the glass cylinder sealed to the back of one of the disks. Smooth
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1.000%
Fic. 2:45.—TR tube in coaxial cavity.

tuning, without the necessity of using lock nuts to secure a given setting,
is obtained over a range of 10 to 15 per cent in a given cavity. Figure
2-44 shows the tuning characteristics of the 1B27 tube in ecavities of
various diameters D. Examination of the curves shows that the cavity
diameter required to tune to a wavelength of 13 cm would be about
2.5 in. However, in certain lightweight airborne radar equipment, the
space and weight allotted to a TR cavity to tune to 13 cm were extremely
small. The cavity shown in Fig. 2-45 was designed for this application.
It may be considered either as a capacitance-loaded coaxial cavity or as
a folded T'Epo-cavity. It is only 144 in. ID by 1 in. long, but it tunes
over the range indicated in Fig. 2-44 according to the Curve 4. It is
almost impossible to fabricate such a cavity as a split unit, with the
parting line always parallel to the current flow. Tt was therefore decided
to make the cavity a ‘“plug-in”’ type. The two flanges on the 1B27 tube
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have a difference in diameter of i% in. This allows the tube to be
inserted from the end 4, Fig. 2-45, and have its large flange clamped
at this end by a suitable ring, while the smaller flange is forced into the
spring fingers at B. If. these fingers are properly tempered they will
deform the tube flange and make a good contact. A tube can be inserted
into a cavity of this type only a few times before its small flange is
permanenfly deformed and will no longer make a good contact. This is
objectionable for laboratory use; but where the life of the complete
equipment is only two or three times that of a
U TR tube, this is not a serious defect.

The unloaded @ of the coaxial cavity is only

about one half that of the conventional cavity.

As a result, either higher leakage power for a given

insertion loss compared with a TE-cavity, or

more insertion loss for a given leakage power must

Fia. 2-46.— Modified be accepted. In high-performance equipments,
2:31%; for use in plugin  thig definitely rules out the coaxial cavity; but

' where weight and size are of paramount import-
ance, the loss in performance (about 13 db) can be accepted.

An improved design for a plug-in tube has been reported by the
British. In this design the small disk on the TR tube is formed as
shown in Fig. 2.46. The bent-over small disk is stronger than the straight
type and presents a greater area to the contact fingers.

2:9. Tuning Temperature Compensation.—Military radar equipment
must operate at maximum efficiency under a great variety of conditions.
In particular, airborne equipment must be subjected to temperatures
ranging from —55°C to 100°C. This imposes the first requirement on
components—they must not break or otherwise fail because of extreme
temperatures. The next requirement imposed is that every component
must function electrically over a temperature range from about —15°C to
100°C. There is no clear limit on the low-temperature point; this limit
is estimated by assuming that the average femperature rise within an
operating radar equipment is 40°C over the external ambient temperature.

The characteristics of a TR tube which are temperature sensitive,
are tuning, leakage power, and recovery time. The leakage power and
the recovery time will be discussed in Chap. 5. Except at the start
of the operation, it is undesirable and often impossible to tune the TR
tube in an aircraft. This initial tuneup usually occurs on the ground
where the temperature may be widely different from the temperature
under which the plane operates when aloft. The change of temperature
changes the resonant frequency of both the TR cavity and the trans-
mitter. It is required, of course, that the two frequencies either remain
constant or change by the same amount.
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The magnetron transmitter used at microwave frequencies is in
almost all cases of all-copper construction. As its temperature changes,
therefore, it expands in all dimensions by an amount determined by the
coefficient of expansion of the metal. If all the linear dimensions of a
resonant structure are multiplied by a constant, its resonant wavelength
is multiplied by the same factor; therefore a copper magnetron changes
frequency at a rate of 16 parts per million per °C—the frequency decreases
as the temperature increases.

For ease of machining, cavities for cell TR tubes are usually made of
brass. The temperature coefficient of brass is not much different from
that of copper, varying from about 17 to 20 parts per million per °C.
The glass cylinder between the copper disks has a much lower coefficient
of expansion (3.1 X 10—%/°C) than copper, and, therefore, the distance
between the flanges is practically independent of temperature. The
copper cones, of course, expand with temperature and, therefore, the gap
between them decreases. Since the external cavity expands at about the
same rate as a copper cavity, and the gap decreases with increasing tem-
perature and thus increases the capacitance loading, the resonant fre-
quency of the TR tube decreases faster with increasing temperature
than does the resonant frequency of the magnetron.

The problem involved may be stated in the following way. Let the
height of the cavity be h, the length of the posts I, the gap length 3, the
coefficient of expansion of the cavity a., and that of the glass ;. Then
at some temperature £,

8o = h — 2L 71)
At any other temperature {, + At, if the cavity were all copper
& = (1 4+ aAt)(h — 21). (72)
For this same temperature, the gap in the TR cavity is
¥ = (1 + apat)h — 2(1 + AL (73)

The difference between the two,
& — & = h(a. — ay)Al, (74)

is the amount by which the cones in the cell TR tube must be pulled
apart at (fy + A¢) in order to tune this tube to the same frequency as
that of an all-copper cavity at this temperature.

In the 721B and 724B TR tubes the gap spacing is compensated by
proper shaping of the disk between the base of the cone and the inside
of the glass. This is a purely empirical process, but it is known that
almost any temperature-tuning curve which is desired can be obtained
by giving the disk the appropriate initial curvature. The 1B27 TR
tube has one of its cones exposed to the atmosphere and connected to a
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tuning-screw mechanism, Fig. 2-43. The temperature coefficient of this
tuning mechanisin may be used to make the proper correction to the
cavity. Let the length of the screw (from the cone to the first thread
in the housing) be I, and its coefficient be a,; the length of the housing
from the glass to the first thread be l; and its coefficient ay; and use the
same quantities for the glass cylinder [, and a,. The motion of the end

T T 1

E 1032 t 25_912_0 t=0 Wrinkled disks] t+45|min| |
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‘a e """( t30 - Cucévty
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TR tube temperature °C
Fie, 2-47.—Tuning-temperature characteristics of 721A TR tube. A comparison is made

of flat and wrinkled disks, measured in a brass cavity.

of the screw relative to the disk (assuming the copper is easily deformed)
is

A = (l,,a,, + lha;. — l;a.)At. (75)

If A is positive and equal to & — 8", as given by Eq. (74), the cavity will

be properly compensated. The housing shell of the 1B27 tube must be

light since it is cemented to the glass. This automatically restricts

the choice of material to some grade of aluminum with an a of about

23 X 10~%/°C. The length may be

varied within reasonable limits, but
it is basically restricted by mechan-
ical considerations. Since A in
Eq. (75) must be positive, a, < a.
D Kovarwithan aof only 5 X 10~¢/°C

is a suitable material for the screw.
() ® After a reasonable mechanical ar-

Fia, 248—Comparison of plain (z) rangement of the tuning mechanism
and temperature-compensated (b)) TR- has been made’ even if the tuning_
tube cones. . .

temperature curve which results is
either over- or undercompensated, it can be corrected by proper shaping
of the disk which carries the stationary cone.

Figure 2-47 shows the difference in temperature-tuning character-
istics between a flat disk and a disk which has a wrinkle, Fig. 2:48. The
wrinkled digk, in addition to giving almost the same tuning slope as an
all-copper cavity, has almost no hysteresis, whereas the flat disk has
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both a very large tuning-temperature slope and hysteresis. If the disk
were perfectly flat between the seals, it could equally well buckle ¢n or
out with an increase in temperature. On the other hand, if it has an
initial concave curvature (seen from the gap), it tends to become even
more concave at higher temperatures, and thus pulls the gap apart and
gives the proper sign to the slope of the tuning curve. If the disk is
simply bowed the cones move in the desired direction, but there is con-
siderable hysteresis in the motion. The wrinkled disk shown in Fig. 2-48
overcomes this objection and gives the performance shown in Fig. 2-47.
Figure 2-49 shows the temperature-tuning curves of a 1B27 TR tube
in a brass cavity tuned to several different frequencies. The couplings
to a 1B27 cavity are normally )
adjusted to make Qr» about 350. 10 szpe;;tur:;mfoamzsm?o 80

Under these conditions the band- g —© 290G

. .. £ 0=90Cm
width (to half-power transmission) ¢ ~ Ag=9.5Cm
is9Mec/secat Ao = 9.5em. Com- £ iy

. . v e s -5 0=

parison of the tube characteristics z a
with that of a copper cavity at a % -
temperature rise of 60°C above &-10 Ag=98Cm

the initial tuning temperature in- Fie. 2-49.—Tuning-temperature curve of
dicates that the TR and mag- 1B27 TR tube.

netron cavities will differ in frequency by about 2 to 4 Mc/sec. The
detuning losses are of the order of 0.7 to 2.3 db.

2-10. Cavity Couplings.—Thus far in the equivalent-circuit ecalcula-
tions the couplings to a cavity have been characterized by a susceptance
in the case of the iris, or by a reactance and mutual inductance in the
case of a loop. In practice these quantities are almost never measured
directly, and are only of academic interest to the engineer. Once a
particular TR tube and external cavity have been chosen, then only the
couplings remain to be adjusted in order to get the desired insertion loss
in the desired manner (equal coupling, matched input, and so forth).
Thus, in order to adjust the coupling to the proper value it is necessary
to measure the input admittance at resonance, first with no load to
determine the value of g, and then with the proper output load to deter-
mine (g; 4+ gz). These two measurements, plus a measurement of Q,
completely specify the low-level properties of the cavity. These measure-
ments are not enough, however, to determine the coupling susceptances
b1 or bg.

Equation (76) is the expression for the Q of an iris-coupled cavity

1 -1
QL2=A(B~%+%§+QC> . (76)

It is possible to measure Qz; or Qu, directly and then to compute §;
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however, no measurements made at the external terminals (input or
output) can define the magnitudes of b, and b, unless either g. or A4 is
known. The shape and capacitive loading of the cavity determine the
constant, A. In particularly simple cases, as for a cavity made of a reso-
nant length of rectangular waveguide, the iris susceptance may be found
in various handbooks,! or computed from the length of the cavity and
its propagation constant. In principle, this can still be done in cavities
of even more complicated shape, but the mathematical complications are

Cavity
. £, }
_ z -
)i
AT ;9 . Loop

@ (b)

i

c
F16. 2-50.—Methods of coupling a cavity to a coax(ia)l line; (a) series (iris) coupling, (b) loop
coupling, (¢) capacitive (probe) coupling.
so great as to discourage such computations. As a result, the data
available consist of curves of the apparent shunt conductance ¢, of a
giwen TR cavity coupled to transmission lines of a given type as a function
of the dimensions of the iris or loop.

The frequency of operation and the type of set under consideration
determine whether a TR cavity is to be coupled to a coaxial or to a wave-
guide transmission line. Figure 2-50 illustrates three methods of coupling
a cavity to a coaxial line. Figure 2-50a shows series, or iris, coupling
in which the outer conductor is cut so that the transmission-line current
is interrupted by the cavity. Figure 2-50b shows a loop-coupled cavity
in which the current in the loop sets up a magnetic field that couples to
that of the cavity. Figure 2-50c¢ is a capacitance-coupled cavity in which

1 “Waveguide Handbook,” RL Report 43-2/7/44 and ‘“Waveguide Handbook
Supplement,” RL Report No. 41-1/23/45; also Vol. 10, Radiation Laboratory Series.
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the probe acts as an antenna and the voltage drop along it excites the E
field in the cavity. The first two are fairly common methods of coupling;
but the last one has never been used on any microwave TR cavities,
since the electric field in the outer portions of the cavity, where a probe
can be ingerted, is so weak that it is difficult to obtain sufficiently tight
coupling,.

\;\\‘.

R
Y

Fra. 2:51.—Methods of coupling a TR cavity to a rectangular waveguide; (a) series
coupling, (») shunt coupling, (¢) feed-through coupling.

Figure 2-51 shows three common methods of coupling TR cavities
to rectangular waveguides. Figure 2-51a shows series coupling in which
the cavity is mounted on the broad face of the waveguide, so that the
coupling hole interrupts the longitudinal line current. Figure 2-515
illustrates the so-called shunt coupling in which the cavity is mounted
on the narrow face of the guide so that the coupling hole interrupts the
vertical currents in the wall.l Figure 2:51¢ is the so-called “feed-

! For a more complete discussion of the meaning of “series” and “shunt’ con-
nections to waveguides, see Chap. 7 of this volume,

E. G. & G. LIBRAR
LAS VEGAS BRANCH
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through” coupling in which the cavity is mounted on the end of the
waveguide and, therefore, the coupling is of the type discussed in Seec. 2-2.

At 10 cm, the couplings illustrated in Figs. 2-50¢ and b and Figs.
2-51b and ¢ have found the widest use. At 3 cm, coaxial lines, because
of their comparatively high attenuation are never used as main trans-
mission lines, and the 724 TR tube has been used exclusively with the
couplings shown in Fig. 2-51a and b.

An iris cut into a cavity as shown in Fig. 2-51 acts as an inductive
susceptance if its height is equal
to the height 2 of the cavity. If
the cavity were made of a section

10
. 09

{nductive iris

inductive irls  from g given opening & between
the irises is much greater for an
oL L inductive than for a ecapacitive

0 0loz03 g.?noifcf?:; 070809 iris. For this reason larger open-

Fia. 2-52.—Reflection coefficient of induc- ings and less critical mechanical
tive and capacitive irises in waveguide 0.400 {glerances are allowable with in-
in. by 0.900 in. at A = 3.2 cm. . .. . B

ductive irises. Figure 2:52 is a
comparison of the reflection coefficient of symmetrical capacitive and
inductive irises g in. thick in waveguide 1 in. by 0.5 in. by 50-mil wall at
A =32cm.!

The coupling iris between a circular T Esy-cavity and a waveguide
(as seen in Fig. 2-51a) which is made by slicing off a segment of the cavity,
is rectangular. Its height & is always equal to that of the cavity, while
its length [ is determined by the distance from the center at which the
slice is made. The length of the hole for any practical TR-cavity
coupling is less than a half wavelength;it is of the order of A/4, and,
therefore, it acts as an inductive susceptance whose magnitude varies
inversely with I. The actual susceptance of the hole varies not only
with its length, but also with its thickness. An iris of zero thickness
appears as a pure shunt susceptance across the guide. If the thick-
ness ¢ = 0, then the equivalent circuit is that shown in Fig. 2-53.2

Figure 2-54 is a plot of the variation of B, and B, as a function of ¢
with d = 0.375 in., @ = 0.900 in., and b = 0.400 in. at A = 3.20 em.

L4a'"thick
capacitive iris

E 08+ 0'90,(1)" 5 of waveguide of the type discussed
£ 071 "L %% in Sec. 2-2, the irises could be
g 06 Crcla ' made either capacitive or induc-
5 05 0.400" Cap;icsltwe tive by bringing the irises in from
% 04 the top and bottom, or from the
5 03¢ Va3 thick sides. The susceptance resulting
g 02

] 01

! “Waveguide Handbook Supplement,” RI. Report No. 41-1/23/45.
* “Waveguide Handbook Supplement.” The discussion and examples will be for
round holes, but the general application to rectangular or elliptical holes is valid,
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Let us now examine the input susceptance to this network terminated
in a conductance g,
- (g = Jba)(—gbr)
N T
oy = S B bab),

Jba + by 7+ G F Bo)?

Fort=0,by, = <, and b, = —2.3,Y =g — j4.6; but at £ = 0.020 in,,
by = —28, and b, = —2.7, Y = 083¢g — j5.13. Thus, the apparent

Reference planes

/E\
%
N
]

Fic. 2-53.—Equivalent circuit of thick iris.

susceptance has been increased by about 10 per cent, and the conductance
transformation through the hole is about 1.2; therefore the diameter of the

08 NTL
8 0.7 h= i
) 1 Bl
g 7 { 061 \
<6
] 0.5
£o u 7
fg s \ ¢ 04} °\ E
24
a3 Ba /Y 031
>
g, b _Bs/Yo} 01 01f
0 o] L L L . |
0 002 004 006 008 0.10 0.75 08 09 1.0 11 1.
Hale thickness - ¢ inches Window length { in inches
Fia. 2-54.—Variation of series and F1c. 2-55.—Conductance of 721 TR cavity,
shunt susceptances of a 0.375-in, hole 2.67-in. 1D, shunt-coupled to 1} in. by 3 in.
in & diaphragm across 8 waveguide waveguide as & function of window length [,
0.400 in. by 0.900 in. at \ 3.2 cm. A = 10.7 cm, Qa = 2500.

hole required to produce a certain coupling to a cavity must be increased
with increasing thickness of the hole.

For several different coupling schemes the following curves show the
variation in equivalent cavity conductance with the variation in size
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of the coupling window. Figure 2-55 shows the variation for a 721A TR
cavity, 2.67-in. ID, coupled to the narrow side of 13-in. by 3-in. wave-
guide at A = 10.7 cm. The thickness of the iris was that of the guide
wall, 0.080 in. Figure 2:56 shows the coupling of the same cavity to a

1§-in. coaxial line by means of an
iris; the equivalent cavity con-
ductance g. is plotted against the
chord ! of the intersecting circles.
Figure 2-57 illustrates a 721A

cavity iris-coupled to a
10
0.8

%-in.

1 L .} 4 7" -
%7 08 o3 10 A coaxial line
1inches center conductor
Fic. 2:56.—Conductance of a 721 Fira. 2:57.—Dimensions of 721 TR cavity,
TR cavity, 2.67-in. ID, iris-coupled iris-coupled to coaxial line; = 1.439"
to 1§-in. by $-in. diameter coaxial for g'c = 0.30; d = 1.219" for g’c = 0.10;

line. A = 10.7 cm, Qo = 2500.

Qo = 2500.

coaxial line, measured at A = 9.4 cm. Figure 2-58 gives g, vs. [, at 8.5
cm and 10.7 ¢m, for 1B27 cavities coupled to the narrow side of a 13-in.

by 3-in. waveguide.

Figure 2-59 shows the effect of placing & sheet ¢ in. thick of dieleetric

0.4 \
03 \
ce A B
= 0.2 \\ \\
0.1 N
0
0.6 0.8 10 12
Window length (J) in inches

Fia. 2-58.—Transformed cav-
ity conductance g’c vs. coupling-
window length [ in 1B27 cavities
on narrow side of 1}-in. by 3-in.
waveguide. Curve A is for A =
8.5 em, cavity diameter of 1.40",
window thickness of 0.040"";
Curve B is for A = 10.7 cm,
cavity diameter 2.15"’, window
thickness 0.080"’; Qo = 3000.

(¢ ~ 3.5) over theiris of a 1B27 TR cavity;
it also shows the frequency sensitivity of
the coupling. Within the accuracy of the
experiment, the curves are straight lines and
thus indicate that the effective coupling
susceptance of the iris increases as the
square root of the wavelength, since
g» = blg.. Thisisunexpected, since it would
have been predicted that an inductive
susceptance would vary directly with
wavelength.

In Secs. 2:1 and 2-2 it has been seen
that the coupling susceptances cause the
loaded cavity to resonate at a frequency
different from that of the unloaded cavity.
Induective irises cause the loaded cavity to

resonate at a lower frequency than the unloaded cavity. Capacitive
irises or loop couplings cause the loaded cavity to resonate at a higher
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frequency than the unloaded cavity. Figure 2-60 indicates the change in
resonant wavelength of a 721A cavity as a function of the orientation
of the loops. When the plane of the loop is at 90° to the magnetic field,
the coupling is a minimum. The frequency shift is of the order of
4 per cent when @Q;; is 250 and @, is 2500. Measurements on a 724A-
tube cavity coupled for matched input with inductive irises give the

9.39
§
c 9.38
£
04 w
openw\"d“‘ - % 9.37
03 J—y >
o win et 8 936
% 02 window & g;m ok polyges =
1B27 TR tube in g 9.35
1 [Polvtes BO z 150 D camy é .
1— W:ndow 9.34 ! 1 " )
98 100 102 104 106 108 110 112 0 02 04 06 08 10
Wavelength A in cm Cos 8
Fig. 2:59.—Frequency sensitivity of iris Fig. 2-60.—Effect of loop coupling
coupling to cavity on end of 1}-in. by 3-in. on cavity resonant wavelength for a
waveguide and effect of polyglas sheet placed 721A TR tube; cavity 1.875" diameter
over the iris. coupled to a 72-ohm coaxial line by a

loop % in. by } in. made of #-in. wire.
The angle of orientation is 6.
results tabulated below, where I, and !, are the lengths of the input
and output windows. The wavelength shift is about 1% per cent from
the lowest to the highest loaded @; the wavelength increases with increased
loading.

TABLE 2-6,—MEASUREMENTS ON 724A-TUBE CaviTy COUPLED FOR MATCHED INPUT
wiTH INDUCTIVE IRISES

l], in. lz, in. A\, cm ’ QL2
0.23 0.216 3.13 320
0.275 0.244 3.205 178
0.315 0.275 3.23 133

2.11. Direct-coupling Attenuation.—Direct-coupling attenuation was
discussed in Sees. 2-2 and 2-7, where it was shown that the attenuation is
proportional to the product of the input and output @’s and to (bo + b.)*
where b, is the susceptance of the post across the cavity and b, is the
susceptance of the cavity inductance.

The order of magnitude of this attenuation in 10-cm TR tubes loaded
to Qr: = 300 is 60 db. However, if the TR tube is connected as shown
in Fig. 2-61 and its impedance is very small compared with the line
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impedance, then the ratio of the available power to the direct-coupled
power is 4 times as great as if the TR tube were connected directly across
the generator terminals. Thus, because the critical quantity is the leak-
age power when the TR tube is used as in Fig. 2-61, it is customary to use
this new definition for direct-coupling attenuation (leakage power/trans-
mitter power) and the value of 60 db quoted above should now read 66 db.
The direct-coupled leakage power with 10 watts transmitted is 0.25
watts if the attenuation is 66 db. Experience has shown that 10-cm
silicon crystal detectors withstand
pulses of 5 to 10 watts for short 80
times, but they show a steady slow
deterioration at leakage powers of
the order of 0.15 to 0.2 watt. It

o\ Sutton cones

Attenuation in db
o
o

150
’l ~
Antenna !

1 50 b

TR tube i

. \ 40 [ | ' l—-11875“d‘a'

Generator |\ A7 0 ol 02 03 04

G, Average cone diam. in inches D
F16.2-:61.—TRtube Fie. 2-62.—Direct-coupling attenuation

connection for direct- as a function of mean post diameter.

coupling attenuation.

thus becomes apparent that TR tubes for high-power radar sets need
direct-coupling attenuation greater than 66 db.

R. L. McCreery has made a series of measurements of the attenuation
through a 721A cavity and through a Sutton-tube cavity.® Figure 2-62
is a curve of the attenuation, in a cavity of 1.875-in. diameter with two
conical posts short-circuited across the gap, against the average diameter
D. The cavity was coupled to give a value of Qr; of 320 when the gap
between the posts was adjusted to produce resonance at' A = 9.1 cm;
the insertion loss was about 1 db. The attenuation measured is the
insertion loss of the cavity, and the direct-coupling attenuation in a
system would be 6 db greater.

Although it would appear that the TR-tube cones should be made
large in order to get optimum performance, it must be recalled that the
use of a larger post has one of two effects: (1) If the gap capacitance and,
therefore, cavity diameter are to be kept constant, the gap length must
be increased, and this increases the arc leakage power (see Chap. 5); (2)
If the gap length is kept constant, the capacitance is increased, and the
cavity diameter must be decreased to resonate at a given frequency; this

t R. L. McCreery, “Direct Coupling in the TR Box,” RL Report. No. 352, Nov. 3,
1942,
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seriously restricts the high-frequency tuning range. A compromise
between the two must be effected, and historically, the 721A, which was
already in production at the time
of these measurements, seemed to 100+ . o
be a reasonable compromise.
Measurements of high-level

Flat leakage
power in mw
D 0
o o
x
E E]
e}
b
2

. 40F. .-~
leakage power as a function of 20l
transmitter-power level have been 0 , , L E . R
made on 721A TR tubes in a num- 0 ;00 200 30? 400 530
. g 1 . ransmission pulse power in kw
ber of different cavities. Flgure Fi1g. 2-63.—Direct-coupling attenuation

2-63 is a plot of such data. Table through 721A TR cavity on waveguide

; : _ : E-plane T; X = 10.7 em, Qo = 2000, L =
27 Coml‘?ares the direct-coupling ~1.54 db. The slope of the curve gives a
attenuation through 721A TR  value of the direct coupling attenuation of
cavities coupled in several ways. 688 db.

Values are corrected to Qo = 2000, L = —1.5 db, matched input.

TaBLE 2-7.—DIRECT-COUPLING ATTENUATION THROUGH 721A TR CaviTiES

CORRECTED TO s = 2000, L = —150B, ¢, + gL =1
Original conditions
Corrected
db db Method of coupling
A Qo I g, 4 gr | attenuation
10.22 2550 0.95 1 66.9 Iris on 3"’ coaxial
10.22 2463 1.15 1 68 Shunt T on "/ coaxial
10.75 2000 1.54 1 68.6 E-plane waveguide T -
10.75 2200 1.54 1 68.6 E-plane waveguide T
10.75 2160 2.2 1 66.8 Shunt T on %" coaxial
10.75 2180 2.14 1 66.8 Shunt T on ¢’/ coaxial
10.8 2000 0.74 67 Iris on ¢ coaxial
10.8 2000 0.74 67.7 Iris on " coaxial
10.8 2065 1.34 1 68.4 E-plane waveguide T
10.8 2065 1.34 1 69 E-plane waveguide T

In the course of a series of measurements of leakage power through a
721A TR tube, it was observed that the leakage power measured was
dependent upon the insertion of the inductive tuning slugs if they com-
pletely filled the cavity (§-in. screws in an 13-in.-high cavity); but smaller
tuning screws (§-in. dia.) had no effect on the leakage power.

Figure 2-64 illustrates a cavity that was developed for the 721 ATR
tube for use at line powers of the order of 500 kw or greater. It is
larger in diameter than the usual cavity used to tune over the range from

tL. D. Smullin, “Measurements of 721A TR-Tube Leakage Power,” RL Report
No. 249, Mar. 9, 1943,
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10.3 to 11.1 em (3.25 in. compared with 2.67 in.) but four tuning slugs,
two of which are fixed, are used to tune over this same range. The effec-
tiveness of this arrangement is indicated in Fig. 2-65 which compares the
leakage power through the large cavity with the standard cavity. The
quantity plotted is the average rectified crystal current produced by the
leakage power. Since the duty factor is 1/2000, the peak rectified current
is of the order of 10 ma or greater. The degree of saturation of the crystal
is indicated by the curve of leakage power through the 2.67-in. cavity,
with plugs clear out, against line power. The leakage power through
the large cavity is plotted against plug insertion for a constant line power
of 690 kw. It can be seen that the leakage power at wavelengths between

Movable tuning screw

Fixed tuning screw

Plug insertion z in inches

s O 0.2 0.4 06 0.8
Q
'...: 8 ff?\—oﬂl
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g5 Al i i
Q [}
, g4 c/ 10.7416.3 —|
Wave guide 2 3
<
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. r—r—r—r—a Pulse line power in kw
Fic. 2-64.—Large cavity for 721A TR tube. F1G. 2-65.—Comparison of leakage

power through 2.67-in.- and 3.25-in.-
diameter cavities. Curve A shows
1 va. p for 2.67-in. cavity at A = 11.1
em; Curve B show ¢ vs. z at 690 kw,

11.1 and 10.3 cm is well below that of the smaller cavity with no tuning
plugs at the same power level. Since the small cavity had a measured
direct-coupling attenuation of 66 db, and the large cavity, when tuned to
10.7 cm and with a line power of 690 kw, had a leakage power correspond-
ing to that through the smaller one at a line power of 110 kw, its direct-
coupling attenuation is greater by 7.9 db, or is equal to about 74 db.
Harmonics.—The transmission characteristics of the fired TR cavity
at frequencies higher than the fundamental or carrier frequency of the
transmitter are of considerable importance. Sideband frequencies for
microsecond pulses are restricted to a relatively few megacycles per
second above or below the carrier, and are attenuated to the same extent
as the carrier in passing through the fired cavity. Harmonics, however,
are not necessarily attenuated to the same extent. Since the two ‘“wave-
guides” around the short-circuited center post of the TR cavity are no
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longer small compared with A\/2 for the second or third harmonies, it
would be expected that there would be relatively little direct-coupling
attenuation at these higher frequencies.

Unfortunately, no quantitative data are available to illustrate this.
When the cavity is coupled to a waveguide, there is no way of determin-
ing in what modes the harmonics are propagating, since they may choose
any or all of four or five different modes depending upon the shape of the
exciting feed and upon various obstacles in the guide. It is therefore
dangerous to synthesize the operating conditions by feeding in signals at
these harmonic frequencies and measuring the attenuation directly
because these synthesized conditions may be different from actual
operating conditions by as much as 10 db.

Tests made on a 1B27 TR cavity normally tuned to 10.7 ¢m in a
2.15-in. ID cavity indicated as little as 6-db attenuation at a wavelength
of 5 cm. If these measurements are typical, the pulsed magnetron is an
exceptionally good oscillator, since measurements of actual harmonic
leakage power! have given maximum values of a few tenths of a watt
when the pulse power at the nominal frequency was 50 kw.

If the harmonic leakage power becomes excessive, there is little that
can be done to the cavity to reduce this power. Crystal mixers for high-
power 10-cm radar sets usually have harmonic-suppressor chokes built
into them. About 10 to 20 db of protection can be obtained in this way.
Difficulty with harmonic burnout of crystals has been encountered only in
the highest-power sets, where it has been remedied by the use of a pre-TR
tube (see Chap. 4).

2.12. Integral-cavity TR Tubes.—The cell TR tubes discussed in
Sec. 2-10 are comparatively inexpensive to manufacture, and they have
the advantage of being adaptable for use in a variety of different cavities
and circuits. As the frequency increases, the tube becomes smaller; but,
because of the requirements for strength, the thickness of the glass
cylinder separating the two disks remains constant and, consequently,
occupies an increasingly larger fraction of the volume of the cavity.
This results in dielectric losses which increase rapidly as frequency
increases. A further consequence of the presence of the glass is that it
adds a proportionately greater capacitive loading to the cavity at higher
frequencies, and thus forces the spark-gap capacitance to be reduced by
increasing the gap for a given cavity diameter. Or if the gap is kept
constant, the cavity diameter must be reduced to keep the resonant
frequency constant, thus increasing the copper losses. In any case, a
cell tube is practically out of the question for use in the 1.25-cm region;
and in the 3-cm band it is just usable, @, being about 1500 or less.

1 B. Cork, ““‘Transmission of Higher Harmonics through a TR Cavity,”” RL Report
No. 361, Jan. 11, 1943. ) '
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Since the excess loss results mainly from the presence of the glass in a
region of high electric fields, the obvious step is either to remove the glass
entirely, or to place it where the field is weak, that is at the outer diam-
eter of the cavity. Figure 2-66 shows an early 3-em TR tube built by
Wm. Preston of the Radiation Laboratory early in 1942. It consists
of a resonant length of waveguide with a spark gap at the center, and
the coupling irises covered by glass windows. At the time this tube was
made, it was not possible to seal the flat windows into the cavity and
therefore, it was necessary to wax them in place. As a result, when the
724A cell TR tube was developed, further work on this tube wasdropped.

As interest in the 1.25-cm band developed, it became obvious that a
cell tube would be quite impractical. A group at the Westinghouse
Research Laboratories, under the direction of S. Krasik and D. Alpert,

Fic. 2:66.—01d 3-em TR tube.

developed an integral cavity by a new technique.! The glass was sealed
directly to a Kovar ring, and the combination then soldered to the copper
cavity. At the time the tube was first demonstrated there were no
1.25-cm radar sets ready for production; but 3-cm sets were experiencing
considerable difficulty with the 724A TR tube in the form of crystal
burnout, short tube life, and frequent tube breakage. It was, therefore,
requested that a similar integral-cavity tube be developed for 3 cm.
The Westinghouse group made such a tube, and J. B. Wiesner and F. L.
McMillan of the Radiation Laboratory perfected leakage-power char-
acteristics. This tube was the 1B24 and was put into production by the
Westinghouse Electric Co. at Bloomfield, N. J., and the Sylvania
Electric Products Co. at Salem, Mass. The 1.25-cm tube was developed
at a slower pace under the joint efforts of the Westinghouse Research
group and C. W. Zabel, at the Radiation Laboratory. Its production

1 D. Alpert, “Kovar to Glass Disc Seals, Some Applications in Micro-Wave Equip-
ment, TR Box Group Report No. 1,”” Research Report SR, 198, Westingnouse Research
Laboratories.
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form is known as the 1B26 and was made by Westinghouse and Sylvania.
Figure 2-67 shows these two tubes.

At the request of the Navy Bureau of Ships, H. J. McCarthy of
Sylvania made a similar tube, the 1B350, to operate in the 4-cm region.

Before entering into a detailed description of these three tubes, the
general characteristics which favor the use of the integral-cavity over
the cell TR tube will be discussed. At the highest frequencies glass
losses become excessive in the cell tube. The 724 has a @y of about
1500, whereas that of the 1B24 is 3000 or more. Because the glass
diameter of the 724 tube is not very much smaller than the cavity

.._.1B26 ... 1B24
Fia. 2:67.—1B24 and 1BZ6 TR tubes.

diameter, there is little room for inductive tuning screws and the maxi-
mum tuning range obtainable in an ordinary cavity is 2 to 3 per cent. A
double-mode cavity that can be tuned over a 12 per cent band has been
designed for use as an ATR switch (see Chap. 4) but it was never applied
to a TR switch.

The integral-cavity tubes are capacitance-tuned. This is done by
varying the gap spacing by means of a differential screw which acts
on the back of one of the cones, as in the 1B27. The resulting tuning
range is of the order of 10 to 15 per cent of the nominal frequency.

The 724 tube is not very large, and the cavity into which it must fit
has & number of small parts all of which must be assembled at once.
Under extreme conditions of military service, even the simplest repair
‘ob becomes an intolerable burden, and complicated tasks are either
worly executed or not performed at all. It was felt that the use of an
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integral-cavity tube, mounted in gome simple manner between two
waveguide cheke connectors, would greatly improve the ease of main-
tenance of the radar equipment, and that the ultimate in TR design
would be achieved when it would be possible for a ‘“chambermaid with
boxing gloves” to change tubes
in the field successfully. A final
advantage of the integral-cavity
tube is that it is possible to add
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because of the way it is clamped
into its cavity.
The fact that @, is higher for

G = A an external gas reservoir to it in
§é®z§ order to increase its life. This is
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\ \Q\:{'}@ anintegral-cavity TR tube permits
\Q:' looser coupling (larger coupling

susceptances) with a consequent
increase of the transformation
ratio so that for a given insertion
loss, if all other factors are equal,
the high-level leakage power will
be smaller than that from a cell
TR tube.

To offset these advantages
there is the obvious fact that the
integral-cavity tube is more com-
plicated and more expensive to
make. The cavity for the cell
tube is a permanent part of the
duplexer, and is not thrown away
whenever a tube is replaced; but
the entire cavity and tuning
mechanism of the integral-cavity
tube are scrapped each time a
tube is discarded. Although this
would be an important economic
consideration in normal peace-time undertakings, the life of the 1B24
integral-cavity tube is several times that of the 724, and therefore, the
cost per hour of operation of the two are roughly equal.

Figure 268 is a cut-away view of the 1B24 tube, which shows the
tuning mechanism, cavity, coupling window, keep-alive electrode, and
gas reservoir. The 1B26, except for & 90° change of position of the
reservoir, is a scaled-down version of the 1B24. The cavity is made out

= R

AA

Y A

Fi1a. 2:68.—Cut-away view ol the 1B24 tube.
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of an oxygen-free, high-conductivity (OFHC) copper or selenium copper
block, with the cones silver-soldered in place as shown, and the windows
set into the face. The block itself has both faces parallel and they are
of the proper diameter to act as the cover for a waveguide choke connector.

Glass Glass

ovar ing\. L /—- Soft soider —\ . / Kovar
7 PN
(@) Cu Block ®

F1g. 2:69.—Methods of sealing glass windows into copper blocks.

The windows are glass disks sealed into Kovar rings which are in turn
soft-soldered to the block. The original windows were made as shown in
Fig. 2:69a. The Kovar disk was flat. As a result, it soon became
apparent that when the copper
cooled, after soldering, it con-
tracted enough either to squeeze
the Kovar and thus crack the
glass, or else to cause the solder
to flow beyond its elastic limit
with the result that when the tube
was warmed up again the solder
cracked and allowed the tube to
leak. The wrinkled Kovar disk
shown in Fig. 2:69b allows the
outer diameter of the Kovar to be
squeezed without cracking the
glass, and the bevel on the edge,
with solder confined to the top as
shown, prevents the type of solder
leak just described.

The windows are made by seal-
ing glass disks to the oxidized
Kovar ring in an induction heat-
ing coil. A eutectic soft solder,
67 per cent tin and 33 per cent
lead, with a melting point of
180°C, or a pure tin solder, is used * *
to solder the Kovar to the copper.
This is the final assembly operation on the tube before final exhaust and
tuning. Because of the difficulties encountered initially, it is now
required that a tube withstand at least fifty cycles of half-hour periods
at the extreme temperatures of —40°C and 100°C without leaking.

Fig. 2:70.—1B50 integral-cavity TR tube.
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The 1B50, Fig. 2-70, is made somewhat differently in that its body is
fabricated out of three pieces of steel: a cavity block, and two cover
plates. Since the diameter of the cover plates must be 2§ in. to match
the connector chokes, if the tube had been made of a solid piece of copper
it would have been very heavy and expensive. Steel has the advantage
that after heating it does not become dead soft as copper does, and there-
fore, it can be used in relatively thin sections. Its coefficient of thermal
expansion is only 10 X 10-¢/°C as compared with 16 X 10-%/°C for
copper, which makes it easier to solder the windows in place. In fact,
they are hard-soldered to the block in this tube and can withstand over
100 of the temperature cycles de-
scribed. A steel cavity would have |
a very low §,. To overcome this, ‘
the cavity is copper-plated and then
heated in a hydrogen atmosphere -
which causes the copper to flow and

Fia. 2:71.—Overlapping gap of 1B50 TR Fig. 2:72.—CV221 (British) 3-cm integral-
tube. cavity TR tube.

form a homogeneous surface over the steel. The gap of the 1B50, Fig.
2-71, is different from the gap of the other two tubes. In order to make a
tube whose leakage power does not vary with tuning, the cones are made
to overlap, so that the gap spacing remains constant as the tube is tuned.
The use of an overlapping gap imposes severe requirements on the tuning
mechanism. In order to make the tuning curve smooth, it is necessary
to restrict the wobble of the movable cone to less than 0.0002 in.

Figure 2-72 shows a British 3-cm, integral-cavity TR tube, CV221.
The body is copper and the windows are similar to those in the 1B24.
Tuning is accomplished by squeezing the strut mechanism shown below
the tube, and thus moving the lower cone up or down.

In Table 2-8 some of the more important electrical low-level character-
istics are listed, These tubes all have equal input and output couplings
and, if they are terminated by a matched receiver, the input voltage
standing-wave ratio will be 1.2 to 1.3. They are designed to be mounted
between waveguide choke connectors as shown in Fig. 273, and the body
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Tasre 2-8.—Low-LEVEL CHARACTERISTICS OF 1B26, 1B24, anp 1B50 TR-Tuses
Minimum tuning range
Me /sec ,

be N Insertion 0 / Ws:veg}ude

Tube No. loss (db) L f s size, in.
max min

1B26 1.4 220 24,580 23,420 } X 1 X 0.040 wall

1B24 1.2 300 9,600 8,500 1 X } X 0.050 wall

1B50 1.2 7,100 6,000 13 X 3 %X 0.064 wall

diameter is large enough to allow the use of a pressurizing gasket as
shown in the illustration.

TR tube
9500

Resonant frequency in Mc/sec

Maximum

gap- separation
9000
VZER%N
) 1 |
Y =TAY
N/ 8500 (A S SRS TR T
v ; 01 2 3 45 6 7 8 9
Pressurizing gasket = Choke connector Turns of tuning screw

Fi1c. 2-73.—Integral-cavity TR tube
mounted between waveguide choke con-

nectors.

tube.
Products Co.)

Fie. 2:74.—Tuning curve for 1B24 TR
(Data are from the Sylvania Electric

Table 2:9 gives the critical dimensions of the three tubes.

TarLe 2-9—CrrTicaL DimENsions or 1B26, 1B24, 1B50 TR Tueks

Dimension 1B26 1B24 1B50
Cavity diameter............ . ..ciiivuennnnn.. 0.250” 0.500" 0.725"
Cavity height. ... ... ... ... ... ..o .. 0.238" 0.454" 0.525"
Window diameter.........c..viinreivininnnn.. 0.148"” 0.333" 0.494"
Cone tip diameter............ccoiveenirinn.. 0.002"” 0.004"”
Coneseparation. . ............... oo ool s o 0.006"
Conetravel.......... ... iiiiiiinnanan.. 0.009"" 0.018"” 0.070"
Coneangle........ ... ... e, 36° 36° 36°
Body diameter.................. .ol 1.015” 1,760" 2.625"”

Figures 2-74 and 2-75 are tuning curves for the 1B24 and 1B26 TR

tubes.

The number of megacycles per second per turn is fairly high and,

therefore, in order to ensure smooth tuning with little backlash, the
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differential tuning screw must be spring-loaded as indicated in Fig. 2-68.
The 1B50 has a similarly shaped tuning curve.

The shift of resonant frequency with temperature in a 1B24 TR tube
is shown in Fig. 2-76, with a curve for an all-copper cavity superimposed,
and lines which indicate the detuning that will cause 4 db and 1 db loss.
The 1B24 and 1B26 tubes are of all-copper construction except for the
tuning mechanism. By proper choice of materials for the shell and the

\ A\

23,500

w
T
-

© 25,000 TR tube temperature in °C
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5 ) ¥ T - T v
f 24,500}

é‘ 1r ‘{- db loss
& 24,000 - 1 db loss
g V4

€
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[=3

8

[

Deviation from initial
resonant frequency Mc/sec
N

'S

A i 1 1 i \
B0 ™72 32 5 s All-copper

Turns of tuning screw counterclockwise 5 cavity A \

Fre. 2:75.—Average tuning curve for Fic. 2-76.—Typical temperature-tuning
1B26 TR tube. (Data are from Westing- curve for a 1B24 TR tube. (Data are
house Electric Corporation.) from Westinghouse Electric Corporation.)

The initial tuning was at 9380 Mec/sec, and
Qrz = 300.

two screws, the combination can be made to move the cone at a rate
nearly equal to that of an all-copper cavity. The 1B50 has a steel cavity
with copper cones and diaphragm. Its over-all tuning changes at a
rate of approximately —0.22 Mc/sec/°C. At 6500 Mc/sec an all-copper
cavity changes at —0.10 Mc/sec/°C. With a rise of 80°C, the TR cavity
will resonate at a frequency about 9.6 Mec/sec lower than the frequency
of the copper cavity; and if @, = 250, the signal loss will be increased by
about 2 db.



CHAPTER 3
BANDPASS TR TUBES

By Warnace C. CALpwELL

3:1. Introduction.—Early in the development of microwave radar it
became evident that the presence of numerous tuning adjustments on
the r-f components seriously handicapped maximum system efficiency.
Although these controls presumably allowed the set to be tuned to its
peak sensitivity, the complicated tune-up process that was necessary
because of the interaction of the various controls usually resulted in a
mistuning of the sets, with sensitivity down by 10 to 40 db. FEarly sets
had the following adjustments: magnetron impedance tuner, TR phase
shifter (to provide ATR action), TR tuning, two tuning adjustments
on the crystal, four on the local oscillator, and an antenna tuner. By
1943 many of these controls had been eliminated by careful design of
r-f components, so that their impedance was within about 10 per cent of
line impedance in a 10 to 20 per cent frequency band. Eventually, a
typical set had only the following r-f tuning controls: TR and ATR
tuning, local-oscillator tuning, and local-oscillator coupling to the erystal.
The advent of the thermally tuned local-oscillator and automatic-fre-
quency-control circuits eliminated that manual adjustment, and the
local-oscillator coupling could be set once for a given tube, and then
ignored. This left only the TR and the ATR tuning adjustments.
These elements with loaded §’s of 200 to 400 were still very sensitive
to transmitter frequency, and it was not uncommon to find radar sets
in the field with sensitivities 6 to 12 db down from optimum performance
merely because of poor TR tuning.

The combination of the tunable-cavity magnetron, the band-pass
TR tube, the low-@ ATR tube, and the thermally tuned local-oscillator
tube made possible a ‘‘single-knob” tunable radar. The first and most
obvious advantage of such a set is its operational simplicity. Second,
the simple tuning adjustment allows selection of an operating frequency
that will minimize interference from other radars and from enemy
jamming. This frequency may be changed more or less continuously
without interrupting regular operation, and intentional rf jamming
becomes almost impossible. The ability to adjust frequency during
operation makes it possible to learn more about a particular target by

observing its amplitude as a function of frequency. Echoes from targets
67
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such as corner reflectors, cliffs, or battleships, have more or less charac-
teristic frequency dependencies.

Thus the need or justification for a low-Q or bandpass TR tube is
obvious. Historically, its development was the result of other require-
ments. In 1941, the development of a high-power 10-cm search set to
operate at levels in excess of 500 kw was undertaken at the Radiation
Laboratory. TR tubes were only in their infancy, and it was not
believed that the soft Sutton tube (high-@) could be used at such high
powers. As a result, A. Longacre and his group developed the so-called
“beetle” TR tube which was simply a low-@Q resonant slit enclosed in a
glass bubble, and designed to be clamped between two sections of 114-in.-
by-3-in. waveguide. These tubes had large leakage powers, but since
they were required only to protect thermionic diode detectors, they were
adequate. Two of these tubes were used in tandem; the first reduced
the power incident on the second. These tubes were turned over to the
General Electric Co. for further development and manufacture. M. D.
Fiske of that company used several low-Q resonant irises to form a band-
pass structure and began to work on this conception. Meanwhile, it was
discovered that the 721A TR tube was able to protect crystals at powers
in excess of 500 kw. Because of this, a last-minute change was made in
the high-power systems just being produced by installing duplexers with
721A TR and ATR tubes, and with crystal mixers,

Thus, the original incentive for producing low-@ TR tubes, that is,
high power, was removed; but interest in the bandpass features of the
tube was aroused, and Fiske and his group continued their work under
an OSRD development contract, sponsored by the Radiation Laboratory.
The culmination of this work was the introduction of four TR tubes
designed for use in the 3-cm and 10-¢cm bands, two pre-TR tubes, and
nine low-@ ATR tubes for use in the 1.25-, 3-, and 10-cm bands. The TR
and pre-TR tubes will be discussed in this chapter, and the ATR tubes
will be discussed in Chap. 4.

The techniques that were used to develop a bandpass TR tube
centered first around the fact that the reflections from small, identical,
impedance discontinuities spaced A/4 apart along a transmission line
tend to cancel each other, and, secondly, around the design of a glass-
covered resonant window whose frequency can be accurately controlled,
and which is able to withstand the action of an intense r-f gas discharge
along one face. In the bandpass TR tube, there are a number (2 or 3)
of resonant slits (elements) spaced one-quarter guide wavelength along a
piece of waveguide; the ends of the guide are closed off by glass-covered
windows. The slits and windows are all tuned to the same resonant
frequency. The loaded Q of the elements is usually of the order of 10,
and that of the windows 2 to 5, as compared with 300 for a typical high-Q
tube.
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SEc. 3-1]

.—A three-gap bandpass TR tube.

Fig. 3-1

two-gap bandpass TR tube,
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The development of any desired bandpass characteristic is a com-
paratively simple task. It becomes difficult only when the leakage-power
requirement imposed upon a TR tube has to be considered. Then, since
minimum leakage power and maximum bandwidth are not obtained by
the same design, compromises must be made in order to get the best
over-all performance. This chapter will discuss the low-level design
considerations, and the leakage power, or high-level characteristics, will be
considered in Chap. 6.

At the beginning of this discussion, it is important to consider the
physical form of a bandpass TR tube. Figure 3-1 shows a typical three-
gap tube. A different shape of gap is used in the two-gap type shown
in Fig. 3-2.

In the following sections the single-element circuit and then the
multiple-element circuit will be presented. These will serve as an intro-
duction to the experimental data and to the final discussion of achieve-
ments to date, and of problems still pending solution.

THEORETICAL CONSIDERATIONS
3-2. Resonant Elements.—Let us consider a thin diaphragm with a
rectangular opening soldered into a waveguide as shown in Fig. 3-3a.
The size of the opening may be chosen so that nearly all the energy of a

7
Glass //G\ \\y

(a) Rectangular slot {b) Window (c) Tilted rectangular slot
q Y

o

(d) Dumbell {¢) Dumbell-pointed posts (f) Dumbeli-pointed

_ w / posts-tunable
7R 7,

Y
(g) Posts and diaphragms (h) Truncated cones and (1) Circular hole-post
diaphragm

v

(7) Crescent
Fia. 3-3.—Miscellaneous resonant elements in rectangular guide,
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given frequency incident on the diaphragm is transmitted through the
diaphragm. Elements of a great variety of shapes may be made to
resonate. The rectangular slot may be tilted with respect to the guide
or it may be filled with dielectric. A resonant element of the dumbbell
type may be made with a number of variations. In elements of some
types, posts or cones are used which enable the resonant element to be
tuned conveniently. A variety of elements are shown in Fig. 3-3.

To use the elements of Fig. 3-3 in complicated combinations, it is
desirable to know the dependence of resonant frequency on the geo-
metrical parameters of the elements, as well as to know the frequency
dependence of transmission or reflection. Moreover, the energy lost
in the element because of currents in the metal parts or displacement
currents in the dielectric should be known. Unfortunately, even the
simplest of the resonant elements—

the rectangular slot—has not been ' f

analyzed theoretically to the extent of

obtaining a numerical result. The Y, h]__
problem may be attacked by finding C~> L G§ ¢ Yo
experimentally the equivalent circuit e

of the resonant element. This equiv-

alent circuit serves as the basis for X

caleulations on the more complicated F'e- 34~—An equivalent circuit of a
resonant element,

multiple-element circuit. An equiva-

lent circuit will be assumed, its behavior analyzed, and the assumption

verified by comparison with experimental data.

For analysis the resonant element may be regarded as a lumped:
inductance, capacitance, and conductance shunted across the line as
shown in Fig. 3-4.

The susceptance B of the equivalent circuit of the resonant element
may be defined by

1

B =ul - = 1)

The frequency where B = 0 is the resonant angular frequency wo,

1
wf = L—C' 2

The loaded Qr is defined (Sec. 2-2) by

wWo
QLz = 4
w2 — wy

where ; and w, are the frequencies where the susceptance equals plus and
minus the total conductance. They are given by



72 BANDPASS TR TUBES [SEc. 3-2

0l — - = +(2Y¥0 + 6),

wo L
3)
1
wlC' - m = —'(2Yo +G).
If the positive roots of Egs. (3) are chosen,
__wl
QL2 - 2Y0 + qQ (4)

Some investigators! have used a slightly different definition of Q...
They have defined

Qi = @o (5)

I ’
Wy — Wy

where wj and w] are the frequencies for which half the power is reflected.
This definition is somewhat different from Eq. (4) if the conductance
of the resonant element is not zero. Equation (3) gives the frequencies
at which half of the power is transmitted by the resonant element, and
these frequencies are not the same as w] and w}. To estimate the magni-
tude of inconsistency that might be expected, the power reflection at w,
will be computed. It is given by

B =2Y,+G. (6)

The admittance looking from left to right at X-X in the circuit of Fig. 3-4
is given, at w,, by
Y =Y,+G+j2Y+ ). ()

The reflection coefficient is
G +j2Y, +G)

= arT6+er + & ®)
from which the fraction of the power reflected is
¥ 1 G
2 — P ——
" =5+ 3@y, o ©)

The resonant elements discussed in this chapter usually have a value of
G less than 0.1Y,. This means a difference from half-power reflection
of about 0.2 per cent. The effect of conductance in the resonant element,
therefore, may be considered to be small, and either definition of Q.2 may
be applied.

1 See Ref. (4) in the bibliography at the end of the chapter. Hereafter superseript
numbers refer to this bibliography.
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The equation for the ecircuit of Fig. 3-4, relating the susceptance to
frequency in terms of Qrs, is

B = 2Q.,(2Y, + G) (‘%‘ﬁ’)

Also, the power reflected has already been obtained

G* + B

= v ror+ B

(9a)

It is often useful to have an expression for B in terms of r since it is r
that is obtained by measurement. It is easily found that

v

1. (10)

2 — 132 — 2 1%
B=[(Y0+Y0G)(: 1) TG] .

A measurement of r at the resonant frequency, that is, at the frequency
for which B = 0, can be used to determine G,

G=Yr—1, r=z1l (11)

In Fig. 3-5 are shown curves representing Eq. (8a) for G/Y, = 0 and
G/Y, = 0.3. Such a large value of G is not typical for the resonant

08
//// 04
w b ~
= o - 14
E[6/%=p / 03 OR j
S 2 o
g 04 7 g
3 G/%=|03 €02
c o
g 0.2 g \\“{ D%/
PE) -
2 201
x &
. Xw/
0 08 1.6 2.2 0
89 9.0 8.1 9.2 9.3 9.4
B/Y, » Wavelength in cm
Ti1a. 3:5.—The absolute mag- F1a. 3-6..—Comparison of experimental data
nitude of the reflection coefficient with a theoretical resonant-circuit curve.

as a function of susceptance of a
single resonant circuit.
elements discussed in this chapter. The large value was chosen to give
better portrayal of the curves.
In Fig. 3:6 the calculated reflection coefficient is plotted as a function
- of wavelength to compare with data taken on a resonant element. The
calculations were made using the values of the resonant frequency and
the Q2 obtained from the experimental curve. The data for Q.. were
taken at r = 2 or |T| = 0.33; therefore the theoretical and experimental
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curves should match at the resonant frequency, except for the fact that
loss was neglected, and their width should be the same at || = 0.33.
The fact that the experimental points lie closely on the theoretical curve
indicates that, over the frequency range of the curve, the physical struce-
ture is well represented by the assumed circuit as far as reflections are
concerned.

Throughout this discussion of the single resonant element, an equiv-
alent circuit has been considered from the standpoint of the reflection
characteristics of the element. To understand the gas-discharge proper-
ties of the element, it is important to know the electric field in the gap
in terms of the voltage in the guide. For the simple circuit, if the
capacitance were assumed to be concentrated in the gap, the voltage
across the gap would be the same as across the waveguide. However, a
rough measurement on a gap of the post type seems to indicate that the
ratio of the voltage across the gap to the voltage across the guide is about

T 7 = .
//////M%c

Fi1c. 3-7.—Equivalent circuit of resonant gap.

ten. This measurement was made by placing a platinized-glass resistor
across the gap and measuring the standing-wave ratio at resonance. The
resistance of the platinized-glass resistor at the microwave frequency
was taken to be the d-c resistance. Furthermore, it is known from theory
and from experiment that a post in the plane of the electric field in wave-
guide behaves as an inductance shunted across the line. In a resonant
element of the post type, the inductance of the post would be expected
to be in series with the capacitance of the gap. Both the rough experi-
ment and the analysis of the resonant element in terms of simpler struc-
tures leads to an expectation of a stepup of gap voltage over guide voltage.

It is well to assume a very simple circuit to estimate the stepup in
voltage. In Fig. 3-7 L, is the inductance of each post, and L is the
inductance associated with the magnetic-energy storage due to the
narrowing of the guide. It is assumed that there is no mutual coupling
between L and L,. The discharge, or gas breakdown, takes place across
the condenser C. The ratio between the voltage across the gap and the
voltage across the guide may be calculated for two special cases. In the
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fired condition the gap circuit may be represented as in Fig. 3-8¢ and
for the unfired condition as in Fig. 3-8b.
The ratio |E/e| for Fig. 3-8q is

E _ ZoX X 2o
el VRX+X)+XXr X3+ X

In the unfired case and where X = oL, and X, = 2wL, at resonance, the
ratio E/e for Fig. 3-80 may be written as
EFE_ X
el X+X,
since X, = —(X + X,), at resonance.

In the first case, it was assumed that the gap was broken down and
that as a result, the gap voltage was held constant. In the second

Y, QE L L 1
€ €
T
(@) ®)

F1a. 3:8.—Circuit of resonant gap for (a) fired condition; (b} unfired.

case, the gap is not fired and interest is in the gap voltage corresponding
to a given fixed line voltage. The @ of the circuit of Fig. 3-8b is given by

X+Lz:Kx+n.
X X
Let us now assume that the gap will ionize at some definite voltage &,

that this voltage is proportional to the gap spacing g, and that X, « g/aq,
where a is the area of the end of the post. Then at resonance,

¢ = kaX. = ka(X + X,),

and the eritical line voltage will be

K
Q=%

¢

E = kaX.

P S
X+ X,
This equation indicates that for a fixed resonant frequency, the

critical, or breakdown, voltage E is proportional to the area of the ends
of the posts and the reactance X of the inductive iris. Examination of
the equation for @ shows that if X is held constant, the loaded @ can be
reduced by making X, smaller without affecting £. Since E is a measure
of the spike energy, it should be possible, by proper shaping of the elec-
trodes, to obtain a minimum value of @ for a given spike energy.
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The assumptions and calculations made above are only the most
elementary since they do not take into account mutual interaction
between the fields of the inductive irises and the posts, nor do they
consider the relative magnitude of the ‘““stray” capacitance and the
“lumped” capacitance of the gap. However, for a resonant iris of this
type across a waveguide, the detailed solution of the boundary-value
problem has never been carried out, and it is, therefore, necessary to
approach the problem from the much simpler point of view used here..

3-3. Multiple Resonant Elements in Waveguides.—Several methods
of analysis and representation have been used in the analysis of the
problem of circuits containing more than one resonant element. As an
introduction to this problem, a simplified method of calculating the power
reflection and the insertion loss of
the three-element circuit shown in
Fig. 3-9 is presented here.

At the outset of the calcula-
tions, a line a quarter-wavelength
long between the elements is as-
sumed to be independent of fre-
Fia. 8-9.—Three resonant elements separa- quency. Let the susceptance of

ted by quarter wavelengths of line. the end elements be aB, and the
susceptance of the center element be B. The following equations use
normalized admittances, that is, y = Y /Y.

If y1, y2, and ys are regarded as the admittances looking from left to
right at the appropriate terminals as shown in Fig. 3-9,

Y1 = 1+ jab, (12)
N 1 _1—ab*+gb
yz—1b+yl—_7b+1+jab— T jab (13)
and
. 11— ab? + j(2ab — a?%)
Yz = ]ab + vz = T = ab? + ]b (14)
By the use of
1 — Ya
T =
14+ s
the reflection coeflicient is then
_ Jb — 2ab + a%?) )
T = 0T 2.0 7500 5 2ab = o9 (15)
'The reflected power becomes
2 — 252y 2
rf = b1 — 2a + a?®?) (16)

43031 — 2a + a®%h)?
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It is convenient to define power loss L as the reciproeal of the transmitted
power expressed in decibels, thus

I
nput power an

L = 10logw &eot power

If there are no resistive losses in the circuit, the loss may be written in
terms of the reflected power,

L = 10 log;o I_—-}]_F[-z (18)
For the case under consideration
2
L = 10 logy [1 + bz (1 —2a+ cx2bz)2]. (19)
Ha=1,
‘ bz 2y2
L = 10 logse 1+Z(1~b) . (20)
If a =3, T
8 A
L = 10 log1p (1 + %) (21) ngu‘
. T x
If the ecircuit is composed of B /!
more than two elements with
b b 1 8
quarter-wavelength separation be- @:{. Lt]
tween elements, zero loss occurs - l“)“V
for values of b of the individual 4
elements other than zero. Be- & 572 [6] [i/2 ¢
tween zeros the loss may be signifi- 1
cant; the greater the number of "l — %
elements, the larger may be the '
loss. It should be observed that -‘ D
the zeros can be eliminated by
proper choice of the susceptances A

for the various elements. For the
cireuit of ¥Fig. 3-9 it can be seen
from Eq. (19) that the loss has a
single zero only when o = 3. The
loss curve obtained for o = 4 is
analogous to the loss curve for a
critically coupled double-tuned
circuit. For a number of partic- Fie, 3-10.—Multiple-element resonant
ular cireuits shown in Fig. 3-10, f:r;c‘:lf,sen i?:hf«a}f{fg?{'_l ission _ characteristics
Table 3-1 presents the reflected

power and the ratio of input power to output power as a function of &.
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Fia. 3-11.—Bandpass characteristics according to the simple theory for the circuits of
Fia. 3-10.

TabLe 3-1.—THE REFLECTED POWER AND THE RaTIOs oF InreT Powrnr to Ourrur
PowEeR, ExprEssep 1N TERMs OF b voR SEVERAL MvuLTIELEMENT CIRCUITS
Elements are separated by a quarter wavelength of line for the frequency
corresponding to b = 0. The frequency dependence of the line length
is negleeted.

1
Tuput power

“ Output power

Circuit of Fig. 3-10 | Reflected power
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For the circuits of Table 3-1, Fig. 3-11 gives loss as a function of b.
It is interesting to note that a condition can also be found for a four-
element circuit which makes the loss characteristic a monotonically
increasing function of b. For the four-element circuit the susceptance
‘of the two end elements should be 1/(1 + 1/2) times the susceptance of
the central elements.

The importance of the magnitudes and the phases of both reflected
and transmitted waves becomes clear in the discussion of microwave
duplexers in Chap. 7 and in Vol. 16. The criterion of transmission band-

B/Y,=3.0_

F16. 3-12.—Reflection coefficient and transmission coefficient for circuit C of Table 3-1.

width of the TR tube may be considered to depend on the type of duplexer
in which the tube is used.
From Eq. (15) and the expression for the transmission coefficient in
voltage,
2

T=_<_.
1+ ys

(22)
The reflection coefficient and the transmission coefficient can be presented
as a polar plot on a Smith chart. These quantities are shown in Figs. 3-12
and 3-13 for two three-element circuits (C and D of Table 3-1). The
susceptance is indicated along the curve. The phase of the reflection
coefficient is measured at the element nearest the generator; the phase
of the transmission coefficient is measured at the element nearest the
load, with respect to the phase of the incident wave at the element
nearest the generator.

The transmission coefficient is rotated through 180° corresponding
to two quarter wavelengths of line at midband. In Fig. 3-12 only values
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of the reflection and transmission coefficients for positive B were
plotted since the curve is symmetrical about B = 0. It should be
observed that for B/Y, between zero and 1.2, the angle of the reflection
coefficient for the three-equal-element case varies between the limits
270° > 0 > 180° and —30° < 6 < 0°; for the unequal elements the
range is 90° > 6 > 20°. Although neither of the circuits possesses a

04

B/Y,=02

180°0.

B/Y°=O.2

-04

-06
X
18
‘1.0

270°
F1a. 3-13.—Reflection coefficient and transmission coefficient for circuit D of Table 3-1,

-08

simple resonance behavior it seems more likely that, in the use of the
TR tube in the duplexer, the unequal-element tube could be improved
at the band edges by matching elements.

3-4. Wave Equilibrium Calculations.—By an equilibrium method of
analysis, an expression can be obtained for the loss of a network com-
posed of an arbitrary number of identical shunt elements equally spaced
along a transmission line; and the frequency dependence of the spacing
between elements need not be neglected. The presentation below was
first used by Fiske and Warner” and later generalized by Marcus.?
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In Fig. 3-14 are shown shunt elements with arbitrary spacings 8,
along a transmission line. To obtain either the reflection or the trans-
mission from this complicated system, the multiple reflections could be
considered, and the appropriate sum taken of the successive reflected and
transmitted waves at the individual elements of the system. This
becomes very complicated for more than two elements. A simpler
method and the one adopted here relates the total traveling-wave ampli-
tudes proceeding in each direction on each section of line in the equi-
librium state to the amplitudes on the adjacent sections of line.

Let 4, and B, represent the voltage amplitudes of waves traveling
in the forward and backward directions at a reference position just after
the pth element. Let ¢, and r, be the reflection and transmission coeffi-
cients for a wave advancing upon the pti element from the left, ¢, and

O O
1 2 pP-1 P P+1 N-1 N

F1G. 3-14.—N lumped elements spaced at arbitrary intervals along a transmission line.

7., the coefficients for a wave advancing from the right. The electrical
line length between the {p — 1)th and the pth element is 8, ; = 2= %11

[
where 1,_; is the distance separating the elements. The total voltage
wave advancing in the forward direction can be written

A, = t,A, e + 1B, (23)

if it is remembered that A,, A,_;, and B, are all measured at the same
instant of time; but the contribution to 4, from A,_, was made earlier
by a time interval corresponding to 6,1, hence the negative sign. For
the wave in the negative direction,

By = rpd p_se=tt1 4 ¢! Beites, (24)

From Eqgs. (23) and (24), B may be eliminated by solving Eq. (23), for
B,,1, substituting B,y into Eq. (23), solving Eq. (24} for B, and then
putting B, back in Eq. (23). The result is

7',,+1T, 1 = tH]t, 1 . 7" 1 .
Appr + pir  tevileer) i Tees g | 4,

p+1 Tplpt1

!
+ %éﬁ et A, 1 = 0. (25)
oS!
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This equation may be simplified by assuming that the elements are
all identical and are identically spaced. Ifr, =r, 7, =1, 1, = ¢, =,
and 8, = 6, are put into Eq. (25), it becomes

(rr' — 1¥)e7* — ei®

Ap+1 + [ : ]AP + Ap_l = 0, (26)

For the n elements of Fig. 3-14, p runs from 1 to » — 1. To obtain the
nratios Ay/Aq, . . . , A./A,requires one more equation. An additional
equation is provided by the boundary condition that no wave is incident
from the right, B, = 0. From Eq. (23),

A, = te 4, . (27)
The general solution of Eq. (26) is given by
A, = Me** 4 Ne7e, (28)
provided that
e I 2 o8
cosh o = & (rr2t fe, (29)
From Eq. (28)
Ado=M 4+ N,
and from Eqgs. (27) and (28)
An = Mere + Ne— e = fe~i[Men—Da 4 Neg~(n—Da], (30)
The transmission coefficient for the n elements, Ty, is defined by
A,
T, = v (31)
From Eq. (28)
]]v_u ena + e-—na
T, = i 32)
a+ 1
N
If Eq. (30) is solved for M /N to substitute in Eq. (32)
te—? sinh «
To = sinh na — e~ sinh (n — l)a’ (33)
or more conveniently
] ! 2Pl oy
1 cosh na + e+ (rr t*)e~i sinh na 34)

T, 2 sinh o

In a similar manner the reflection coefficient R, = Bo/A4, is found to be

2
sinh na — % cosh a sinh (n — 1)e
R, = re-%*

sinh na — ¢~ sinh (n ~ 1)a (35)
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If the transmission and the reflection coefficients of the individual ele-
ments are. known, from Eqs. (33) and (35), the transmission and reflec-
tion from the network is known. It is conveniént to write the equations
in terms of circuit parameters. As yet, the elements have not actually
been restricted to a shunt component; the elements may still be regarded
as general T-sections. Since in this book, however, the general formulas
will be applied only to shunt susceptances, Eqs. (34) and (35) are written
in terms of shunt susceptance. For a symmetrical T-section r = r’.
In terms of b, the reflection and transmission coefficients may be written

s _ g
r=r 2—‘—+ jb, (36)
and
2
b=ty B7)
Equations (35) and (36) become
Ti = cosh na + j (sin 6+ g cos B) %Kilx?hn;’ (38)
and
1 2%y % skt Da
R, b L+ b ¢ sinh na (39)
where
cos a = ¢os § — %sin 6. (40)

If the line is terminated in its characteristic admittance, it is sufficient
to know the absolute magnitude of the transmission

1) b sinh na\* !
T. _1+(§ sinha)’ (41a)
or
1 2
7| =1+ (41b)

The information provided in Egs. (41) makes it possible to obtain,
for a given b and 8, either the loss, the reflected power, the transmitted
power, or the voltage standing-wave ratio. It is convenient to prepare
a chart as shown in Fig. 3-15 in which 26/x is plotted against b for con-
stant values of f. On this chart may be superimposed a curve relating
the frequency dependence of susceptance of the individual element to 6.
Points of intersection of this latter curve with the constant-f curves give
Jata on voltage standing-wave ratio as a function of the susceptance
of the individual element.
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As an example of the use of the filter chart, consider four identical
high-@ shunt elements usually spaced a quarter-wavelength apart. The
term high-@ implies that the element separation remains essentially a
quarter wavelength, or that 26/ = 1 over a wide range of b. Along the
line 28/ = 1, as b increases from zero at midband, the standing-wave
ratio increases to slightly over 2.5 and then decreases to unity forb = 1.41.
As b increases from 1.41, the standing-wave ratio increases rapidly. If
the frequency dependence of the spacing may be neglected, the trans-
mission band will be symmetrical with respect to b = 0. The result
of this procedure leads to the same result as that derived by the simple
theory and shown by curve F in Fig. 3-11.

If the @ of the elements is so low that the electrical-line-length sepa-
ration of the elements varies considerably over the transmission band,
the frequency sensitivity of the element susceptance should be given as
b = f(26/r). The bandpass char-
acteristic can be traced out by
following the b = f(26/7) curve 390
just as, in the preceding case, the

curve 20/r =1 was followed. 26t

For negative b, to use the same 22 L

chart, 26/ has to run in the direc- % ’

tion opposite to that for positived. = 18|

On the chart is superimposed a

curve relating b to 26/x for ele- 14}

ments in standard 3-cm guide,

whose @ is four and'whose reso- 1-03'0 1 37 33 v 3.'5 26

nant wavelength is 3.33 cm. Nincm

Figure 3'16 shows the voltage Fia. 3:16.—Four-equal-element band-
pass characteristics extracted from Marcus’

standing-wave ratio as a function
of b from data extracted from the
chart. It is interesting to compare this curve with curve F of Fig. 3-11
which neglects the frequency dependence of the separation of the elements.

It should be pointed out that f is periodic in 28/ with a period
of 2. Therefore, if a susceptance curve runs off the top of the chart,
it may be continued at the bottom. The value of 26/ which yields
the broadest transmission band is then near one. The reader should
be interested in superimposing a family of susceptance curves on the
chart with 26/x at b = 0 as a parameter. From this family of curves
and for the susceptance characteristic chosen, the optimum element
separation for maximizing the bandwidth should be evident.

3.6. Matrix Method.—The use of the matrix notation leads to a fairly
simple formula for loss. This method? may be applied satisfactorily to a
multiple circuit of nonidentical elements, a difficult case to handle by the

chart.
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equilibrium method. However, the general expressions for the loss of

I L n elements, which are obtained by
— —_ the equilibrium method, cannot be
%_ abed v, obtained easily by the matrix

o— —o method.
(@) If the four-terminal network

of Fig. 3-17a is linear and passive,
and if reciprocity applies, two

P L I linear equations relate any two of
X —_ 2 the quantities Iy, Vy, I, and V,
?’1— obed % A b e'd V°3 to the other two. For example,
T ] —° Vi=aVi+bl,  (41)
o I, =cV,+ dl,.

In the matrix notation

V1 a b Vz
= 42
F)-( ) o
where a, b, ¢, and d are constants
© defined by the electrical constants
Fig. 3-17.—Susceptance circuits—(a) a composing the network. The
four-terminal network; () two successive parameters must satisfy the follow-

four-terminal networks; (¢) a shunt suscep- | .
tance. ing conditions:

1. For a lossless network the diagonal terms of the matrix are real
and the off-diagonal terms are imaginary.
2. If reciprocity applies,

ad + be = 1.
3. If the network is symmetrical,
a =d.

If there are two successive networks as in Fig. 3-17b, for the second

network
Vg 0,’ b, Va
= ) 4
ISR *)
and by substitution of Eq. (43) in Eq. (42), for the two networks
V. a b] (¢ V| ({V,s
= . 44
F-C e 90 w0

By multiplying the matrices of Eq. (44) and by using the first condition
of the preceding paragraph, there is obtained for a lossless network

Vi _ (A jB Va
[n] = [jc D] [I] *9)
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where V, and I, represent the input voltage and current to a sequence
of networks, and V3 and I, represent the output voltage and current.
In the present calculations, only shunt elements and lengths of line
without loss are of interest. For the shunt element of Fig. 3-17¢
Vl = Vz, (46)
Il = ]sz + Iz.

The matrix representation of the shunt element is therefore

Vi) _ [1 0] [V:]. (47
)= %) ) 0
A line length of I may be represented by
V1] _ [cos 8 jZ, sin 0 VZ]} 48
[Il] {an sin @ cos 8 ] [Iz (48)
where

Equation (48) may be verified by reducing it to the usual expression
for the transformation of impedance through a length of line

7 = Zy+ jZ,tan 8§
VT jZYetan 6 + 1

where Z, = V/I, and Z, = V,/I,.

Lo z=1 1, L Z=1 I,
— — —_— —
NN %
ty yl Zz=1 Dy, 13a=1
(@) ®

F16. 3-18.—Parameters for definition of insertion loss.

For the multiple-element network, it is desired to calculate the inser-
tion loss. The insertion loss is the logarithm of the ratio of the power
delivered to a load of unit relative impedance with the network removed
from the line to the power delivered to the load with the network included.
By reference to Fig. 3-18, it can be seen that the insertion loss is defined as

%r- (49)

(7] -0 3 )

L =10 logm

From Fig. 3-18a,
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7)1 3 e B ()

With some manipulation

L =10logw[1 + #(B — C)?]. (50)

From Fig. 3:18b,

The method outlined will be applied to calculate the insertion loss
due to a particular network includ-
ing the frequency dependence of

I I,
line length. The network of Fig.
1 1V b A p 319 will be considered and nor-
! zt malized admittances will be used.
© The middle element may be divided

into two equal shunt elements.
This permits transformation through the network by means of two

identical matrices,
[VI] — AA [VZ], (51)

1 0) (cosd jsind) (1 O

Fia. 3-19.—A three-element circuit.

where

A= (52)

1}

Do) o

jg 1| {jsin 8 cos @ 7

After the matrices of Eq. (52) are multiplied, it is relatively easy, by
means of Eq.(50), to evaluate the insertion loss.

2
L = 10 log1e ‘1 + [g (bsin 8§ — 4 cos 8)(b sin § — 2 cos 0)] } (63)

3-6. Numerical Results.—The results for transmission loss, obtained
either by the equilibrium method or by the matrix method, should be
presented in such a way that they can be compared easily with the
experimental results. Experimentally, loss (standing-wave ratio, or
reflection coefficient) is measured as a function of frequency or of free-
space wavelength, whereas theoretically, loss is related implicitly, through
the relation of susceptance and of phase separation between elements, to
free-space wavelength. It is of int:rest to rewrite several of these
implicit formulas for loss.

For three identical elements equally spaced,

b? b . z :
L=1010g10l1+1—[4 §sm0—coso —1] ; (54)
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for three equally spaced elements of which the end elements have half
the susceptance of the central slement,

2
L = 10 logw {1 + [g (b sin § — 4 cos 8)(b sin § — 2 cos 6)] }; (55)

and for four identical elements equally spaced,

L = 10 logg

b 2 b 2 2
{1 + 4b? (cose - §sin 0) [2 (005 6 — 3 sin 0) — 1] } (56)

In these expressions § = 2x(l/A,) where [ is the distance between the
elements and X, is the guide wavelength., The guide wavelength is in
turn a function of free-space wavelength and also of the dimensions of
the waveguide. It is given by the relation

)“,:_._,l‘,__,ﬁ,

-G

where A, is the cutoff wavelength of the guide. The experimental results,
which hold well over the +6 per cent frequency range important in
TR-tube studies, will be used for el bl

the susceptance. The experiments m X
show that b is proportional to the

difference in wavelength from the g I={(})
{=

resonant wavelength. )‘o%
Since some TR tubes are built

with elements which have a loaded 08

10

Q.. of approximately four, several ":’

theoretical curves are presented for g 06

Q.. = 4.0. Figure 3-20 shows two §

theoretical bandpass curves for § 04
£

three identical elements spaced one-
quarter guide wavelength apart for
a free-space wavelength of 3.33 cm.

Curve B represents the result when 38 31 32 N i:'gm 34 35 36
the quarter-wavelength spacing is Fra. 3-20.—Comparison of two theories
assumed to be independent of fre- for three identical elements for which
quency. Curve 4 is a plot of Eg. Az ~ 4.0.

(54) which takes into account the frequency dependence of the spacing
between elements. The theory that assumes constant spacing predicts a
broader transmission band and a higher loss in the pass band. The same
general result may be observed in a comparison of the two theories applied

0.2
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to a three-element circuit in which Q.. of the end elements is half the
value for the central element. This comparison is shown in Fig. 3-21.
Note that the loss characteristic is very flat throughout the pass band.
Since 6 depends on the guide wavelength, it can be expected that the
percentage bandwidth will change if the center of the band is shifted
and Q. of the elements kept the same. Waveguide of one size is used
for three bands of particular interest centered about wavelengths of
8.475, 9.245, and 10.715 ecm. In Fig. 3-22 the loss curves for three
identical elements, Q.. = 4.0, with quarter-wavelength (center of the
band) spacings, are plotted as a function of A/, to make the comparison

[4 I
A I=£N) b L i

74
4 X
10+ A 8475cm
B 9.245 I=f(N)
05 db C 10715 .
o .
= 0.8 4 al B D A
£ 06 04
(%] .|
2 03
£ 04 t
= u .2
@ 0.
£
02 0.1
1 ! ' . 0.920.94 096 0.98 1.00 1.02 1.04 1.06 1.08
30 31 32 33 34 35 36 b%
Nincm Ao
F1G. 3:21.—Comparison of two theories for Fic. 3:22.—Effect of center band wave-
three elements for which the middle element length on insertion loss characteristic.
has Qr. = 4.0.

obvious. If the interval between the zeros of loss is used as a criterion
of bandwidth, the percentage bandwidths are 10.0, 9.75, and 8.85 per
cent respectively. The band becomes narrower and the loss in the pass
band becomes less as the center wavelength approaches the cutoff wave-
length for the guide. Curve D of Fig. 3-22 shows the pass band when
the frequency sensitivity of the line lengths is neglected.

All the calculations presented in this chapter have been based on the
assumption that the individual resonant circuit is lumped at a point
along the transmission line. It is also assumed that the coupling between
the resonant elements is negligible. At short wavelengths this assump-
tion may not be valid. The comparison of theory with experimental
data is made in Sec. 3-7.
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EXPERIMENTAL RESULTS

3-7. Multiple-element Circuits..—Considerable data have been taken
on loss or, more usually, voltage standing-wave ratio, as a function of
wavelength for circuits with sev-
eral elements. Qualitatively, the
agreement between experiment
and theory is good. No precision \
measurements have been taken 6.2 ?
because experimental research was g P .,/
concentrated upon the more for- X

. . 31 3.2 33 34 35 36
midable gas-discharge problem.  inem

One set of data is available Fic. 3-23.—Experimental results on
for which the theoretical calcu- three-element bandpass. Qp» of each ele-
lations have been presented. In ment = 4.0,
the 3-em region three identical elementsm with equal spacings of a
quarter guide wavelength, have Q. = 4.0. In Fig. 3:23 the loss in
decibels is plotted as a function of wavelength to permit comparison
with the theoretical curves of Fig. 3-20. One side of the band is not

04 1
|

Loss in db

42+

38+

18+

14+

10 L \ . .
30 3. 32 33 34 35 38
Nincm
F16. 3-24 —Experimental bandpass characteristic for one, two, and three elements. All
elements essentially identical.

well defined because of lack of data; nevertheless it is fairly clear that
the experimental result lies between the two theories. It would be
expected that the experimental data would agree more closely with that
theory which includes the effect of frequency dependence of line length.
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The failure of the data to agree with this theory may be attributed either
to coupling between the elements or to lack "of precision in the measure-
ments. It would be interesting to make more precise measurements in
order to make a more reliable comparison with theory.

Another set of data® at 3-cm wavelength is shown in Fig. 3:24. The
bandpass characteristics for one, two, and three elements were measured
in terms of the voltage standing-wave ratios. These elements have a

loaded @, of 4.8 which is higher

100 than the value for which theoretical

[V calculations were made. Neverthe-

90 less, the three curves show clearly

\ that the transmission bandwidth

80 increases as the number of elements

increases. For the three-element

70 characteristic, three minima occur

§ 60 % which correspond to the three zeros

£ I of loss in the theory of the three-

2 50 element circuit. Thethree-element

= J characteristic is not symmetrical

8 40 because the elements are not all

5 / \ tuned accurately to the same fre-

30 quency. For proper gas-discharge

/ \ characteristics, the gap in the ele-

2 / ment has to be made small. A

10 small gap implies that the ratio of

/ the resonant-frequency shift to

0 / L change in gap spacing is large; con-
10.10 10.30 10.50 10.70

Wavelength in ¢m sequently, accuracy of tuning of

F1a. 3-25.—Three-element bandpass char- the individual elements is one of

acteristic for elements with Qr: = 29. the difficult problems in the manu-
facture of the bandpass TR tube.

Another example of a three-element bandpass characteristic is shown
in Fig. 3:25 for the 10-cm band and for elements with Q.. = 29. For
such large values of Q.., the bandpass width agrees closely with that pre-
dicted by the simple theory. Actually there is little departure from the
simple theory for Q.. above ten.

Figure 3-26 shows the effect of tuning each element of a two-element
circuit to slightly different frequencies.* Curve A represents both
elements tuned to A¢ = 9.692 cm. For curve B one of the elements has
been tuned to a different resonant wavelength, X = 9.592 ¢cm. When
the two elements are tuned to the same frequency, the bandpass char-
acteristic is centered about the resonant frequency; when they are tuned
to different frequencies, the band center is at the mean of the frequencies.
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For elements tuned to different frequencies, any gain in bandwidth is
achieved at the expense of low loss within the band.

1.0
08
06
I
04}
62}
1]
94 96 9.8
Ainem
Fia. 3-26.—Effect of stagger-tuning two elerpents.
(o) ®
L by A A
A L=l=heg/4 A Li=l=No g/
plhitl=Rog/2 C 1,==157 Nog/4
L1=072 1,
0.8
A A
0.6
irl
04
¢ c
0.2
0 c
9.4 9.6 9.8 100 102 9,2 94 96 98 100 102

Ainem
Fia. 3-27 —FElement spacing altered from Aog/4.

¥rom Fig. 3-15 it has been seen that, in order to achieve maximum
bandwidth for a circuit with four equal elements, it is best to space the
elements about a quarter guide wavelength apart. This is also true for a
three-element circuit. However, it is interesting to see the effect on

n
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the bandpass characteristic as the spacing between elements is permitted
to depart from a guarter guide wavelength, This effect is, in general, a
destruction of the symmetry of the bandpass characteristic as shown by
the curves? in Fig. 3-27. The elements in these circuits were tuned
individually in a piece of waveguide and then removed to be incorporated
in the multiple-element circuit. Another example® of the effect of alter-
ing the electrical spacing from a quarter wavelength is shown in Fig. 3-28.
In both examples in Fig. 3-28 the elements of the circuit were tuned by
the maximum-transmission method. Curve A was obtained when the
tube was tuned to a center wavelength of 8.4 em, for Curve B the tube
was tuned at 8.54 em. Figures 3-27, and 3-28 indicate that the band-
width is increased by spacing the elements more than a quarter wave-
length apart. For the increased spacing there is greater loss in the

2
50 ] r*? = 24
4 [1=IZ=>‘09/4 ﬂm
40 B Li=l=129 Moy/4 N =
No=8.4 A
. A Qo e 5'3‘“ {=l,=129 %
= 1227V 4
Z 30 30 7‘°=8.2 cm
Q=55
20 £ 20
2
10 1.0 L
78 80 82 84 86 88 . 80 82 84 86 88

Ainem A inem
Fra. 3-28.—~Element spacing altered Fia. 3:29.—Phase-shift method of tuning
from Ag/4 tuned by maximum transmis-
sion method.

transmission band. By a different tuning procedure, the phase-shift
method, the bandpass characteristic can be made flat, Fig. 3-29. This is
accomplished, perhaps, by compensating for the departure from quarter-
wavelength spacing by a slight stagger-tuning. It should be observed
that when the elements are tuned to give the flat bandpass characteristic,
the bandwidth has been reduced. It seems likely that little can be
gained by a combination of stagger-tuning and spacing of the elements;
elements with quarter-wavelength spacing and identical tuning seem to
yield the optimum bandwidth for elements all of which have the same
Qra.

The four-element bandpass characteristic shown in Fig. 3-30 is
interesting in that it confirms the theoretical result for a multiple-element
circuit with the @, of the end elements lower than that of the central
elements. The central elements had a Q1 0f 4.5. Both the experimental
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curve and curve D of Fig. 3-11 show a monotonic increase of loss with
wavelength off the band center. The immediate supposition is that, if
the Q.. of the element is increased gradually, keeping the network
symmetrical, & family of band-
pass characteristics is obtained as
curve D of Fig. 3-11 goes over into
curve F. By accepting a some- 30
what increased loss within the pass
band, it may be possible to extend

the usual four-element band in 26
this fashion.
The theoretical calculations 22
with which the experimental data r
have been compared all neglected 1.8
the resistive losses in the resonant
elements, If these losses were 14
taken into account, the effect
would be to increase the insertion 10
loss slightly over the pass band. 31 32 33 34 35
This is illustrated in Fig. 10-88 in Aincem

Vol. 9 of this series.? The band- ¥1e 3-30'—1?0“:21;:;;32 bandpass  char-
width over which the loss is less ’

than a given small amount is reduced somewhat. The effects are, on the
whole, rather small, and their neglect is justified for most cases.

3-8. Bandpass-TR-tube Design.—Throughout the preceding sections
attention has been devoted solely to the consideration of multiple-
resonant elements in waveguide and their effect on the transmission
band. Now it is appropriate to mention briefly several additional
factors which influence the design of a bandpass TR tube.

The most important factor is the fact that the TR tube must have
such gas-discharge characteristics that the radar receiver is short-
circuited promptly when the magnetron starts generating r-f power. In
other words, the gas discharge in the gaps of the resonant elements must
be formed so quickly that insufficient r-f power is transmitted to the
receiver to burn out the mixer crystal. Crystal protection is the prime
requisite of the TR tube. It will be seen in Chap. 5 that the gas dis-
charge is initiated more quickly for a small gap spacing than for a large
one, which implies that the resonant element has a high Q... The gas-
discharge phenomena dictate an upper limit to gap spacing and to a
certain extent, a lower limit to Qr.:.

Since crystal protection demands a high Q.., and since an increase in
bandwidth may be achieved only by reducing @:,, a compromise must be
reached. To ensure that such a compromise approach an optimum,
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considerable data have been accumulated on @2, and on gap spacing of
the resonant element as a function of its shape and size.

To build a tube which retains the appropriate gas at low pressureand
which permits the transmission of r-f energy, a window is needed at each
end of the tube. It is well to keep in mind the schematic diagram of
the internal structure of the 3-cm band and the 10-cmm band TR tubes
which is shown in Figs. 3-2 and 3-1. The windows are made by sealing
glass to a metal frame. If the proper dimensions are chosen, these
windows can be made to resonate at a prescribed frequency.

Absorption loss has been neglected in the theory, and in the experi-
mental results so far presented it has been negligible. In a TR tube
which requires glass windows, however, the absorption loss may become
quite important. In Sec. 3-10 it will be noted that the absorption loss
and Q:» (Q.. of the window is considerably less than that of the resonant
gaps) increase as the window is made narrower. Here arises another
compromise with gas-discharge phenomena. Heating of the window and
attenuation of the transmitted radar signal, due to the gas discharge,
decreases as the window is made narrower.

In the next two sections detailed information will be presented on
both the resonant gap and the resonant window. Such information
must be obtained before it can be hoped to design a TR tube which
approaches optimum bandwidth. After the data on the resonant gap
and the resonant window have been investigated it will be possible to
decide just how the results for experimental multiple elements can be
applied in the design of a bandpass TR tube.

3.9. Resonant-gap Data.—As a result of a gradual metamorphosis,
the resonant gap used!’!? in the present designs of bandpass TR tubes has
changed in shape from the rectangular resonant slot of Fig. 3-3a to the
tunable-post forms of the resonant gap shown in Fig. 3-3f, ¢, A. To
ensure rapid formation of a discharge in the gap, the gap spacing must
be small. If the distance across the rectangular resonant slot in the
direction of the electric field is made small, it is obvious that the capaci-
tance will be large, which implies that Q. will be large. To retain a
small gap spacing and at the same time reduce Q:,, only a small section
of the rectangular slot may be left small (preferably a central section
where the electric field is highest) and the remainder of the slot broad-
ened out, as in the dumbbell slot of Fig. 3:3d. Dimensions other than
the gap spacing of the central section are used to adjust the inductance
in the circuit to ensure that the element resonates at the proper frequency.

Historjcally, the next step was to make the central section of the
dumbbell slot pointed as in Fig. 3-3e. For practical application to the
TR tube, the gap spacing must be less than 0.010 in. This imposes such
stringent tolerances on the gap spacing that the resonant structure can-
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not be fabricated and tuned outside of the tube and then inserted inthe
tube with the expectation that it will remain tuned. This situation can
be alleviated most conveniently

by using a post fitted with a - v >
screw mechanism. Figure 3-3f, g, "’ d e
k shows structures used at pres- 77,
ent in TR tubes and in Fig. 3-37 is K] g
a resonant element of the type [/ 9 {
used in r-f filters.

In the 3-cm region the first [/ (\)\ t
detailed data were accumulated o [//, Il —
for a structure of the type shown 7 2
in Fig. 3-31. In Fig. 3-32 are pre- 4
sented datal! on gap spacing and Fie. 3-31.—Single resonant element with
Q.. as a function of diaphragm posts.

opening with the post diameter and the angle of the conical point as
parameters. In general, as the opening of the diaphragm w increases,
the gap spacing g inecreases to
maintain the circuit resonant at
the same frequency. This means
that with a decrease in capacitance
in the gap, there is a correspond-
ing increase in the opening of the

4] "
6% 350 400 _w 450 diaphragm which represents an
=60 inerease in inductance. Thisisin
e AQ° . . . . .
60 oégg 9=120° the right direction for gualitative
g a go .
wl o120 w0 agreement with the theory of the
o ]
- d r—
[
450 ! !
x
g
A
Ml

300 350 200w 450 /‘0"’:\

Fic. 3-32.—Gap-spacing and @r: data on  F1a. 3-33.—S8ingle resonant element with
the tunable-post gap of Fig. 3-31. All truncated cones.
dimensions are in mils.

inductive diaphragm. As has been mentioned earlier in the text, in the
present state of development of the theory, the shape of the resonant gap
of Fig. 3-31 presents too difficult a problem for theoretical analysis. It
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is also interesting to note that Q., decreases as the capacitance of the gap
decreases which agrees qualitatively with Eq. (4). Since the variation
of Qr» with the angle of the conical point is less than the experimental
error of measurement, such a set of curves does not appear in the figure.

Additional data'? on the 3-cm band were obtained for a resonant gap
of the truncated-cone type which is shown in Fig. 3-33. For this gap,
Q:: and the gap spacing are tabulated as a function of diaphragm open-
ing, of cone angle, and of diameter of the apex of the truncated cone in
Table 3-2. From Table 3-2 it is of interest to note that Qs is & minimum
for an angle of about 35° and changes very slowly with 8 on either side
of 35°. The gap spacing seems to be relatively independent of angle
over the range of angles presented in Table 3-2. Data on Q:, and gap

TABLE 3-2.—TRUNCATED-cONE GaP RESONANT!? AT A = 3.33 cM
a. Dependence of Q1. on diaphragm opening w, cone angle 8, and cone diameter d.

Cone angle 8
d w
mils | mils 15° 30° 35° 40° 45° 50° 60°
15 258 6.6 4.9 4.4 4.5 4.4 4.1 5.0
284 6.3 3.8 3.8 3.9 3.6 4.3
320 1.6 3.2 3.1 2.8 3.3
343 3.6 2.9 2.7 2.7 2.6 2.5 2.8
398 2.8 2.1 2.0 1.9 1.9 2.2
146 2.1 1. 1.4 1.5
151 1.8 1.7 1.5 2.1
467 2.1 1.5 1.3 1.7
502 1.3 1.2 1.2 1.6
30 258 6.6 4.6 4.3 4.4 4.0 4.8
284 6.3 4.1 1.0 3.7 3.6 3.7 4.2
320 4.3 2.9 3.9 2.8 2.7 3.0
343 3.8 2.9 2.1 2.6 2.6
398 2.9 2.2 2.1 2.1 2.0 2.1
446 2.0 1.6 1.5 1.6
1451 1.6 1.5 1.9
167 2.0 1.6 1.5 1.4 1.4 1.4
502 1.7 1.2 1.1 1.5
45 258 6.1 4.5 4.1 4.2 4.0 3.9 4.7
284 5.3 3.7 3.5 4.7
320 1.5 3.2 3.1 3.0 2.8 2.8 3.1
343 3.5 2.8 2.4 2.5 2.5 2.2 2.5
398 2.6 2.2 1.9 1.9 1.8
146 2.3 1.6 1.5 1.5 1.4 1.4 1.5
451 2.0 1.5 1.6
167 1.3 1.8
502 1.5 1.2 1.4 1.2
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TaBLE 3 2.—TRUNCATED-CONE GAP RESONANTIZ AT A = 3.33 cM.—(Continued)
8. Dependence of gap spacing g on diaphragm opening w, cone angle 6, and cone
diameter d.

B i i N e b

Cone angle 6
d w
mils | mils 15° 30° 35° 40° 45° 50° 60°
15 258 1.8 3.0 10 1.0 1.5 1.2
284 2.4 2.5 3.0 3.0 3.0
320 5.0 7.5 7.0 6
343 6.4 9.0 8.0 7.0 | 10 9
398 | 14 17.0 | 20 23 23
446 | 26 26.5 | 36 40
451 | 25 37 43
467 | 31 31 39.0 51
502 55 64 74
30 258 9 9.2 9 8.5 6
284 | 13 13 12 13 12 12
320 | 18 19 19 18 19
343 | 22 22 24 23 25
398 | 36 39 41 40 41
446 | 56 61 61
451 65 63
467 | 65 70 69 67 79 76
502 | 84
me
45 258 | 20 20 19 15 17 15 W
284 27 24 20 D) .
320 | 34 34 34 33 33 31 33
343 | 48 41 38 40 40 36 £Y
398 | 62 63 60 60 66 e
46 | 84 85 87 86 92 84 il
451 | 84 86
467 61»,5;;5 3
502 | G o

spacing have been extracted from the tables for a cone angle of 35° and
plotted in Fig. 3-34. Since Q. is independent of the diameter of the
apex of the truncated cone, only one curve relating Q.. to w appears.
Such a wide range of data results from the fact that the experiments were
exploratory. Before the data were obtained, the appropriate dimensions
for resonance had to be ascertained by trial and error. For application
to the bandpass TR tube, the curves may be demonstrated for a specific
case. Suppose mechanical considerations demanded that d be no less
than 0.030 in., and the gas-discharge considerations demanded that g be
no greater than 0.010 in. Then for the gap to resonate at 3-33 cm, w
must be 0.266 in., and @, will be 4.1.

TS TRN ae
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All values of Q. at 3.33 cm were obtained by evaluating d{I'{/d\
near resonance from a plot of data on |T'| as a function of A using Eq. (9-11)
of Chap. 9. The conductance G of the resonant gap was so small that
this method gave reliable results. The values of [T'| were obtained from
standing-wave measurements using a calibrated crystal detector. Meas-
urements of length were made on a traveling microscope to an accuracy
of 0.0001 in. From the scattering of the experimental points, it can be
seen that the data on Q.. are consistent to within 10 per cent in the
case of Fig. 3-32 and 3 per cent in the case of Fig. 3-34.

Direct coupling is another quantity whose importance becomes evi-
dent during the study of the gas-discharge problem. By direct coupling
is meant the insertion loss of the element when it is highly detuned, that

40

T v
Y =.015" ©=45°
95? 0=45
o O\ d,5.045
5 —T———T1—7 —— 50 © 30
“, % D[ S N
4 2 40 £ =0 ~
VRN NS
Q 3 7 7 30 ] d=.015
L2 s} g -
P I~ / ] K‘
27T 20 5 10
e 8=15°
1 10 £
0 ka—P™] 0 ol |
240 280 320 360 400 440 480 520 200 300 400 500
w w
Fie. 3-34.—Gap-spacing and @r: data F1G. 3:35.—Direct coupling of
on the truncated cone gap of Fig. 3-33 truncated cone gap for A =
for A= 3.33 cm, 8 = 35°. 3.33 em,

is, when the gap is short-circuited by the discharge. From Fig. 3-35
it can be seen that for practical dimensions of the resonant gap, the
direct coupling?! may range from 25 to 35 db.

Not so broad a pass band is required for the 10-cm tubes as for the
3-cm tubes. This circumstance makes the compromise between linear
and nonlinear operation of the tube so easy that manufacture of 10-cm
tubes was commenced on the basis of very few measurements on the
linear characteristics of the resonant gap. However, further measure-

_ments have since been made with the intention of improving the produc-

“tion design. Table 3-3 presents data on gap spacing, Q. and direct
coupling as functions of diaphragm opening, cone angle, and diameter
of the apex of the truncated cone. Reference should be made to Fig. 3-33
for the meaning of the symbols. The results obtained at 10 cm are
similar to the results obtained in the 3-cm band.

To scale by wavelength the dimensions of a gap, resonant at one
frequency, to the appropriate dimensions for a gap resonant at another
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TaABLE 3:3.—TRUNCATED-CONE GaAP RESONANT AT A = 104 cM

RESONANT-GAP DATA

101

Dependence of gap spacing, Q1. and direct coupling on cone angle, cone diameter,

and diaphragm opening.!?

All dimensions expressed in thousandths of an inch.

Gap spacing Qr»
Cone angle 6 Cone angle ¢
d w »
25° 35° 45° 55° 25° 35° 45° 55°
0 795 0 4.3
1010 0 0 28 3.5 2.96 2.8
1200 2 12 38 157 2.4 2.4 2.04 1.90
1400 70 155 233 364 1.75 1.65 1.39 1.40
20 795 1 3 7 4.2 4.6 4.2
1010 15 22 36 3.3 2.9 2.8
1200 60 128 183 2.2 2.3 2.0
29 795 8 5 9 5.0 4.6 4.3
1010 27 38 65 3.2 2.9 2.7
1200 94 2.2
44 795 24 22 29 4.8 4. 4.0
1010 58 80 113 3.1 3.1 2.9
Direct coupling
Cone angle 6
d w
25° 35° 45° 55°
0 795 28.5
1010 19.0 23.9 24.1
1200 9.2 15 .4 18.6 21.2
1400 12.8 8.3 15.2 17.9
20 795 26.5 28.3 28
1010 22 21 25
1200 19 20 21.4
29 795 27.7 27.2 30.0
1010 22.6 23.6 25.1
1200 18.8
44 795 26.5 28.6 29.8
1010 23.5 23.9 245

E G. & G. LIBRARY
LAS VEGAS BRANCH
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frequency can be done only very roughly. Even though the scaling is
rough, it serves as a guide to give the range of dimensions to be investi-
gated. It is possible to check the results of such scalings by using
Tables 3-2 and 3-3.

8.10. Resonant-window Data.—Before the resonant glass window is
considered, it is appropriate to turn attention to the rectangular resonant
glot. The resonant window has the same shape as the rectangular slot
except for the corners or ends which are rounded in order to avoid local
stresses in the glass. For the rectangular resonant slot there is good
experimental confirmation of theory.

This theory!* proposes that the characteristic impedance of rec-
tangular guide is

'\ b
Z0 = JE_ -‘—.___—2) (57)
€ \/1 _(x
¢ (Za)
where u is the permeability, e the dielectric constant, and @ and b are
the wide and narrow dimensions of

the guide. It can be seen that as 49
either a or b is changed the other may A =/9.80 cm ¥l
be altered to retain the same value 30 v

/

A A S S A S A S S S A 4 520 /)
INRARRNANAN Fo &% /
RN () o
hd <
Y <
AANY e 10
Vi 7 I 7 L
L—)\/Z—-w 0 j
e 4 —— 40 50 60 70 80
[—7.2]1 cm —— aincm
F16. 3-36.—Junction of two guides; Fra. 3:37.—Rectangular slot in
or a diaphragm with a rectangular slot diaphragm. Comparison of theory and
in waveguide. experiment.

of Z,. It 1isinteresting to assume that two guides of different dimensions
but the same characteristic impedance should yield no reflection at their
junction. Equation (57) may be rewritten in the form

ezalo- ()]

Equation (58) represents a family of guides all of which have the same
characteristic impedance, and all of whose corners lie on a hyperbola as
shown in Fig. 3-36. The minimum width of the guide is just equal to
half the free-space wavelength; 2a = A.

The diagram of Fig. 3-36 may represent not only the junction of two
waveguides, but it may also represent a waveguide with a rectangular
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aperture in a transverse diaphragm. Such a diaphragm may be regarded
as a short length of guide joining the two guides on either side of the
diaphragm. Normally the two guides that are connected will be of
the same size, and for this case Fig. 3-37 presents a comparison of experi-
mental data® with the constant-impedance theory. It may be observed
that the agreement is good for large apertures, but for small apertures
the length of the slot ¢ must be about 1.5 per cent less than the length
predicted by the theory.

100 T

T I T
Standard 1%" x 3" guide|

ST
) \\\\»

Q
2 lg 0.50" N\

6 N AN

A

4\< \

e TN

2 AN

N\L

1 —-
10 20 40 60 80100 200 400 600 800x10~3in.
b

F1g. 3-38.—QL: of rectangular slot for three diaphragm thicknesses.

1.00"

it

As the frequency of the electromagnetic wave is changed, the char-
acteristic impedance of the short length of guide in the diaphragm
aperture will change at a different rate from that of the connected guides.
This means that on either side of a given frequency, a reflection will
occur at the diaphragm. The frequency dependence of the reflection is
important for practical applications. This has been measured for three
thicknesses of diaphragm and has been expressed as @:, by evaluating
d|T|/d\ near the resonant wavelength, that is, the wavelength of mini-
mum reflection. In Fig. 3-38 extensive data® on a thin diaphragm,
0.063 in. thick, show that a log-log plot of Q.. as a function of b yields a
straight line. Straight lines were therefore drawn through the very
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sparse data on half-inch- and one-inch-thick diaphragms. Even though
these data may not be so reliable, they are important in that they indi-
cate a trend toward higher Q.. as

—

the joining section of guide is made
longer.

The general structure of the
resonant window, a slotted metal
frame filled with glass, is clearly
shown in Fig. 3-39. It is difficult
to obtain adequate data on window
dimensions since to do so requires

Y §‘I—?—

o

(@) .
the preparation of glass-to-metal
0.60
0.56 ,/
0.52
0.48
29 3.1 33 35 3.7
® Agincm
Fig. 3-39.—(a) Window dimensions for  Yia. 3-40.—Resonant wavelengths for the
the 3-cm band; (b) window dimensions for 3-cm band window of Fig. 3-39a.

the 10-cm band.

seals and careful grinding to the desired thickness. However, for a given
window height 2 at 3 em and at 10 cm, the

21 length of the window as a function of resonant
wavelength is presented!® in Figs. 3-40 and 3-41.
1 / From Egq. (57) it may be observed that if the
g 2 / height of the slot remains constant, to maintain
E / constant impedance
o
N7 4a? — A? = constant, (59)
which gives for the rate of change of a with
respect to A
15
8 10 12 da _ A (60)

Aoincm v 4a
Fro. 3-41.—Resonant 5 ,5)0ation of this equation to the 10-cm window

wavelengths in the 10-cm :
region for the window of which most closely resembles the rectangular slot

Fig. 3-39b. yields

= 0.55, (61)
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for A = 10.0cm and L = 1.8 in. Data taken from the curve of Fig. 3-41
give a slope equal to 0.37 which is considerably below the 0.55 obtained
from the theory. The effect of the dielectric is immediately questioned.
However, Eq. (57) seems to imply that given a length of slot, no matter
what the dielectric and its resonant wavelength, the rate of change of
length with respect to resonant wavelength should be independent of the
dielectric.

Additional data!* on windows for the 3-cm band are tabulated in
Table 3-4. The variables are window height, thickness of glass, and

TaBLE 3-4.—DaAtA oN Winpows RESONANT AT A = 3.33 cM

Ahres One-way
with respect to power loss
k, g ¢ w, dh, dt, dw,

mils mi,ls mils miis glass ¢ cm/mil [em/mil| em /mil % db
250312 |33.5] 560 | 705{ 1.3 ]0.0037 | 0.039 | 0.0062 | 3.0} 0.13
2501312 [33.5] 580 ( 707 | 1.2 |0.0030 | 0.043 | 0.0080 ) 2.1 | 0.09
125 [ 187 (33.5 1 487 705 | 2.1 |0.0062 | 0.055|0.0120| 8.3 | 0.37
125 ) 187 | 33.5] 512 707{ 2.8 | 0.0047 1 0.042 | 0.0067 | 5.0 | 0.22
125 | 187 123.0| 551 | 707 2.110.0075]0.065|0.0083 | 4.3 | 0.20
62.5{ 93.2 | 33.2 | 459 705 | 4.3} 0.0020 | 0.130 | 0.0050 | 17.0 | 0.81
62.5 93.8 | 33.1 | 467 707 | 6.5 | 0.0063 | 0.037 | 0.0074 | 13.0 | 0.61
62.5 93.8 | 24.2 | 487 | 707 | 4.4 | 0.0070 { 0,051 | 0.0070 | 8.5 0.39

kind of glass for which the appropriate window length is presented, for
resonance at Ao = 3.33 cm. Note that for £ = 0.0335 in. and 705 glass,
both Q.. and the insertion loss increase as the window height is decreased.
The value of Q.. increases and the insertion loss decreases as the glass is
changed from 705 to 707, which has a lower value of both real and
imaginary parts of the dielectric constant. Furthermore, as the glass
is made thinner both @., and insertion loss decrease. The values of the
dielectric constant for these two glasses are given in Table 2-5, Sec. 2.8.

It will be recalled that the narrow-band TR tubes have an insertion
loss in the range from 1.0 to 1.5 db at midband. The bandpass tubes
are intended to extend the band without appreciably increasing the
insertion loss and, of course, it is desirable to decrease the loss. It is
apparent then that with two windows in the bandpass TR tube, they
should have a height greater than a sixteenth of an inch to avoid too
large an insertion loss.

The three columns of data in Table 3-4 on rate of change of resonant
wavelength with respect to window height, length, and thickness are
useful in pointing out the mechanical tolerances imposed on the window.
It is not yet known how closely the individual elements of a multiple-
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element circuit must be tuned to the same frequency in order to attain
the optimum bandpass. It will be recalled from Fig. 3-26 that stagger-
tuning two elements by about 1 per cent resulted in a very poor bandpass
characteristic. These elements had values of Q.. low enough to obtain
nearly 10 per cent bandwidth when tuned to the same frequency. If it
is arbitrarily required that the individual elements must be tuned within
0.5 per cent of the center frequency of the band, the tolerances on the
dimensions may be evaluated. For the use of the window in the fifth
line from the top of Table 3-4 for which @1, is 2.1, a 0.5 per cent change
in resonant frequency corresponds to a wavelength deviation of 0.017
c¢m and consequently to

AR
At

+0.0027  in,,
+£0.00026  in.,

or
Aw = +0.0021 in.

Equation (2-13) gives a value of susceptance tolerance of the window
equal to +0.042, from which the voltage standing-wave ratio is found
to be 1.05. In order to adhere to the 0.5 per cent tolerance on resonant
frequency 8 VSWR of 1.05 at the center-band frequency must not be
exceeded.

3-11. Present Band Coverage.—The microwave spectrum has been
divided into bands according to the nominal range of frequencies of radar
transmitters. The band designations and frequency or wavelength
band limits are given in Table 3-5. In order to design a TR tube for a

TasLE 3-5.—NoMINAL TRANSMITTER-FREQUENCY BaNDs

Percentage
Band n - .
desigarllation Wave(f:ngtte}: cm Band limits bz?ndwxdth of
! major bands, %

K 1.25

Xs 3.23 3.13-3.33 cm} 12

XL 3.43 3.33-3.53 cm

Sw: 8.285 3550-3700 Mc/sec} 8. 45
Sw. 8.640 3400-3550 Mec/sec :

Sa: 9.020 3250-3400 Mc/sec} 9.93
Saz 9.455 31003250 Mc /sec :

Ss1 9.840 3000-3100 Mc/sec} 6.67
Sa: 10.170 2900-3000 Mc /sec :

Sa1 10.515 2800-2900 Mc/sec} 714
Sa: 10.900 2700-2800 Mc/sec :

given band, it is more important to know the percentage bandwidth
than to know the absolute bandwidth. The percentage bandwidth is
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the ratio of the bandwidth in frequency to center frequency multiplied
by 100. It is the percentage of frequency deviation from the resonant
frequency which determines the susceptance of a resonant element and
the deviation from one-quarter guide wavelength of the separations of the
elements. The percentage bandwidths have been given for the major
bands rather than for each subband since it has been found possible to
design TR tubes that successfully cover the major bands.

No attempt has been made to build a bandpass TR tube of the
multiple-element type for the 1-em band. The scheme outlined in this
chapter, however, is quite applicable and it would be interesting to build
a I-em tube for comparison with data on 3-cm and 10-cin tubes, espeecially

Vi i e it . i .
Fia. 3:42.—Photograph of 9.2-cm-band bandpass TR tube showing internal structure.

with regard to gas-discharge phenomena. The window would be more
difficult to build but the gap should present no unusual problems. A
somewhat different approach to a broadband 1-em duplexer is described
in Chap. 8.

It is difficult to arrive at the present design of the bandpass TR tubes
from a logical consideration of the data and discussions of this chapter
and of Chap. 6. The tubes were developed hurriedly and grew into
their present forms as a result of a series of small changes and necessary
compromises. Bandpass TR tubes have been designed for the 3-cm band
and for several subdivisions of the 10-cm band. The manufacture of the
10-cm tubes was commenced before the design of the 3-cm tube was
worked out. The three 10-cm tubes are consequently quite similar in
design and also somewhat different from the 3-em tube.
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The 10-cm Tubes.—All the 10-cm tubes have the structure exemplified
by the 9.2-cm bandpass TR tube shown in Fig. 3:42. The internal struc-
ture of the tube is shown with the gaps and windows held together by the
same rectangular rods that fit into the corners of the tube body and serve
as spacers for the gaps. Three gaps with @2 equal to about six were
used in these tubes and the windows were designed with a very low @Q..,
about one. It was intended that the gaps with much higher Q.. than
the windows should govern the bandpass characteristic almost completely.
In fact it is true that the bandpass characteristic of the three gaps is the
same whether the windows are soldered in place or not.

TaeLE 3-6.—Gap DiMENsIONs, WINDOW DIMENSIONS, AND ELEMENT SPACINGS FOR
THrREE TuBEs FOR THE 10-cM Banp

Dimensions Center wavelength
RMA number
Part and figure ;2::_ 8.463 cm 9.238 cm 10.708 cm
reference . 1B55 PS38* 1B58
sions
Gap dimensions, refer to| a 0.125 in. 0.125 in. 0.125 in.
Fig. 3-44 d 0.313 0.313 0.375
[ 0.182 0.182 0.130
h 1.000 1.000 1.080
r 0.171 0.187 0.250
g No. 10-32 No. 10-32 No. 8-32
w 0.812 0.875 1.125
[ 60° 60° 60°
g ~0.008 =(.008 =~0.008
Qr: 5.5 7.0 5.5
Window dimensions. refer | [ 1.560 £ .004| 1.665 = .004f 1.905 = .004
to Fig. 3-39 h 0.875 0.875 0.875
¢ 0.060 0.060 0.060
Qz» 0.8 0.8 0.8
glass 707 705 705
Element spacings, refer to| a 1.02 1.15 1.70
Fig. 345 d 1.34 1.15 1.63
L 4.73 4.61 6.66
No/4 1.03 1.17 1.57

* Sperry Gyroscope Co. number.

The bandpass characteristic for each of the 10-cm tubes is shown in
Fig. 3-43. These curves are quite similar to both the theoretical and
experimental curves shown earlier in this chapter. It can be seen that
the voltage standing-wave ratio for each of the tubes is less than 1.5
over the entire bandwidth to be covered. The 9.2-em tube is not
centered properly but this situation will probably be rectified by the
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time this book is published. It should be noted that r equal to 1.5 cor-
responds to a loss in power of only 4 per cent or 0.2 db.

In Table 3-6 are given all the essential dimensions for three tubes
for the 10-cm band. The gap dimensions may be interpreted by reference
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Fi1c. 3-43.—Bandpass characteristics for the 10-cm tubes.

to Fig. 3-44. These dimensions were the result of a relatively few
experimental attempts to obtain a resonant gap with the appropriate
gap spacing, @, and resonant frequency. There was no mapping of
gap spacing or of Qu, as functions of various dimensions for a given
resonant frequency. The general
trends shown in Figs. 3-32 and
3-34 and Table 3-3 are pertinent.
Table 3-6 and Fig. 3-39 provide
the window dimensions for reso-
nance at the center wavelength of
each of the bands. These data 1330"
may be compared with the curve
of window length as a function of |
resonant wavelength in Fig. 3-41.
The element spacings as given
in Table 3-6 with reference to Fig.
345 are all a quarter of a guide
wavelength, A,/4, with the excep- Fio. 344 —Gap dimensions of 10-em TR
tion of those for the 8.5-em tube. tubes,
When the 8.5-cm tube was designed it was thought that increasing the
spacing between elements would increase the bandwidth. When the
elements are tuned to avoid any large bumps within the band, the band-
width is quite comparable to the bandwidth with quarter-wavelength
spacings. It is evident from this fact that the separation between

J1 N
S
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elements is not at all critical. This point was discussed earlier in
the chapter and data on the 8.5-cm band were presented in Figs. 3-28
and 3-29.

Only the reflected loss is included in the bandpass characteristic.
The absorption loss at midband is of the order of 0.5 to 0.8 db; of this

Window Window
Gaps

1111111:1111111:11111 111111111/1

R

Fia. 3-45.—8pacing of elements of 10-em TR tubes to accompany Table 3-6.

amount 0.05 to 0.1 db is caused by dielectric loss in each window, and the
rest is resistive loss in the tube walls and the resonant gaps. Doubtless
this loss will decrease a little as production methods are refined.

The 3-cm Tube—It is of interest to mention that a few three-gap
tubes were built for the 3-cm band according to a design that was essen-

F1g. 3-46.—A 3-cm band TR tube, three-gap bandpass.

tially the same as for the 10-cm tubes. A picture of one is shown in
Fig. 3-46. By the time a few of the three-gap tubes were being built in
pilot-plant production, a better understanding of the gas-discharge
phenomena was being acquired. This better understanding prompted a
design of a two-gap tube. Even a single-gap tube is nearly satisfactory.
This will be made clear in Chap. 6. The two-gap tube, shown in Fig.
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3-47, represents an improvement over the three-gap tube in that it is
characterized by better gas-discharge and bandpass characteristics, and
shorter length; it is easier to manufacture, and easier to tune.

FiaG. 3 47.—A 3-cm band TR tube two-gap bandpass.

In Fig. 3-48 is shown a bandpass curve for the 3-em TR tube. The
pass band of the tube covers the entire 3-cm band which is 12 pcr cent
wide. The 3-cm band is wider than any one of the 10-cm bands, and

TaBLE 3.7.—Gap DiMensions, WiNDow DIMENSIONS, AND ELEMENT SPACINZ FoOn
THE 3-cM TR Tuse (1B63)

Center wavelength. ............................ .. 3.33cm

Gap dimensions (refer to Fig. 3-33)
Wet e e 0 275 in
7 0.025
2 60°
G 0.008
[ 4.0

Window dimensions (refer to Fig. 3:39)
2P 0.551* (0.580%)
2 0.125 (0.250)
e 0.0230 (0.0335)
lasS. 707 (707)

Tubelength L............... .. ... . ........... 1 555

Element spacings a = d.. e e oo 0,489

Quarter guide wavelength )\.,/4 .................... 0.478

* Window at high-power end of the tube.
t Window at mixer end of the tube.

considerably more care is required in the tube design to ensure crystal
protection and complete band coverage simultaneously.,
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The tube dimensions are given in Table 3-7. It shotild be noted that
QL2 for the gaps is much lower than for the 10-em tubes and that the
gap spacing g is about the same.

Windows of two different sizes are used in the 3-cm tube. One is
chosen with a high Q. so that the bandpass characteristic more nearly
simulates the three-element case. Not so high a @, as is desirable can
be used because the insertion loss of the window becomes excessive.
The high-Q;, window is smaller and is used at the end of the tube which
carries the high-current r-f discharge. The spacing between elements
is the usual quarter wavelength.

The absorption loss at midband may be as low as 0.4 db for this tube
if it is constructed carefully. A loss of 0.2 db in the high-Q., window,

22

20 %
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s 16 & /
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10 \T{%V
30 31 32 33 34 35 36

Aincm
FiG. 3-48.—Bandpass characteristic for 3-em band TR tube (1B63).

0.1 db in the low-Q.. window, and 0.1 to 0.2 db in the resonant gaps and
tube body add up to 0.4 to 0.5 db.

3-12. Suggestions for Further Improvements.—The linear problem of
the bandpass TR tube resolves itself into two parts. The one part
pertains to the problem of multiple-resonant circuits; the other part
involves the study of the individual circuits. And this problem as a
whole must be attacked with its limitation by the gas-discharge properties
always in mind.

The multiple-resonant-circuit problem is the problem of finding the
appropriate combination of elementary circuits which yields a maximum
frequency range throughout which the insertion loss never exceeds some
arbitrary value. The bandpass-TR-tube problem is related to the filter
problem which has been considered in some detail by Fano and Lawson.?
As the criterion of filter effectiveness, Fano has taken the ratio of the
steepness of the sides of the insertion-loss characteristic to the maximum
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loss within the pass band. A similar general analysis should be applied
to the bandpass-TR-tube problem with the less restrictive criterion of
bandwidth required of the TR tube. The bandpass TR tube is not
intended to act as a filter and the steepness of the sides of the insertion-
loss characteristic is not important.

It has been shown that the bandpass characteristic depends on the
.Q., of each element, the number of elements, the separation of the ele-
ments along the transmission line, and the resonant frequency of each
element. It is desired to know the values of these four parameters
which yield the maximum bandwidth consistent with the gas-discharge
requirements. At present no method of analysis yields these parameters
directly. Theoretically the problem has been approached by calculating
the frequency dependence of insertion loss for various particular values
of the four parameters. Experimentally the gross effects of each of the
four parameters have been investigated. More detailed systematic
measurements are needed in order to provide a complete understanding
of the multiple-circuit portion of the bandpass-TR-tube problem.

To obtain more information on the bandpass characteristics of a
multiple-element circuit, the experimenter should consider using the
technique whereby a plot of transmitted power as a function of frequency
is presented on an oscilloscope. This technique requires the use of an
oscillator whose frequency can be swept over the range to be studied.
The method can be made more sensitive to small values of insertion
loss by using an r-f bridge in such a way that the power reflected from
the circuit being studied is presented on the oscilloscope. It would be
desirable to design the experiment so the parameters §;,, the separation
of the elements, and the resonant frequency could be varied continu-
ously. However, such a design might lead to insurmountable mechanical
difficulties.

The second part of the linear problem—the study of the individual
circuits—may be divided further into the consideration of the resonant
gap and of the resonant window. Considerable data have been obtained
in the 3-cm band on the resonant gap for shapes that have been thought
proper for the optimum compromise between @, and crystal protection.
As will be seen in Chap. 6 the experimentation on crystal protection has
not been extensive enough to predict the best shape of the resonant gap.
Further research should be conducted on this problem using wavelengths
near 3 cm at first, because a start has already been made there, and then
later using other bands because the frequency dependence of the gas-
discharge phenomena is not yet clearly understood. The remaining
linear problem in regard to the absorption loss in the resonant gap is not
important at present. The absorption loss due to two or three gaps is
usually less than 0.1 to 0.2 db if the gaps are carefully soldered.
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In the resonant window, absorption loss is important. It has been
seen in Sec. 3-10 that the loss is 0.20 db or more in windows with Q.4
equal to 2.1 or greater. It is desirable to use narrower windows than
are used at present without sacrificing on absorption loss and without
increasing @, too much. An improvement of the window in which the
absorption loss is decreased demands new dielectric materials that have
lower intrinsic losses. Two possible materials are quartz and mica;
quartz because it has especially low loss, and mica because it can be
cleaved so thin that its losses are unimportant. These possibilities
will be discussed further in a later section devoted to the fabrication
of bandpass TR tubes and tube parts.
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CHAPTER 4
CHARACTERISTICS OF ATR SWITCHES AT LOW POWER LEVELS

By Haroup K. Farr

This chapter will be restricted to the distinctive aspects of the ATR
switch, since much of the material already presented in connection with
the TR switch applies directly to the ATR circuit. The discussion will
be further restricted to the consideration of the ATR switch as an
i1solated ecircuit component; the dependence of duplexer performance
on the ATR characteristics will be considered in Chap. 5.

4-1. Equivalent Circuits.—An ATR switch is a device which, placed
in series with the transmitter line, has zero impedance at high level and
infinite impedance at low level, and which, connected across the trans-
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Fic. 41.—ATR switch at low level; (@) cavity and transmitter line in cross section; (b)
equivalent circuit.

mission line, gives an infinite impedance at high level and a zero imped-

ance at low level. Either the shunt or the series arrangement fulfills

the requirements of an ATR switch. This switch is required to permit

the flow of power from the transmitter toward the antenna, but to isolate

the transmitter from the rest of the circuit during reception.

More accurately, a section of transmission line with an ATR switch
mounted on one side as in Fig. 4-1a should be considered, at low level, as
a four-terminal network. The ATR switch is then adequately deseribed
if its behavior is known in terms of measurements made at the two
pairs of terminals, A and B. All the necessary electrical information
is available if the impedance at A, for a known impedance at B, can be
caleulated. Such a circuit can be represented at one frequency as a

T-network similar to that of Fig. 4-1b.
115



116 CHARACTERISTICS OF ATR SWITCHES [SEc. 41

An ATR switch is usually symmetrical about some plane MM’, and
if the reference planes A and B are taken at an equal distance on either
side, the equivalent T-network is also symmetrical, and Z; = Z,. It is
thus possible to describe an ATR switch in terms of two complex con-
stants, Z, and Z;. The values of these constants depend on the location
of the reference planes A and B. These planes may be so chosen as to
simplify the equivalent circuit. The end B is terminated in a matched
load, and therefore, it is unnecessary to specify the exact location of the
B plane; then the ATR cavity is tuned to resonance as indicated by a
maximum standing-wave ratio measured at A. The reference plane 4
is located at that point closest to the cavity where the impedance is real.
This point is usually very close to the center line M3,

When the ATR cavity is mounted on the broad side of the waveguide
it Is said to form an E-plane junction with the waveguide, since the center
lines of cavity and waveguide lie in the plane of the electric vector. For
such a junction, the real impedance which appears at A is high compared
with the characteristic transmission-line impedance. The ATR cavity
itself usually presents a high impedance at the window at resonance,
since at resonance the fields inside the cavity are highest, resulting in a
high voltage across the window which is interpreted as a high impedance.
The high cavity impedance may be verified by removing the cavity
from its side-arm mounting and connecting it to the end of a waveguide
for impedance measurement. Since the E-plane mounting leads to a
high impedance opposite the ATR cavity, the cavity acts somewhat as
though it were in series with the line at that point, and that junction is
referred to as a “series junction.” An ATR cavity which is coupled
to a coaxial line by means of an iris in the outer conductor behaves in a
similar manner.

The reference planes have been chosen in the manner indicated, and
the values of the circuit constants of the equivalent T-network may now
be found. A cavity mounted in the E-plane with the window flush
with the waveguide wall will be considered first. For this case a careful
determination of these quantities has been made with a low-@ ATR
cavity of the 1B52 type for the 8-cm region. The cavity was tuned to
resonance at one wavelength, and the circuit constants were determined
for various wavelengths in this region without changing the tuning. It
was found that in all cases the real part of Z, was about 300 times the
line impedance, which meant that Z, could, within the limits of experi-
mental error, be considered to be an open cireuit; that is, the ATR cavity
could be accurately represented as an impedance in series with the line
at the reference point determined according to the above convention.
In this case, therefore, the naive conception of the series circuit is vindi-
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cated, a condition which is not at all an obvious consequence of the
complicated fields existing at the junction.

The verification of the simple series representation of the E-plane
mounting greatly simplifies the conception of the low-level ATR behavior.
It permits the definition of Z; + Z; as the ATR impedance and, through-
out this chapter and Chap. 7, Z will be used to designate this quantity.
The value of Z and the position of the reference plane gives all the impor-
tant information. Another important convention which will be used
throughout this chapter and Chap. 7 follows. If any particular imped-
ance has been defined by some subscript such as s, the real and imaginary
components will be designated as R, and X,. Thus Z, = R, + jX..
The corresponding admittance will be Y, =G, + jB, = 1/Z,. The
reflection coefficient obtained by terminating a line of characteristic
impedance Z, in the impedance Z, will be T, = (Z, — Zy)/(Z: + Z,),

° ,—’TUD'\—I
o— 1L
A —©
% L C § G
To receiver )
antenna line To transmitter
- —
O— . o— °
F1a. 4-2.—Equivalent circuit for an ATR Fia. 4:3.—Equivalent circuit for series
cavity. mount,

and the voltage standing-wave ratio (VSWR) set up by this termination
will be r, = (1 + |IL])/(1 — |T4[). Unless otherwise stated, it will be
assumed that the impedances used have been normalized with respect
to the characteristic line impedance so that Z, = 1.

If a matched load is connected at the reference point B, and the
impedance is measured looking into A, Z is merely this impedance minus
one. Determined as a function of frequency, Z is usually found to
follow a rather simple law. If 1/Z = Y = G + jB, it must follow from
the choice of reference plane that B = 0 at resonance. It is also found
that G is constant with frequency whereas B varies almost linearly over
a frequency range of a few per cent near resonance. This behavior is
characteristic of a simple shunt-resonant circuit like that of Fig. 4-2.
On the basis of the theory of resonant cavities developed in Chap. 2,
this is just the circuit that would be expected for high-@ cavities. Even
with a cavity for which the frequency sensitivity is kept as low as possible
(loaded @ of 5 or 10), the simple shunt-resonant circuit is a surprisingly
good approximation. Hence, for an E-plane junction, the four-terminal
network of Fig. 4-1 may usually be reduced to the circuit of Fig. 4-3.
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The data on the equivalent circuit constants of the 1B52 tube, which
have been mentioned, illustrate this behavior. For one tube, the con-
ductance G, measured at seven different wavelengths over a wavelength

band 6 per cent wide, remained

i 0'3‘7\ between 0.016 and 0.019, or nearly
| 52 constant within experimental error.
B \ The susceptance B for the same
0.1 < tube is plotted in Fig. 44 as a

0 function of the percentage wave-
length deviation AX/\, from reso-

-01 nance. The deviation AN is equal
N to M — Ao where \; is the wave-

-0.2 A length at which B is measured and
—03 Ao is the wavelength at resonance.

-3 -2 =1 o0 1 2 3 The experimental points are indi-

AL (o) cated as circles and the solid line
. is the best straight line passing
through the origin. It is clear that
B is very nearly linear with wavelength.

Since B is linear, three parameters suffice to describe the ATR ecircuit
once the reference plane or electrical center of the tube has been estab-
lished. These quantities are the resomant wavelength X\, the cavity
conductance @, and the loaded @, Q.. This last parameter may be
thought of as a means of specify-
ing the slope of the curve of Fig.

4-4 according to the expression l
,<> §1 gL ¢ éa

B=-201+0Q 9} )

F16. 4-4.—Susceptance of an ATR cavity.

O

From this definition it is seen that
Q. is also the @ of the circuit of
Fig. 4'5, obtained by connecting
the ATR circuit of Fig. 4-2 to a matched generator. In this circuit the
total loading is 1 + @ and the susceptance is given by Eq. (1) when
AN/ is small.

For ATR measurements, the circuit of Fig. 4-2 is approximated if
the cavity is mounted at the end of a transmission line and not on one
side. Although the behavior for this mounting is well represented by the
circuit of Fig. 4-5, the values of the parameters may differ from those
for a side-mounted tube. It is usually more accurate, therefore, to make
measurements with the tube mounted as it will be used in practice. For
a series-mounted tube, measurements should be made using the circuit
of Fig. 46a. The loaded @ of this circuit is different from that given by

o

F16. 4-5.—Loaded-Q of an ATR cavity.
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Eq. (1) since the loading is now (3 + @).
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The original definition is

retained, however, since it is desired to use Q. as a parameter that

characterizes the cavity rather
than the circuit in which the cavity
is used. With the circuit of Fig.
4-6a, therefore, Z; is measured;
then B, the imaginary part of
Y =1/(Z, — 1), is found; then
Q. is evaluated by means of Eq.
(1). Even if thisis done, it should
not be assumed that the same
value of Q., or for that matter of
Mo or G, will be found when the
cavity is mounted at the end of
a waveguide as for the side mount-
ing. For high-Q -cavities the
agreement between the different
types of mounting may be fairly
good, but in low-Q devices the
field in the vicinity of the junction
makes an important contribution
to the cavity parameters which,

ATR

Lapn]

1
()

(@)

(®)

Fig. 4-6.—Circuits for parameter measure-
ments.

therefore, depend on the type of junction.
It has been seen that an ATR cavity mounted on the wide side of the
guide effectively places a high impedance in series with the transmission

oO— -
To antenna- .
receiver line To transmitter

O- —

A
%

/

Fia. 4-7.—Equivalent circuit for shunt

mount.

line at resonance. As has already
been pointed out, however, a
cavity is equally effective if it
causes a short circuit across the
line. If a cavity is mounted on
the narrow side of the waveguide
in the so-called H-plane and the
real-impedance point is located at
resonance as was done for the
reference point A, this point will
again be found close to the center
line of the cavity, but its magni-
tude will be very small compared
with the waveguide characteristic
impedance. Since the cavity itself

is known to have a high impedance, there must be a phase reversal between
the H-plane-mounted cavity and the main waveguide. This is equiv-
alent to connecting the cavity across the main line through a side arm
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one-quarter wavelength long, as in Fig. 47. Because nearly all of the
work on broadband ATR circuits has been done with the E-plane mount,
the experimental verification of
R' L C the circuit of Fig. 4-7 for the H-

N N~/TTT K‘° plane mount has not been as com-
ez, ——> plete as that for the E-plane.

1

) Nevertheless, for the present, this

Xg representation will be assumed to
(t— % — . . be valid.

l There is an alternative way of

representing the shunt mount

Z, —» Z — oL ¢ §G which establishes an interesting

correspondence with the series

o mount. In Fig. 4-8¢ the imped-

ance of the shunt-resonant circuit

@ . with a quarter-wavelength line is
T'1G. 4-8.—Equivalent circuits for a shunt-
mounted cavity. (a) Shunt-resonant ele-

ment with A/4 line. (b) Series resonant 7, = %_ =Y =G+ ]<Cw — _L)

element. Lw

In Fig. 4-8b the impedance of the series-resonant circuit is

. 1
Z, =R+ <L’w— UZ)

In order to have Z, = Z, it is necessary only that R’ =@, L' = C,
C’ = L. 1If each circuit is connected to a matched generator, the loaded
@’s will be the same, for the conductance loading on the shunt circuit is
then 1 4+ G and @, = Cw/(1 4+ G). Similarly, the loaded @ of the series
cireuit is L'w/(1 + R’) = Q.. Furthermore,

and the three circuit parameters are therefore related by
R=G Qr=Q, XN=)k

Thus the E-plane mount can be represented as a shunt-resonant circuit
in series with the line, while the H-plane corresponds to a series-resonant
circuit in shunt with the line.

A very useful equivalence between the two types of mount is illus-
trated in Fig. 49. For the series mount, Z, = Z + Z; and for the
shunt mount, Z, has the same value since

N

1 , _
Z1=Z=Y2=Y+Y3_T+Z3 Z+Zl



Sec. 4-1] EQUIVALENT CIRCUITS 121

A series mount can evidently be made equivalent to a shunt mount by
shifting the ATR circuit one-quarter wavelength along the line, provided
the effective ATR impedance Z is the same in either case. If an actual

o ®-

Z, > Zy» Z,» z

e %o/2 —

Z, —

o N
(a) (®)
Fia. 4-9.—Equivalence of shunt and series mounting. (a) Series mount with A/2 line.
(b) Shunt mount with A/4 line.

cavity were moved from the series position to a shunt position one-
quarter wavelength down the line, the observed impedance Z; would
change somewhat because of changes in tuning, in @., and so forth.

]
L}
1 [}
——
e 000
iXq
(o,
(a)
Fi1G. 4-10.—(a) Equivalent circuit of E-plane junction. (b) Equivalent circuit of H-plane
junction.

However, the correct positions for locating series and shunt ATR cavities
relative to the TR junction always differ by one-quarter wavelength
plus the small correction due to the shift of the reference plane.
Because of this equivalence, the parameters for the shunt-mounted
cavity can be measured in the same manner as that described for the
geries case. For the shunt mount the impedance measured at the refer-
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ence point 4 is Z,, and its reciprocal Z; corresponds to the impedance
measured at A with a series mount.

If a cavity is mounted on a side arm at a distance from the main
transmission line, the cavity and the junction may be considered sepa-
rately. It has been shown elsewhere that a simple waveguide junction
of this kind in which the side arm makes an angle of 90° with the two arms
of the main waveguide may be represented, at any given wavelength,
by the circuits of Figs. 4-10e and b for E- and H-plane junctions respec-
tively.! The terminals of the main waveguide are referred to the plane
of symmetry and those of the side arm to the wall of the main waveguide
as indicated by the broken lines in the sketch. Actually any measure-
ments must be made in the waveguide one-half or one wavelength back
from these positions because the fields are quite different in the region
of the junction.

For a waveguide of internal dimensions 0.400 in. by 0.900 in., and
for a free-space wavelength of 3.20 em, the values of the circuit elements
of Figs. 4'10a and b are given in Table 4-1. One of the elements B, is

given as a susceptance and the others as reactances Xo, X5, . . . . The
TaBLE 4-1.—EqQuivaLENT Cikcuir ELEMENTS FOR WAVEGUIDE T-JUNCTIONS
E-plane junction H-plane jupction
B, = —0.096 Xo= 0.17
Xy = 0.50 Xy = 0.19
X, = —4.8 X, = —-1.04
Xgs = —0.56 Xs= 1.00

numbers represent values which have been normalized with respect to
the line impedance. It should be remembered that such a representation
is valid only at one frequency and that the behavior as a function of
frequency is not necessarily given by such a simple circuit.

To find the complete circuit of the cavity on the side arm, it is neces-
sary only to connect to terminals (3) a transmission line of the length of
the side arm, terminated in Z, which is the impedance of the cavity as
measured at the end of a straight waveguide. Neglecting the real part
of Z, X, can be the impedance of the side arm and cavity as it is seen
looking back at the cavity from terminals (3). The value of X, should
be adjusted to cause an open circuit in the line between terminals (1)
and (2); that is,

1 1
. TxFx, =0 @
for an E-plane junction.

The impedance seen at terminals (1), however, will not be infinite
because of the admittance jB,. Hence, in terms of the convention
stated above for the reference plane, 4 will not appear at the center of

t RL Series, Vol. 10.



Sec. 4-2] DESIGN AND TESTING 123

the junction to which the terminals (1) are referred, but will be displaced
to the left an amount ! where B, = tan (2xl/\,). For the constants
given in Table 4-1, | = 0.027 in. This shift of the electrical center from
the geometrical center seems to be greater for a simple waveguide T-junc-
tion than for a flush-mounted cavity.

4.2. General Considerations of Design and Testing.—In this discus-
sion of the design of an ATR switch, it will be necessary to make use of
some of the results of Chap. 7, in regard to the dependence of duplexing
losses on the ATR impedance. It is shown there that the loss depends
on both the conductance @ and the susceptance B of the cavity, so that
the results obtained over a band of frequencies depend on all three
parameters Ao, ¢., and G.

For a fixed-tuned cavity, N\q is usually set near the center of the band;
and for a tunable cavity, it is set at the operating wavelength. As the
losses almost inevitably increase with the susceptance, B is kept as small
as possible. For a tunable cavity this is easy, but for a fixed-tuned
cavity operating over a band of frequencies, it means that @, must be
made as low as possible to reduce the losses at the edge of the band.

For a tunable cavity which is always operated at resonance, the
maximum loss in decibels, according to Sec. 7-5, is L = 20 logio o where

input voltage 1
output voltage L+56

For such a cavity it is necessary, therefore, that G be as small as possible.
For a fixed-tuned cavity, however, there is usually an optimum value of G
which is somewhat vague since it depends partly on what sort of loss
distribution is acceptable. The maximum possible loss, for a given ATR
impedance, is usually determined by the real part, R = G/(G* + B?),
accordingtoa = 1 + (1/2R). If G is made either too small or too large,
the maximum losses will be high. Setting G equal to the value of B
at the band edge minimizes the maximum loss, but a considerably smaller
value of @ will usually be preferred because of the loss at other points.

The measurement of B is a rather convenient method of determining
the cavity parameters. An adjustable short-circuiting plunger may be
placed as shown in Fig. 4-6b and the impedance Z; of the combination
observed; the plunger adds a variable reactance X' to the impedance of a
series-mounted ATR switch so that Z, = R 4+ jX + jX’'. The resulting
voltage standing-wave ratio is least when X 4+ X’ = 0 and is then equal
to R. Hence, to evaluate R it is necessary only to read the standing-
wave ratio when the plunger is adjusted to make it (SWR) a minimum.
This is also true for a shunt-mounted cavity.

The resonant wavelength A\, is that wavelength at which R is greatest.
Furthermore, G = 1/R at this point. If @ is known, B can be found
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at any wavelength by measuring B == G/{G* 4 B?), whence

B =+ \/G/R — G~

If B is known as a function of frequency, @. can be found from Eq. (1).
1t is important to notice that the measurement of R by the plunger
method (Fig. 4-6b) is 2 much more sensitive method of determining small
values of B and, hence, also Ay than that involving the use of a matched
load (Fig. 4-6a). To understand this let r; and 7, represent the voltage
standing-wave ratios which must be measured in the two methods. At
resonance the VSWR measured in the plunger experimentisr, = R = 1/G
while that measured with a matched load is r, = 1 + 1/G. Since @
is usually quite small, r; and 7, have about the same value at resonance.
Farther from resonance, however, r; falls off much more rapidly than r,,
for the impedance measured in the latter case is Z, = Z 4+ 1 and the
reflection coefficient is
_Z,—-1_ 1

TZi+1 2

I‘l b
1+2

NI

5

1 . (B Y
1T“1 =|142Y| = {1+ 267 + 4B = (1 +20) \/1 + 4(1"+‘2G)'

If only values of B and G which are small compared with one are con-
sidered, then

I

1 B Y

1 B Y
!ﬁr+1=1+G+(l+2G>.

T = 1 B 2
&t G+<T—F’2G‘)
1
7’1~G+le
G
7'2"‘]‘3_(;2_*_32

As B increases, 72 begins to decrease appreciably as soon as B2 becomes
comparable with G2 No appreciable change occurs in r, however,
until B? compares with G. Hence the plunger method for determining
resonance is more sensitive by a factor of 1/G.

This comparison of r; and r; also shows that a measurement of the
standing-wave ratio looking past an ATR cavity with a matched load
beyond is a very insensitive check on its performance. The performance
is indicated by R which gives the maximum loss and R can become
quite small before r; drops appreciably.
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If @ is known and R is measured at the two ends of the band, a good
check can be made on the performance of the ATR switch over the band.
It will be seen from the results of Sec. 7-10 that setting a lower limit
on R fixes the maximum loss, and setting an upper limit on G ensures
that for most transmitter impedances the loss will be small compared
with the maximum. - This indicates that ATR cavities can be tested by
measuring the SWR at the center of the band using a matched load and
at the two ends using a short-circuiting plunger adjusted for minimum
SWR. The use of the matched load to make the SWR as nearly inde-
pendent of frequency as possible is the best method of measuring G.
In this way it would probably be possible to test tubes by measurement
at the nominal center frequency without the necessity of locating the
resonant frequency. The plunger adjustment in the band-edge measure-
ments would be aided by a directional coupler to measure the reflected
power. It must be admitted that these tests, although sensitive, might
be rather slow for production checking.

It is convenient to know that whatever design is used for cavity and
junction, it is always possible to tune the cavity so as to get complete
isolation between the two branches of the transmitter line provided
only that the losses are small enough to be neglected. This is readily
proved if it is assumed that the junction is a perfectly general network
with three pairs of terminals, and that the ATR cavity can be adjusted
to produce any desired reactance at one pair.

If the terminals are labeled (1), (2), (3), the currents and voltages
at the various terminals are related by the equations

3
E;, = z 21, (i=1,2,3). (2)

i
If an impedance z representing the ATR cavity is connected to the
number (3) terminals, then E; = —zI; and the last of Egs. (2) becomes

zady + 2gels + (233 + 2)15 = 0.
If this is used to eliminate I; from the first two of Eqgs. (2)

22 2132
E, = (Zu — 2 +13z33) I, + (212 - ﬁ) ]2;

_ %1322 _ 23,
E, = (212 z’-———f- Zsa) I, + (Zzz s zaa) I,

The coefficients of I, and I» are the elements z;; of the impedance
matrix of the 4-terminal network derived from the original 6-terminal
network by connecting z to one pair of terminals. The condition that




126 CHARACTERISTICS OF ATR SWITCHES [Sec. 42

there be no coupling between terminals (1) and (2) is 2, = 0, that is,

2 Zi3R93
12 Iy =
z 4 23

All the elements z; are purely imaginary since there is no loss in the
network and there is, therefore, a solution z of this equation which is
purely imaginary provided z;3 # 0 and z; # 0. The last two con-
ditions merely state that there must be coupling between arms (1) and (3)
and between arms (2) and (3). Granting this, there is a reactance which,
when placed at (3), results in no coupling between (1) and (2).

The design of tunable ATR switches usually presents no particularly
new problems compared with the corresponding TR switch. The same
electrodes may be used and the cavity can be similar except for having
one window instead of two. Where separate tubes and cavities are
used, the same tube can usually be used for either & TR or an ATR switch
although it is unnecessary to provide any keep-alive current for the
ATR tube.

The coupling window is usually made larger in an ATR cavity since
the high Q. often used for TR cavities is undesirable. As the window
opening is increased, it becomes necessary to move the electrodes closer
to the main waveguide until finally the electrodes are in the plane of
the waveguide wall. Further reduction of Q. can be accomplished by
increasing the electrode gap until, as in most low-@ tubes, the only
electrodes are the edges of the window.

In any application of a fixed-tuned ATR cavity to a frequency band
about one per cent wide or greater, the attainment of a sufficiently
low Q¢ becomes the paramount problem of the low-level design. The
effectiveness of an ATR switch depends on the substitution at low
level of a high impedance for the low impedance produced by the arc
at high level. At microwave frequencies a high impedance can be
obtained only by some sort of stub or cavity since a simple ‘“ open circuit”
causes radiation. Any such cavity must store a certain amount of r-f
energy which makes a contribution to the loaded . Further energy
may be stored in the electrodes, the glass window, and the waveguide
junction. The L and C of our equivalent circuit represent all this
reactive energy lumped together.

The most obvious way to make an open circuit is by means of a wave-
guide one-quarter wavelength long, short-circuited at the far end. 'When
such a ‘‘quarter-wavelength stub’” is mounted on the side of a trans-
mission line, it effectively isolates the two ends. Of course, the length
of the stub, measured from the inside wall of the waveguide, is not exactly
one-quarter wavelength because the junciion is not an ideal series or
shunt circuit. The stub length to give an open circuit can be found by
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experiment, or it can be calculated if the circuit constants are known
for the equivalent circuit of the junction.

If a window is sealed to the opening of the stub flush with the wall
of the main waveguide and the resulting tube filled with gas at low
pressure, the arc discharge across the window at high level gives con-
tinuity to the main waveguide. Most of the fixed-tuned tubes have been
built in this manner.

If a glass window is added to a quarter-wavelength stub, the window
can cause an appreciable change in the admittance. Compensation can
be made for this by changing the length of the stub, or by proper design
the window can be made ““resonant’ so as to add no susceptance to the
stub. A resonant window is one which has been designed to give no
reflections when placed across a waveguide. The design of such a
window is the same as that for a broadband TR tube, and from the low-
level point of view the important problem is to keep the susceptance as
low as possible. ,

Since the change of ATR impedance with frequency is such a serious
problem, an effort is made to effect an improvement by using more than
one resonant element, as is done in the broad-band TR tube. It will be
seen in Chap. 5 that good results can be obtained by using two or more
resonant elements spaced along the transmitter line. As each of these
requires a separate arc gap or window, it is preferable to use a network
which is connected to the transmitter line at only a single junction.
Nothing is gained, however, by adding additional reactive elements to a
single junction, for Foster's reactance theorem states that the curve of
_susceptance versus frequency for any purely reactive physical network
has a positive slope. It is, therefore, impossible to add any pure sus-
eeptance which will reduce the rate of change over the band.

Something might be accomplished by adding resonant elements with
appreciable dissipation, but there may be some difficulty in introducing
sufficient loss to obtain the necessary negative slope of the susceptance
curve without at the same time increasing the cavity conductance
unduly. Since no such network is known at present, it will be assumed
that the problem is to minimize @ by keeping the frequency sensitivity
of each element of the ATR ecircuit as small as possible.

4-3. Low-Q ATR Switches.—It was suggested in Sec. 42 that the
various elements of an ATR circuit-——the cavity, the window, and the
junction—all contribute to .. It is not possible to calculate all of
these; but, by making some assumptions about the equivalent circuit
and using experimental results, the relative importance of the different
elements can be appreciated and it can be seen why such high values of
Q: are observed.

For a waveguide ATR switch made up of a quarter-wavelength stub
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and a resonant window, the equivalent circuit can be derived by writing
down the circuit for a T-junction and connecting to it the window and
the stub. This involves the assumption that the three components can
be treated as distinct even though some higher-mode interaction, at least
between the window and the junction, might be expected.

For an E-plane junction the susceptance B, of Fig. 4-10a is very small
(Table 4-1), and its contribution to Q. can be neglected. The stub
reactance X,, which is connected to terminals (3) at resonance, is given
by Eq. (2) which becomes X, = —X, — X, = 5.41. Since this is in
series with X, and is large compared with it, X, will be neglected.

The junction susceptance will be called B; = —1/X,, the window
susceptance B, and the stub susceptance B, = —1/X,. There is some
question as to whether the window, which is also in series with arms
(1) and (2), should be shown as connected across X, plus X,, or con-

AAA

(@) ®

Fia. 4-11,—Circuit for calculating @, for a low-Q ATR switch from the parameters of a
T-junction.

nected only to X. These two possibilities are shown in Fig. 4-11.

They are equivalent, for by neglecting G in Eq. (1), €. can be defined as

1y fdBy _ 1.
Qw = —§>‘°<d)\>h— 3 B’

where B is the total susceptance in series between arms (1) and (2),
and B’ is the logarithmic derivative of B. Let B; = B, + B;, then in
Fig. 4-11a

B=— !

X, 1

"~ B+ B,
If the derivative of this is taken and it is remembered that By + B, = 0
at resonance, B’ = B{ + B,. In Fig. 4-11b
1
B =B, - i

Xb—E
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If the stub and window are each tuned to resonance separately, B, = 0,
and again B’ = B] + B,. In either case

B = B+ B + B,

and the @ of the ATR switch is therefore independent of X, and is the
sum of the individual @'s of stub, junction, and window.

For the window @ the values of B, can be taken, measured with the
window placed across a straight section of waveguide. The stub @ is
easily calculated if the stub length ! is known. For, if

2nl
6= W 3)
then
B, = — cot 6. 4)
If the familiar waveguide equation,
1 1 1
NN ®

is differentiated with respect to A, there results

d _ (WY

EK"(Y)’ ®)
since the cutoff wavelength A, is a constant which depends only on the
size of the waveguide. Taking the logarithmic derivative,

d\, AS
M= (E)T) = B

therefore
k 2
B, =0 csc?0 = —40 (7\‘—’> csc? 0,
or
_ 1 (Y 2
Q, = 3 0 (K) cse? 9. (7)

It is not so easy to calculate the junction @ since the frequency
dependence of B; is not known. For the susceptance B; of a simple
capacitive iris across a straight waveguide B: = —(A,/\)?B.. Since
B; should behave in approximately the same fashion, B} can be written
as B = —a()\,/\)*B; where a is a factor which should be of the order of
one. Since B; = —B,,
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and, by using Eq. (4)
afi; z
Q= 5 (—)T) cot 6. (8)

By using experimental values for the other quantities, a can be
calculated. Table 4-2 shows the results for measurements on the 1B52
type of switch mentioned previously. The observed values are A, 9, @,
and Q,. Equation (5) is used to calculate A\;, and Q. is calculated by
Eq. (7). By setting @; = Q. — (@ + Q.), @; is found, after which Eq.

TaBLE 4-2—THE DecoMposiTION OF @r FOR AN ATR SwitcH

Xo (Ng/N)? 8 QL Qo Q. Q; a
8.35 1.49 0.82 4.7 2.0 1.2 1.5 2.2
9.10 1.65 1.06 3.85 2.0 1.2 0.7 1.5
10.70 2.22 1.15 4.1 2.0 1.5 0.6 1.2

(8) suffices to determine @. The fact that a is somewhat greater than one
can be explained if B; is considered as the sum of two susceptances of
opposite sign. These would give a greater variation with frequency
than the simple element that was assumed. The data in Table 4-2
indicate that all three components make a significant contribution to
Q. although the window accounts for nearly half. The fact that the
junction contributes to @ and that Q. depends markedly on the type of
junction was noted by Samuel, Crandell, and Clark of the Bell Telephone
Laboratories.! Their measurements were made on a low-Q, fixed-tuned
ATR tube for use at wavelengths between 3.13 and 3.53 cm. Since the
electrodes were designed especially for better firing and lower arc loss,
the @ was somewhat higher than that quoted in Table 4-2. Table 4-3
gives the values of @, for a tube of the same type mounted in different
fashions. The total change in B over the wavelength band, which is the

TaBrLe 4.3.—@QL ror Juncrions or Various Tyres

| ‘ |
: Combined TR
. 90° E-plane : 90° H-plane ' 120° H-plane
End on junction ‘ junction ‘ junction a_nd A_TR
i I Junction
b
4.5 6.3 ‘ 11.1 | 8.1 9.4
|

average value of B’ over the band rather than its value at the center, was
used to determine @:. The 90° junction has the ATR cavity mounted
on one side of a straight section of waveguide. In the 120° version the

1A, L. Samuel, C. F. Crandell, and J. E. Clark, “Broadband TR and Anti-TR
tubes,” NDRC, Div. 14, Report No. 402, September 30, 1944.
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axes of the cavity and the two waveguide arms all make equal angles
with one another. The combined TR-ATR junction consists of a 120°
H-plane junction for the TR branch with the ATR cavity mounted on the
axis of the junction as shown in Fig. 816 in Chap. 8. It is important
to notice that the 90° E-plane T-junction has the lowest Q. of any
junction shown, although the value for the 120° E-plane junction might
be interesting if known.

1t has been customary to tune the window to the resonant frequency
of the ATR switch on the assumption that this would give the lowest Q.
If the window susceptance differs from zero at the frequency where
resonance is desired, it is necessary for the cavity to introduce an opposite
susceptance. Although the two susceptances have opposite signs, their
derivatives always have the same sign, and this would be expected to
increase Qy.

Some data bearing on this question were taken in an effort to deter-
mine the feasibility of designing a switch to operate at wavelengths in the
neighborhood of 8.45 ¢m with windows which were available only at
resonant wavelengths of 9.1 cm or 10.7 cm.. It was desired to compare
these windows with one tuned to 8.45 cm, but the only one available
for the experiment was tuned to 8.3 em. Table 4-4 gives the values of
Q. for each window with the ATR switch tuned to resonance at 8.45 cm
in each case by adjusting the stub length to cancel the window sus-

TaBLE 44.—Qr oF aN ATR Swrirce TuNED TO 8.45 CMm For Various WINDOWS

Resonant wavelength of window (em) Over-all Qr.
8.3 5.85
9.1 6.5
10.7 6.76

ceptance. Unfortunately, no data were taken for windows tuned to
shorter wavelengths, but those available confirm the assumption that Qr
is least when the window is tuned to the resonance point of the ATR
switch.

4.4. ATR Switches in Use.—In reviewing the ATR switches that
have been in actual use, it is natural to divide them into two groups—the
tunable and the fixed tuned. These same groups could also be called
high-Q and low-@ respectively since there have been no high-@ fixed-
tuned circuits or low-Q tunable circuits. The cavity of the high-@Q
switch is separate from the electrode tube. The tube is the same as
that used in the corresponding TR switch, and the cavity is similar to the
TR cavity except for having but one window. The low-@ tube com-
prises cavity and electrodes in one unit. It has a window of the same
type as the fixed-tuned TR tube but does not use the extra gaps.

The tunable cavities have been used at 3-cm and longer wavelengths
but not at 1.25 ecm. The reasons for this are partly historical since the
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fixed-tuned cavities and 1.25-cm systems were both developed more
recently. Systems developed since the fixed-tuned cavities became
available have used them almost exclusively.

Few data are available on the use of ATR switches in coaxial circuits
although such use is quite feasible. One switch described in Chap. 8,
although identical in design with a coaxial ATR switch, is different in
function.

7
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%‘2 7
Waveguide
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Fi16. 4-12.—Cross section of the 3-cm wide-range ATR switch.

In the 10-cm region the 721A and 1B27 tubes have been used in
tunable ATR circuits for waveguide as have the 724A and B tubes at
3 cm. An experimental tube for 3 ¢m was built by the Westinghouse
Manufacturing Company to tune over a wider range than that available
with the usual cavities for 724 tubes. It was similar to the 1B24 TR
tube but had a larger input window and no output window. Another
tube corresponding to the 1B26 was built by the same company for 1.25
em. Neither of these tubes was put into production because of the advent
of the fixed-tuned tubes. It should be noticed that TR tubes, such as
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the 1B24 and 1B26, should not be used as ATR tubes without increasing
the size of the input window. The high Q. of these tubes leads to a high
value of the conductance. An ATR tube made by short-circuiting the
output window of a 1B24 tube, for example, would have G = 0.3 which
could result in a loss as high as 1.2 db. For the similar ATR tube with
the larger window mentioned above, G = 0.055 which would keep the
loss below 0.23 db.

A 3-cm ATR cavity which was designed for tuning over a band 12 per
cent wide is of some interest here as almost the only tunable circuit that
is much different from those discussed in Chap. 2. Such cavities were
developed at Radiation Laboratory and at Bell Telephone Laboratories
at about the same time. Previous cavities using the 724 tubes were tuned
by inductive screws in the magnetic plane which permitted a frequency
range of about 2 per cent. A tuning screw is usually much more effective
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F1a. 4-13.—Tuning curve of the 3-cm wide-range cavity.

if used as a capacitive element. In an ordinary cavity using tubes of
the 724 type, however, most of the capacitance is in the electrodes which
are fixed. In the present device a second resonant circuit is formed
by extending the cavity in the direction of the magnetic plane and adding
a capacitive plunger as shown in the sketch of the Radiation Laboratory
design in Fig. 4-12. Since both circuits are in the same cavity, they are
tightly coupled and only one resonant mode is observed within the tuning
range of 3.10 to 3.50 em. The curve of Fig. 4-13 shows the resonant
wavelength as a function of the distance between the end of the plunger
and the bottom of the cavity. The cavity is mounted with shunt
coupling to waveguide of 0.400 in. by 0.900 in. ID with the window
opened to the full height of the guide and width of the cavity. This
gives @ = 0.10 at 3.5-cm wavelength and G = 0.05 at 3.1-cm wavelength.
Figure 4-14 is an exterior view of the Radiation Laboratory model.

The fixed-tuned cavities which have so far been put into manufacture
consist of a quarter wavelength of waveguide with a short circuit at



TABLE 4-5.—CHARACTERISTICS OF FIXEp-TUNED ATR TUBEs

Specified upper limit

Measured values

JAN Band Nominal Inside
tube des-| designa- resonant Transmitter band High waveguide Manufacturer
ignation tion wave- level QL G QL G dimensions, in.
length, cm VSWR
1B36 K 1.25 1.10 7.5 Q.10 6.0 0.055 0.170 X 0.420 | GE, Sylvania
1B35 Xs 3.23 3.13-3.33 em 1.10 6.5 0.10 5.0 0.035 0.400 X 0.900 | GE, Sylvania
1B37 XL 3.43 3.33-3.53 cm 1.10 6.5 0.10 5.0 0.035 | 0.400 X 0.900 | GE, Sylvania
1B52 Swi 8.285 3700-3550 Mc/sec | 1.20 5.5 0.05 1.340 X 2.840 | Sylvania
1B53 Sw: 8.640 3550-3400 Mc /sec 1.20 5.5 0.05 4.0 0.015 1.340 X 2.840 | Sylvania
1B57 Sa: 9.020 3400-3250 Mc/sec 1.20 5.5 0.05 4.0 0.015 1.340 X 2.840 | Sperry
Sa: 9.455 | 3250-3100 Mc/sec
Se; 9.840 | 3100-3000 Mec/sec
Ss: "10.170 | 3000-2900 Mc /sec
1B56 Sa 10.515 | 29002800 Mec/sec | 1.15 5.5 0.05 4.0 0.015 1.340 X 2.840 | Sperry
1B44 Sa: 10.900 2800-2700 Mc/sec 1.15 5.5 0.05 1.340 X 2.840 | Sperry
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one end and a resonant window at the other end. The 3-em and l-cm
tubes include a gas reservoir made by extending the waveguide beyond
the short-circuiting plate. The latter has a small hole which allows the
gas to circulate but does not affect the S
electrical properties.

An outline of the characteristics
of these tubes is given in Table 4-5.
The transmitter band denotes the
range of frequencies covered by the
corresponding transmitting tubes.
No definite bands can be assigned to
the ATR tubes since the usable band
depends on the amount of loss that
can be tolerated and the number of
ATR tubes used. The measured
values of ¢ and Q.. refer to representa-
tive values of measurements made at
Radiation Laboratory and at Evans
Signal Laboratory. The specified
upper limit of a quantity denotes the
present JAN specification for the 3-cm
and 1-cm tubes and that proposed for
the 10-cm tubes. The waveguide
dimensions refer to the transmission
line on which the tube is mounted. In all these tubes, except the 1R36,
the cavity is made of a section of rectangular waveguide of the same size.
For ease of manufacture and mounting the 1B36 cavity is made from
cylindrical tubing.

[

Fm 4 15 -——Fxxed tuned ATR tubes

Figures 4-15 and 4-16 are photographs of some of these tubes. They
are all designed for mounting on the broad side of rectangular waveguide
(series circuit) with the window flush with the waveguide wall. Those
made at General Electric and Sperry are held at the correct resonant
frequency by careful control of the window and cavity dimensions.
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Sylvania makes use of a tuning adjustment which is set at the factory.
On the 1B36 tube this consists of a tuning screw in the back of the cavity

i

©.1B52

7

1844

F1a. 4-16.—Fixed-tuned ATR tubes.

which is accessible through the evacuating tubulation before the latter

Tuning strut

Deforma

diaphragm

F16. 4-17.—8ylvania method of presetting
ATR tubes.

is sealed off. The 3-cm and 10-
cm tubes have a deformable dia-
phragm in the back of the cavity
which can be adjusted by means
of a strut that passes out through
the tubulation as shown in Fig.
4:17. The strut is removed be-
fore the tubulation is sealed off.!

Fixed-tuned tubes of the vari-
ous types are distinguished largely
by their sizes and methods of
mounting. 'The mounting is an
important problem since the tube
must be easily replaced and yet
must make good electrical connec-
tion with ine waveguide wall all
aroupd the cpening. For broad-
bs:ad applications, the flush
mouniing, the proximity of the
TR tube, enii possibly, also, of an

additional ATR tube leave insufficient space for a choke coupling of the
type used to connect two waveguides. Hence, all these tubes rely on

actual contact.

! Sylvania Electric Products, Publication No. IEB-8, “Report on OSRD Tube
Development, Sub—contract on RL Purchase Order DIC 182032.”
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In the 1B36 tube this contact is made by means of a beveled edge as
shown in Fig. 4-18. Because of the circular outline, the bevel can be
machined accurately, making the contact uniform all around the tube.
Care must be taken to ensure that the beveled seat for the tube is not too
large in diameter. If the diameter is too large, the face of the tube pro-

W ]
E_ 2

ﬂ|_|||“\\\X\\\\\..___ §

Fre. 4:18.—1B36 tube and mount.

trudes into the interior of the waveguide, as shown in Fig. 4:19, and the
susceptance of the combination is altered. The change in susceptance
AB is proportional to the insertion d, and

AB = 0.013d

if d is measured in thousandths of an inch.

The 10-cm tubes have a fine coiled spring around the periphery which
is compressed between the edges of the tube and waveguide. For
systems using a pressurized transmission

line, a flat rubber gasket under the flange Insertion
makes the assembly airtight. 14
The 3-cmm ATR tubes were toosmall to use r == 0

the coiled-spring contacts, and the circular
mounting of the type used with the 1B36 tube
was too bulky for certain 3-em-band applica-
tions. A flat flange permitted sufficiently accurate machining to ensure
good contact but did not provide a contact which was flush with the inside
surface of the waveguide wall. The flange was, therefore, set back one
wavelength from the main waveguide wall as shown in Fig. 4-20 and a
little space was left between the tube and mount on all four sides of the
tube. This space formed a small waveguide which, being one wavelength
long, transformed the short circuit at the flange to one at the main wave-
guide wall and thus provided the necessary continuity between the ATR
tube and the main waveguide. A flat nickel gasket a few thousandths of

F1a. 4-19.—Effect of too large
a seat for 1B36 tube.
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an inch thick was provided with each tube to improve the contact at the
flange. In principle the little waveguide could have been one-half wave-
length instead of one wavelength long.
However, a higher-mode resonance,
which appeared only when the shorter
length was used, gave rise to some
reflections on high-level operation,
and for ths reason the half-wave
length mount was ruled out.

The length of the little waveguide
was made slightly greater for the 1B37
tube than for the 1B35 tube in order
to keep the high-level reflections as
small as possible. To accomplish this
the 1B35 tubes were designed with a
plane flange and the mount was made
Jjust one wavelength long at the center
of the 3.23-cm band. The 1B37 tubes
were then built with a small groove
around the inside edge of the flange.

Frc. 4:20.—1B35 tube and mount. The width of the groove is the same

as that of the little waveguide, and
its depth is such’ that it extends the waveguide sufficiently to make it
just one wavelength long at the center of the 3.43-cm band. In this
way the same mount may be used R i 1
for either tube.! ]

Aninteresting 3-cm ATR tube,
illustrated in Fig. 4-21 was devel-
oped but not put into production.?
It made use of a pair of sharp-
pointed, closely spaced electrodes
placed a short distance behind
the window to reduce the arc loss. )
This permits high-level operation @
at considerably lower powers than
is possible with the other low-Q

tubes but seems to result in a F1a. 4-21.—BTL design of figsed-tuned

slightly higher @;. For this tube, 3-cm ATR tube.
Q: = 6.3, whereas for the 1B35 and 1B37 tubes, @ = 5.0.

1W. C. Caldwell and H. K. Farr, “Mounting for 1B35 and 1B37 Fixed-tuned
ATR,” RL Report No. 53, Aug. 12, 1944.
* Samuel, Crandell, Clark, op. cit., Sec. 4.3.



CHAPTER 5
MICROWAVE GAS DISCHARGES

By Lours D. SmuLuin

6-1. Introduction.—In the preceding chapters the discussion was
centered on the linear properties of TR and ATR tubes. With the excep-
tion of the treatment of direct-coupling attenuation, and the standing-
wave ratios produced in the main line by the fired TR tube, the discussion
was limited to the operation of these tubes at power levels less than that
required to initiate a discharge in the tube. In this chapter some of the
characteristics of the high-frequency gas discharges of the type oceurring
in TR and ATR tubes will be discussed.

To understand nonlinear phenomena is always difficult, and gas-dis-
charge phenomena are especially noted for their complexity. Although
a complete theoretical understanding of the quantitative relations has not
been achieved, the processes are well known, and a vast body of literature
exists describing d-¢ and low-frequency gas discharges. The domain of
high- and ultrahigh-frequency discharges has received comparatively little
attention. It is only in recent years that sufficiently intense power
sources and accurate measuring equipment have become available which
permit quantitative experiments to be made at these high frequencies.
Before 1941 little or no data on gas discharges at frequencies higher than
300 Mc/sec were available. Since that time, however, because of the
rapid development of microwave radar, most of the studies of ultra-
high-frequency gas discharges have been in the 3000- 10,000~ and 24,000-
Me/sec bands.

Because the goal of the work in the years from 1941 to 1945 was the
development of better TR tubes or new TR tubes to be used in new
equipments, and because so little time was available, only recently has
a systematic study of the discharge itself apart from the TR tube begun.
However, the properties of the fired TR tube that were measured were
those that directly affect its quality. These quantities are

1. Leakage power.
2. Arc power.

3. Recovery time.
4. Power range.

5

. Life.
139
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The leakage power includes all the r-f power incident on the receiver
during the Traismitting period. It may be subdivided into the following
components: spike, arc leakage power, direct-coupled power, and harmonic
power. The last two are really linear properties of the fired TR cavity,
and have been discussed in Chap. 2. The spike leakage energy is the
energy transmitted to the receiver during the time interval between the
beginning of the transmitter pulse and the establishment of the r-f steady-
state discharge. During this interval the voltage across the gap builds
up to several times the sustaining voltage of the discharge. The total

time involved is usually less than 10~® seconds,

Spike and the energy is of the order of 0.1 erg or less.

Flat The arc leakage power is the power incident

on the réceiver caused by the voltage drop across

the discharge. Asis true for many low-frequency

Fro. 51— Envelope of and .d—c disc}}arges, the Voltage.drop across the

TR-tube leakage power.  I-f discharge in the usual operating range is very

nearly independent of the current which it

carries. The envelope of the leakage power from a typical TR tube is

shown in Fig. 5-1. The “flat” is the sum of the arc leakage power,
direct-coupled power, and harmonic power.

The spike energy and flat leakage power of a TR tube are the quanti-
ties which determine whether or not it is possible to protect the receiver
from damage by the transmitter power. In all modern microwave radars
superheterodyne receivers are used with silicon, or germanium, first-
detector crystals. To achieve good sensitivity it i1s necessary to use a
rather delicate contact between the tungsten ‘““cat whisker” and the
silicon crystal. As a result, it is possible to damage the contact with
impulses (duration 10~¢ sec) of 0.2 to 0.5 erg energy, or with steady-state
leakage powers of the order of 1 watt. To ensure adequate factors of
safety, most TR tubes are designed to have a spike leakage energy of
less than 0.1 erg, and an arc leakage power of less than 100 mw.

The power dissipated in the discharge is called the arc power. . This
power is important, first, because it must be furnished by the transmitter,
and thus represents a loss, and second, because it is a source of heat
that warms up the TR tube, and in extreme cases may cause it to crack
or break. Heat which results from arc loss is of particular importance
in low-@ ATR tubes, pre-TR, and bandpass TR tubes. Finally, the
intensity of the discharge affects the rate at which the gas content of the
tube is changed.

In order for a radar set to detect echoes from near-by targets, the
attenuation through the cavity must decrease rapidly from its value of
60 to 70 db during the transmitting period to its ‘“cold” value of about
1 db. This means that the gap must be rapidly deionized. Deioniza-~
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tion cannot take place instantly, but it can be made to proceed at a rate
fast enough to bring the attenuation down below 3 db in less than 10 usec.
The time for the attenuation to fall to some specified value, such as 3 or
6 db, is called the recovery time. In extreme cases, if the recovery time
is too large, the ability of the radar set to detect small, near-by objects
will be limited; or targets detected at long range will be lost when they
move in to a shorter range lying within the recovery period.

The range of powers over which a TR or an ATR tube will operate
may be defined in several ways. It may be defined in terms of the ability
to protect the receiver; in terms of the effect upon the transmitter; or,
finally, it may be in terms of the possibility of damaging the tube itself.
To ensure satisfactory crystal protection, the power incident on the crystal
must be limited to a safe value for any incident power greater than zero
and less than the maximum rating of the tube. This is -necessary to
ensure protection against stray radiation from nearby radar sets, where
the power incident upon the TR tube may be many decibels below the
transmitter power level, but is still large enough to damage a crystal
unless it is suitably clipped or attenuated. Similarly, the power reflected
from large nearby targets may be large enough to burn out crystals unless
it is suitably attenuated. If the leakage power is limited to about 0.5
watt for incident powers between 0 and 20 watts, the protection is con-
sidered satisfactory, even though a limit of less than 0.1 watt is required
for normal operation. This larger leakage power is permissible only
because it is never applied to the crystal for any considerable length of
time. At a repetition rate of 400 pulses per second, a pulse leakage
power of 50 mw will cause no change in crystal characteristics over periods
of 1000 hours or longer. Pulse leakage powers of 200 to 300 mw will
cause deterioration of about 1 db in signal-to-noise ratio of the crystal
for every hundred hours of operation.

The minimum power level at which the arc loss becomes small
enough to be neglected is considerably higher than the minimum firing
power of the tube. In a multigap tube the input window may break
down at a power level of the order of several hundred watts. Until it
does break down the short circuit in the TR tube is one-quarter guide
wavelength from the correct position to ensure proper transmitter action.
The breakdown power of the window is the quantity that determines
the minimum transmitter power at which a low-@ tube may be used.

The maximum power at which a tube may be used is specified in
terms of crystal protection and possible damage of the tube. The spike
energy and arc leakage power are remarkably independent of line power,
but direct-coupled leakage power imposes a definite limit to the use of
high-@ TR tubes. In some high-Q tubes a secondary glow discharge
is formed at high power levels across the input window or inside the glass
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cylinder adjacent to it. This secondary discharge greatly reduces direct-
coupled power, but the heat generated often damages the tube. No
direct-coupled power is passed by pre-TR and bandpass TR tubes and
they protect crystals at all powers available at present, with no evidence
that they cannot be used at still higher pulse powers. However, these
tubes have an upper average power limit determined by the heating of the
input window. Thus, at low duty ratios, extremely high peak powers
may be safely used (10 Mw or more). If the duty ratio is increased
the maximum allowable transmitter pulse power is correspondingly
decreased.

The life of a TR or an’ ATR tube, if physical breakage from mishand-
ling and the results of exposure to excessive power are ignored, is limited
by the rate at which the gas con-

—~— — tent of the tube is changed by the
Transmitter Antenna | -\ ¢ discharge or the d-c¢ discharge
of the keep-alive electrode. De-
> < TR switch pending upon the type of tube
under consideration, the end of
the useful life produced by a
change in gas content will be
indicated by an excessive increase
either in recovery time or in leak-

Fia. §-2.—A T_R .tube. mounted betwe:en the dge power. A tube to be rea.lly

main transmission line and the receiver. e .

useful should have an operational

_life of at least 500 to 1000 hours.; Most TR tubes just meet this require-

ment. Recent low-@Q ATR tubes have lives in excess of 2000 hours,
while some TR tubes have indicated lives of more than 1000 hours.

Before presenting detailed experimental data and theoretical inter-

pretations of the data, a brief phenomenological description of the fired

TR tube will be made. In most respects the TR and the ATR tubes

behave alike, and therefore unless specifically noted to the contrary “TR "
will include tubes of both types. Figure 52 shows a TR tube mounted
in a conventional manner between the main transmission line and the
receiver. The tube is on a T-junction, often one-half guide wave-
length from the main transmission line. When the TR cavity is detuned
by the discharge across the gap, the high input susceptance is reflected
as a short circuit in the wall of the main guide, and power flows from the
transmitter to the antenna without reflection. If the transmitter pulse
has a flat top, the envelope of the leakage power will be as shown in

Fig. 5-1. In most high-@ TR tubes, the arc leakage power is constant

during the pulse to within a few per cent and is usually independent of
thie transmitter power over ranges of the order of 10% or more. In the

721A TR tube this is true for transmitter pulse power levels from 100 to

x Receiver
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10® watts. It is independent of the cold resonant frequency of the TR
cavity over very wide limits.

In a given tube the spike energy has been found to be remarkably

constant for a wide range of variables. Within the experimental accu-
‘racy, + 1 db, the spike energy is constant over as wide a range as is the
arc leakage power. It is also independent of the relative tuning of the
TR cavity and the transmitter over a range of at least 6 wo/Qrs (six
half-widths of the resonant circuit). It is not known how the shape of
the leading edge of the transmitter pulse affects the spike energy. Until
1945 when oscillographs with very fast sweeps and high resolving power
were developed, there was no method of correlating changes in spike
energy with changes in the transmitter pulse shape. From measure-
ments of the frequency spectrum of the energy in the spike, the duration
of the spike has been estimated to be between 2 and 6 X 10~* sec for most
high-Q TR tubes. )
" The energy in the spike may be reduced considerably if electrons from
an external source are present in the r-f gap at the beginning of the pulse.
The source of these electrons is the keep-alive discharge. The keep-alive
discharge is a d-c¢ discharge maintained between the keep-alive electrode
and some portion of the tube, so located as to have a minimum effect
upon the r-f fields in the cavity. The spike energy is inversely propor-
tional to ne, the number of electrons in the gap at the beginning of the
transmitter pulse. It is not possible to increase n, indefinitely, however,
because of the effect upon the low-level properties of the cavity. The
electrons in the gap have an equivalent admittance that is proportional
to their density. In practice it is usual to limit 7, to a value such that
the electronic admittance causes less than 0.1 db loss of received signal.
By using a pulsed keep-alive discharge, ‘““prepulsing,”’ just before the
transmitter pulse, a large value of n, may be used and the spike energy
may be reduced to very low levels. During most of the receiving period
the discharge will be out, and the keep-alive will have no effect upon the
low-level insertion loss of the cavity.

When the transmitter is turned off, the excitation is removed and
there is no further ionization of the gas in the r-f gap. The electrons
and ions already present in the gap do not, however, disappear or recom-
bine instantly. If the filling of the tube is a gas with a closed electron .
system such as H,, Ny, A, Ne, or He, the only process which can be used
for the removal of electrons is diffusion. This is an extremely slow proe-
ess, and the recovery time is hundreds of microseconds for such fillings.
If, however, a gas with a large electron-capture cross section is used, the
removal of electrons will be greatly accelerated and recovery times of the
order of a few microseconds may be obtained. Such gases are O,, H,O,
the halogens, SO,, and NO.



144 MICROWAVE GAS DISCHARGES [SEc. 51

The -gas fillings most commonly used in TR tubes are H,; and H,0
or.A and H,0 at about equal partial pressures and at a total pressure of
10 to 30 mm Hg. Operated on pulsed power alone, at a duty ratio of
about 1457, and with no keep-alive discharge, high-Q TR tubes may be run
for several thousand hours with little or no effect upon their charac-
teristics. If a d-c keep-alive discharge is maintained, however, then the
tube life may be shortened to as little as 250 hours. Two distinct proc-
esses operate to cause this short life. The slower, and therefore less
important, process is the gradual reduction of the gas pressure by sput-
tering. The other process is the reduction and change in gas content by
chemical action. The water, under the action of the discharge, is dissoci-
ated according to H;O — H*+ + OH~. The OH~ radical reacts with the
copper walls of the tube to form cuprous oxide, and free hydrogen is
released. In this way the partial pressure of H,O is rapidly reduced, while
that of H, is actually increased. The result of this process is, first, an
increase in recovery time caused by the removal of H,O; and second, an
increaseinleakage power as the total gas pressure is reduced by sputtering.

The rate of gas cleanup, and therefore the tube life, is largely deter-
mined by the current flowing in the keep-alive discharge. In fact, the
life varies inversely with the keep-alive current to a good approximation.
Usual operating currents are from 100 to 200 wa. Lower currents would
be desirable but although satisfactory levels of spike energy may be held
with currents as low as 50 pa such low-current discharges are likely to
be unstable. If the discharge is unstable and extinguishes occasionally,
very large levels of spike energy may reach the receiver while the dis-
charge is out.

The discharge in high-Q TR tubes takes place between the ends of the
cones and is usually of a pale blue color. The peak light intensity is
moderately high, but at a duty ratio of to5o, the average light flux is
low. If the transmitter pulse power is too high for the particular tube
used, a secondary discharge may take place across the glass adjacent to
the input coupling. In the pre-TR tube, low-Q@ ATR tube, and band-
pass TR tubes, the main discharge takes place across the inside of the
input window, and completely covers it with a smooth glow. The
internal gaps in a bandpass TR tube break down in a manner similar to
the breakdown in a high-Q tube.

In the following sections of this chapter, the material will be presented
in the following sequence: (1) A brief view of the more important char-
acteristics of the high-frequency discharge and a comparison with d-¢
discharges. (2) A detailed discussion of leakage power with a presenta-
tion of pertinent data and theoretical interpretations where possible.
(3) Recovery-time data and theory. (4) Keep-alive and gas-cleanup
problems,
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5-2. High-frequency Gas Discharges.—The high-frequency gas dis-
charge is different in many ways from the low-frequency or direct-current
discharge. (1) First, its superficial character or structure is different.
The high-frequency glow discharge presents a smooth appearance and
no particular structure is apparent. This is in contrast with the d-¢
glow discharge with its various bands or bright and dark spaces. The
appearance of the high-frequency discharge is most like that of the positive
column in the d-c glow discharge. It will be shown later that this
resemblance is more than superficial. (2) The electrodes in the r-f dis-
charge play a very minor role as compared with the major role which
they often play in the low-frequency discharges. An extreme example
of this is the high-frequency electrodeless discharge, in which the elec-
trodes are completely insulated from the discharge. (3) In low-frequency
discharges, both positive and negative ions, as well as electrons, acquire
appreciable energy from the applied field, and take part in the ionizing
process. At high frequencies, only the electrons acquire any appreciable
energy, and all electron production is by energetic electrons. At low
frequencies, ions acquire enough energy to cause heating of the electrodes
and to produce sputtering. At high frequencies, this process is of little
consequence except in discharges of very high power. (4) The electron
density of the high-frequency discharge may reach very high levels before
the glow discharge is transformed into an arc. Electron densities have
been estimated to be as high as 10'® per em?, and current densities have
been estimated to be of the order of 15 amp/cm?.

Before considering the much more complicated problem of the actual
gas discharge, let us consider two fairly simple problems. First, consider
the motion of a charged particle of mass m and charge ¢ in a vacuum
under the influence of an electric field E sin wf,

2.
mjt—f = e sin o,
U:%':i—ﬁ(l — €08 wl) + v, (1)

:c=(iFi'+vg)t—eTE—sinwt,
wm w m .

where z is the direction of the applied field, and v, is the initial velocity
of the particle. The particle has a continuous z-directed motion upon
which is superimposed an oscillating motion in time phase with the
electric field. The energy of the particle is

2
W.—_lmv2=lm[<e_E> (1_COSwt)z+2eEvO
2 wm

2 wm

(1 = cos wt) + vg]- (2)

If the initial velocity is small compared with that derived from the field,
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the energy acquired by the particle is inversely proportional to its mass
and to the square of the frequency.

K. K. Darrow has suggested a simple but illuminating method of
accounting for the effect of collisions upon the motion of an electron in
a field.! This method, although admittedly crude, gives an insight into
the general mechanisms involved. It is assumed that the gas molecules
are so massive compared with the electron that they are stationary, and
also that their density is great enough to make the collisions of the
electron with the molecules act as a net frictional force opposing the
motion of the electron. Using ¢ for the ‘“coefficient of friction,”

2
de?

U=d_x=¥———*eE 2 <g

“-sin wl — w cos wi
m

+gg—tz=eE’sinwt

-9
e e @)
m(‘”2+%’i> '

As before, there is an oscillatory and a drift velocity. The latter, how-
ever, is exponentially damped by the “frictional” force, and is small
compared with the oscillatory speed.

Since ne (dzr/dt) is the current density across a given plane, where n
is the number of charged particles per cubic centimeter, Eq. (3) also
represents current flow. In-phase and out-of-phase or quadrature com-
ponents of current relative to the applied voltage are recognized. The
in-phase component varies inversely with frequency and has its maximum
value at w = 0. The quadrature component has a maximum value at
w? = ¢g2/m?, and is zero at w = 0 and «~. Increasing g by increasing
the gas pressure reduces the quadrature relative to the in-phase com-
ponents of the current.

A “conductivity”’ and ‘‘ dielectric constant” of such a cloud of charged
particles may be defined. From Eq. (3), the in-phase current is

—+

ne'g . _ .
m E sin wt = oF sin wi. (4)

Similarly, the tofal quadrature current across the gap, including displace-
ment current, is

1 2
o (eo — 4r “,2—7::%) E cos wt = i—r cos wi, (8)

t K. K. Darrow, Bell Syst. Techn. J., 576 (October 1932).
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which gives the familiar result that the dielectric constant of a space-
charge region is less than that of vacuum.
This highly simplified theory indicates the following important facts:

1. The in-phase current carried by the electrons decreases with
increasing frequency.

2. At very high frequencies, the quadrature component exceeds the
in-phase component.

3. The relatively heavy positive and negative ions, m, = 1847m.,
get very little energy directly from the electric field.

It has been stated that the r-f discharge strongly resembles the d-c
positive column. Some of the salient features of the positive column are
listed* here:

1. No net charge—equal numbers of positive and negative charges.
2. Low gas temperature, about 100°C.

3. Low ion temperature; high electron temperature.

4. Voltage gradient less for monatomic than for diatomic gases.

The r-f discharge has no net charge, since the entire ionization takes
place within the discharge itself, and the drift velocity of the charged
particles is very small. The instantaneous gas temperature of the r-f
discharge has never been measured. However, under pulsed, high-
current operation, the window of a low-Q@ ATR tube may attain a steady
temperature in excess of 100°C with a transmitter duty ratio of 1os.
Thus, the maximum gas temperature must be much higher than 100°C.
Since the r-f discharge current is measured in amperes or tens of amperes,
whereas the d-¢ glow discharge current is usually measured in milli-
amperes, the difference in temperature is not surprising. The ion
temperature in the r-f discharge is low compared with that of the electrons
since the ions, because of their large mass, get little energy from the field
but get all their energy by collisions with electrons. The total voltage
drop across the r-f discharge is less for monatomic than for diatomic gases.
The order of the various gases may be seen in the comparison in Table
5.1. The first row of the table is taken from Cobine® and gives the

TaBLE 5-1.—CoMPARISON OF VOLTAGE Drop Across R-F DiscHARGE IN VARIOUS

GAsEs
Air 0, H, N, He Ne [ A
|
|
E./p (positive column) 17 | 14 851 43| 2.3|0.45 ’ 0.22
Arc voltage (r-f discharge) 33y 29, 3.1 | 1.4 2 ;0.66

! Cobine, Gaseous Conductors, McGraw-Hill, New York, 1941, p. 233.
* Cobine, op. cit.,, Chap. VIII.
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electrical gradient along the column divided by the gas pressure for a
given shape of discharge tube and at currents of 0.1 to 0.2 amp. The
second row is derived from measurements of the arc leakage power of a
1B27 TR tube at a pressure of 10 mm Hg, and the numbers are in arbi-
trary units. It is felt that the exact ratios between the values for the
various gases have no significance because the shapes of the discharge
tubes and the discharge currents are so different in the d-c and r-f cases.
Nevertheless, the orders in the two cases are about the same.
Spectrographic observations were made of the r-f discharge, and no
particular features were noted that distinguished it from the low-fre-
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F1a. 5-3.—Spectograms of r-f discharge in several 1B38 pre-TR tubes.

quency discharge. Figure 53 is a reproduction of a few typical spectro-
grams of the light from 10-cm, argon-filled, pre-TR tubes.! No accurate
measurements of the efficiency with which light is produced by the r-f
discharge have been made. The light from a 10-em pre-TR tube was
measured with a General Electric photographic exposure-meter. With a
line power of 5 X 10° watts and a duty ratio of 35, the indicated average
surface brightness was 2.5 X 10=% lumen/cm? This instrument has a
barrier-layer photovoltaic cell with a nonlinear characteristic and there-
fore the maximum brightness was probably much greater than the calcu-
lated value of 5 lumen/cm?.

In a self-sustaining discharge, the rates of production and destruetion,
or removal of ions, are equal. Delonization in a low-frequency discharge
may take place by two processes only: recombination, and diffusion.

! These were made by R. Mc¢Nally, Jr., of the Spectroscopy Laboratory of M.I.T.
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Recombination of a positive ion and an electron is a relatively improbable
process,! and can usually be neglected in comparison with the loss of
charge by diffusion to the walls or electrodes. Since most of the negative
charge in the d-c discharge is carried by free electrons, the more probable
recombination of positive ions and negative ions can also be neglected.
In the r-f discharge, the entire alternating current is carried by the free
electrons. This means that capture of electrons by neutral atoms or
molecules to form negative ions effectively ‘‘deionizes’ the gap in the
sense that its current-carrying capacity is reduced. Thus, in the d-c
positive column, ionization must take place at a rate equal to the deioniza-
tion by diffusion whereas in the r-f discharge it must equal the com-
bined rates of diffusion and electron capture.

The processes involved in the transition to a self-sustaining discharge
are markedly different in the low- and in the high-frequency regions.
In both cases, the initial ionization must result from some outside source,
for example, cosmic rays or photoelectric emission from the cathode.
The electrons produced in this way are acce’erated by the applied field
until they in turn can make ionizing collisions, and thus release more
electrons. It is here that the differences become important. In the
d-c discharge there is a fairly rapid drift of the electrons in the direction
of the field. They eventually reach the anode where they are lost to the
discharge. If only ionization by energetic electrons is considered, the
number of electrons between the anode and cathode is

n = Nee** (6)

where 7, is the number of electrons produced at the cathode by an external
source, z is the distance measured from the cathode, and « is the number
of ionizing collisions made by an electron per centimeter of path in the
direction of the field. Clearly, the anode current is directly proportional
to no and will be zero when 7o is zero. Thus, a self-sustaining discharge
cannot be achieved at low frequencies if ionization depends entirely
upon electrons. Recognizing this, J. S. Townsend proposed a second
method of ionization, ionization by positive ions.? This resulted in the
equation,

(a = B)e=?-
n = nNg WS (7)
in which g represents the number of ionizing collisions made by a positive
ion per centimeter of path in the direction of the cathode. If the denomi-
nator of Eq. (7) can be made equal to zero, n will increase without limit,

11oeb, Fundamental Processes of Electrical Discharges in Gases, Wiley, New York,
1939, Chap. 2.

? For a more complete discussion of cumulative ionization in d-c¢ discharges, see
Loeb, op. cit., Chaps. 9 and 10.



150 MICROWAVE GAS DISCHARGES [Bec. 52

and thus become independent of no. Although considerable doubt now
exists as to the actual physical process described by Townsend’s second
coeflicient 8, it is agreed that some secondary ionizing process is necessary
to produce cumulative ionization in a d-c field. Derivations based on
the assumption that the secondary process consists of release of photo-
electrons from the cathode by light generated in the discharge have the
same form as Eq. (7).
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Fie. 5-4.—Effect of water vapor pressure on breakdown potential (from Cobine , Gaseous
Conductors, McGraw-Hill, 1939.)

In the high-frequency discharge, the drift velocity of the electrons
is much less than in the d-c case. If the extreme case where the drift
velocity is zero is considered then, except for those electrons that are
within one mean free path of the electrodes, there will be no loss of elec-
trons from the discharge and each electron can make a limitless number
of ionizing collisions. Once the process is started, the initial electron
source may be removed without affecting the final current. At the

t Loeb, loc. cit.
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extreme frequencies of 3000 to 10,000 Mc/sec the existence of a secondary
ionizing mechanism of the type postulated by Townsend, ionization by
positive ions, seems highly improbable; however, the production of
photoelectrons at the electrodes or in the gas by light from the discharge
cannot be ruled out until measurements of the ionization process have
been made in detail.

The presence of a gas such as H,0, which has a comparatively high
probability of capturing a free electron to form a negative ion (high
electron-capture cross section), effectively increases the breadkown volt-
age of a gap. Capture of electrons effectively removes them from the
discharge since the probability of ionization by negative ions is very small,
and energies of the order of 3 to 4 volts are needed to detach an electron
from a negative ion. Figure 5-4 illustrates the effect of water-vapor
pressure on the breakdown voltage of rod gaps, suspension insulators,
pin and apparatus insulators, and bushings.!

A similar result would be expected in high-frequency discharges. So
far, at least, in the pressure region of 5 to 30 mm Hg, the observed effect
of H:0 on spike energy, which is proportional to the breakdown voltage,
does not permit such a generalization.

6-3. Leakage Power and Crystal Burnout.—The most difficult require-
ment placed upon the TR tube is that the leakage power be limited to a
value low enough to ensure the protection of the silicon crystal used as
the first detector of the receiver. At frequencies below 1000 Mec/sec
the conversion of the received signal to a lower, intermediate frequency
may be performed in diode or triode vacuum tubes with éxcellent signal-
to-noise characteristics. Such tubes are rugged and are not easily
damaged by pulsed leakage power of the order of tens of watts. In the
microwave region, however, transit-time effects make the construction
of good thermionic tubes very difficult because of the delicate and minute
spacings between electrodes which are necessary in order to obtain good
performance. Diode converters have been built for use at 10 em; but
their performance (signal-to-noise ratio) has always been poorer than
that of a silicon crystal by about 6 db.

Silicon crystals have been brought to their present state of excellence
by improving the purity, the etching, and the polishing of the silicon,
and also by better control of the location and shape of the tungsten
““cat whisker.””? Typical performance characteristics of erystals for
the 10-cm, 3-cm, and 1.25-cm bands are given in Table 5-2.

This excellent performance is the result of the extremely small con-
tact area between the tungsten and the silicon, which is of the order of

1 Joint Committee on Insulation Research, EEI-NEMA, “Recommendations for

High-voltage Testing.”” Trans. Amer. Inst. Elect. Engrs., 59, 598 (1940).
* See Vol. 5 of this series, Crystal Rectifiers.
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TaBLE 5 2.—TyricaL CrysTaL PERFORMANCE FIGURES

Conversion Noise*

Type Band, em loss, db factor
1N21B 10 3.5 1.3
1N23B 3.3 6 1.5
1.25 7 1.5

1N26 ] ‘

* The noise factor expresses the noise power as a multiple of the noise produced at room temperature
by an ideal resistor of a resistance equal to that of the crystal.

3 X 10-%in.2  Most of the ohmic resistance of the crystal is in the volume
immediately adjacent to the contact and, consequently, despite the high
melting point of tungsten, the power density is so great that only a few
watts are required to fuse the tungsten point and to destroy the recti-
fying contact.

There are two important ways in which the leakage power can change
or impair the performance of a crystal. One is characterized by a slow,
continuous degradation of the signal-to-
noise ratio of the crystal at leakage
powers of the order of 200 mw. The
rate of deterioration depends only upon
the total time of application of the
power. Thus, at a duty ratio of 134y,
the crystal changes by about 1 db per
&y t‘l % hundred hours with 200 mw applied.

Fre. 55— Waveform of test volt- 1 theé same power is applied as con-
age applied to silicon crystals in  tinuous wave power, the crystal changes
simulated spike burnout tests. 1000 times as fast. Damage of this
type is not the result of heat, and is probably associated with the total
charge transported across the rectifying layer.

The other type of crystal failure is thermal ‘“‘burnout’ in which local
heating permanently changes the contact between the cat whisker
and crystal. Thermal burnout may be divided into two general types
according to the manner in which the power is applied. In one, the
power is applied for a time long compared with the thermal time constant
of the crystal contact. The final temperature is directly proportional
to the power dissipated at the contact. In the other, the power is applied
for a time short compared with the thermal time constant, and the tem-
perature of the contact is proportional to the total energy dissipated at
the contact, that is, the heating is ballistic.

Theoretical studies and the experiments on crystal detectors indicate
that the shortest thermal time constant of any consequence is of the order
of 103 sec. Crystals are required to withstand a d-c pulse of the type
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illustrated in Fig. 55 and still have satisfactory signal-to-noise charac--
teristics. The decay time constant ¢, is 5 X 10~ sec, and & <« ¢;. This
pulse is obtained by suddenly discharging a capacitor through the crystal.
The total energy dissipated in the crystal in these tests varies from 0.1
erg in the 1N26 to 2 ergs in the IN21B. At energies roughly twice these
test levels, a large fraction of the crystals are damaged.

When the study of crystal burnout was first begun only ‘““steady
state” burnout by the application of long pulses (1 usec) was considered.
Early crystals (1943) were impaired by powers of 0.5 to 1 watt. With
improvement in the crystals this power has been increased, and modern
crystals will withstand 3 to 10 watts without serious damage. It soon
became apparent that most TR tubes had flat leakage powers of the
order of 100 mw or less, so that steady-state burnout was really no prob-
lem. The energy in the spike of the average TR tube, however, was
much closer to the danger level. For this reason, it was decided to
specify crystal burnout properties ‘n terms of ballistic heating as just
described.

In Sec. 5-1, it was pointed out that the envelope of the TR leakage
power could be divided into two parts, the spike and the flat, as shown
in Fig. 5-1. This picture can be seen if the leakage power is rectified
and passed through an amplifier of 5- to 10-Mc/sec bandwidth before
being displayed on a cathode-ray-tube screen. It has been determined
by experiment that the duration of the spike is usually less than 10~2 sec
and, for high-Q TR tubes, is from 3 to 6 X 10~ sec. The energy in the
spike is about 0.05 erg for most high-Q tubes. Bandpass tubes usually
exhibit a spike energy two or three times as great.

The arc leakage power lies between 10 and 50 mw for practically all
microwave TR tubes, and therefore this in itself can hardly damage a
crystal. The flat leakage power, however, is the sum of the are, harmonic,
and direct-coupled leakage powers, and care must be taken to ensure that
harmonic and direct-coupled leakage powers do not reach dangerous
levels.

6-4. The Spike.—On the basis of the introductory description, the
spike can be defined as follows: the spike energy is that energy trans-
mitted to the receiver during the time interval between the beginning
of the transmitter pulse and the formation of the steady-state discharge
across the gap of the TR tube. Figure 5-6 shows, on an expanded scale,
the presumed envelope of the leakage power through the TR tube near
- the start of the transmitter pulse.

Until recently, the exact shape of the spike had never been observed
directly. Conventional video-frequency amplifiers and cathode-ray
oscillographs are incapable of resolving transients whose duration is
10~ sec or less. As a result, the analysis presented in the following
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sections was developed by inference or deduction from the observable
properties of the spike: total energy and spectrum. In April, 1946,
C. W. Zabel succeeded in obtaining an oscillogram of the spike energy
leaking through a 1B38 pre-TR tube. This was done in the Insula-
tion Laboratory of the Massachusetts Institute of Technology on the
high-speed oscillograph developed by Lee.! The results of these measure-
ments are entirely consistent with previously developed theoretical
analysis.

Step by step, the processes in the spike are as follows. At the very
beginning of the transmitter pulse, there is an initial number of electrons
7o in the gap of the TR tube. As the transmitter voltage increases, the
voltage across the TR gap also increases, but at a slower rate because of
the comparatively high @ of the TR cavity. In bandpass TR tubes,
the voltage buildup follows that of the transmitter with no appreciable

time lag. This will be discussed in
greater detail in a later section. The

'::egf:;‘;“ electrons are accelerated by the volt-

age across the gap until they attain

sufficient energy to produce further

ionization. The electron density in

Spike the gap then increases very rapidly
Flat and begins to short-circuit the gap

and to reduce the power transmitted

F16. 5-6.—Presumed shape of spike through the TR cavity to the re-
Iea'kage envelope relative to magnetron ceiver. The rate of ionization con-
puldup- tinues to increase as the power
increases until an equilibrium is reached with the incident power. The
leakage power in the equilibrium condition is called the arc leakage power,
P,

The detailed structure of the spike cannot be observed easily, but two
significant measurements can be made which characterize it. These are
measurements of the total energy in the spike, and measurements of its
frequency spectrum. The spike energy W, can be measured in several
different ways (see Chap. 9). From a measurement of the total leakage
energy for two different transmitter-pulse widths, assuming that W,
and P, are independent of the pulse width, W, can be computed. Alter-
natively, the fact may be used that the attenuation through the TR
cavity, during the steady-state discharge, is of the order of 60 db and
is only a few db during the spike. This allows the are leakage power to
‘be canceled with a small amount of power obtained from the main trans-
mitter line through an attenuator, without altering the spike envelope.

1 Gordon M. Lee, A Three-beam Oscillograph for Recording at Frequencies up
to 10,000 Megacycles,” Proc. Inst. Radio Engrs., N.Y., 34, 121a (March 1946).

Amplitude
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Under this condition the spike energy may be measured directly. The
two methods, if used under the proper conditions, give equivalent results,
and good TR tubes have spike energies of the order of 0.05 erg per pulse.

The measurement of the duration of the spike is much less certain
than the measurement of the energy. The only direct experimental
method is to measure the frequency spectrum of the spike when the flat
leakage power is canceled as just deseribed. Such measurements are
restricted to the amplitudes of the various frequency components. Since
phase measurements are impossible with present techniques, the shape of
the spike cannot be reconstructed by the inverse Fourier transformation.
However, on the assumption that the spike is rectangular, and by the
use of the relation between pulse width 7, and the frequency interval
Af between the first two minima in the spectrum,

2
aAf
the duration has been estimated to be about 5 X 10~ sec in a typical
high-Q TR tube.

The spike energy is of primary interest because of the problem of
crystal burnout. Most of the measurements quoted in the following sec-
tions will relate to it, whereas measurements of spike duration will receive
rather scant attention. A simplified theory of the spike will be presented
first and then the dependence of spike energy upon the following para-
meters will be discussed:

Ts = ]

. Gas content.

. Initial number of electrons, no.
Gap shape.

Tuning of TR cavity.
Transmitter power level.
Transmitter-pulse shape.
External circuit.

NS 00

The variation of spike energy with the gas content of the TR tube
is a straightforward measurement and has received more attention than
the other measurements. No absolute measurements of the effect of
no upon W, have been made because of the difficulty of measuring ns.
Qualitative results, however, have been obtained. Gap shape has been
investigated only by varying the gap length of a given tube and by noting
the variation in W,. The effects of tuning and transmitter power level
have been measured, and coherent results obtained. No data are avail-
able on the effect of the transmitter-pulse shape. Some data exist on
the effect of the impedance and Q of the external load upon W,.
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6-6. Linear Theory of the Spike.—There is, at present, nothing that
can be dignified by the title of “theory of the spike.” It is known that
at the start of the transmitter pulse there are a few electrons in the gap.
These are accelerated by the high-frequency field until their energy is
sufficient to cause ionization and produce more electrons. The number
of electrons increases exponentially with time until the electronic r-f
admittance across the gap becomes very large and the discharge passes
into the steady-state or flat condition. It is not possible yet to calculate
the rate at which the ionization process takes place even for simple gases
like helium, and for gases having many excitation levels at energies below
the ionizing potential such calculations are even farther from realization.

Even with these limitations, it is possible to make some pertinent
calculations on the basis of a much simplified model. The justification
for the use of the simple model lies in the fact that the calculations based
on it give results that agree with experiment. This simple model of the

TR
Z, Y,

o2

Magnetron
¢ Zo= l/"’0 ° E G

Antenna

F1g. 57.-—Lumped-constant circuit of TR cavity loaded with magnetron oscillator and
antenna.
spike assumes that the electronic admittance across the gap of the TR
tube is negligible until a critical voltage is reached, at which time the
gap ionizes instantly and completely. The linear transient response of
the TR cavity to the transmitter pulse is calculated up to the time ¢, at
which time the gap breaks down. It is assumed that the spike energy
is the energy calculated in this manner.

A further sophistication of the theory includes the effect of electronic
loading on the transient response. The rate of ionization is calculated
but it is assumed that inelastic collisions that do not ionize can be
neglected. This calculation involves a knowledge of the velocity dis-
tribution funetions of the electrons and the probability of ionization
corresponding to different electron energies. T. Holstein of the West-
inghouse Research Laboratories has studied this problem in considerable
detail, but no results are yet available.

In this section the behavior of the simplified linear model described
above will be presented. The electrical circuit of the r-f section of a
radar set including the transmitter, TR tube and receiver, and the
antenna, may be represented by the equivalent lumped-constant circuit
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of Fig. 5'7. The TR cavity is assumed to be connected in series with the
transmitter line, and the generator and antenna are matched to the
characteristic admittance Y, of the main line, while the receiver has a
conductance . The differential equation for the voltage V across the
resonant TR circuit is then

V,,(t)%’=V<—I;—°+G>+C'%/+%/th. )

If the generator voltage V,(f) is known, it is possible to solve for V'
and finally get an expression for the energy dissipated in the receiver
load G for any assumed time interval between ¢ = 0, the start of the
transmitter pulse, and r, the beginning of the discharge. The first prob-
lem, then, is to choose the proper function for V,(t).

First, it is necessary to consider only self-excited osciliators such as
the magnetron, since master-oscillator-power-amplifier combinations are
not yet available in the microwave region. It is known that the oscilla-
tions in a self-excited thermionic oscillator build up from zero in the
following manner. As the anode voltage is increased, current begins to
flow. At low voltages the gain around the positive-feedback loop is not
sufficient to make the oscillator have a negative dynamic conductance
equal in magnitude to the total conductance loading the tube, and there
are no self-sustained oscillations. There is, however, noise power
delivered to the load. As the voltage and gain of the tube increase,
the negative conductance increases until
finally self-sustained oscillations begin.

In the magnetron, while the voltage. is
still below the cutoff level, the rotating
space charge has two effects. First, it acts
as a noise generator; and second, the noise
voltages induced in the resonant cavities
couple back to the space charge, like posi-
tive feedback, and tend to bunch it. At
the critical voltage, the coupling between )
the space charge and the resonant cavities
of the magnetron becomes so tight that Fig. 5-8.—Envelope of build~

. . up of oscillations in a pulsed
oscillatory energy may be delivered to an . neeron.
external load with enough voltage left over
to keep the space charge properly bunched, and thus maintain stable
oscillations in the circuit.

The output power of the magnetron is shown in Fig. 58. 1In the
interval 0 < t < t;, the tube has an increasing, positive value of @ and
is driven by a constant-current noise seurce. The output noise does not
have the usual wide noise spectrum, but has the frequency characteristics

Amplitude

Exponential
rise

Noise; linear rise
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determined by the effective @ of the tube. The noise output power
increases linearly with time. At time ¢; the negative electronic conduc-
tance becomes greater in absolute magnitude than the total dissipative
conductance. The @ of the tube becomes negative, and the amplitude
of oscillation increases exponentially with time until it reaches a limit
imposed by the external power supply, catbode emission, and space
charge.

For purposes of analysis of the spike, it will be assumed that the
magnetron has a constant, high, positive value of @ during the noise
buildup. The noise source is the space charge and is assumed to have
s very high impedance. It may be considered as a constant-current
source whose strength increases linearly with time. The output power
of the magnetron during this period, and under these assumptions, con-
sists of a narrow spectrum of noise, narrow compared with the TR-cavity
bandwidth, about a center frequency w, and with amplitude increasing
linearly from zero. Because the @ of the magnetron is so high in the
interval 0 < t < t;, the output power is essentially a continuous wave
in terms of the comparatively low-@ TR cavity. During this noise-
buildup period _

Vo) = %—’ ¢ sin wt 0 <t<iy (9)

For ¢t > t,, the output increases exponentially and
V(&) = Ve=t* sin wi. {10)

Let us consider the response of the TR cavity to these two functions.
Messurements on 10-cm magnetrons indicate that the maximum noise
power is of the order of 20 watts when the magnetic field ig 1300 gauss,
and the r-f pulse power is about 50 kw. A typical valueis Vo = +/20/Y,,
where ¥, is the characteristic admittance of the transmission line coupled
- to the magnetron. The time ¢; depends upon the steepness of the applied
d-c pulse, and is about 108 sec.

To get the response of the cavity to this linear rise, Eq. (8) is rewritten

Vo¥o, . . (Y, av 1
2{1 tSlnwt-V(—Q—+G)+C-a?+Edet, 0 <t <y (11)

This equation is conveniently solved by the method of the Laplace trans-
formation.! The transformation of the differential equation into an
algebraic equation gives

Yy
PR+ 6
Vo Yo ws 2 1 C
— =V S A 1
% T xen s VWSt sty
L Gardner and Barnes, Transiénts in Linear Systems, Vol. I, Wiley, New York,
1942,

(12)
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where V(s) is the £-transform of V, and s is the Laplace operator. The

solution for V(s) is

Vo Yn w s2 ’
2e (8*+w)? (s + 8 +jw) (s + 68— jw)

where 1/LC = w?, 8 = (Yo/2 + G)/2C = w/2Qr: and w> 8. If the
inverse, or £, transformation is made

Vis) = (13)

_VY |, 1 _-m]- [_t_l _-f’] }
V_4t1Cﬂ{[t ﬂ(l e ) | sin wt + 3 5(1 e n |cos wip- (14)
Usual values of @. for a TR cavity are between 300 and 400; therefore
B = 107 sec™. With w = 2 X 10'° sec™!, 8 may be neglected by com-
parison, and Eq. (14) becomes
_ VoY [ .

~ el B a1 - e—"‘)] sin wl. (15)

12

If e~# is expanded in powers of jt,

_ VYo

2 ot
V =~ 8.0 {? sin . (16)
The power dissipated in the conductance G is
|} 2 Y 2G
= 2 - _0-0 4 gin?
P =\V:@ 64t§02t sin? wt, )

and the energy dissipated in the time 7 is

t 2772 T
w = ﬁPdt = gz:;gfﬁ t* sin? wt dt,

or
_ G
~ sd0c T

If it is assumed that the gap breaks down instantaneously at the
time 7, then Eq. (18) gives the spike energy W, dissipated in the conduc-
tance G. Experimentally, it is known that W, is independent of trans-
mitter power over a range of at least 1000 to 1. For Eq. (18) to |
correct W must be independent of V. If it is assumed that the gap
breaks down at a critical voltage V', then, from Eq. (16),

, _ [8CLYV”
7 = \/—YoVo (19)
If Eq. (19) is substituted into Eq. (18),

_ 1 [2Ch
W= 5\/——Y0V0 Vs, (20)

w 10— < 7 < 108 sec. (18)
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Thus, W is not independent of Vy and does not satisfy the experimental
results, unless V' is also a function of V, as defined by Eq. (20). More-
over, if numbers are put into Eq. (18), then for Vy = /20/Y,, t; = 10—
sec, @ = 300, 7 = 5 X 10~?sec, and Y, = @, the computed energy is too
low by a factor of more than 1000.

Thus, it has been demonstrated that the value of W, calculated on
the assumption of an instantaneous breakdown of the gap at a critical
voltage V' is much too low if available estimates of the rate of noise
buildup are used and the computations are confined to the linearly rising
portion of the magnetron-starting characteristic. Further investigation
shows that W, is not independent of the cavity tuning. That is, for
1/LC = w? the energy delivered to G varies with the value of LC. Let
us now investigate the energy dissipated in ¢ during the exponentially
rising voltage output period, ¢{; < ¢ < f,.

To simplify notation, let us shift the time scale so that ¢, is zero time.
Then V,(t) = Vee. Since the energy contributed by the linear rise is
so small, it will be neglected here, and it will be assumed that at ¢ = 0,
V,(t) is suddenly applied to the network. If the solution for V is found
in the same way as before, the £-transform equation is

_ Vb, 3

[ N I's
V(s) 20 s—atjo)(s—a—jw(s+8+jw (s +8— ju) (21)
Finally, if > B«
7 o~ VOY“ pat . p—Bt 3
V= gca+p W T it (22)

The energy dissipated in G is

VY6

W = s5tia + 52

[i (err = 1) — (1—2_—5 (ela=ft — 1) — QIB (e72or — 1)}-
(23)

The quantities Yy, 3, C, and G are defined as before. The time constant
of the magnetron is « = w/2Q., where the buildup @ has a typical value
of Q. = —25. Inthe 10-cm band @ = 4 X 10 sec™!. Since the values
of 7 are between 5 X 1072 and 10-% sec, Eq. (23) cannot be expanded
into a short series of one or two terms as was done for Eq. (15). A
graphical solution of Eq. (22) and Eq. (23) shows that for» > 2 X 10—°
sec, the energy is independent of V over a wide range. Furthermore,
fVe=20/Y,G=Yoo=4X10%8 =235 X 107,C = 3 X 1087,
and r = 9 X 10~° sec, then it is found from Eq. (23) that W = 0.07 erg,
which is in good agreement with experiment.

Since this simple theory agrees with experiment when the magnetron
and TR cavity are tuned to the same frequency, »? = 1/LC, it is inter-
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esting to see what happens when the two are tuned differently, and
1
o= (w + Aw)2

If this relationship is substituted into the initial differential equation,
then the £-transformed equation is

VowYo

Ve = 50

X

)
Goatjo)(s—a—jo)s+ B8+ i+ aa)lls+8 —j(o + da)]

(24)

The inverse transformation of this equation gives

VoY _
~ 40TAe? +0 (2 + 87 {{Aw cos wt + (a + B) sin wi]e=

— [Aw cos (w + Aw)t + (a + 8) sin (w + Aw)tle P}  (25)

where w is large compared with «, 8, and Aw. This expression may be
rewritten as

14

- VoY
4C V(8w)? + (a + B)?

[(ex — e cos Awt) sin (wt + ¢)
— e cos (wt + ¢) sin Awl], (26)

where ¢ = tan™! [(« 4+ 8)/Aw]. The absolute value is

_ VoY,
4C v/ (8w)? + (a + B)2

This equation is similar in form to Eq. (22) and for ¢ greater than 5 or
6 X 107° sec, a change of Aw has the same effect as changing V,, and
therefore has no effect upon the spike energy. This agrees with experi-
ment which has shown that W, is independent of Aw over a range of at
least

V] Vet — el 4 |, (27)

Aw

w

6
< Q—L .

Thus, an extremely simple empirical theory of the spike has been
formulated. Its claim to validity rests upon the fact that if typical
data for magnetron starting, TR-cavity @, and spike duration are used,
the calculated value of spike energy W, agrees with experiment and also
upon the fact that it predicts the independence of W, upon V, and Aw,
which is consistent with experiment. The two assumptions involved
concern the starting of the magnetron and the instantaneous breakdown
of the gap.

0<
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5-6. Nonlinear Theory of the Spike.—If a cloud of electrons in a gas
subject to an accelerating field is considered, the rate of increase of
electrons may be written as

dn S

where 7 is the electron density, S is the average electron speed, L the
mean free path, and p is the probability of ionization per collision. This
may be written

1dn
ndl = ), (29)

where V is the voltage across the gap. It will be shown in Sec. 5-13
that the r-f admittance of a cloud of elec-

14 . .
trons is proportional to n, and therefore,
1dg.
0, 7. di - o(V), (30)

where the electronic admittance is as-

sumed to be a pure conductance g,. The

equivalent circuit is shown schematically

in Fig. 5-9a. The solution of the nonlinear

differential equation of this circuit for V

is a tedious task. Numerical solutions

have been carried out by T. Holstein of

the Westinghouse Research Laboratory

but reports of this work have not yet

®) been published.

Fie. 59.—Circuit for analysis of First, let us consider the circuit of Fig.
spike energy. . . .

5:9b. This circuit represents a nonreso-

nant (or very-low-) TR tube such as a pre-TR or bandpass tube. In
this circuit the voltage across the gap is given by

. 1
V=3 +— V0. 31
s Ve (31)
For simplicity, let it be assumed that ¢(V) in Eq. (30) is a linear function
kV. That is, the probability of ionization increases linearly with the

applied voltage. Now, if Eqgs. (30) and (31) are combined,
_ldg. ko
kV = T V. @®. (32)

Integration of Eq. (32) gives

3. ¢ _k ¢
(ge — go) + iln g(‘) = Q/; V,(t) dt, (33)
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where g, is the electronic conductance corresponding to ne, the initial
electron density in the gap, furnished by the keep-alive discharge. Since
the circuit is assumed to be nonresonant, the periodic generator voltage
V,(t) may be replaced by its envelope Vo(e=* — 1), where ¥V, and « are
the quantities defined in Sec. 5-5. The numerical solutions of these
equations are presented in Fig. 5-10, where all the constants have been
normalized. These results indicate that the spike energy is relatively
insensitive to ny {or go), in view of the fact that a range of 100/1 in g,
is represented by the extreme curves. The area under the squares of
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F1c. 5-10.—Calculated spike transient of low-Q TR tube.

these curves is proportional to the energy delivered to the load. For
the three values of go assumed, the energies lie in the ratio 1, 1.4, and
2.6 for go = 0.1, 0.01 and 0.001 respectively.

Similar results have been obtained by Holstein for the high-Q case.
It is interesting to note that this theory predicts the existence of a
“pseudo-flat.” This is the flat portion after the initial spike transient;
it is at a considerably higher level than the arc leakage power of the
steady-state discharge. The pseudo-flat lasts until the transmitter
power has reached its peak and leveled off, at which time the steady-state
discharge is established. Until recently it was impossible to prove or to
disprove the existence of the pseudo-flat. Tigure 511 is a retouched
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oscillogram of the leakage power through a 1B38 pre-TR tube. This
oscillogram was taken by C. W. Zabel of the Radiation Laboratory on

Fic. 5:11.——0Oscillogram of spike from 1B38 pre-TR tube.

the high-speed oscillograph at the Massachusetts Institute of Technology
Insulation Laboratory. The picture shows quite clearly the spike,
pseudo-flat, and the transition to the true flat. The deflection sensitivity
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of this oscillograph is very low and therefore it is impossible, unfortu-
nately, to record the breakdown transient in a high-Q TR tube, where the
spike leakage energy is about 10~* that in the 1B38 pre-TR tube.

The calculated curves of Fig. 510 show a comparatively slow drop
in voltage after the peak of the spike. This is in strong contrast with
the assumption made in Sec. 5-5 that the breakdown is instantaneous.
This same contrast is furnished by the oscillogram shown in Fig. 5-11
where the breakdown time is as long as the buildup time or longer. The
numerical calculations for the high-Q circuit made by Holstein show the
relatively short breakdown time assumed in Sec. 55 Thus, there appears
to be a difference between the spikes in low- and high-@ TR tubes. This
is probably best explained if, in Eq. (22), it is noted that the voltage V
is independent of the load conductance ¢ in the time interval under
consideration. This is equivalent to saying that the surge admittance
of the cavity is very large compared with Y. Bince g¢ is about 0.01Y,,
g./go must reach very much larger values than are required in the non-
resonant TR tube in order to produce a given reduction in voltage.
Sinee n, or g., grows exponentially, when the voltage is reduced by elec-
tronic loading, it falls very rapidly, and gives a sharp breakdown
characteristic.

One of the larger voids in the understanding of TR phenomena con-
cerns the relationship between spike leakage energy and the Q of the
TR cavity. Quantitative experiments to determine this relationship
have been few, and the results are conflicting. It is known, however,
that although W, is relatively independent of the input coupling (Q.),
it is a strong function of the output coupling (Q..). These relationships
hold for a given TR tube in the region 100 < Qr, < 400.

The jump from high-@ TR tubes to bandpass tubes, however, where
Q2 = 5 is difficult to understand, since W, in the bandpass tubes is
about 0.1 erg as compared with 0.03 erg in the high-@ tubes. Moreover,
where 0.1 to 0.3 erg of spike leakage energy from a high-@ tube damages
many crystals, the same total energy from a bandpass tube, if allowed
to fall upon a crystal for hundreds of hours, does not damage it. The
difference is believed to result from the difference in shape of the spike
in the two tubes. In a high-@ tube, the energy is confined to a time
interval short compared with the thermal time constant of the crystal.
In the bandpass tube, the slower breakdown, it is believed, causes the
spike energy to be distributed over a longer time interval. If this time
is longer than the crystal time constant, then burnout is caused by a
combination of ballistic heating and steady-state heating. Estimated
time constants are of the order of 10-8 sec, whereas the duration of the
spike is about 5 X 109 gsec for the high-Q tubes, and 10~® sec for the
bandpass tubes. Thus, the bandpass tube is just in the borderline
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region, and the explanation given above is at least plausible. Further
experiments and continued study of these phenomena should not prove
too difficult and should yield interesting results.

6.7. Effect of n, upon Spike Leakage Energy.—The curves of Fig. 5-10
indicate the dependence of W, upon n,, the number of electrons initially
in the TR-tube gap. It has been observed from experiment that the
spike leakage energy varies inversely with no; however, no quantitative
data which give the exact relationship exist.

The nature of the TR tube is responsible for this gap in the basic
understanding of the breakdown. The initial, or priming, electrons are
furnished by the d-c keep-alive discharge. The density n, of these
electrons can be controlled by varying the discharge current, or by chang-
ing the position of the discharge relative to the gap, but neither of these
parameters bears a simple relation to n,. Furthermore, in normal
engineering practice, it is usual so to arrange the keep-alive electrode
that with a normal current (= 100 pa) the keep-alive interaction, the
reduction in low-level transmission due to g, is about 1 per cent. The
rest of the tube—gas, shape, and coupling—is then adjusted to make
the spike leakage energy low enough for safety. Thus, the desired results
are measured directly rather than by means of the rather academic
quantity 7.

However, it would be of value to have experimental results of the
effect of mo on W, In principle, at least, no can be measured directly
by means of d-c probes in the gap. In cell TR tubes, it is possible to
measure the current collected on the cone across the gap from the keep-
alive, when it is at a small positive potential. Thus, a calibration of n,
against keep-alive current can be obtained, and can then be used to
interpret a curve of W, as a function of keep-alive current.

The interaction of n, upon the low-level transmission may be measured.
A cloud of electrons in a gas may be represented (see Sec. 5-13) by an
admittance Y, = go + jbo referred to the input terminals of the TR
cavity, the cavity losses may be represented by ¢., and the genrrator
and load conductances by unity. The relative transmission of power
to the load in such a circuit is

1
gt g0\’ , [bo\*
(E

Measurements on a special tube indicate that the electronic admittance
is mainly real (go > bo).! Then, if b, is neglected, the solution for g, is

T.= (34)

! Ting-Sui K& and L. D. Smullin, “ A Low Power X-Band R-f Gas Switch,” RL
Report No. 841, Oct. 19, 1945.
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1 1
ARV A ®9)
where
gl -2
T = (1 + 5
Since go « N,
1 1 —a
=— ’ 36
s \/T( a ) S

where a = \/T¢/T. Thus, Eq. (36) is a means of determining the
relative values of n, in a given TR

tube for various conditions of the 0.7[_
keep-alive circui.. v o
Figure 5-12 shows the spike 5 06r Keep-alive off
leakage energy through a 724A TR ? 05r
tube, operated without a keep-alive & 04}
discharge, as a function of trans- & g3|
mitter repetition rate. In this ex- E 02l
periment the electrons in the gap £
at the start of a pulse were those & 01r
left over from the previous r-f dis.,— 00 10100 20'00
charge. Thusthe highertherepeti- Transmitter repitition rate-pulses /sec
tion rate (shorter time between Fie. 5-12.—Effect of transmitter repe-

tition rate on spike leakage energy for a

pulses), the greater is n,, and the 724A tube at a line power of 20 kw.

smaller is W,. An experiment of
this type, coupled with the recovery-time analysis discussed in Sec. 513,
might give some interesting quantitative results regarding n..

6-8. Effect of Gas Filling upon Spike Energy.—In the preceding sec-
tions an attempt was made to present a more or less rational explanation
of the gross aspects of the spike, and of the process of breakdown. No
attempt, however, was made to explain the detailed process of ionization.
This involves accurate knowledge of the excitation and ionization levels
and cross sections of the particular gas under consideration, and a means
of calculating the actual electron energy distribution function at every
instant during the breakdown process. This has not yet been done and
is certainly beyond the scope of this book.

From the engineering point of view, however, what is desired is a
knowledge of the effect of pressure and of the particular gas or mixture
of gases upon W,. These data have been obtained from measurements
upon particular TR tubes. Because the work at the time was urgent,
emphasis was always placed upon the development of a particular tube.
As a result, complete sets of measurements on a particular tube, using
different gases and pressures, are almost nonexistent. No attempt has
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been made to correlate the optimum pressure {minimum W,) with gap
spacing and frequency. It is doubtful whether the data now available
would be amenable to such analysis.

The variation of W, with the kind of gas used seems to be consistent
for tubes of different types and of different frequency bands. The TR
tubes have been filled with mixtures of either H, and H,O or A and H,O.
The water vapor is used to ensure short recovery time, while the hydrogen
or argon is used to ensure adequate crystal protection at sub-zero tem-
peratures and also to increase tube life.

Figure 5-13 is a plot of the spike leakage energy W, through a 1B27
TR tube operating at 9.1 cm with Q.2 = 300. The data were obtained
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Fia. 5:13.—8pike leakage energy W, through a 1B27 TR tube for various gases.

Spike leakage energy W; -ergs

by measuring the leakage power through the TR tube at two pulse
widths and assuming that the arc leakage power was flat and independent
of pulse length. No attempt was made to view the leakage pulse on an
oscilloscope during these experiments. These precautionary statements
are made principally because of the curve for O,. The other gases
behaved as expected ; but the very low spike energy obtained with oxygen
was somewhat startling. Because these particular tests were made at
the end of 1945, there has been no opportunity to check them. It
might be concluded that monatomic gases would ionize more easily than
diatomic gases, since diatomic gases can absorb electron energy in mole-
cular vibration thus reducing the probability and the rate of ionization.
The curves of Fig. 5:13 do not support this conclusion. On the other
hand, Fig. 5-14 represents data taken on a 1B26 TR tube at 1.25 cm in
which the minimum spike energy for argon is about one-eighth that for
hydrogen. In this case W, was measured by canceling the flat leakage
power with power through a linear attenuator which did not pass through
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the TR tube. Measurements on the 3-cm bandpass TR tube! give the
same relative spike leakage energies for the noble gases, argon, neon,
and helium as those shown in Fig. 5-13.

Many measurements of spike leakage energy which are not presented
here had to be omitted because of the questionable purity of the gases
used. The effect of impurities is apparently most serious in the case of
the noble gases.? Ordinary TR tubes do not easily lend themselves to
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Fi6. 5-14.—Spike-pressure characteristic for a 1B26 TR tube at 1.25 cm.

high-temperature outgassing because of soft-soldered joints, or compara-
tively weak copper-glass butt seals. Thus, these data must be treated
asrepresentative of leakage energies that can be expected from commerical
tubes rather than as an indication of the intrinsic properties of the par-
ticular pure gas.

Figures 5-14 and 5-15 show the effect of the addition of water vapor
to an Hofilled TR tube upon W,. In both the 1.25-cm and the 10-cm
tubes, the use of H»O makes the spike energy surprisingly independent

! M. D. Fiske, ‘“Final Technical Report on OSRD Contract OEMsr-1306,”” GE
Research Laboratory, Nov. 7, 1945,

* Loeb, “Fundamental Processes of Electrical Discharges in Gases,” Wiley, New
York, 1939, Chap. 2.
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of the partial pressure of H; or H:O. Thus, the choice of the proper gas
filling must be dictated by considerations other than spike leakage energy.
These factors, arc power, recovery time, and life, will be discussed in
succeeding sections.

Although Fig. 5-14 indicates that the use of pure argon results in
exceptionally low values of W,, this is of little importance in a TR tube
designed for radar use because of the extremely long recovery time of such
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Fic. 5-15.—Effect of addition of water vapor to He-filled 1B27 TR tube.

a tube. The addition of sufficient water vapor to ensure short recovery
time and reasonably long tube life, makes the A and H,O spike energy
about the same as that for the H, and H,O mixture.

Effect of Gap Length upon W,—In the TR tube, spike leakage energy
increases with increasing gap length, if other factors (except tuning)
remain constant. Figure 516 shows the characteristics of the 1B24
(3-cm) and 1B27(10-cm) TR tubes; W, is plotted against revolutions of
‘the tuning screw, which produce a linear motion of the cone. These data
were obtained with the exciting power coming from a fixed-frequency
magnetron and, therefore, the TR cavity was detuned from the magne-
tron by about + 6 per cent at the extremes of the tuning range. Other
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tests in which the magnetron frequency was varied over a comparable
range while the TR cavity was kept tuned to a constant frequency showed
variations of W, of 1 db or less. The curves of Fig. 5:16 obviously obey
different laws. How much of this results from differences in frequency
and how much from electrode shape is not known.

Some indications of a minimum spacing, below which W, starts to
rise again, have been found. This occurs in the 1B27 at a spacing of
about 0.005 in. No quantitative
data of this part of the curve
exist, and no data exist for other
frequencies. Accurate measure- Fq2]
ments of this minimum as a func- € ggq

0.1

tion of frequency and pressure §00.03
should prove valuable in affording ?
a clearer insight into the funda- & 002
mental processes. It is believed 5—5")

that this minimum has the same 001
significance as that of the Paschen ooosL_L 11

eurve for low frequencies. When Tu?ns c1>f tuﬁinggcrev‘lv-descreassin;gapslenggth
the gap becomes short enough, a RS

large fraction of the electrons in
the gap may be lost to the elec-
trodes before they can contribute to the further ionization of the gas.

6-9. Arc Leakage Power.—The arc leakage power is the power dissi-
pated in the receiver load and results from the steady-state voltage drop
across the high-frequency discharge in the TR tube. In the normal
pressure and current range encountered in TR tubes, the voltage drop
across the discharge is very nearly independent of the current carried by
it, and for most cases the discharge can be treated as a zero-impedance,
constant-voltage source.

Some of the similarities between the high-frequency discharge and the
positive column of the d-¢ discharge have been indicated earlier in this
chapter. In this and the following sections, the self-sustaining r-f dis-
charge in TR tubes will be discussed, in which the quantities of interest
are the arc leakage power and the arc loss, the power dissipated in the
discharge. Some of the independent variables that affect the discharge
are:

F1a. 5:16.—Variation of spike leakage energy
with gap length in 1B27 and 1B24 TR tubes.

1. Gas content.

2. Transmitter power level.

3. External circuit (cavity couplings, etc.).
4. Gap shape.

The only quantities which can be measured conveniently are the arc
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leakage power, arc loss, and the transformed discharge impedance. No
measurements have been made of the electron density or of temperature
in the discharge, although estimates of the former have been made. It
should be possible to measure the electron temperature by means of probes
similar to those used in the study of d-¢ discharges.!

Before presenting the experimental data, or discussing some of the
theoretical aspects of this problem, let us see how the measured leakage
power varies with the design of the TR cavity. Figure 517a is a
schematic diagram of a TR tube connected in series with a transmission
line which is energized by a matched generator and terminated in a
matched load. The TR cavity is loaded by an arbitrary, real conduct-
ance G/Yy = g. The equivalent lumped-constant circuit is shown in
Fig. 5-17b, where the reference plane has been chosen at the center of the

Z

-~ Reference
plane

(2) (®)

Fra. 5:17.—Equivalent circuit for arc leakage power.

TR tube. The equivalent generator seen at the center of the TR tube is
obtained by the use of Thévenin’s theorem. The internal impedance is
2b2Z, and the open-circuit voltage is 8%, where B/Y, = b is the suscept-
ance of the TR-cavity coupling irises. If b = 10, then the generator
impedance seen from the gap is 200Z,. If aline power of 1-kw peaks, and
a 50-ohm coaxial transmission line are assumed, then £ = 1400 volts rms,
and the transformed generator voltage bE = 14,000 volts. Measure-
ments made on the 721A TR tube indicate that the voltage drop across
the discharge, e,, is about 100 volts? when an Hy-H,0O gas filling is used,
and is 200 to 300 volts in the argon-filled 10-cm pre-TR tubes. This
large ratio between e, and bE allows the discharge to be treated as if it
were energized from a constant-current source. The magnitude of the dis-
charge current depends upon the transmitter power, upon the amplitude
and phase of standing waves in the main transmission line, and upon the
coupling to the TR cavity.

! Cobine, Gaseous Conductors, McGraw-Hill, New York, 1941, Chap. 6.
2 Bethe, Marshak, Sclwinger, ‘“Theoretical Results on the TR-Box,” NDRC
Report D1-116, Jan. 20, 1943.
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It is an experimental fact that within the accuracy of the experiments,
the arc leakage power of a TR tube into a given load is independent, of
transmitter power over a range of several thousand to one. This means
that the arc voltage remains constant while the

current 1s varied by a factor of fifty or more, and 12
allows the discharge to be treated as if it had a
zero dynamic impedance and constant voltage & 8 VT
drop. g 2A T
The power delivered by a constant-voltage -;",:; a (iT—T
generator to a load is P = E?%, where g is the -~ )
conductance of the load. The load susceptance [ =
has no effect upon the total power absorbed by 00 0'47’ 08 10

the load. Measurements of arc leakage power o
as a function of load admittance give contours :;’ffeaf;;i';ﬁ?ﬁ?ﬂ
of constant power which fall upon lines of con- transmission through the
stant conductance on transmission-line charts, .~ °vich-

and which show little or no dependence on the susceptance. The receiver
conductance seen by the discharge is g/b%, and therefore, the leakage

power is

P, =% @37)
2
The external @ of the output circuit is
b‘Z
Qout = Ki ’
and therefore
2
P, ~ Qe“\t : (38)

For convenience in calculating, this simple relationship may be expressed
in terms of some other parameters.!

1. For a cavity coupled for matched input conductance,

b 2
1 — big.= <b—:> g
T
= g2 P
P, = ¢Xg. =7 (39)
2. For equal input and output coupling (1/b? = ¢/b3),
P, = e VT , (40)
2 1-T
where 7 is the signal transmission ratio, the ratio of transmitted power to
the available power, and g. is the cavity conductance. Figure 5-18 is a

! Samuel, McCrea, and Mumford, “The Gas Discharge TR Switch,” BTL MM-
42-140-26, April 17, 1942.
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plot of P, for these two cases as a function of 7. Note that P, is directly
proportional to the cavity conductance g., and therefore, for a given inser-
tion loss, the arc leakage power varies inversely with the unloaded @ of
the cavity.

The power dissipated in the discharge may be calculated in a similar
manner.! The current in the discharge is

V' PY,

te = T (41)

and the power is

Py = igta = € ‘/IZ’Y"— (42)

As before, the power dissipated in the gap may be rewritten for two
special cases.

1. Matched input coupling,

_ 7Plgc _ PlPa
P"‘e“\/T—l”\/T (43)

2. Equal couplings,

P, = \/PP.. (44)

Thus, the dissipated power is proportional to the geometric mean of the
line power P;, and of the arc leakage power P,.

These relations indicate that in order to describe the leakage power

of a TR tube, either the output coupling, or the cavity transmission,

shunt conductance, and ratio of

3 30 input to output coupling corre-
E sponding to any given value of P,,

£ 0P g 1822 must be specified.
"f 15 y Detuning the TR cavity from
% 10 1827 o \1 the transmitter frequency by
by 8 % a means of tuning plugs in the TR
g o cavity (or detuning the trans-
36 \: <3 mitter) has practically no effect
£ T upon the arc leakage power.
0 2 4 6 8 Once the gap has broken down,
Turns of tuning screw the conductance of the discharge

Decreasing gap —»-

F1a. 5-19.—Variation of arc leakage power
with gap length.

is very large compared with the
susceptance introduced by the
detuning of the cavity. Detun-
ing the TR cavity by varying the gap spacing has a marked effect
upon P,. Figure 519 shows the variation of P, with gap spacing (adjust-

i Ibid.
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ment of the tuning screw) in the 1B24 and 1B27 TR tubes. These data
were taken at the same time as those of Fig. 5-16 on the respective tubes.
These curves have the form P, = Ce*, where C and k are constants and [
is the gap length. On a linear plot of P,, the data might be fitted by a
square-law curve, P, = AI? where A is a constant. A simple picture of
the discharge postulates a constant gradient, the voltage drop varies
linearly with spacing, and the leakage power therefore varies with the
square of the spacing. As an engineering approximation, it is probably
safe to assume that the arc leakage power is proportional to the square
of the gap length.

6-10. Dependence of Arc Leakage Power upon Transmitting Power.—
The are voltage e, is independent of the discharge current in radar equip-
ments operating under normal conditions. At line powers just above the
minimum breakdown level, the discharge exhibits a decided nega-
tive characteristic. Figure 5-20 illustrates the linear variation of leakage

|
|  Breakdown

H]
3 p(E)
=9
V]
S
4 |
S d(E)
3 I
T
Line power l E E
Fra. 5-20.—Leakage power at very low Fria. 5-21.—Production and destruction of
levels as a function of line power. electrons as a function of field strength.

power with line power up to the point of breakdown, beyond which it falls
off with increasing power and finally reaches a constant level. A theory
to explain this behavior has been advanced by Margenau.!

Let us consider the following differential equation, which is simply a
statement of equilibrium,

%=pwm—dwm=q (45)
where 7 is the number of electrons per cubic centimeter in the discharge,
and p(X) and d(E) are the voltage-dependent rates of production and
destruction (diffusion) of electrons. This equation has only one equilib-
rium voltage E] at which p(E) = d(E), Fig. 5:21. The number of elec-
trons n does not affect the result, and consequently, if this equation
described an r-f discharge, its voltage would be a constant, independent of
current density. However, a correct theory should predict the experi-
mental curve of Fig. 5-20.

! H. Margenau, “Theory of Alternating Current Discharges in Gases,” RL Report
No. 967, Jan. 10, 1946.
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Equation (45) may be modified by adding to it a constant term c.
Then, at equilibrium,

%=“mm—amm—c=q (46)
and

S
~ p(E) — d(E)

Figure 5-22 is a plot of Eq. (47). The left portion n(E) is negative and
has no physical significance; however, the right portion, if replotted with
the axis suitably rotated, gives a curve of the same form as Fig. 5-20.
This constant ¢ is physically significant for it implies a mechanism for
the destruction of electrons at a rate
independent of n. It can be shown that
P the capture of electrons by neutral atoms
. or molecules to form negative ions obeys
such a law. Some gases such as the
0 S /’If ' E  noble gases, hydrogen, and nitrogen,
|
|

n (47)

have zero electron-capture cross section;

m others, however, like oxygen, the halo-

I gens, and water vapor, have compara-

Fre. 5§t2e;§’::glt‘;3”jlcs‘3‘}‘]‘i‘:g‘gns for a ti_vely large electr(?n-capture Ccross sec-

tions. Let us consider a TR tube which

has an atmosphere, part of which has a finite electron-capture cross
section. The analysis will use the following symbols:

n = electron density.
Y = number of neutral captors.
Y’ = number of negative ions.
M=Y+Y.
Q = collision cross section of electrons and gas molecules.
heap = probability of electron capture per collision.
h.a = probability of electron release per collision.
v = electron velocity.
C = Quvhc, = probability of electron capture per sec.
R = Quh.a = probability of electron release per sec.

Then,
ay’
dt

= Cn(M — Y') — RnY". (48)

Since only the steady-state discharge is considered, » may be assumed
constant. Then by solving for Y, the following equation is obtained,

cM

Y'=r+cC

[1 — eimtom), (49)



Skec. 510] DEPENDENCE ON TRANSMITTER POWER 177

In the discharge, the electron temperature is high, probably about 10
electron volts, and the probability of release is much greater than that
of capture, R > C. Thenatt = o,

r_ C _ hea

Y = RM = ha M. (50)
Thus for a given concentration M of captor molecules, the number of
negative ions formed is a function only of the ratio of the probability of
electron capture to that of release when the electron energy is high.
There will be a continual diffusion of ¥’ out of the discharge to the walls
or to the electrodes. This rate will be independent of n and independent
of E. Therefore, once steady-state conditions have been reached, elec-
trons will be captured at a rate just rapid enough to make up for the num-
ber of negative ions lost by diffusion, and thus a physical process
corresponding to the constant ¢ of Eq. (46) results.

If this theory is correct, it would be expected that a TR tube filled
with gas such as argon would not have a negative slope in the leakage-
power characteristic, whereas a tube containing H.O would be expected
to have a large negative slope. Before determining whether this con-
clusion is justified by experimental data, the &actual measurements
involved should be considered. The measurakle quantities are arc
leakage power, which is proportional to €2, input admittance of the fired
cavity, incident power, and power ‘

dissipated in the discharge. The —0—

easiest combination to measure is l . l
incident power as a function of ¥;— Y,

arc leakage power, as in Fig. 5-20. |_ Y —» ‘ Yy —
Although this curve contains all 1 b,

of the information which is needed . !

from the viewpoint of practical Fia. 52, .—Diag_ra.m _to illustljate admittance
relations in a cavity.

duplexer design, it really tells very

little about the discharge itself. This is hecause the abscissa, or line

power, is an unknown function of the actual discharge current.

Consider the eircuit of Fig. 5:23. The cavity is loaded at its center by
the discharge admittance ¥,. With Y, = 0, the cavity is presumed to be
resonant and the admittance at the center is Y, + (Yo/b?) = Y. The
input admittance is

Y. . Y — jbh

?0 = bl + rl — ijl' (51)
If this equation is separated into its real and its imaginary parts, and if
b} > 1 is agssumed,

Yy _ gb3 [
T Y R

(b2 — bbl + g2 — l)bl
(I + bb1)* + g°b%

]- (52)



178 MICROWAVE GAS DISCHARGES [Sec. 5:10

Examination of Eq. (52) indicates that when g, and b, are of the order of
magnitude 1/b%, the input susceptance will be a strong function of Y,. As
the arc admittance increases, however, the input admittance approaches
a limit,
lim ¥, = & + jby, (53)
Ga

and it becomes difficult to make accurate measurements of theimaginary
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Fia. 5-24.—Relative r-f current and voltage of discharge at low levels.
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F1c. 5:25.—Magnitude of r-f current vs. voltage in helium,

component of Y, although the conductance will be directly proportional
to the input standing-wave ratio.

1
2b+1+4 -
_14r gz
T = 1= |F\ = E = gabl- (54)
GJa

Thus a measurement of the level and the standing-wave ratio are sufficient
to give numbers proportional to the voltage and current in the discharge.
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If the shape of the cavity is accurately known, the absolute voltage and
current in the discharge can be computed.

L
\\

+2

i ~ °

+1

L | L ]

Real component of current in ma

1 1 1 _l

-4 -3 -2

-1 0

Imaginary part of current in ma
Fic. 5:26.—Real vs. imaginary parts of r-f current in helium discharge.

Figure 524 is a curve of the relative current vs. voltage in the dis-
charge of a 1B24 TR tube filled with 15 mm Hg each of H; and H,O.

Figure 525 is a similar curve!
measured in a special cavity filled
with helium at 3.2 mm pressure
and A = 9.8 em. By standing-
wave measurements it was possi-
ble to find the phase angle of the
current with respect to the volt-
age. Figure 526 shows the real
part of the current plotted against
the imaginary part.

Figure 5-27 is a similar plot for
a number of different gas fillings
in a 1B24 TR tube. The two
figures do not necessarily agree
since they were taken with differ-
ent tubes, tuned to different
frequencies.

b-11. Effect of Gas Filling
upon P, —As in the case of the
spike, it is difficult to predict

11
10 \
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] \
§ Partial pressure
2 ! \ of H,=10 mm Hg
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E 20 mm —
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<
; N\
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6 Q Q
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Incident power, Pi"c in mw

Fra. 5-27.—Leakage power as a func-
tion of incident power in a 1B24 tube with
various fillings.

theoretically not only how gases will differ in arc leakage power, but also

how they will vary with pressure.

It has been seen, however, that the

1 M. A. Herlin and 8. C. Brown, Bull. Amer. Phys. Soc. 21, 28 (1946).
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order of the voltage drop for various gases in the r-f discharge is the
same as that for the positive column in the d-c discharge.

The characteristics of a gas which affect the r-f voltage drop can be
listed. First to be considered, referring to Eq. (45), are the rates of
production and destruction of electrons as functions of gap voltage.
Destruction can be limited to diffusion, since the recombination of an
electron and a positive ion is an extremely improbable event. The
diffusion is of the so-called ambipolar type which takes place at about
twice the rate of diffusion of gas molecules. Thus, it would be expected
that the lighter gases would diffuse more rapidly, and the sustaining volt-
age would be increased. The rate of production of electrons, or of ioniza-
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0.4 4’.30/7 L

1 2 4 6 810 20 40 60 100
Gas pressure in mm hg.
Tra, 5-28.—Ave leakage power from a 1B27 TR tube as a function of pressure.

tion, is determined in part by the ionization potential, the number of
excitation levels below the ionization level, and the number of molecular
resonances which can absorb electron energy without resulting in further
ionization of the gas.

Figure 5-28 is a plot of the arc leakage power in a 1B27 TR tube as a
function of the pressure of the various gases tested. These curves were
obtained from the same experiment as those of Fig. 5-13, and the same
comments apply. The noble gases lie well below the other gases. In
these curves, the minimum value of P, for argon is about 0.05 that for
hydrogen. Other investigators report even lower values for argon.
Extreme purity apparently results in the lowest values of P, for argon.
No reliable data exist for those mixtures of noble gases which give a very
low breakdown voltage in d-¢ discharges.
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Margenau, in a theoretical study of the r-f discharge,! has proposed a
similarity principle for such discharges. On the assumption that the
sources of ionization remain in play over the range considered, he derives
an expression for the minimum of the voltage-pressure curve for a given
gas, which states that at the minimum,

a
(55)

Wikiwie
fi
-

where a and b are constants, p is the gas pressure, and w and E are the
angular frequency and amplitude
of the impressed field. This states
that the pressure for minimum volt-
age drop, and the actual value of B
the minimum drop, are proportional E y ~ Slope 4
to w. Figure 529 illustrates this \/ .
relationship. This theory has not \j >
been checked with data taken with !

a single tube of fixed shape. The L7 i I
experiment is not difficult, and it P 1’3
should prove valuable in extending FieG. 5-29.~;)iagrax2'n to illustrate similarity
the understanding of the r-f principle for r-f discharges.
discharge.

6:12. The Recovery Period.—The recovery period is the time after
the transmitter power has fallen to zero. During this time the gap in the
TR tube deionizes, and the attenuation through the TR tube drops from
the value of 60 or 70 db during the transmitting period to 1 or 2db. In
Sec. 52 a crude formulation of the admittance of a space-charge region
was presented. If the electrons are in a vacuum they lose no energy by
‘collision with heavy atoms, and the current represented by their motion
is in quadrature with the applied field, and therefore the space-charge
region appears as a pure admittance with a dielectric constant lessthan
unity. If the electrons are not in a vacuum and therefore make collisions
with atoms or molecules, some of the oscillatory energy the electrons
obtain from the applied field is changed into thermal energy by the
collisions, and cannot be returned to the external circuit. There is there-
fore a net input power to the discharge, and the gap admittance has a
real component.

The electron energy in the r-f discharge is comparatively high, and
it is much greater than that of the gas. Because of their random motion

L
i
!
'
|
1
1
i
!

(03 >(|)2 >(|Il

Py

1H. Margenau, “Theory of Alternating Current Discharges in Gases,” RL
Report No. 967, Jan. 10, 1946.
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there is a constant diffusion of electrons out of the gap. The rate of this
process is retarded by the positive ions in the discharge which exert a
field opposing the rapid outward motion of the electrons. The net drift
of electrons and positive ions is referred to as ambipolar diffusion, and
takes place at a rate corresponding to twice the mobility of the ions.
When the excitation is removed, the electron temperature is quickiy
reduced, by collisions, to the temperature of the gas. It reaches a value
of twice the gas temperature in about 1 usec. It will be shown that the
diffusion process is much too slow to be relied upon for the recovery of
TR tubes.

To make the recovery time sufficiently short, it is necessary to remove
electrons by some other means. FElectron recombination by means of a
three-body collision has little probability, and therefore cannot cause a
sufficiently rapid recovery. Capture of electrons by neutral atoms or
molecules has a comparatively high probability. The use of a gas such
as H:0 with a large electron-capture cross section gives tubes with a
recovery time of only a few microseconds. ,

In the following sections the theory of the recovery period will be
presented first. This will be followed by a discussion of the properties
of various gases and a presentation of experimental data.

5:13. Theory of the Recovery Period.—The following analysis is due
to Margenau.! In Sec. 5-12, three possible mechanisms for reducing the
electron denstty in the discharge were mentioned: diffusion, recombina-
tion, and capture. These will be examined in this order.

Diffusion.—In order to calculate the rate of diffusion, it is necessary
to know the electron and ion temperatures. During the discharge the
electron temperature is very high, many thousand degrees. In the
recovery period this energy is reduced by collisions with gas molecules.
The rate at which this reduction takes place may be determined as fol-
lows. Let v be the average electron velocity, L the mean free path, T the
electron temperature, and T, the gas temperature. Then the mean loss
of energy by the electron per collision is

AE = %"k(T — Ty (56)

The rate at which the mean energy decreases is

d (3 kTN 4m
- (5 kT) = k(T — Ty (7 T (57

1 H. Margenau, ‘‘ Theoretical Interpretation of the Recovery Time of TR Boxes,
RL Report No. 929, Jan. 9, 1946.
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The solution of this is

VT = ~VTo _ VT = VT _, 2
VT + VT VTi+ VT

where the subscripts 1 and 0 refer to initial and final conditions, and

_ 8 Igm%I
I=ur\3 )"

The time required for the average speed to drop to « times its final value
is given by

(58)

fo=—"Inat1 59
g\/To a—1 ( )

where T3> Th.
For argon at a pressure of 10 mm Hg and o = 2, the relaxation period
is about 1.5 usec. Thus, for times
longer than 5 or 10 usec, the elec- Pre-TR tube
trons may be considered to be at A .
the gas temperature T. ¥ i
The caleulation of the rate of
diffusion of electrons out of the
gap of a high-@ TR tube involves
some very difficult computations,
and has not been carried out.
However, as a pertinent example,
let us consider the recovery of a Fic. 5-30.—Discharge in pre-TR tube and
pre-TR tube, where the discharge equivalent cirouit.
is assumed to be in the form of a thin slab of thickness d adjacent to, and
covering, the low-Q input window, Fig. 5-30.
The diffusion equation is

1 dn
2 — = =
Vin P 3t 0

where n is the electron density and D is the mobility or coefficient of
diffusion. For the shape under consideration, if the electron density n,
is uniform at the end of the transmitter pulse,

e U RC) A

¢(u) = -j—; ﬁu e~ dz,

In Eq. (61) the assumption is made that the diffusion takes place only
to the input window, and that since d is small, the loss of electrons from

) (60)
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the edges of the discharge is negligible. The diffusion coefficient D is
not that predicted by kinetic theory for a cloud of electrons. The diffu-
sion that takes place is called ambipolar.! It takes place at a reduced
rate because the massive, slow-moving positive ions act as a brake on
the electrons. Thus, as soon as a few electrons have left the discharge,
a positive space charge is set up that inhibits the loss of any more elec-
trons until an equal number of positive ions have diffused out of the dis-
charge. The net rate is about twice that of the gas molecules alone.
In the 1B38 pre-TR tube filled with 10 mm Hg of argon, the ambipolar
diffusion coefficient is about 5 cm?/sec, and if the thickness of the dis-
charge d is 1 mm, the recovery time would be several thousand micro-
seconds. Since it is necessary to have recovery times of the order of 1 to
10 usee, diffusion alone can contribute very little.

A calculation of the effect of the recombination of electrons and posi-
tive ions on recovery time indicates that about 1 sec would be required
to deionize the gap sufficiently. Since diffusion and recombination as
mechanisms for obtaining short recovery times have been discussed, let
us next consider the capture of electrons by neutral atoms.

In the calculation of the effect of capture upon arc leakage power
(Sec. 5:10), the electron density n was considered constant. In the
recovery period there is no production of clectrons and the constant term
is the total negative charge,

N = const = n + Y.
As before,
M = const = Y 4+ Y.

The rate of change of electron density is

d

S = 0Q {(haw + hdn® + [Mhow = Nlhew + ha)l n}.  (62)
In the recovery period, after the first microsecond, the electron energy

is low and h.a = 0. During the first few microseconds, the electrons are

losing energy rapidly and neither k., nor h.a are constants, and the solu-

tion of Eq. (62) becomes extremely difficult. Later, however,

O e Qhuwy (M — N =~ —vQhusM, (63)
where the initial number of neutral atoms Yo = M > no.

This is an expression for the rate of change of electron density. Let
us now see how this causes the attenuatiod through the TR tube to vary
with time. The transmission through an attenuating medium between

1 Cobine, Gaseous Conductors, McGraw-Hill, New York, 1941.
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two uniform, nondissipative media may be written! as

E, cos vid 4+ jsin v, d
oo : 64
T v (64)

cos vod — % (Z_z -+ %) sin yqd
where E, and E; are the output and input fields: v; and v; are the propa-
gation constants in the nonlossy and lossy media, 7 v
respectively; Z, and Z, are the respective charac-
teristic impedances; and d is the thickness of the 2, ¥, Zy v,
attenuating medium, Fig. 5-31. The character-
istic impedance of a waveguide is
—-»EiT TEO
z =5 _ e (65)
H, v’ @ @

= (—%—y + (’1)2 ta, @ @ |

A a Fia. 6:31.—Terminol-

o . . . . ogy for transmission
where E, = E.,e'%, a is the wide dimension of the through attenusating

guide, and ¢ is the conductivity of the medium. medium.
If yd is assumed small, Egs. (65) and (66) are substituted into Eq. (64),
and ¢ = o, + jo,, then

Eo 1 _J‘YId

E - )
(1 +z \F)‘gmd) (;J§¥ad - 'nd)

Finally, if ¢ 3> Y1 = Ve/u M/, and v.d < 1,

(67)

(Eo‘) i (68)
E: 104\’ od \*
(l t37,) T (21/)
This equation is of the same form as the expression for the attenuation
due to a lumped-constant shunt admittance replacing the discharge,
see Fig. 5:30, where the transmission is [(1 4+ ¢/2)* + (b/2)%*, and ¢
and b are the normalized components of the discharge admittance.
Conductivity of the Ionized Gas.—Margenau® has shown that if the
electron mean free path, and the frequency and the amplitude of the
impressed high-frequency voltage are adjusted so that the electrons make
relatively few collisions per cycle, and the electron energy is below the
ionizing level, then the distribution of electron velocities will be Maxwel-

1J. A. Stratton, Electromagnetic Theory, McGraw-Hill, New York, 1941, p. 511.
* H. Margenau, “Dispersion of High Frequency Radio Waves in Ionized Gases,”
RL Report No. 836, Oct. 26, 1945.
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lian. At the operating pressures encountered in TR tubes (10 to 30 mm
Hg) these conditions are satisfied in the recovery period where the
impressed voltage (received signal) is relatively weak. Under these
conditions the conductivity of the gas is

4  eUn

= 3 Grmk T [Ka(x1) — ju? Kyy(ay)], (69)

o

where e, m, and n are the electron charge, mass, and density; L is the
electron mean free path; k is the Boltzmann constant; T is the absolute
temperature; 1 = m(wl)?/2kT; and the functions K; and K, are!
Ky(z1) = 1 — 21 — slenE(~x)
Kyy(x1) = (3 — z)n¥ + 7z en [1 — Erf (V/21)).
In TR tubes with w = 2 X 10 and L = 0.005 cm, z; = 100 and
the following limiting forms may be used,

(70)

lim K@) = =

Zy— % Iy . (71)
lim Ky (x) = 32

11— «© e 41:1

If these limiting forms are substituted in Eq. (69),

1
o:g,_{_]‘gi:n[m e’ (_k.T_> +j_€i]. (72)

3 mw'Ll \2rm mw

At a frequency of 2800 Me/sec and a gas pressure of 5 mm Hg the
numerical results are

o, = 1.9 X 10-13p,

o = 1.6 X 10-12p, (mks units)

The imaginary term of Eq. (72) will be recognized as the result which
would be obtained for electrons in a vacuum. This term varies inversely
with frequency, and is independent of pressure. The real component of
o, however, has a2 maximum value when the mean free time between
collisions is about equal to the period of the impressed r-f voltage,
t = 2r/w. Specifically, the maximum occurs for a value of

mwl?

For a given set of conditions, frequency and pressure, the density of
electrons » that will result in a certain value of attenuation may be calcu-

1 The exponential integral E;{ —z:) and the error function Erf(+/z;) are defined in
Jahnke and Emde, Table of Functions, Stechert, New York, 1938,
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lated, if the shape is known and is amenable to computation. In the
present example of the pre-TR tube, with the discharge confined to a
thin slab of thickness d, Eqs. (68) and (72) can be used to make this
conversion. By this method, measured recovery-time curves have been
converted to n-vs.-time curves, and from a knowledge of the partial
pressures of the gases present, electron-capture cross sections may be
computed.

The attenuation varies with the square of the shunt admittance; there-
fore, for the gas discharge, it varies with n2.

6-14. Electron-capture Properties of Various Gases.—The mechanism
by which electrons are captured by atoms or molecules is not simple, nor
is it unique.!*?® The electronegative character of the gas is one of the
more important factors which influence capture. The kinetic energy
of the electrons is important. Depending upon the particular gas under
consideration, the probability of capture may either increase or decrease
with increasing electron energy. As in most discharge phenomena,
impurities play a role that is not very well understood.

In the recovery period of a TR tube, interest is primarily in fairly
weak signals of the order of 10—¢ to 10~!2 watt intensity. The electric
fields produced by such signals across the gap of a typical high-Q@ TR
tube, will be smaller than the breakdown potential by a factor lying in the
range between 10 and 10,000. Consequently, it is assumed that the
energy imparted to the electrons by the received signal is negligible com-
pared with their thermal energy. This thermal energy will be a function
of the gas temperature and the time that has elapsed since the end of the
transmitter pulse.

The electron affinity of an atom may be described in terms of the
work done on an electron by the field between it and the atom. Atomic
oxygen and the halogens have electron affinities of 3 or more electron
volts. Hydrogen, on the other hand, has a value of 0.76 ev, and the
‘noble gases have negative values which indicate that they form unstable
ions. A more useful way, for our purposes, of comparing gases is in
terms of their electron attachment coefficient &, where § is the average
number of collisions an electron must make with the atoms of the gas
before it is captured. In Table 5-3, there are tabulated for several gases
values of 8, of N, the number of electron collisions with gas molecules per
second at one atmosphere and room temperature, and of {; = §/N, the
average tinre required for an electron to be captured.*

The capture of electrons by molecular gases may take place by a

! Loeb, op. cit., Chap. 6.

t Massey, Negative Jons, Cambridge Tracts, MacMillan, New York, 1938.
? Cobine, op. cit., Chap. 4.

¢K. T. Compton and 1. Langmuir, Rev. Mod. Phys. 2, 193 (1930).
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TasLe 5-3.—ELectRoN ArracHMENT COEFFICIENT, COLLISIONS PER SECOND, AND
Tive rFor CAPTURE FOR VARIOUS GASES

Gas 5 N o = 6/N
Noble gases, N, and
H. o
CO 1.6 X 108 2.22 X 101 0.72 X 1072 sec
NH.: 9.9 X 107 2.95 X 10t 3.35 X 107
N0 6.1 X 103 3.36 x 10 1.82 X 10°¢
Air 2.0 X 10° 3.17 X 104 0.63 X 10°¢
0, 4.0 X 104 2.06 X 10 1.94 X 1077
H.0 4.0 X 104 2.83 X 10t 1.41 X 1077
Cl, 2.1 X 10° 1.5 X 10u 0.467 X 108

number of different processes. On the basis of a series of measurements
made by Bradbury,! and Bradbury and Tatel,? Loeb® has postulated a
number of different reactions which are presented in Table 5-4.

TaBLE 5-4—MiNiMuM ELEcTRON ENERGY AND MECHANISM OF ELECTRON CAPTURE
IN Vanrous Gasges

Neg. ions Min.
Ground ’ electron .
Gas of gas Reaction
state P 4 | energy for
orme
attachment
Cly, Brs, 1, iz No 0 Cl, +¢—>Cl- + Cl + (4.1 — 1.5) ev
HCl, HBr, 'z No O.4ev |HCl4 e+ (45 —41)ev—H 4+ Cl™
HI in HCl
NH, .. No 3 ev NH; +¢ +3ev—>NH- + H;
N.O iz No 1.7ev [NO +e+17ev—0" + N,
CO. 1z No
H.S .. No 3.7ev |HS +e+37ev—-HS"+H
0. iz Yes 0 O,y + e — 07
0 ip, Yes 0 O+e—0"
80, .. Yes 0 80, + ¢ - SO7
NO o Yes 0 2NO — (NO): + e = NO~
+ NO
H.0 .. No 0 2(H.0) + ¢ — 2(H0)~
H.0 .. No 54ev |HO +e+5.4ev—-HO" +H

Gases such as O, and SO form negative molecular ions directly
by the capture of electrons. Molecular ions are formed by NO; but the
probability of electron capture is dependent upon pressure and it is

! Bradbury, J. Chem. Phys., '2, 827 (1934); 2, 840 (1934).

2 Bradbury and Tatel, J. Chem. Phys., %, 835 (1934).

? Loeb, “Fundamental Processes of Electrical Discharges in Gases,” Wiley, New
York, 1939, Chap. 2.
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assumed that a complex, (NO}s, must be formed. This complex is then
assumed to capture an electron and form NO-, the excess energy of the
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Fia. 5:32.—Probabilities of electron capture for various gases.

electron being carried away by the neutral NO. Alone, HyO should not
capture electrons, since it has a closed electron system. With sufficient
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energy, = 5.4 ev, an electron will dissociate the water into HO~-and H.
However, it is true that water has a large electron-capture cross section
for the slow-moving electrons. Bradbury and Tatel report that the
probability of capture of slow electrons in H,O is strongly pressure-
dependent. At a pressure of 2.5 mm Hg of H:O no capture of slow elec-
trons was observed. At higher pressures, the probability of capture rose
rapidly. This was taken as evidence that a complex, 2(H.0), was
formed, which could then be ionized directly. Figure 5-32 gives the
probability of electron capture h as a function of the parameter z/p for
various gases, as measured by Bradbury and Tatel. In this case z is
the voltage gradient, ‘and p the pressure in mm Hg. - Figure 5-32a shows
the values of h for O.. As z/p increases from very low values, i drops
rapidly. At z/p = 5, the curve rises sharply. At this peint the electron
energy is about 1.6 ev, corresponding to a metastable excitation level in
0,. Electrons which make these inelastic collisions have their energy
reduced to a level at which the probability of capture is again high.
Figure 5:32b shows the effect of mixing argon, helium, or nitrogen, with
O3, in equal volumes.

Figure 5-32¢ shows the pressure dependence of electron capture in
NO which has been discussed. Figure 5:32d shows the probability of
capture in a mixture of argon with Cl,. The gas Cl; is a chemically
inert gas which has a closed electronic system, and therefore Cl; ions
cannot be formed. Instead, it is believed that the ionizing process is
the one indicated in Table 5-4. Figure 5-32¢ is for electron capture in
S0,, and SO, plus A.

Figure 532f shows the pressure dependence of electron capture in
H,O. Thisis explained by assuming the formation of nuclei of condensa~
tion, which then makes these complexes capable of capturing low-velocity
electrons. Impurities such as CO; or O; are presumed to aid this effect,
whereas A or N; do not. In the next section (Sec. 5:-15) the available data
on recovery time in TR tubes will be examined to see what can be learned
about effective probabilities of electron capture.

5-16. Recovery-time Data.—The recovery characteristic of a TR
tube is & curve in which attenuation through the tube as a function of the
time after the transmitter pulse is plotted. The attenuation plotted is
the difference in decibels between the instantaneous value and the
attenuation through the ““cold” or unfired tube. Time is measured from
the end of the transmitter pulse.

Figure 5:33 shows typical recovery curves of a 1B27 TR tube! meas-
ured at several different levels of transmitter power. The tube is filled
with a mixture of 10 mm Hg, each, of H, and H,O. Figure 5-34 shows

! Smullin and Leiter, “The 1B27 TR Tube,” RL Report No. 594, Oct. 4, 1944.
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Fi1a. 5-33.—Recovery curves of 1B27 TR tube for three incident power levels.
the effect of the water-vapor content upon the recovery time of a 1B27
TR tube, when the partial pressure of H; is held constant.
Recovery curves for 3-cm and 1-cm

.. . Partial pressure of H,0 in mm H,
TR tubes are similar in shape to those ralp 201 ¢
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T

shown here; but the time scaleis con- O————
siderably shorter. No quantitative § 2F
explanation of this difference has been ;, 4l
proposed. It is thought, however, to E 6l A
be the result of the smaller volume of & _

the discharge in the high-frequency E ° 8r
tubes, which allows diffusion to play ";;;é 10+

a relatively more important role. 23 12}

M. D. Fiske has proposed a ‘‘sweep- %og 14}

ing” type of diffusion. In this, right £E 161

at the end of the transmitter pulse, $

some of the high-energy electrons near g 18r

the electrodes actually reach the elec- £ 201
trodes and are lost. This producesa * 22}

positive space charge near the elec- Fra. 5-3¢.—Recovery characteristics
trodes which attracts electrons from ‘S’flrleBﬁZ ;l;ietru‘l::pzsr.a f;}‘,gt;‘;;‘n‘;fnﬁ’t’,?j;
the center of the discharge. Some of power was 100 kw, and the partial pres-
these electrons go right through to the ™ of Hy was 10 mm He.

electrodes, and are lost, and so on. No quantitative analysis of this
mechanism has been made; but it seems a plausible process, since the

effect should be larger for the smaller tubes.
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The life of most TR tubes is limited by the rate at which the water
vapor is cleaned up, or decomposed, thus increasing the recovery time.
Because of the relatively short life of pre-TR tubes operating at high
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Fia. 5:35.—Recovery characteristic of well-baked 1B38 tube filled with pure argon.
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F1a. 5-36.—Recovery of mixtures of argon and water vapor,

line powers, a study of various gases was undertaken to determine whether
a substitute for H.O might be found. The measurements were all made
in 1B38 pre-TR tubes at a line power of about 700 kw. The gases used
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in these measurements were the purest obtainable commercially, and the
tubes were carefully cleaned and pumped before filling.! The following
curves are taken from these experiments.

Figure 5-35 is the recovery characteristic of a carefully cleaned and
baked tube filled with commercial “spectroscopically pure” argon; this
tube has an extremely long recovery time. Figure 5-36 shows the recovery

Time % in sec
0 10 20 30 40 50 60 70 80 90 100

%mm of 0,
[=

10 mmiof O,

| ////
4

Loss in db

0O ~NOY O»
N

/
/X
(/

S
S
™~

20 %V

30

Fia. 5:37.—Recovery characteristic of oxygen at various pressures.

time for various mixtures of H;O and A.; Fig. 5-37 is for various pressures
of pure O.; Figs. 5-38 and 5-39 are for mixtures of argon and chlorine,
and argon and pentene. Other gases tested, but not shown here, were
H,S, CH,, C.H,, C;H,, benzene, iodoform, and methyliodide. All of
these exhibited short recovery times. The purity of the organic gases
was more or less uncertain, since the chemical reactions involved usually
produce a number of different gases besides the interesting gas.

The importance of a high degree of purity is best illustrated by the
experience with CO. Commercial 1B38 tubes are filted with 10 mm Hg

1F. L. McMillan, I. H. Dearnley, C. H. Pearsall, “ Recovery Time Measurements
in Bandpass TR’s for Various Gases,”” RL Report No. 895, Dec. 18, 1945.
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of commercial argon. The tube itself is assembled with soft solder, and
therefore it cannot be outgassed by baking. As a result, even though
no water is put into the tube, the recovery time of most of the tubes is
short. Spectroscopic measurements made on a large number of these
tubes showed, among the other things, that CO was almost invariably

Tirde u in sec present in tubes having a short recovery
0 3 6 9 12 time. Although it has been reported to have
zero electron-capture probability,! it was
decided to test a CO-A mixture. Independ-
/ ent measurements by Fiske at the General

Electric Research Laboratoriesand MeMillan
[ at Radiation Laboratory showed very short

recovery times for such mixtures. Subse-
[, quent tests, however, with pure CO, prepared

w

chemically in the vacuum system, showed
] that CO really had no effect upon the re-

covery time, and the initial results must have
l been caused by some other gas present as
an impurity.

Let us now consider some of these curves
{ in detail. The variation in recovery time
with line power, illustrated in Fig. 533,
mm of|A, shows the expected phenomenon of longer
mm of|Ci, recovery times for higher powers. This, of

20 course, can be interpreted as corresponding
Fic. 5-38.—Recovery of argon~ 10 larger values of n,, the electron density

chlorine mixture. in the discharge, since the rate of capture
of electrons dn/n dt is constant, regardless of line power.

Figure 5:34 shows clearly that the rate of capture of electrons is
dependent upon the amount of water present, and that I, has a small,
perhaps zero, electron-capture cross section.

Figure 5:35 shows the expected long recovery time for pure argon.
If the data are recalculated to give a curve of n vs. ¢, it can be shown®
that the function —td(In N)/dt is about 3, where N = nd, d being the
thickness of the discharge. If only diffusion is operative, this quantity
cannot have a value greater than 3. Thus, the recovery time is shorter
than expected. Under the conditions of this particular experiment, no
impurities were present at a pressure greater than 0.01 per cent of that of
the argon. If the impurity had a capture efficiency equal to that of H,O,

Loss in db

COONO O &

-

]

! Loeb, “Fundamental Processes of Electrical Discharges in Gases,” Wiley, New
York, 1939, Chap. 2.

2 H. Margenau, ““Theoretical Interpretation of the Recovery Time of TR Boxes,”
RI Report No. 929, Jan. 9, 1946.
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it would have had to be present at a pressure of 0.18 mm Hg, which is
out of the question. There are thus two possibilities—the presence of
an extremely efficient electron-capture agent, or the formation of some
unknown ion, as A;. Negative argon ions seem more likely ; the analogous
ion He; is known to exist.
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Fic. 5-39.-~ Recovery of mixtures of argon and pentene.

The data of Fig. 536 may be used to determine the capture cross
section of H,0O, by replotting in terms of In n and ¢, and using Eq. (63)
which may be rewritten

1 d
hcw = "m a (ln n). (73)

If these calculations are made with @ = 15 X 1078 em?, » corresponding
to 300° K as (3kT)%/m = 1-2 X 107 cm/sec, then the values for A.,
are

1.0 X 104 from the 2 mm curve.

0.93 X 10~¢ from the 3 mm curve.

0.94 x 10—¢ from the 5 mm curve.

These capture probabilities are for thermal velocities, which have not
been obtained by any other means. They agree in order of magnitude
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with the results of Bradbury and Tatel,® who list values as high as
4 % 10—* at somewhat greater energies. The important difference lies
in the fact that no pressure dependence is indicated by these results.
This might be interpreted as meaning that single H,O molecules can
capture thermal electrons. On the basis of present knowledge, this
seems improbable, and further study is required.

Figure 5:37 shows an interesting anomaly, which is that the recovery
time is not a monotonic function of the oxygen pressure. Margenau®
has explained this on the basis of the fact that both O: and O are present

@, ®

(@)

(©)
F1G. 5-40.—Decay of light intensity from discharge. Curve (a) is for 7 mm H:0;
curve (b) is for 10 mm argon and 1.5 mm H:0; curve (¢) is for 20 mm Hg of lamp argon
(0.5% N2); curve (d) is for 20 mm of dry tank No.

in the discharge. The data can then be interpreted as an indication
of different electron affinities for the molecule and for the atom. If it is
assumed that most of the oxygen is in atomic form at the end of the dis-
charge, then the atoms recombine into O; by way of a three-body col-
lision, and the rate will be proportional to the square of the pressure.
Thus, O will last longer at low pressures. According to the data, then,
above 5 mm pressure O; is the more active capture agent; and below
5 mm O is the more active. On this interpretation, 2 mm pressure, which
corresponds to 4 mm of atomic oxygen, is as effective as 10 mm of O,.
The numerical results based on this argument are hw, = 3.2 X 10~ for
0, and A, = 1.5 X 10~ for O..

1 Bradbury and Tatel, J. Chem. Phys., 2, 835 (1934).
2 Margenau, loc. cit.
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Figure 5:39 shows the transition from conditions in which there are
enough captors to eliminate all electrons to those in which there are not
enough. The corresponding In n-vs.-t curves show straight terminal
slopes for pressures of 1 mm Hg and 0.1 mm Hg of pentane, but definitely
curved characteristics for the 10-? and 10~® mm Hg pressures. The
latter two are probably tending towards a diffusion as opposed to a
capture characteristic. If the transition is assumed to lie between 0.1
and 0.01 mm Hg partial pressure, this indicates that the initial electron
density in the discharge is between 3.5 X 10'* and 3.5 X 10'® per em?.
This value is In agreement with estimates obtained by extrapolating
the curves of In n to zero time. '

In one attempt, which was unsuccessful, to devise a simple production
recovery-time test, measurements were made of the decay of light inten-
sity with time after the transmitter pulse. Figure 5-40 shows the decay
of light intensity from the discharge after the excitation, transmitter
power, is removed. These characteristics were obtained by measuring
the light of a 1B38 pre-TR tube with a photomultiplier tube connected
to a video amplifier and cathode-ray oscillograph. The tubes filled with
argon and with nitrogen exhibit long recovery times, while in those con-
taining H;O, the light is very quickly quenched. No particular study
has been made of this phenomenon, but it is believed that the ‘‘after-
glow’” is caused by the presence of metastable atoms which may have
fairly long lives.

5-16. Effect of Keep-alive Discharge on Recovery Time.—In Sec. 5-7
it was shown that in order to make the spike energy small, and to make
the variations in energy from pulse to pulse

low, it is necessary to introduce electrons into D discharge

the gap from an external source. This source

is a d-c glow discharge so located that the J
desired 7, electrons are furnished to the gap T "
by diffusion, Fig. 5-41. If the keep-alive elec- 5

trode is negative with respect to the TR tube, / o
electrons are accelerated toward the gap. If Keepealive
the keep-alive is positive, however, electrons electrode
move away from the gap. Under these con- Fic. 541.—Keep-alive
ditions, the spike energy is many times larger ~giectrode within the cones of
than when the keep-alive is negative, and it is
usually impossible to protect erystals. For the moment the leakage-
power considerations will be neglected and the effect of keep-alive polarity
on recovery time will be discussed.

The recovery characteristics of an argon-filled 721A TR tube for
positive and negative keep-alive polarities are illustrated in Fig. 5-42.
The effect of the positive keep-alive is marked. The difference between
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the two curves can be explained if the structure of the discharge is
considered, see Fig. 5-43. With the keep-alive positive, there will be
a positive column extending toward the TR tube gap, as shown. Since
most of the voltage drop in the d-¢ discharge occurs near the cathode,
this will have the effect of producing

F-Y
o

= a new ‘“virtual anode’ at the cath-
£ 4’%, ode end of the positive column.
30 Ja, As a result, the penetration of the
'§n 4% d-c field into the gap is enhanced.
‘9=_ % ®© The difference in position between
=20 Py A the virtual anode and the keep-
-% % \? alive electrode may be estimated
2 \\‘f% from the fact that the length of the
g 10 \ ,q%. cathode fall with a copper cathode
% is 0.3 to 0.8 mm at a pressure of 10

0 mm Hg.! The distance of the

0 5 10 15 20 keep-alive electrode from the cone

Time after transmitter pulse in u sec is about 5 mm. Thus the virtual
Fi1G. 5-42.—Recovery of a 721A TR tube

filled with 10 mm Hg argon, at 50 kw pulse anode IS. 3b?Ut 0.15 as. far frf)m the
power with positive and negative keep- gap as 1s ine keep-alive, with the
alive discharge. resulting increase of the d-c¢ field
in the gap. The direction of the field serves to sweep electrons out
of the gap, and thus overcomes the retarding force of the positive ions.

This phenomenon has been known for some time, and suggestions
have been made for the use of an argon-filled TR tube that would have

Glass Transmitter
l -| / pulse
+
AL I n.,
Approx. Iy [
A extent of [ )
pos. column ';' ; ; .
[
Position of 0 1‘ S~ = ™~ ¢
Gap virtual anode U Keep-alive l, }[
LN - T voltage )
F1g. 5-43.—Extent of positive column and 'F1c. 5:44,—Pulsed keep-alive voltage.

virtual anode in keep-alive discharge.

very low leakage power with a negative keep-alive, and could be made to
have a short recovery time by making the keep-alive positive just after
the transmitter pulse. The keep-aiive polarity would vary with time
somewhat as shown in Fig. 5-44. This type of operation is entirely
feasible, and was, in fact, used by the British in one radar installation.
It has the advantage of longer tube life, since there is no chemically active

! Cobine, Gaseous Conducters, McGraw-Hill, New York, 1941, pp. 215-218.
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gas such as HpO to react with the metal part of the tube. This, it will be
shown later, is the most serious factor limiting tube life in conventional
TR tubes. The disadvantage of a tube of this type is that the circuit
necessary to produce the alternately negative and positive keep-alive
is more complicated than the simple high-voltage rectifier needed for
conventional tubes. Although the actual complication is not excessive,
designers have usually avoided it on the basis that failure or partial
failure of this ecircuit would result in crystal burnout and failure of the
entire radar set. This is certainly a moot question and should, in the
author’s opinion, receive further study.

The application of d-c sweeping fields to aid recovery time has not
been extended to bandpass TR tubes, where the recovery time of the
tube is limited by that of the low-@Q input window. To sweep the elec-
trons away from the window would require a grid-like electrode across
the waveguide and just behind the window. The construction of the
tube would be seriously complicated by the addition of such a structure.

5-17. The Keep-alive.—The keep-alive circuit is of equal importance
with the gas filling and the shape of a TR tube in determining thespike
leakage energy. The keep-alive discharge is generally a low-current,
d-c glow maintained between the keep-alive electrode and some portion
of the TR tube, and is so located that the resultant density of electrons
in the r-f gap is sufficient to keep the spike leakage energy W, to a safe
level. Since the keep-alive is an auxiliary device which is concerned
only with the high-level operation of the tube, it must be designed to
have little or no effect upon the low-level performance of the TR tube.
This means, first of all, that the keep-alive electrode must either be
shielded from the r-f field in the cavity or, if it is within the eavity
proper, it must be so disposed that r-f currents flowing along it will be
minimized. Similarly, the glow discharge must not cause any apprecia-
ble decrease in low-level transmission through the cavity, either because
of its own conductance or because of the conductance caused by the
electrons it furnishes to the gap. This last requirement must of necessity
be a compromise with the need for having n, large enough to give ade-
quate leakage-power protection. To ensure minimum interference with
the reception of weak signals, r-f noise coupled directly to the first detec-
tor, or lower-frequency noise coupled to the i-f amplifier from the dis-
charge, must be small.

It was pointed out in Sec. 5-16 that the keep-alive polarity must be
negative if electrons are to be furnished to the r-f gap. In the discussion
which follows, a negative keep-alive polarity will always be assumed
unless otherwise stated.

In practical TR tubes it has been possible to maintain sufficiently low
values of W, with a keep-alive discharge that causes a change of low-level
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transmission of less than one per cent. The reflection and dissipation
losses caused by r-f currents flowing in the keep-alive electrode are nearly
zero in one type to be described, and of the order of 1 per cent in another
type. The glow discharge produces r-f noise so low that it makes the
measured values unreliable because of experimental errors; however, it

& = 2\
E/ | Ve
e hZ
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Fi1a. 5:45.-—Types of keep-alive electrodes.

certainly causes less than 0.1 db change in signal-to-noise ratio of the
receiver. Under certain circumstances, i-f noise can be appreciable; but
it is not difficult to keep it out of the receiver circuits.

A classification of keep-alive electrodes based upon shape or construec-
tion recognizes three major types. These are the coaxial electrode,
Fig. 5-45a, and two modifications of the side-arm type, Fig. 5-45b and c.

Tube
\ Q)
N Keep-alive

Fia. 546.—Keep-alive electrode in tube inserted in cavity.

Historically, the coaxial keep-alive electrode is the oldest. As shown
in the sketch, it is mounted within one of the hollow electrodes or cones
forming the r-f spark gap. A d-c discharge is maintained between the
keep-alive electrode and the inside of the cone. This type of electrode is
particularly suitable for use in the cell-type TR tube. For this tube it
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15 desired to have construction that is axially symmetric in order to be
able to clamp the tube into a split annular cavity, Fig. 5-46. The keep-
alive electrode and discharges are both completely shielded from the r-f
field within the TR eavity, and thus have no effect upon low-level trans-
mission. The position of the electrode within the cone, however, must
be maintained within rather close limits since the electron density in the
gap is a sensitive function of the distance of the keep-alive electrode from
the gap; and therefore, the low-level loss or ‘‘keep-alive interaction”
caused by n, changes rapidly with position.

Keep-alive electrodes of the types shown in Fig. 5-45a and b are used
in integral-cavity TR tubes. The 1B24 tube uses a coaxial keep-alive,
while the 1B26 and 1B50 use the side-arm type. In bandpass TR tubes,
electrodes similar to those of Fig. 5-45¢ and ¢ have been used. The side-
arm electrode in ¢ actually extends into the r-f field within the tube;
however, since it is perpendicular to the electric field no longitudinal
currents are induced on it. Since the electrode radius is small, the
capacitance introduced by it is small, and the resulting reflections are
negligible.

In common with many other technical problems, the design of a keep-
alive system involves a number of compromises. To reduce the spike
leakage energy to a safe level, the number of electrons n, in the gap should
be large. However, no must not be so large that the low-level transmis-
sion is seriously affected. A further restriction on the keep-alive arises
from the fact that the d-c discharge changes the gas content of the tube
either by chemical decomposition of the gas, or by sputtering whereby
gas molecules are driven into the walls and captured. This process takes
place at a rate that increases with the current carried by the discharge.
Therefore, to obtain maximum R
tube life, the keep-alive discharge  o—~AANA/

should be run at a current level as v ‘t l c ‘R
low as possible, consistent with r T T"
safe values of W,. This limit is  ©- *

set by two restrictions. A limit
is determined by the current level v
at which, for a given electrode VF
shape, ny becomes too small. Be-

fore this limit is reached, however, ' {—

the discharge may become un- Fie. 5-47.—Relaxation oscillations of a gas
stable or break into a relaxation discharge.

oscillation. With the discharge intermittent, there is a finite probability
that it will be out just before and during a transmitter pulse. When
this happens no will be small and the spike leakage energy will be very
large, and crystal burnout may result.




202 MICROWAVE GAS DISCHARGES [Sec. 517

The relaxation oscillation encountered here is similar to a gas-filled-
tube sawtooth oscillator, Fig. 5:47. If the resistance R, of the discharge
is small compared with the resistance of the power supply, and the voltage
V is greater than the breakdown voltage of the gap V3, then oscillations
of the type shown will take place. The capacitor voltage V, will rise
at a rate determined by the time constant RC, until the breakdown volt-
age V, is reached. At this point the gap will break down and discharge
the capacitor until the extinction voltage V. is reached. The discharge
will go out, the voltage will build up as before, and the cycle will be
repeated periodically. It is entirely feasible to make a circuit that
oscillates with a period considerably in excess of one second. The maxi-
mum frequency of oscillation attainable is limited by the deionization
time of the gap and may be of the order of several hundred kilocycles per
second.

In the keep-alive discharge, such oscillation must either be entirely
suppressed, or be made to have such a high frequency that even though
the discharge is periodically extinguished, the density of electrons in the
r-f gap will experience only small fluctuations. If the discharge current
is to be maintained within a relatively narrow fixed range, then the fre-
quency of oscillations cannot be seriously affected by a change of the
power-supply voltage V| since the series resistance R, and hence the
charging time constant, must be changed to maintain the given current
despite the change in V. If the characteristics of the gap are assumed
fixed, then the only way to increase the frequency is to reduce C. The
capacitance of interest here includes all lumped and stray capacitances
to ground, from the keep-alive electrode to the first large current-limiting
resistor. By placing this resistance right at the TR tube, the total
capacitance becomes just that of the keep-alive electrode, and is of the
order of 1 puf. If R is 4 megohms, a typical value, the oscillation fre-
quency will be of the order of 200 ke/sec. If there are several inches of
unshielded wire between the resistance and the tube, the frequency will
be reduced by a factor of five, approximately, and if shielded wire is used,
the reduction in frequency will be much greater.

Let us examine in greater detail the factors affecting the oscillation.
If B, < R, at the instant of breakdown nearly all of the discharge current
will flow from the capacitor C. In Fig. 548 when V. reaches V, the gap
breaks down and the operating point moves out to some point such as
A on the V-I curve of the discharge. As the charge on (' is drained off,
the operating point moves away from A to the left until it reaches the
constant-voltage portion of the curve beginning at B. If the equilibrium
voltage v = VR,/(R, + R) < Vs, the discharge will go out at this
point and v, since there is no current drain, will now procede to build
up towards V, again. If, however, v = VR,/(R, + R) > Vg there
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will be a stable operating point, and a continuous discharge will be
maintained. Thus, increasing V or deereasing ® is in the right direc-
tion to stop oscillations. Similarly, redesigning the electrode or chang-
ing the gas filling of the TR tube may change the gap resistance R, either
up or down.

To change the gas content in order to get stable operation of the keep-
alive discharge is usually not possible since the gas filling must be chosen
for minimum leakage power, shortest recovery time, and longest life, and
it is tao much to expect to find a single gas filling that will satisfy all of
these conditions plus the additional one of avoiding keep-alive oscilla-
tions. Fortunately, the shaps can be so modified as to eliminate ascilla-
tions almost entirely.

In the normal glow discharge the voltage drop between electrodes is
nearly independent of the current, and the current density at the cathode

=
-

s
T

7
Fia. 5-48.—Volt-ampere curve of d-~c glow discharge,

s also independent of the total current. This characteristic results
because the glow is able to cover more and more of the cathode ares as
the current is increased.? Once the entire eathode area has been covered,
a further increase of current is accompanied by an increase in voltage
drop, and the discharge characteristic takes on a positive dypamic
resistance. Therefore, by restricting the cathode area, the current at
which the V-I slope becomes positive may be reduced, and thus, the
current at which oscillation oceurs may be decreased.

Early TR tubes such as the 721A and 7244, had simple tungsten
keep-alive electrodes. Some time after these tubes had been produced
and were being used, keep-alive relaxation oscillations were “discovered.”
The eritical current above which oscillations ceased, was of the order of
200 to 400 xa. By reducing stray capacitance to a minimum by placing
the limiting resistor directly at the TR tube, it was usually possible either
to eliminate the oscillations or to make their frequency very high for

! Cobine, Gaseous Conductors, MeGraw-Hill, New York, 1941, Chap. 4.
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normal keep-alive currents. The spike leakage energy with an oscillat-
ing keep-alive discharge is illustrated in Fig. 5-49a whereas Fig. 5495 is
for a nonoscillating discharge. The individual lines represent the spike
energy in successive pulses. These variations were first measured and
correlated with keep-alive oscillations in a study of the 724A and 1B24
TR tubes.! Depending upon the repetition rate and transmitter power,
the spike energy during the “‘off period” of the keep-alive discharge may
be 10 to 25 db greater than the normal level.

Coated keep-alive electrodes are now used almost exclusively. They
are made by covering the electrode with a glass or ceramic sleeve down
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Fia. 549 ~—Time variastions in spike
leakage energy; (a) oscillating and (b) non-

to the end, which is exposed by
grinding off the insulation. Al-
though the oscillation-free region
extends to currents as low as 30
ua, operating currents are usually
maintained between 100 and 200
ua. There are two reasons for
this. The voltage drop across the
discharge is about 400 volts, and
therefore, the d-c resistance is
about 4 megohms at a current of

oscillating keep-alive discharge.

100 pa and about 20 megohms at
a current of 20 pa. For military service, it is difficult to maintain a
leakage resistance large compared with 20 megohms, and the low-current
discharge may actually be extinguished by surface leakage on the TR tube.

Figure 5-50 illustrates typical keep-alive voltampere curves for
““coated” and “‘uncoated” electrodes. The uncoated electrode of the
721A tube shows a positive slope at currents above 200 ua. A coated
electrode with an exposed area of about 10~% in.? has a positive slope down
to currents of 50 ua or less. The 1B24 has a coated electrode, and the
V-I curve has a positive slope down to 50 ya. The dotted lines which
indicate regions with negative slope, are the result of d-c measurements
made while the discharge was oscillating. As a result, the readings are
averages and have no particular significance.

Another reason for choosing the higher current is that in order to
maintain a given n, in the r-f gap, the keep-alive electrode must be placed
closer to the gap for the low-current discharge than for the high-current
discharge. The mechanical difficulties involved are rather severe as can
be seen from a consideration of the actual dimensions involved. The
accurate location of the keep-alive electrode within the hollow cone of a
TR tube such as the 1B24 or 724A is a moderately difficult task. The

*J. B. Wieaner and F. L. McMillan, Jr., “Preignition Tranamission through TR
Tubes,” RL Report No. 254, July 3, 1943,
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only support for the electrode is at the metal-to-glass seal where it goes
through the glass envelope of the tube. This point may be as much as
two inches from the end of the electrode from which the discharge takes
place. Since it is usually impossible to locate the end of the electrode by
any jigs or spacers, it is difficult to locate the end within +0.010 in. of
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480 721A TR tube
Exposed electrode area =103 sqin
n 4601
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S 400 / -~ i Uncoated keep - alive electrode
g % -
o 380 Oscillategl/
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Fia. 5-50.—Volt-ampere characteristics of keep-alive discharges.
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F1G. 5-51.— Details of cones and keep-alive electrodes of some TR tubes.

the nominal position inside the cone. In the 1B27, the diameter of the
cone at the end of the keep-alive electrode i1s about % in. In the 1B24,
however, the correspending diameter is only 0.055 in.  Figure 5-51 shows
the position of the keep-alive electrode within the cones of the 1B24 and
1B27 TR tubes. It would be almost impossible to make a 1.25-em TR
tube with this type of construction.
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Since 7o must be held within the limits imposed by low-level trans-
mission on the one hand and low spike leakage energy on the other hand,
let us consider what effect the location of the electrode has upon n,.
The discharge is shown more or less schematically in Fig. 5-52. The
electrons, under the influence of the d-c field, drift in the direction of the
cone. The number of electrons that pass
Glass through the hole in the cone into the r-f gap
: is a function of the hole diameter, the dis-
tance of the electrode from the hole, the
average temperature of the electrons, the
electron mean free path, and the discharge

Cathode fall

® sgmﬁ current.
In the usual pressure range for TR tubes,
ARG 10 to 30 mm Hg, the electron mean free path
7 ectric field is of the order of 10~ in. An electron
Fia. 5-52.—Structure of keep- makes a great many collisions per second,
alive discharge. and the influence of the field is mainly to

increase the random velocity or temperature of the electrons, in addition
to causing a relatively slow drift in the direction of the field. If it is
assumed that the positive column ends at some surface, such as that
shown in Fig. 5-52, the diffusion of the electrons out of it may be found,
in principle, by solving the diffusion equation. The electron density = is
subject to the boundary conditions that n = 0 at the walls of the cone,
and n = f(r,z) at the edge of the
discharge, r = radial and z = axial
dimensions. While this cannot be
solved formally, it can be realized
intuitively that, if the discharge
ends at a distance from the gap
larger than the diameter of the
cone, the number of electrons
reaching the gap will vary by a
factor of about 30 for every in-
crease of this distance by one diameter.* Thus, if the cone is large, the
permissible absolute error in location of the keep-alive electrode for a
given tolerance in no is larger than that for a small cone by about the
ratio of the cone diameters.

It is evident, on the basis of these considerations, that it would be
very difficult to make a coaxial keep-alive electrode for a 1.25-cm tube
because of the small size of the cones in such a tube. To avoid these
difficulties, the structure illustrated in Fig. 5-456 was evolved. In this

F16. 5:53.—S8ide-arm keep-alive electrode.

! This number is arrived at by analogy with the attenuation of electromagnetic
waves in waveguides beyond cutoff,
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construction, the electrode is placed in a fairly large hole at the side
of the cavity, and the exit hole through which electrons diffuse is ¢ in.
in diameter. In this design, the number of electrons entering the cavity,
n., must be much larger than the number finally reaching the gap, n,.
Because the electric field is so weak in the outer regions of the cavity, this
large value of n. has very little effect upon low-level transmission,
Fig. 5-53.

The electrons spread out from the exit post according to the diffusion
equation, subject to the boundary conditions n = 0 at all metal surfaces.
Because the gap is partially shielded by the cones, and because of the
distance from the wall to the gap,

L
N,
Besides the advantage of greater ease of construction in small tubes,
the side-arm electrode has the further advantage of allowing greater
freedom in the design of the r-f gap. The design of the 1826 TR tube
required sharp points on the cones
in order to bring the leakage power
down to a usablelevel. This would
have been impossible on the cone
surrounding a coaxial keep-alive.
Slmlla'rly’ in the 1B50 tUbe’ the usle Fia. 5-54.—Overlapping gap of 1B50 TR
of a side-arm keep-alive made possi- tube.
ble a design with the points of the
cones overlapping, Fig. 5-54. This tube has nearly constant leakage
power over the entire tuning range because the gap length remains
unchanged as one cone moves axially relative to the other.

The coaxial keep-alive electrode and the side-arm electrode, Fig. 5-45a
and ¢ have found equal use in bandpass TR tubes. The reasons for
choosing one or the other of these electrodes are still not clear. The side-
arm electrode must be accurately aligned perpendicular to the electric
field in order to avoid excessive low-level losses. On the other hand,
the coaxial electrode must be carefully aligned within the cone to prevent
short circuits. Neither of these difficulties is insuperable, and sufficiently
close tolerances can be maintained with proper jigging of the assembly.

Historically, the side-arm electrode was the first to be used in band-
pass tubes. A discharge is maintained between it and the ends of the
electrodes or cones forming the r-f gap. The resonant elements of tle
bandpass tube have low @’s, Qz2 = 4 as compared with 300 for a high-Q
tube. As a result, the transformation ratio is low, and ny can be much
larger than in a high-@ tube for the same low-level interaction. This is
fortunate, since it takes a large n, to reduce spike leakage energy to a
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safe value. A 200-ua discharge directly to the ends of the cones produces
about 0.05 db change in low-level transmission. Because the cones are
the anode of the discharge, n, is practically independent of the distance
of the keep-alive electrode from the r-f gap, at a constant eurrent level.

In the many 10-cm bandpass tubes

‘% 04 11T ; 11 ' tested, including those used for
% s de armikeepaiive experimental purposes and those
S0 f’° pod =% produced commercially, there is
) Cosiat 2!)0\ no record of serious keep-alive
g 0.2} —140 Ktk Y 11! interaction for this style of elec-
é’p o, X Sor praE trode with discharge currents of
39t sﬁm T 1 less than 250 ua.
£ weep aive 1| 00 190550 In bandpass tubes it has been
“ 010204061 2 4681020 40 100 Observed that the coaxial keep-
Keep alive insertion foss in per cent alive has as much as 8 db of inter-

Fie. 5-56.~—Efficiency of keep-alive dis- action when pushed too far for-

' charges. ward. Thus, it apparently can
produce a larger value of n, than can the side-arm electrode. Tests
made on a 3-cm bandpass tube indicate less spike leakage energy
for a given interaction for the coaxial than for the side-arm electrode,
Fig. 555. Just why this is so is not immediately obvious, since
interaction is apparently a measure of ng, unless the electrons from
the side-arm electrode are loading the fringing field of the gap rather than
the central portion where breakdown takes place. Comparison, in the
1B55 bandpass tube for 8.5 cm, of the coaxial and side-arm electrodes
indicated little difference between the two.

5-18. Keep-alive Characteristics.—Since the gas filling of 2 TR tube is
determined by the leakage power and the recovery characteristics, the
characteristics of the d-¢ discharge are more or less determined by the r-f
discharge characteristics. Figure 5-56 shows the dependence of the keep-
alive voltage drop upon the gas filling of & 1B24 TR tube. The charac-
teristics of other high-@ TR tubes are not very different from these.

In Sec. 5-7 it was pointed out that no direct measurements had been
made of the electron density ny produced in the r-f gap by the keep-alive
discharge. This is a serious lack in the understanding of spike phenom-~
ena. From the point of view of TR-tube design, however, it is sufficient
to measure spike energy and keep-alive interaction. Thus, an experi-
mental approach to the design of a tube would be, first, to choose an rf
circuit which has the desired Q or bandpass characteristics, and which
has a short r-f gap. Then, under high-power test, the gas pressure would
be varied, and W, and P, measured. Yor each gas pressure, the keep-
alive current should be brought to a level that results in about 0.01 db
of interaction. If the current required to obtain this is too high or too
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low, the position of the keep-alive electrode should be readjusted. Such
a procedure would allow truly optimum leakage power characteristics to
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F1ia. 5-56.—Keep-alive pressure~-voltage characteristic of 1B24 TR tube. The discharge
current varies from 100 to 150 ua.

be obtained, but it requires an adjustable keep-alive electrode. Although

this procedure has not been followed in the past, it appears that the use

of such an electrode would result in an appreciable economy in develop-

ment time and in the number of experi-

Gas pressure

mental tubes required. It would, . mm Hg of N,
furthermore, establish tolerances upon
electrode location. In the past, such 501
information has usually been obtained g 40
by making a number of different tubes =
with varying electrode locations, and & 30}
measuring W, and interaction. 2

The interaction, or low-level inser- % 20F
t}or} loss, can be pushed ‘to extreme ol 1615 mm He
limits by moving the coaxial electrode
of a 1B24, or similar tube, closer to the 0 : - —
r-f gap, by enlarging the hole in the end 0 Kgéi_a,%: cu?r'esnt "?S‘ a 10
of the cone, and by changing the gas Fio. 5-57—Low-level signal atten-

content of the tube. In fact, d-c-con~ uation caused by keep-alive discharge
trolled r-f switches have been made ™ ™mcdified 1824 TR tube.

out of 1B24 and 1B27 TR tubes. In these, a keep-alive current of
300 pa produces an r-f attentuation of about 40 db.! In a 1B24,

t Ting-Sui K¢ apd L. D. Smullin, “A Low Power X-Band R-f Gas Switch,” RL
Report No. 841, Oct. 19, 1945; T. 8. K¢, “Note on a Low Power S-band Gas Switch,”
RL Report No. 979, Dec. 10, 1945.



210 MICROWAVE GAS DISCHARGES [Sec. 519

filled with 15 mm Hg each of H; and H,0, an attentuation of about 25 db
could be obtained with currents of about 1 ma if the keep-alive electrode
were in the position to give greatest interaction. If the gas content is
changed to N, attentuations of 40 db are obtained. Figure 5-57 shows
the variation in attentuation with keep-alive current for various gas
fillings. It should be noted that high interaction is obtained only with
negalive keep-alive polarities.

5-19. Keep-alive Discharge and Tube Life.—Under the action of the
d-c glow discharge, there is a continual modification of the gas content
of the tube. This change is the result of two different mechanisms:
sputtering, and chemical reaction.

Sputtering is a process in which the cathode is heated by positive-ion
bombardment to the point where particles are boiled out of the cathode
and finally condense on the anode or on the tube walls. These particles
may collide with gas molecules and carry these molecules with them to
the tube walls, where the gas is trapped. Thus, the rate at which metal
is sputtered from the cathode is a measure of the rate at which the gas
pressure will be reduced in a given tube. Table 55 gives the normal
cathode fall? in H; and A, for a number of metals, and the rate of sputter-
ing for the same metals in H, with a cathode fall of 850 volts.

TasiE 5-5—NormaL CarHope FaLy 1N A anp H, AND SpUTTERING RaTE IN H,
(CatHODE FaLL = 850 v) vor Various METALs

Normal cathode fall ; . .
Metal Sputtering rate in H,,
A H, pgr/a. sec
Al 100v 170v 8
Ag 130 216 205
Au 130 247 130
Cu 130 214 84
Fe 165 250 19
Mg 119 153 2.5
Ni 131 211 18
Pt 131 276
Sn 124 226 55
w 16

The only metals that have been used for the keep-alive electrode are
tungsten and Kovar. Examination of the table indicates that, in regard
to sputtering, aluminum might have made an excellent keep-alive elec-
trode. It cannot, of course, be sealed to glass, and would have to be
welded to a suitable glass-sealing metal such as tungsten or Kovar. To
prevent oscillations, the electrode must be covered with an insulating

t Cobine, Gaseous Conductors, McGraw-Hill, New York, 1941, Chap. 8.
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material. Tungsten or Kovar electrodes are simply glassed right down
to the end. If aluminum were used, it could be covered with a suitable
insulating cement such as Insalute cement. To the author’s knowledge,
no tests have been made with aluminum keep-alive electrodes; but the
considerations presented here might warrant such tests.

Tungsten is a very unfortunate choice as a keep-alive electrode for
TR tubes containing water vapor. Many years ago lamp manufacturers
discovered the so-called “tungsten water cycle” and learned that they
could get long life from their tungsten filaments only if water vapor were
carefully kept out of the lamps. This phenomenon involves the forma-
tion of an unstable tungsten oxide and the release of atomic hydrogen in
the discharge. The oxide diffuses through the tube, and condenses on
the walls. In time, however, the oxide is reduced and the oxygen and
hydrogen recombine to form water vapor. Thus, although the water
serves as a carrier to transport tungsten away from the cathode or fila-
ment, it is not consumed. The amount of tungsten carried away in this
manner is not large enough to destroy the keep-alive electrode in any
reasonable length of time. It is sufficient, however, to form filaments or
“hairs” and, in a small tube such as the 1B24 or 1B26, these may actually
bridge the gap between cathode and anode and short-circuit the discharge.
Exactly what determines the rate of this process is not known; but short
circuits have developed after operating times of only 10 to 100 hours at a
discharge current of 100 pa. The effect is most serious, and was first
noticed, in TR tubes with insulated keep-alive electrodes. Because of
this, Kovar is used in the tubes with glassed keep-alive electrodes, the
1B24, 1B26, 1B27, and the various bandpass tubes.

6-20. Keep-alive Circuits and Power Supplies.—The large majority
of all radar sets have used simple, d-¢ keep-alive discharges. These are
energized either from a negative voltage already available or from a
simple auxiliary half-wave rectifier, suitably filtered. The voltage avail-
able must be 750 to 1000 volts negative, on open circuit, and the current
is limited to 100 to 200 ua.

In a few cases, a device known as prepulsing is used. In this device a
pulse of current of the order of a milliampere is passed through the dis-
charge a few tenths of a microsecond before the transmitter pulse, and is
made to overlap it. This pulsed discharge may be used alone or in con-
junction with a low-current d-c discharge. In this way, a large value of
no can be produced in the gap and the spike energy greatly reduced.
The fact that the interaction may also be large is unimportant, since it
occurs only for a few tenths of a microsecond at the very end of the
receiving period.

Let us first consider the external circuit of the d-c¢ discharge. The
dynamic resistance, or slope ot the keep-alive discharge characteristic is
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small compared with the static resistance obtained by taking the quotient
of the operating voltage and current (see Fig. 5:50). In the first approxi-
mation, it may be assumed that the dynamic resistance is zero; that is,
the discharge is a constant-voltage device. If the voltage drop is V,, the
current is I, the open circuit voltage of the source is V,, and the series
limiting resistance is R,

;Yo V._av
- R T F
1 dI 1
T3V = &V’ 74

Thus, if either ¥, or V, is subject to fluctuations caused by power-line
variations or differences in individual TR tubes, the percentage of current
change for a given voltage change will be inversely proportional to
Vo — Va. It therefore appears desirable to make AV large by increasing
Vo, and to maintain the proper current by a corresponding increase of .
Most high-Q TR tubes with H,; and H,O fillings have a keep-alive
voltage drop V, = 400 volts, and the operating current I is between 100
and 200 pa. However, because of manufacturing tolerances, V, is
allowed to vary between 350 and 475 volts in new tubes, and during the
life of the tube it may increase by 50 to 100 volts. If the design point is
at V., = 400 volts and I = 100 pa, with V, = 700 volts, I will fall to
67 pa if V, should rise up to 500 volts. If ¥V, = 1000 volts, I will fall to
83 ua for a similar increase in V,. This might be carried to the extent of
making V, very large, and thus reduce still further the variation in I with
changesin V,. At the operating conditions assumed above, if V, = 1000,
R = 6 megohms. Since the voltage required to fire the gap initially is
about 600 volts, it would require a surface leakage of 8 or 9 megohms to
reduce the voltage at the tube to a point where it would never fire.
Under military operating conditions, the accumulation of dirt, moisture,
or salt on insulating surfaces might easily result in leakage resistances as
low as 10 or 20 megohms. On this basis 1000 volts is usually considered
the maximum safe value for V,. In large, fixed, land installations, where
the equipment is indoors, higher values of ¥V, may of course be used.
b-21. Prepulsed Keep-alive Circuits.—It has been indicated that the
d-c discharge changes the gas content of the tube, and thus affects the
tubelife. Infact, in high-Q TR tubes, the tube life is almost independent
of the r-f discharge, and is inversely proportional to the current in the
keep-alive discharge. It thus appears desirable to reduce the average
keep-alive current to as low a level as possible. One way of doing this
is to turn off the discharge between pulses, and to turn it on only in time
to get the required value of n, in the gap when the transmitter pulse
starts. Depending upon the repetition rate, the average current would
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be reduced by a factor of about 1000 if the instantaneous value of the
current were kept constant, and therefore the tube life would be increased
by a very large factor.

If the instantaneous current is made 10 or 20 times the normal d-c
value, the average current will still be 50 to 100 times less, the increase in
tube life will still be substantial, but n, will be increased and the spike
energy decreased. If this double effect, longer life and lower W,, is to be
utilized, a knowledge of W, as a function of keep-alive current is neces-
sary, Unfortunately, no detailed information of this kind exists. From
50 to 200 or 300 ua, the spike leakage energy is nearly constant in most
high-@ TR tubes. Apparently n, remains constant in this range. This
may indicate that the discharge extends back, away from the r-f gap,
with increasing current in this range. With currents of the order of 1 to
5ma, W,is 7 to 10 db lower than at normal operating currents in high-@
tubes with coaxial keep-alives.

This reduction in W, is substantial, but prepulsing has found little
application. There is one immediate objection to a prepulsed discharge
in which no continuous discharge is maintained, that is, it is incapable of
protecting against high-power pulses from nearby radars operating in the
same frequency band, because the prepulse is synchronized to its own
transmitter, but not to nearby transmitters. In military or naval opera-
tions, a large number of radars may be operating in a restricted area.
Once an aircraft is aloft, unless a group of planes are flying in tight for-
mation, there is little probability of crystal burnout by a nearby radar.
On the ground, however, with planes lined up close together, mutual
burnout can be a serious problem.

Because of the danger of random pulses causing burnout, the TR
tube must be capable of protecting crystals continuously with a low-
current d-c¢ discharge. If the TR tube can already protect crystals with
a d-c discharge, it seems that little is to be gained by reducing W, another
10 db by means of a prepulse superimposed on the d-¢ discharge. Only
by extensive life tests on a large number of TR tubes and crystals can it
be shown whether or not any appreciable improvement in erystal protec-
tion can be obtained by reducing W..

All TR tubes now in use afford good crystal protection with a d-c
keep-alive and, although occasional ‘‘unexplained” burnouts do occur,
the same tube will again protect crystals for several hundred hours more.
If these burnouts are caused by rare bursts of large spike leakage energy,
they might be eliminated by the use of prepulsing which not only reduces
the average value of W,, but also reduces the variation in energy between
individual spikes.

It is worth while to examine some of the circuits used to produce a
prepulse. The two important variables to be considered are the relative
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timing of the prepulse and the transmitter pulse, and the magnitude of
the prepulse current. Measurements made on a 724A TR tube using a
prepulse of 5-psec duration superimposed upon a 100-pa d-c discharge
gave the results shown in Tig. 5-58. If the prepulse starts after the

transmitter pulse, it has no effect

s 1} Tip,epulse on W,. When it leads the tran.s-
T 100 -t mitter by about 0.1 usec, as in
25 8t mg"e"o" pulse this experiment, W, is 8 db down
FER T 21100 4 amp . from its d-c value. As the lead
83 4t oe Prepulse | 7,

S8 7 énu is increased beyond 0.1 use, the
22 MIERopmaeiohie s number of electrons furnished to
B _,l At-psec the r-f gap by the discharge be-
23 -4} comes smaller, and W, approaches
2 8 -6} the d-¢ level. The increase in
@ -8F _ W, to values 12 db greater than
ke 5.58;;?5; cotf lf ?53“??1?@2? onspike 1 ormal when the prepulse leads by

5 to 7 usec, was caused by a posi-
tive overshoot on the prepulse, which turned off the d-¢ discharge and
reduced n, momentarily.

A prepulse must be added to a d-c¢ circuit in such a way that the puls-
ing circuit has little or no effect upon the d-¢ discharge. Normally, to
prevent relaxation oscillations, a resistor of % to 4 megohms is put right
at the keep-alive cap on the TR tube. To produce a prepulse current of
several milliamperes with a reason-
able voltage, there must be little RFC 1M
or no limiting resistance between
the source and the tube. Thus,
if the prepulse circuit is connected
between the d-c¢ limiting resistor
and the electrode, the stray ca-
pacitance of the prepulse circuit
must not be large enough to allow
relaxation oscillations to take place. Figure 5:59 indicates such a con-
nection with a 10-uuf capacitor used to isolate the two circuits.

The prepulse voltage may be obtained in a number of ways. It may,
of course, be generated by a blocking oscillator or similar circuit properly
timed with respect to the transmitter. This is possible only if the trans-
mitter is triggered from some external source that can also be used to
trigger the prepulser. If a ‘““self-synchronous’ transmitter modulator
is used, such as a rotary or series spark-gap modulator, there is an uncer-
tainty in the time between successive pulses of perhaps 50 usec. Since
all trigger voltages in such a set are derived from the transmitter pulse,
there is no way of triggering a prepulser so that it will lead the transmitter

10 uut

To prepuls'e circuit

o

+

TR tube

Fi1a. 5-59.—Circuit for prepulsing TR tube.
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by a fraction of a microsecond. In such cases, and even in the case of
synchronous transmitters, it is desirable to use some voltage within the
modulator that leads the voltage on the transmitter tube (magnetron) by
the proper amount. The primary winding of the stepup pulse trans-
former that drives the magnetron is a convenient source of such a voltage.
It is possible, by taking advantage of the finite rise time of the modulator
pulse ~ ¢ psec, and the magnitude of the pulse (several thousand volts
on the primary), to produce a high-current pulse in the TR keep-alive
circuit that leads the r-f output power of the magnetron by about
usec.

Figure 5-60 illustrates a convenient way of obtaining the necessary
prepulse voltage from the pulse transformer by means of a high-voltage
capacitor made from a length of high-voltage pulse cable. The pick-off

Cable
Brass tube insulation

Hv pulse cable

s
To pulse
transformer
out conductor
uter
h To TR
jacket tube
Corona
shield

Fig. 5-60.—Voltage divider for prepulsing TR tube.

tube has a capacitance of about 5 uuf to the high-voltage lead. Thus the
tatal charge that can flow in the prepulse circuit is ¢ = C'V where V is the
maximum value of the pulse voltage. In a typical high-power set,
V =10 kv, C = 5 ppf, g = 5 X 10~8 coulomb. If the rise time is 0.1
usec, the average current is # amp (averaged over 0.1 usec), and the
average d-c current is 25 ua. It is important to keep all the time con-
stants of such & circuit as small as possible, since there is probably
less than 0.05 upsec that can be wasted in charging the various circuit
components.

Another method of reducing the spike leakage energy has been sug-
gested many times. This method is to insulate one of the electrodes
forming the rf gap through a suitable r-f choke, and to strike a d-c dis-
charge directly across the gap just before and during the transmitter
pulse. Buch a scheme has been tested on the 1B27 TR tube, and more
recently on the 3-cm bandpass tube. The results in both cases were
surprising in that the spike energy increased by about 7 db when a d-¢
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current of 900 ua was caused to flow across the gap. The explanation of
this phenomenon is not yet known.

Another interesting proposal is to use a radio-frequency (about 5
Me/sec) high-voltage supply for the keep-alive. This would be used
where space or weight did not permit the use of a transformer, rectifier,
and filter for 60 or 400 cps. A single oscillator tube operated from a
low-voltage supply, and a resonant transformer can furnish enough
voltage and current for a TR tube keep-alive discharge. Only rudi-
mentary tests have been made of such a system with the alternating cur-
rent applied directly to the keep-alive electrode. The measured spike
leakage energy was not appreciably different from that of a d-c keep-alive
discharge. No attention was paid to the problem of shielding this high
radio-frequency voltage and the development of simple, low-capacitance,
high-voltage shielding may be very difficult, unless the oscillator and the
TR tube are housed within a common shield. This proposal merits
further consideration.

b-22. Radioactive Priming.—To initiate a d-c discharge, it is neces-
sary to have a number of free electrons in the gap between the electrodes,
or the voltage must be raised to a level high enough to cause field emis-
ston from the cathode. Normally there are free electrons present in a
gas volume. These are released photoelectrically or by high-energy
cosmic- or y-ray particles. A TR tube, however, is usually enclosed in a
light-tight metal container and is surrounded by fairly massive pieces of
metal, therefore the probability of ionization by external radiation is very
small. Experimental tubes that have been idle for several days become so
completely inactivated that several minutes may elapse between the
application of the keep-alive voltage and the striking of the discharge.
The length of time is determined by the probability of an ionizing ray of
sufficient energy passing through the tube.

The TR tube will not, in general, protect crystals if the keep-alive
discharge is off; and, in particular, the very first pulse of leakage energy
when the transmitter is turned on will be extremely large. Thus, rapid
and reliable firing of the keep-alive under all circumstances must be
ensured. This can be accomplished by producing a small amount of
ionization within the tube by means of a radioactive substance. Two
materials have been used for this purpose: radium bromide and an arti-
ficially radioactive cobalt chloride. The radium bromide produces a-,
8-, and y-rays, whereas the cobalt chloride is only 8- and y-ray active and
has a half-life of 5 years. Although this life is short compared with that
of 1690 years for radium, it is ample for most purposes. The cobalt
chloride has the important advantage of being completely nontoxic and
it is easy to make in comparatively large quantities. During the war,
it was produced by the cyclotron group of the Massachusetts Institute
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of Technology. There seems to be little excuse to use the highly toxic
radium salts since the artificially radioactive cobalt chloride is easily
available.

In practice, the cobalt chloride is used in a water solution and diluted
to a concentration that has an equivalent radioactivity of 0.1 ug of radium
per drop. A drop of the solution is put on the cone adjacent to the keep-
alive electrode before sealing off the tube. During the sealing-off and
evacuating process, the water is evaporated. This amount of radio-
activity is sufficient to guarantee the starting of the tube within less than
5 sec after the application of the voltage.

5:23. Tube Life and Gas Cleanup.—The life of a TR tube is deter-
mined by the rate at which the gas content changes. This rate is deter-
mined by the action of the r-f or the d-c¢ discharge. With continued
operation either the leakage power becomes too large or the recovery
time becomes too long. Ocecasionally, a tube may be found in which the
discharge has deposited a thin layer of metal upon a glass surface and
thereby has decreased the low-level transmission. However, this
phenomenon is so rare as to be considered a freak.

There is no quantitative information on the rate at which the r-f dis-
charge changes the gas content of the tube. It is known that a high-Q
tube operated without a keep-alive discharge may be run for several
thousand hours without seriously changing either its leakage power or its
recovery-time characteristics. The same tube will have a life of only 500
to 1000 hours with a d-c¢ keep-alive discharge current of 100 ua even if
there is no r-f discharge. The usual keep-alive voltage drop is about 400
volts and the power dissipated is about 40 mw. The power dissipated
in the r-f discharge is equal to the geometric mean of the transmitter
and the arc leakage power. Typical values for these are 100 kw and 40
mw, respectively, and therefore the pulse power dissipated in the dis-
charge is about 60 watts. If a duty ratio of 1 to 1000 is assumed, the
average power dissipated in 60 mw. Thus, the average powers dissipated
in the r-f and d-¢ discharges are roughly equal, and the difference in the
rate of gas cleanup must be attributed to some other factor.

The process that takes place most rapidly in TR tubes is the cleanup
of the water vapor. This apparently takes place by chemical action,
since the copper cone that serves as the anode for the keep-alive discharge
becomes oxidized, and the partial pressure of hydrogen increases! as that
of the H.O decreases.

The process involved is probably the following one. Under the
action of the discharge, OH ions are produced. In the d-c discharge of
the keep-alive, these ions drift across to the anode. - They are highly

! W. G. Guldner, “The Change in Composition of the Gas Present in a 721A Type
Tube as a Result of Operation,”” BTL MM-43-120-98, Sept. 22, 1943.
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active, and therefore, they react with the copper, forming copper oxide
and releasing atomic hydrogen. In the r-f discharge the massive ions
are unaffected by the electric field and their motion is completely random;
the number reaching the electrodes will be roughly proportional to the
solid angle subtended by the electrodes. It is probably this difference
in the motion of the ions that makes the d-¢ discharge so much more
effective than the r-f discharge for destroying the water vapor.

The r-f discharge across the low-Q input window of the pre-TR, low-Q
ATR, or bandpass TR tubes is much more intense than in the high-Q
jubes. When the transmitter power is 10® watts, the pulse power dissi-
pated in a 10-cm pre-TR tube (1B38) is about 7 kw. Furthermore, the
exposed electrode area, the area of the tube walls, is much greater than in
the high-Q tubes. In these tubes, the r-f discharge plays the major role in
the decomposition of the water vapor.

An example of the comparative activity of the d-c and the r-f dis-
charges is furnished by a conventional duplexer in which the same TR
cell is used for both the TR and the ATR switches: a 721A tube, for
instance. In the TR tube a keep-alive discharge is maintained and, as a
result, after about three hundred hours the tube will have to be replaced,
because the recovery time will have become too long. In the ATR tube,
on the other hand, no d-c discharge is maintained, and although the r-f
power dissipated in the discharge is about 50 per cent greater than that
in the TR tube, the recovery time remains unchanged even after 1000
to 2000 hours of operation.

An obvious way to increase the life of a TR tube is to increase the
volume of gas contained in it, since the life of a tube is proportional to its
volume of gas. In a cell TR tube, the volume is limited rather severely
by the desired tuning range and by the cavities into which it must fit.
Integral-cavity TR tubes, however, may have protuberances on them
since there is no external cavity into which the tube must be clamped.
Table 56 lists some of the more common high-@ TR tubes and gives the
volumes of their envelopes.

TaBLE 5-6.—Vorumes oF Variovs Hicu-@ TR TusEs

Tube Type Volume, cm?
724A /B 3-cm cell 1.5
1B27 10-cm cell 5.3
1B26 1.25-cm integral cavity 18
1B24 3-cm integral cavity 19
721A/B | 10-cm cell 25

1t is to be noted that the 1B27, which has to a large extent replaced
the 721A in new equipments, has only about one-fifth the volume of the
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721A. This reduction in volume resulted from the desire to make the
tube tune down to 8.0 cm or less, whereas the 721 A would go only as low
as 8.7 cm; it also resuited from the fact that the tuning mechanism
occupies one end of the tube and is at atmospheric pressure, which reduces
the effective volume to two-thirds that of a fixed-tuned tube of the same
size. 'This reduction in volume was realized when the tube was first
introduced, but the advantages of smooth, single-knob tuning, and the
wide range of frequencies that could be covered with various cavities
made it seem worth while to examine the possibility of artificially increas-
ing the tube life. A similar problem had been faced in the case of the
1B24 and 1B26 TR tubes. In these tubes the cavity proper is very
small, 1 ec or less; however, the use of an external reservoir increased the
gas volume to about 25 cc¢, and resulted in excellent tube life. Such a
solution was not possible for the 1B27 tube.

5-24. Chemical Reservoirs.—The life of the 721A tube was barely
long enough to make it a usable tube, for, after approximately 300 hours of
operation, the recovery time became excessive. The 1B27 tube, with
only one-fifth the volume, would be completely useless if its life were cor-
respondingly reduced. R. Levine suggested that a chemical water
reservoir in the form of a hygroscopic salt be incorporated into the
1B27 tube. In this way a large quantity of water could be stored
in a few milligrams of salt and the effective volume of the tube would
be greatly increased. An investigation of pertinent data was made to
determine if there were any salts with suitable characteristics. The
most important characteristic to be considered was the variation of
vapor pressure with temperature. Military conditions require tubes to
withstand temperatures of —355°C to 100°C, and to give satisfactory
operation within a range of —10°C to 100°C. Therefore, a hygroscopic
salt, in order to be useful, must have a maximum vapor pressure of 20 to
30 mm Hg at 100°C to prevent the leakage power from increasing to the
point where crystal burnout is likely to occur. On the other hand, the
vapor pressure at —10°C must be of the order of a few millimeters to keep
the recovery time reasonably short (see Fig. 5-34).

Data on various salts indicated that above 40°C, the increase in
vapor pressure was so rapid as to make most of the salts useless.!?
Figure 561 is a typical curve of H,O vapor pressure plotted against
temperature. Nickel and cobalt perchlorates have satisfactorily flat
pressure characteristics, but their explosive nature would probably
decrease rather than increase the life of the tube.

1 I'nternational Critical Tables, McGraw-Hill, 1933.
tR. Levine, F. L. McMillan, “Chemical Methods for Maintaining the Partial
Pressure of Water in TR Tubes,” RL Report No. 583, July 13, 1944,
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Water can be obtained by an equilibrium reaction with H,O as an end
product, for example

TIOH = T1,0 4+ H.O0.

Here too, however, the rate of evolution of H»O is too great at tempera-
tures above 60°C.
Finally, adsorbents and absorbents were considered. In the first

50 group are activated alumina and

;’ silica gel. Figure 562 gives the

o 40 pressure-temperature characier-
g;";" istics for these substances. The
SE 30 I silica gel was 14 to 20 mesh, and
g & 20 was dried in a vacuum at 100°C
b 'f:‘ ] before being charged by exposure
g° 10k to an atmosphere of 23 mm Hg of

H,0 at 90°C. This charge gavea
00 1'0 2*0 3‘0 4‘0 = 0 water-vapor content for the silica
Temp °C gel of 2.6 per cent by weight. The
Fig. 561-Vapor pressure as a func. Activated alumina was 8 to 14
tion of temperature for a typical hydrate: mesh, and after having been dried
NiClr4H:0 = NiClo2H:0 + 2H.0. at 100°C was charged in an atmos-
phere of 18 mm Hg of H.O at 98°C; the water-vapor content of the
alumina was 1.33 per cent by weight.
Although far from perfect, both of these substances showed enough
promise to warrant life tests in TR tubes. The 1B27 TR tubes were
used with 0.5 g of silica gel. If the gel was charged with 22 mm Hg of

a 15
8-14 Mesh A g3¢
w0 20 activated alumina =923 10
X zeg
SE 14-20 Mesh 304
gEI0 sifica gel 898 5
o ON 3 3 hat
= o A i e, o} 1 n 1 | 3
4] 20 40 60 80 100 0 1 2 3 4 5
Q0
Temp. °C Hundreds of hours
Fy6. 5-62.—Vapor pressure of alumina and Fig. 563.—Life tests of 1B27 TR tubes
silica gel. using silica-gel reservoirs.

H,0 at a temperature above 90°C, at room temperature the recovery
time was poor. On the other hand, charging with the same pressure at
75°C caused excessive leakage power at 100°C.- Tubes which were
charged to 22 mm Hg of H,0 at 85°C protected crystals at 100°C and
showed good recovery time at 5°C.

Figure 563 shows the time after the transmitter pulse which is
required for the low-level transmission through the TR tube to elimb to
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within 6 db of its cold value, for ive tubes. These tubes were operated
at 500-kw pulse power with a duty ratio of 1 to 2500 and with a keep-
alive current of 150 pa. During the last 200 hours of these tests, the
tubes were maintained at a temperature of 100°C. Although the
recovery time and the leakage power were satisfactory for the duration
of the tests, it was found that the unloaded @ of the TR tubes and
the cavity had fallen from 2500 or 3000 to 1400 or 1900, and the copper
cones had become covered with a reddish copper oxide. Those tubes
charged initially with the most water showed the largest change in Q,.

At various times, a number of other chemicals and other methods of
storing water were proposed. Silver oxide is an unstable compound that
maintains an equilibrium pressure with O,; and this oxygen could be used
as the electron-capture agent. Copper sulphate with one molecule of
H.0, is a very stable compound that gives off its water very slowly; (no
quantitative data for copper sulphate are available}. M. D. Fiske sug-
gested and later used asbestos as an absorbent; it is similar to silica gel
but has a flatter vapor-pressure curve. Some evidence exists that zine
chloride, which is sometimes present in TR tubes as a solder flux, may
give off Cly slowly. If zine chloride were used in a tube with brass walls,
such as a 10-em bandpass TR tube, an equilibrium would be reached as
the released chlorine reacted with the tube walls to form ZnCl; again.
With the exception of the asbestos, these chemicals have been the subject
of speculation, but have not been used in definitive experiments.

5-25. Inert Coatings.—The chemical reservoirs of H.0, in addition
to their unsatisfactory pressure-temaperature curves, are undesirable
because the continual evolution of H,0 results in the formation of a thick
copper oxide on the tube electrodes. This results in a lower Qo, and the
H, pressure is continually increased.

The preferred method of improving the life of the tube is to maintain
the H,0 pressure constant by preventing a reaction with the electrades.
This was treated in a report by Guldner! of the Bell Telephone Labora-~
tories, and was applied to the 1B27 tube by H. J. McCarthy of the Syl~
vania Electrie Products Co. The early tubes that were tried had a layer
of black copper oxide (CuQ) on the cones of the tube. The oxide was
made with a cominereial alkaline solution ‘‘Ebonol.’’ These tubes
operated well except that, after about one hundred hours of operation, the
recovery time decreased and the leakage power tnereased, thus indicating
an increase of the partial pressure of H,O. Simultaneously, the black
oxide was reduced in patches to a red cuprous oxide, Cu,0.

The other tubes were made with a coating of Cu.0 inside the cone
where the keep-alive electrode is located. These tubes showed a sub-

W, G. Guldner, “The Change in Composition of the Gas Present in a 721A Type
Tube as a Result of Operation,” BTL MM-43-120-98, Sept. 22, 1943.
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stantially increased life, as long as 700 hours with good recovery-time and
leakage-power characteristics. Figure 5:64 shows the recovery time,
keep-alive voltage drop, and total leakage power as a function of
operating time for a typical 1B27 tube with a Cu.0 coating.

.
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Fig. 564.—Life test of 1B27 TR tube;
(a) keep-alive voltage drop; (b) total leak-
age power, mw, 1 usec pulses; (¢) loss in
signal, db, 6 usec after transmission pulse.

Hundreds of hours
Fia. 5:65.—~Life test of 721A TR
tube with untreated cones; (a) re-
covery time in usec for —6db trans-
migsion; (b) total leakage power in

mw.

Figure 565 is a plot of recovery time and leakage power for an
unoxidized 721A TR tube. Figure 5-66 is a similar plot for a 721B tube

which is the successor to the 721A, and which has oxidized cones.
A peculiar feature of these tubes is

[]J the fact that the leakage power and
Keep-alive )< ¢Cu20 coating

recovery time are constant up to the
end of life, but then suddenly increase
rapidly. In the unoxidized tubes, the
10 {a) recovery time increases continually
from the time the tube is first turned
on. A similar phenomenon has heen
observed in Geiger~-Mueller counter
tubes with oxidized anodes in which, at
the end of life, there is a rapid transition
from mnormal operation with good
quenching to complete failure to quench.

Since the development of the CusO coating, it has been found that
gold-plating the copper cones is almost as effective as the CuyO in pre-
venting cleanup of the water vapor. Other dense, inert coatings such as
monel metal should also prove effective. Although the cuprous-oxide
and gold-plate techniques have multiplied the livesof the 11327, 721B, and
the 3-cm bandpass TR tube many times, they have not done so for the
3-cm cell TR tube, the 724B. The life of this tube has a maximum
value of 250 to 300 hr. . Then, no matter how the cones are treated,
the leakage power becomes excessive. No explanation exists for this

20

" i i 1
[¢] 4 8 12 16 20
Hundreds of hours
Fig. 5-66.—Lite test of 721B TR
tube; (a) total leakage power in mw;
(b) recovery times in usec.

0
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difference; it may result from the cleanup of the gas by sputtering. A
better understanding of this problem could be obtained if life tests were
run with a manometer sealed to the tube so that the partial pressure of
H; and H:O could be continually checked. The two pressures may be
obtained by observing the total pressure and then freezing the H,0 to
get the H, pressure.

The life characteristics of the 1.25-cm and 3-em high-Q@ TR tubes are
quite different from those of the 10-cm tubes. In the 10-cm tube, the
recovery time is usually the limit-

ing factor. In the higher-fre- 500
quency tubes, diffusion plays a

. 400
much stronger role in the recovery 2
process than it plays in the larger 300~
10-cm tube, and consequently the : e MR P

recovery time is less sensitive to 0 4 8 12 16 20 24
the amount of water vapor in the Hundreds of hours
tube. The 1524 3em tube has (1t S97Lie it of 133t T e
a volume only 0.8 that of the powerin mw for }-usec pulse.
721A tube; but its useful life is
almost six times as great, although no attempt is made to inhibit the H,Q
cleanup by inert coatings. Figures 5-67 and 5-68 are curves of leakage
power and keep-alive voltage drop during the lives of typical 1B24 and
1B26 TR tubes. The recovery time after 2000 hours of operation is only
5 to 10 usec for T' = —6db at a transmitter-power level of 40 kw.

5-26. Bandpass and Pre-TR Tubes.—It is the intense r-f discharge
across the low-Q input window that plays the dominant role in
changing the gas content of the

500 bandpass and the pre-TR tubes;

the keep-alive discharge has al-

s002 most no effect. The volumes of
>

these tubes are very large: the
1B38 pre-TR tube has a cubic
300 content of 110 cc and the 1B58

1 L 1 1

0 2 4 6 8 10 12 14
Hundreds of hours bandpass TR tube has a volume

Fie. 5-68.—Life test of 1B26 TR tube; Of about 400 cc, whereas the 721B

(a) keep-alive voltage drop; (b) total leakage

1 S av -
power i 1w for bsee palse. has a volume of only 25 ce. De

spite this large volume, the

recovery time of a 1B38 pre-TR tube may become excessively long in

200 to 500 hours of operation at 1-Mw pulse power with a duty ratio of
1/2500.

It is important to note the qualifying verb “may’’ in the above state-

ment. If the 1B38 pre-TR tube is filled initially with argon and H,0,

the recovery time of this tube will almost invariably become too long in
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the 200 to 300 hours. Fortunately, production tubes, which were nomi-
nally filled with argon alone, could be operated with good recovery time
as long as those containing argon and H,O and very often longer.
In fact, such “argon filled”” tubes often showed a shorter recovery time
after some time of operation. This, of course, is assumed to indicate
the evolution of gas from the tube walls. Measurements' on commercial

1B38 tubes indicated for one of the tubes tested an increase in pressure
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F1G. 5-69.—Recovery-time curve of 1B38 pre-TR tube filled with 5 mm argon and
2 mm H.0.

of 15 per cent after one hour of operation; for another tube, an
increase of 38 per cent after 1000 hours was measured. It is not sur-
prising that the recovery time remained fairly short in these tubes.
What is surprising is that, when H.O is added to argon, the life is defi-
nitely limited to a few hundred hours. Figures 5:69 and 5-70 are typical
curves for a 1B38 tube filled with 5 mm Hg of argon and 2 mm Hg of H,O,
and for a production tube filled with 10 mm Hg of argon.

Bandpass tubes have received comparatively few conclusive life tests.
A 3-cm tube, which had been gold-plated, ran for more than 500 hours
at 30-kw pulse power, with little or no change in performance. The

1F, L, McMillan, C. H. Pearsall, I. H. Dearnley, loc. cit., Sec. 5-15,
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10-cm bandpass tubes, which had no treatment of the brass walls, and
with initial fillings of 5 and 3 mm Hg, respectively, of A and H,O, ran
for several hundred hours with no change of recovery time. However,
the results are still inconclusive and further study of these tubes is
needed. One serious consideration is whether a hard-soldered 10-cm
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Fic. 5-70.—Example of change of recovery time with life of a 1B38 tube filled with
10 mm argon.

tube with its walls fairly well outgassed would have a shorter life than
the present tube. Although the present ‘“dirty” tubes apparently have
long lives, this is an insecure basis for generalization so long as the
quality and the quantity of the ‘“dirt” are not known and are not
controllable.



CHAPTER 6
THE TR AND ATR TUBES AT HIGH POWER

By L. D. SmuLLin anp W. C. CALDWELL

6-1. Introduction.—This chapter will present, in addition to a sum-
mary of the high-power characteristics of the various high-@ TR tubes,
a detailed discussion of bandpass and pre-TR tubes, and of low-Q ATR
tubes at high power.

The high-@ tubes to be discussed are the types 721B, 724B, 1B24,
1B26, and the 1B27. These tubes are all designed to protect the most
sensitive erystals now in use and to protect them at any power level from
zero up to a maximum determined by direct-coupled power, by harmonic
leakage power, or by the establishment of secondary discharges which
might shorten the life of the tube.

The establishment of production tests and specifications that ensured
uniform tube quality was a difficult task since the tests had to be designed
for use by relatively unskilled personnel, and with only the simplest pos-
sible equipment. As a result, recovery-time characteristics are specified
only as a type approval test under the joint Army-Navy (JAN) specifica-
tions, whereas leakage power is a production test on most TR tubes.
In some of the earlier specifications, considerable effort was made to
devise ‘‘equivalent tests’’ that would measure certain intrinsic qualities
of the tube but at the same time would not require the use of pulse and
other complicated techniques. More recently, however, the tendency
has been to make the production test measure the actual quantities of
interest when the tube is in use, and to measure these quantities under
similar conditions of use. The various tests and specifications currently
used will be listed.

In the second part of the chapter, the characteristics of bandpass TR
tubes, pre-TR tubes, and low-@ ATR tubes will be discussed. These
tubes are characterized, in general, by the fact that their minimum oper-
ating power level is considerably in excess of that for high-@ tubes, that
they can be used at considerably higher peak powers, and that their
direct-coupling attenuation is practically infinite for both the carrier and
the harmonic frequencies of the transmitter. This last feature was
shared by only one high-Q tube, a tube developed by J. Lawson and
B. Cork at the Radiation Laboratory. Because it was developed at
about the same time as the bandpass and the pre-TR tubes, it was
never put into production.

226
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The last part of the chapter will present a brief discussion of manu-
facturing techniques and mechanical design techniques for both high-@
and low-@ tubes.

6-2. High-power Characteristics of High-Q TR Tubes.—Table 6-1
lists the various high-@ tubes and their characteristics. These charac-
teristics are total leakage power (flat plus spike leakage for some given
pulse length), arc leakage power, spike leakage energy, recovery time,
keep-alive voltage drop, and gas content. The ‘“starred’’ items are
specified quantities.

The 721B tube, as can be observed from the table, does not have a
pulsed-leakage-power specification. Instead, a measurement of the c-w
leakage power is made and is converted into a quantity Fy (or P;). This
quantity is the reactive power stored in the cavity, and is proportional
to the square of the arc voltage.!? Two readings are taken, one at room

TaBLE 6-1.—HicH-LEVEL CHARACTERISTICS OF Various Hicn-@ TR Tusks

Total Keep-ulive Gas ﬁl]}Img
Wave- | y1p, | ttw, |leaksse | p, Re- 1 coltage | T
Tube l.ength in mw | in ergs powel:rT in va APi/Pj col\'er_v drop at
in em Prin timed 100 pa
mw H. H-0
721B 10 30 to 40| 0.04 | ........[*7 to30[*¥0.5 t0 0.7| *3db at | 350 10 10
7 usec
724B 3 20 0.05 [ *40 max|.......[.......... 3db at | 400 10 7
4 usec
1B24 3 10 0.02 [ *30max|.......[.......... *3 db at [*325 to 450, 15 15
. 4 psec
1B26 1.25 |15 0.05 | *25 max|......[........ *3 db at [¥325 to 480| 10 10
4 psec
1B27 10 15 0.03 [ *253 max|.......[.......... *3 db at [*370 to 480] 13 10
5 usec
1B50 4 .. e avg | ... ] oo 300 to 425] 20 20
|

* See paragraph 1, Sec. 6-2.

11 The 721A and 1B27 were measured with Qo = 2500, L = — 1.5 db, matched input.

t Pulse length 0.5 usec for all tubes except for the 1B50 where it is 0.35 psec.

1 The transmitter-power level is 50KW for the 721B and 1B27, 10KW for the 1B24, and 8KW for
the 1B26.
temperature, and one with the water vapor frozen out at dry-ice tem-
perature. The value P; at room temperature, and also the change
AP;/P; when the water is condensed, are specified. Together, these

1 ¥ ?

values give a reasonably accurate indication of the relative proportions of
H, and H,0 in a tube of a given type, tested under known conditions.
This test suffers from the fact that P; is a sensitive function of the

! Samuel, McCrea, and Mumford, “Gas Discharge TR Switch,” BTI, MM-42.
140-26, April 27, 1942,

? Sinclair, Garoff, Gilbarg, “ Measurements of Gas Fillings in 721A TR Tubes,”
CESL Report No. T-18, Sept. 11, 1043.
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incident power level if it is less than about 0.5 to 1 watt (see Fig. 5-23);
furthermore it gives no indication of keep-alive effectiveness, and con-
sequently no indication of spike leakage energy.’

The other tubes have a specified total leakage power at some definite
line pulse power and pulse length. At the time these specifications were
written, because of the complicated apparatus and techniques involved,
it was not deemed advisable to attempt to measure spike leakage energy
and arc leakage power separately. For some time the method for meas-
uring total leakage power at two different pulse lengths and then comput-
ing W, and P, on the assumption that P, is constant had been known, but
had never been applied (Chap. 9).2

An attempt was made to determine the quality of the 1B27 tube, the
gas content, and the keep-alive effectiveness, by measuring the total
leakage power with the keep-alive on and with it off.® Although the
specification has remained in force, the conelusion must be drawn that
this test was not too successful, and that only the test with the keep-
alive on had any significance. The testindicated, however, that no drastic
change in production technique occurred from day to day. The speci-
fications for the 724B, 1B24, and 1B26 tubes require only a measurement,
of total leakage power with the keep-alive on.

In the tunable tubes, with the exception of the 1B50 tube, the leakage
power is a function of gap spacing. No particular gap length in inches
is specified, but it is required that the tubes be tuned to a specified fre-
quency in order that the leakage power measured will be truly indicative
of the operating performance.

The maximum power at which these tubes may be operated is diffi-
cult to define exactly. The 1B24 tube was initially rated (unofficially)
at a power near 100kw, at which level a secondary discharge is estab-
lished just back of the input window. When high-power 3-cm magne-
trons (200kw) became available, the 1B24 tube was tested at the higher
power level. In initial tests, tubes available at the Radiation Laboratory
failed after 10 to 190 hours. In all the tests the leakage power increased
markedly, and in most tubes the insertion loss increased. Later, in tests
on tubes of more recent manufacture and with care taken to keep solder
flux and excess solder out of the cavity, tubes were run for 500 hours.

1 Although this test gave a good correlation with leakage power and recovery time
in the 721A tube, the correlation changed completely when the oxide coating was
added to make the 721B. This was observed at Evans Signal Laboratory in 1945,
but no explanation of it was advanced up to the end of the war.

2 This method was apparently developed independently at the Radiation Labora-
tory and at the Bell Telephone Luboratories.

J. W. Clark, “The Gas Discharge Switch; VIII. A Method of Analyvzing Leak-
age Power Data)”’ BTL MNM-43-140-50, Oct. 11, 1943,
# Smablin and Leiter, “The 1B27 TR Tube,” RL Report No, 594, Oct. 4, 1944,
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These tubes gave no indication of serious deterioration, although a fairly
intense discharge was maintained across the input window. Whether
or not such performance iz characteristic of all production tubes was
never definitely estaplished.

The 721B and the 11327 tubes are used successfully at power levels
of the order of 1 Mw so long as the harmonie content of the transmitter
islow. At power levels greater than 1 Mw there is, in the small-diameter
cavities, a tendency for a discharge to strike across the glass eylinder
adjacent to the input coupling. It is believed that this discharge appre-
ciably shortens the tube life.

Some magnetrons, when operated at high power levels, show a
tendency to spark oceasionally and also to jump into an inefficient
electronic mode that is very rich in harmonic content. A magnetron
which operated in this way was first noticed when a 10-em duplexer using
1B27 TR and ATR tubes was tested with the 4J44 series of magnetrons
at powers near 1 Mw. When a hard-tube modulator was used, the 1B27
tube protected erystals for long periods at a line power of 1 Mw. When
a spark-gap modulator was used, however, crystals were burned out
almost instantly. A long series of experiments by L. D. Smullin and
A. W. Lawson finally established the fact that these burnouts were
coincident with the sparking of the magnetron, and that during these
periods excessive leakage power did not occur at the nominal wavelength
of 10.7 cm, but was present at the second, third, and fourth harmonies
of a 9-cm mode. That this was another magnetron mode that could be
excited under certain conditions of the r-f loading and exeiting circuits
was shown later by Clogston and Rieke. A number of attempts to put
harmonic filters into the TR cavity were made, but none of the filters
gave enough attenuation over a sufficiently large frequency range. It
was estimated that a minimum of 30 db of additional attenuation at all
harmonic frequencies was needed to ensure crystal protection. This
particular problem was finally solved by the use of a pre-TR tube!
ahead of the 1B27 TR tube. The pre-TR tube will be discussed further
in the sections on low-@ and bandpass TR tubes.

Tube life was still a rather indefinite quantity even as late as the
end of the war. Although laboratory life tests on dozens of 1B24 and
1B26 tubes indicated a usable life of 2000 hours or more, the life of the
1B24 tube in the field seemed to be only a few hundred hours. Com-
paratively few tubes were returned for examination but those few tubes
indicated that about 40 to 50 per cent of the tubes marked ‘““bad’ were
bad tubes originally, and most of those had air leaks at cracked windows
or solder joints. As a result of this experience with the 1B24 tubes, all

t L. D. Smullin, “The 1B38 Pre-TR,”” RL Report No. 641, Dec. 5, 1944.
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TR tubes were required to pass a type approval temperature-cycle test
of half-hour exposures to ~55°C, to room temperature, and to 100°C.
These tests had to be repeated fifty times without failure.

Results obtained with 721 A tubes were the opposite of those obtained
with the 1B24 tubes. Laboratory tests had shown that recovery time
became unduly long after a life of about 300 to 400 hours, although
crystal protection was good for more than 1000 hours. It was very
difficult to persuade service personnel to replace the tubes frequently
enough.

The 7218 tube has a life of 1000 hours or more, and the 1B27 tube
operates for about 700 hours. The 7243 has a life of approximately
250 hours, at the expiration of which it will no longer protect crystals.

6-3. High-level Characteristics of Bandpass and Pre-TR Tubes and
Low-@ ATR Tubes.—Breakdown and recovery are fundamental processes
of both the high-@ and the low-@ or bandpass tubes. These phenomena
are, in general, more complicated in the bandpass tubes since as many as
three or four different discharges must be considered, whereas in the
high-@ tubes only one discharge need be considered. The intensity of
the various discharges in a bandpass tube varies by orders of magnitude,
and some probably last for only a fraction of the period of the trans-
mitter pulse.

The loaded @’s of the resonant elements in bandpass tubes are lower
than those of conventional high-Q tubes by factors of 50, approximately.
As a result, the voltage buildup across the gaps follows the magnetron
rise with almost no time delay and consequently the entire spike-
transient analysis becomes quite different from that of the high-Q tube.
The fact that several gaps fire in sequence within a time interval of
about 10% sec probably makes the ‘“fine structure” of the spike of a
bandpass tube very complicated indeed.

One of the most striking features of the low-@ tubes, as they exist
today, is the discharge which covers the input window. At very low
power levels, the discharge is just a filament across the center of the
window. As the power is increased, the discharge spreads until it covers
the entire window with a smooth glow. The power dissipated in the
discharge is very large. An argon-filled 10-cm tube such as the 1B38
pre-TR tube may have a pulse dissipation of 5 to 7 kw, as compared
with 5 to 10 watts for an argon-filled high-Q tube, or 50 to 60 watts for
high-Q tubes filled with an H,-H,0O mixture.

The arc leakage power of a typical bandpass tube is 30 mw or less,
and spike leakage energy is about 0.1 erg. Corresponding values for
high-@ tubes are 20 to 30 mw and 0.03 erg. It is well known that both
P, and W,increase rapidly as the loaded @ (Q:2) in high-@ tubes decreases.
In fact, the 1B24 or 1B27 tubes no longer protect crystals if Q., is made
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less than about 200. How crystal protection is obtained with the low-Q
elements in bandpass tubes has not been completely determined.

It is found that the spike leakage energy varies inversely with Q..
(more specifically the output @, Qo.) When n, is kept constant, but that
it does not vary in this way when the equivalent conductance, or keep-
alive interaction, is kept constant. Practically all measurements of W,
vs. Q... have been made with constant keep-alive current and location
(constant n,). These experiments, therefore, cannot be used to give a
curve for high values of @, that could be extrapolated to meet the
observed values of W, for very low Q:;. Rough calculations similar to
those indicated in Seec. 56 show that for a constant value of interaction,
W. changes very slowly with Q...

The arc leakage power of a 721A TR tube filled with an H,-H,O
mixture is about 40 mw, for @, = 300 and an insertion loss of 1.5 db.
This corresponds to a voltage across the discharge of 100 volts rms.?
The same tube filled with argon might have a voltage drop of approxi-
mately 30 volts. Conversely, a typical bandpass tube filled with argon
has a flat leakage power of 1 mw or less, which corresponds to a gap
voltage of about 3.5 volts, if the element transformation ratio is taken
as 5. A mixture of A-H,O gives P, = 20 mw and a gap voltage of about
15 volts. These numbers become roughly comparable if a correction is
made for the gap length, which is about 0.030 in. in the high-Q tube,
and 0.008 in. in the bandpass tube. However, the necessity to explain
a self-sustaining discharge which

"
has a total voltage drop less than Keep= 've\
the ionization potential of the gas . .

. . High power To receiver
remains. This effect hasalsobeen ~fw, YV Yol —
observed in electrodeless dis- AN A

. . g] gz
charges at lower frequencies and

has been reported in the literature Fic. 6:1.—Cross section of a 3-cm bandpass
. TR tube, 1B63.
by various authors.

In addition to arc leakage power, high-@ tubes have direct-coupled
and harmonic leakage powers, and either one may be larger than the
arc leakage power. Bandpass tubes and pre-TR tubes have practically
infinite direct-coupling attenuation because of the discharge that covers
the input windows. Harmonics also are very highly attenuated.

Figure 6-1 is a cross section of a 3-cm bandpass tube (1B63) with
two resonant gaps and two low-@ resonant windows. The keep-alive
electrode is at the gap closest to the receiver. Although no direct
experimental determinations have been made of the breakdown sequence,
it is believed to be as follows. In the interval t, < t < ¢, Fig. 6-2, the

L H. A. Bethe, R. E. Marshak, and J. Schwinger “Theoretical Results on the TR
Box,”” NDRC Report No. 14-1186, loc. cit., Cornell Univ., Jan. 20, 1943.
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voltage builds up across the gaps and is in phase with the transmitter
voltage. At about ¢, the electronic conductance of the second gap gs,
which has the keep-alive electrode, begins to increase rapidly, as described
in Sec. 5-6. During the interval #; < ¢ < t3, the impedance across this
gap is very low, and the standing wave which results doubles the voltage
at the first gap g;. This gap depends for its initial ionization n, upon
carry-over from the previous discharge and possibly upon photoelectrons
released by the light from the discharge in the second gap. Although #,
is very small, the doubled voltage which results from the breakdown of
the second gap probably breaks down the first gap almost instantly.
This, in turn, causes the voltage to double at the input window wi, and
this, too, finally breaks down.

The direct-coupling attenuation through a fired gap is about 30 db.
Thus, the power incident upon the second gap ga is the sum of the arc
leakage power of g, and the window leakage power attenuated by 30 db.
This power is probably 20 to 50 mw which is not sufficient to maintain
the discharge at g,. The electronic loading at g, however, does not dis-
appear instantly; therefore while the gap is recovering, the leakage
power, incident upon the receiver, varies from about 0.001 of the leakage
power through ¢, up to the full leakage power through g;. This is illus-
trated in curve A of Fig. 6-2. Curves similar to B and C are observed
when the amount of H.O in the
tube is reduced, with a consequent
increase in the recovery time. In
10-cm tubes, the flat leakage power
1s usually too small to be seen on
an oscilloscope. Although tests

: : n have not been made, it is believed
1tz 3 4 . .

Time that with a 5-usec transmitter pulse

Fie. 6-2—Leakage power envelope of a the leakage power envelope of a

3-em bandpass TR tube. 10-c¢m tube would be similar to that
of the 3-cm tube and that the arc leakage power would become appreciable.
In the 3-cm tube the characteristics illustrated in Fig. 6:2 can be observed
with 0.5-usec transmitter pulses.

6-4. Spike Leakage Energy.—In bandpass tubes as in high-@ TR
tubes, the margin between crystal protection and burnout is much
narrower for the spike leakage energy than for the flat leakage power.
As a result, most experimental effort was directed towards the reduction
of W,, and the flat leakage power received more or less perfunctory
attention.

The experimental work can be classified in three main divisions:
gap design, gas content, and keep-alive design. The first division, gap
design, involved the problem of developing resonant elements which had
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the smallest product of Q.2 W,. For these experiments, it was tacitly
assumed (and this assumption was later partially verified) that a gap
design which gave optimum performance for one gas was equally good
for all other gases. This simplified the experimental technique, for
after the gap design was chosen, it was necessary only to determine the
gas filling of the tube for the longest life, the shortest recovery time,
and the least leakage power.

In Sec. 6-3 it was seen that the flat leakage power was far from con-
stant during the pulse. Because of this, it was difficult to separate the
spike transient from the arc leakage power by the usual techniques of
cancellation or pulse-length increment (see Chap. 9). The use of pure
argon, however, resulted in a very small arc leakage power, and the spike
leakage energy constituted more than 95 per cent of the total energy in
the leakage pulse. Thus, since there is uncertainty concerning only a
small percentage of the power, it can

be assumed that the total energy is 8%)?):) T
equal to the spike energy. £000 k] |

Window Leakage.—The design 40004 0875 Ald }
of the input window has been based lé gfgg no }{f
primarily upon low-level considera- " 2000+ 1 063 :2 g g
tions of Qr» and upon dissipative %01000 (o B /
loss. The leakage past a typical ¢ ‘ggg Z 7
window is of the order of hundreds =" 600 :\\. =0~ ey 4
of ergs compared with the tenths of 3 400 =3
an erg that is actually incident & 200 \\\\ / /‘
upon the receiver. Figure 63 g 2 4
shows the total leakage energy £ 100 L \\\‘M—L"‘(
through various low-@ resonant <% 80 \;\ S A 1y .
windows for various pressures of :a 60 'S
argon. Curve 4 is the leakage 40 N
energy through a 1B38 pre-TR 20 by
tube, in which both windows have F
Q12 =~ 1 and a height of 0.875 in. 10

1 2 4 6810 20 40

The measurements were made with )
he © Argon pressure in mm of mercury

a transmitter-pulse power of 50 kw .
1a. 6-3.—Leskage-energy character-
at 10.7 cma but check measurements  istics of various low-Q glass windows. A4
made at 1000 kw agreed with these isfor a 10-cm window, and B, C, and D are
. N h for 3-cm windows,

data within the experimental ‘error
of about +1 db. The arc leakage power was about 50 watts at a
pressure of 10 mm Hg of argon, and thus constituted about one-third the
fotal energy for a 1-usec pulse.

Curves B, C, and D of Fig. 6-3 give the total leakage energy for three

lifferent windows measured at a wavelength of 3.2 cm. Their heights
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were 0.250 in., 0.125 in., and 0.063 in., respectively, and Q. was 1.1,
2.1, and 6. There is not the 4-to-1 ratio between successive curves that
would be expected if the breakdown voltage were a linear function of
the window height. One test at 8.5 cm did give a fourfold change in
total leakage power when a window with one-half the height of the
standard one was used. At the present writing it is not clear whether
this represents poor experimental technique or whether it results from
the fact that breakdown along a dielectric surface is a highly complicated,
and little understood phenomenon.

The curves illustrate pressure dependence of the usual type with
fairly well-defined minima. For the 10-cm tube at least, in which the
arc leakage energy is about 30 per cent of the total leakage energy, the
minimum has little theoretical importance. This minimum is the result
obtained by adding the curves (automatically) of W, and P, which have
different shapes and different minima.

The data presented in these curves were obtained with the leakage
energy of the window dissipated in a matched receiver load. In actual
use, as in the input window to a bandpass tube, the voltage buildup
across the window follows the magnetron very closely until the break-
down of the resonant gap one-quarter guide wavelength away from it
causes the voltage to double. This must undoubtedly change the spike
transient, and it probably reduces the spike leakage energy incident upon
the next gap. The extent of this reduction in energy is not known, and
is probably of little practical importance. A cathode-ray oscillogram of
the spike transient in a 1B38 pre-TR tube was shown in Fig. 5-11 and a
discussion of this transient is found in Sec. 5-6.

Careful consideration of Fig. 6-3 emphasizes the fact that at a wave-
length of 1.25 cm or less, the total leakage through such a low-Q window
would be about 1 to 2 ergs. Furthermore, if thin mica is used instead
of glass, the height of the window may be reduced by a factor of almost
two and thus the total leakage through a window would be well below
1 erg.! This, together with the fact that 1.25-cm crystals (1N26) can
withstand about 0.3 erg of spike energy, should make it possible to
design a very simple bandpass TR tube for this wavelength.

The pre-TR tube is used in conjunction with a high-@ TR tube in
order to minimize both harmonic and direct-coupled leakage power. To
ensure proper operation, the transmission line between the two-tubes is
adjusted so that the detuned high-@ cavity produces a voltage maximum
at the input window of the pre-TR tube. Since the pre-TR tube is one-
quarter guide wavelength long, the connecting line is made one-half
guide wavelength long. It has already been seen in Chap. 5 that the

1 Some unpublished results of experiments by C. W. Zabel at the Radiation Labora-
tory confirm this,
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input admittance to a TR cavity during the entire spike transient is very
large compared with Yy; therefore, the pre-TR tube is working into an
open circuit during the entire transmitter pulse, and the leakage energy
is presumably smaller than when it is terminated in a matched load.

6-5. Spike Leakage Energy. Gap Design.—FEarly experiments on
bandpass TR tubes were concerned primarily with the development of
a tube that would work. The pressure of war made it necessary in this
experimentation to use many intuitive deductions and extrapolations
based upon insufficient data. Only after a usable tube had been pro-
duced was it possible to make a systematic study of the influence of
various parameters on leakage energy characteristics. This systematic
investigation! began in 1944 and ended at the close of the war in 1945.

The leakage power through a complete bandpass tube is a compli-
cated function and results from the superposition of several different dis-
charges. From a narrow pragmatic point of view only the total leakage
energy 1s important, and in fact most leakage-power data were taken
with complete tubes. There can be no doubt, however, that a complete
understanding of what happens within a single gap would implement the
design of a better tube than any now in existence.

Figure 6-4 shows the leakage energy from 3-gap, 3-¢m bandpass TR
tubes which have different gap designs, as a function of argon pressure.
The arc leakage power is negligibly small, and therefore the total energy
is nearly equal to the spike leakage energy. All gaps are of the type
illustrated in Fig. 3-31 and all the curves exhibit the familiar shape of
leakage-power curves with rather pronounced minima.

Figure 6-5 is a plot of the square root of the leakage power (W)
against gap spacing at an argon pressure of 10 mm Hg and is based upon
data taken from Fig. 6-4. With the exception of the smallest gap
spacing, the points define a straight line passing through the origin.
This is to be expected if the voltage transformation ratio is constant for
the various gaps, and if the gradient increases linearly as g~

The point for the shortest gap (0.0047 in.) lies above the straight line
defined by the other three points and the origin. It may be possible to
clarify further this behavior by a consideration of the electrons lost to
the electrodes. In general the electrons in an r-f discharge suffer almost
no net displacement in the direction of the field, and therefore very few
are lost to the electrodes. There is a small region adjacent to the
electrodes, which is of the order of one mean free path long, through
which electrons may be accelerated and thus reach the electrodes. With

1 Most of the leakage power data, particularly on 3-cm tubes, were obtained at the
GE Research Laboratories by the group under M. D. Fiske. W. C. Caldwell of the
Radiation Laboratory worked with this group for almost a year on the development
of the 3-cm tube.
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meant free paths of the order of 0.001 in., the two regions adjacent to
the electrodes oceupy a large purt of the total gap of 0.0047 in., but for
larger gaps they are less important.  The loss of electrons by this mech-
anism requires a higher rate of electron production and, therefore, higher
gap voltages and higher spike leakage energy. This phenomenon is very
similar to that which causes the minimum of the Paschen curve for d-c
breakdown. Similar effects were observed by Posin in a study of rf
breakdown in waveguides at atmospheric pressure.!
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Fia. 6-4.—8pike leakage energy Fic. 6:5—The square root of the spike
through 3-cm bandpass TR tubes for leakage energy of Fig. 64 plotted against
various gap spacings. gap spacing for a pressure of 10 mm Hg of

argon.

The influence of the particular shape of the ends of the electrodes
upon spike leakage energy has been for some time the subject of contro-
versy. It remains an open guestion. It is argued that if pointed elec-
trodes are used, the gap length required to tune a given resonant element
will be less because of the smaller capacitance between the ends. Since
W decreases almost linearly with gap spacing, the smallest gap should
give the smallest values of leakage energy. But there is also evidence
to support the contention that the effective volume of a gap has a strong

1D. Q. Posin, I. Mansur, H. Clarke, “Experiments in Microwave Breakdown,"
RL Report No. 731, Nov. 28, 1945,
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influence upon the spike. That is, for equal gap lengths, the gap with
the largest volume should break down at the lowest voltage since the
probability of finding an electron within the region of high field is greatest.
No definite comparison of these two arguments has been made although
some indirect experimental evidence exists in support of each point
of view. The 3-cm tube (1B63) uses truncated cones, and the 10-cm
tubes (1B55, 1B58, and the 9.1-cm tube) have pointed electrodes; but it
is not possible to determine from their performance which gap is better.
A direct comparison of the two gaps made at the same wavelength and
with the same measuring equipment would be a straightforward experi-
ment, and would be well worth while.

The analysis presented in Sec. 3-3 indicates that the spike energy of a
low-Q resonant gap should vary directly with the susceptance of the indue-
tive iris, and inversely with the area of the electrodes which form the
gap. If the validity of this relationship could be established it might
eliminate fruitless experimentation with odd gap shapes in the effort to
combine minimum ;. with mini-

mum leakage energy. 10 Jh

6-6. Direct-coupled Spike 08 %g.&zsg in
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Leakage Energy.—In Chap. 3 it £ 06
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was seen that the direct-coupling ~: 04— /O;gf Lol
attenuation through a typical § \\ _o/ B}J%D
resonant gap is 25t030db. The < 02 \\ ms!
spike leakage energy past an input = Py et 5
window is about 1000 ergs in 1F)- 01— TG 5 2575083100
em tubes, and about 100 ergs in Argon pressure in mm of Hg
3-cm tubes. Thus, it is evident Fiu, 6-6.—Spike leakage energy through

- single gap 3-cm bandpass TR tubes with
that the energy leaklng pa’St the different input-window heights.

first gap can not be less than _
about 1 erg and 0.1 erg respectively, for the two tubes, even if the gap is
= gompletely short-circuited.

Figure 6-6 shows the spike leakage energy through one-gap bandpass
tubes with input windows of different sizes. Curve 4 is for a tube with
an input window % in. high, and curve B is for a tube with a {-in.
window. The gap used in each tube had the following dimensions:
§ =45° d =0.030 in., w = 0.250 in. (Fig. 3-33) and it had a direct-
coupling attenuation of 35 db. By referring to Fig. 6-3, it can be seen
that at a pressure of 10 mm Hg of argon, the window spike leakage
energy is 90 ergs for the }-in. window and 25 ergs for the {-in. window,
respectively. Thus, if the gaps are short-circuited during the entire
pulse, leakage energies of about 0.3 and 0.08 erg through the two tubes
can be expected. The observed values were 0.24 and 0.13 erg.  Although
the curves of Figs. 6-3 and 66 were taken at different times and none of
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the tubes were baked out before filling, there is nevertheless good agree-
ment between the measured and the predicted results.

At this point the question that most naturally occurs to the tube
designer is whether it is possible to measure separately the leakage power
characteristics of a window and of a resonant gap, and to predict for a tube
with one or more gaps the resultant leakage characteristics. At present
this is not possible. Although fairly complete data on window leakage
have been compiled very little accurate information exists regarding the
leakage characteristics of a single resonant gap. M. D. Fiske has meas-
ured the leakage characteristics on 3-cm gaps, and L. D. Smullin and
C. Y. Meng made similar measurements on 10-cm gaps. The experi-
ments were mainly exploratory and have not been published.

One of the most serious difficulties encountered in the early experi-
ments for the comparison of the leakage energy of various gaps was the
fact that the tubes were not clean. This difficulty did not occur with
glass tubes such as the 721A since the tubes had to be clean in order to
form the copper-glass seals. The bandpass tubes, however, are, except
for the windows, of all-metal construction, and all parts are assembled
by soldering. Unless great precautions are taken, the leakage charac-
teristics of a soft-soldered tube will be seriously affected by many impuri-
ties in its gas content. IHard-soldered tubes are easy to keep clean but
it is difficult to modify them after they are assembled. It is, therefore,
often desirable to use soft-soldered experimental tubes, but it is neces-
sary to clean the tubes thoroughly after soldering.

A great deal of information can be obtained from a resonant gap that
can be adjusted without breaking the'vacuum seal. The gap length may
be varied by bringing one of the electrodes out through an r-f choke and
a flexible bellows, or the gap point may be driven in and out by a screw
mounted in a tapered, lapped joint sealed with vacuum-pump oil. The
inductive irises, also, may be moved in and out through flexible, vacuum-
tight bellows. All of these adjustable elements were made, but there was®
no opportunity to make compiete measurements of their characteristics.

6-7. Arc Leakage Power.—In 3-cm bandpass tubes, as in high-@
tubes, the arc leakage power is much greater for diatomic than for mona-
tomic gases. In 3-cm bandpass tubes the flat power is negligibly small
when pure argon is used. Figure 6:7 however, gives typical results® for
three diatomic gases used in a 3-cm tube; the gases used were hydrogen,
oxygen, and nitrogen. The powers shown here for these gases are many
times greater than the powers for argon or helium. It has been seen in
Fig. 5:28, that a ratio of 20 or 30 to 1 may be expected in the arc leakage
powers for argon and hydrogen in high-@ tubes. Here, however, the

L1 M. D. Fiske, “Final Report on OSRD Contract OEMsr 1306,”” GE, Schenectady,
Nov. 7, 1945.
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ratio seems to be much larger. It may be possible to explain this by
means of the recovery-tine phenomenon postulated in Sec. 6-3.
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F1g. 6-7.—Arc leakage power through a 3-em bandpass TR tube for various diatomic ga.sea .
In a practical tube, however, in order to shorten the recovery time. }
to a usable value it is necessary to employ water vapor. The use of .
water vapor results in a substantial increase in arc leakage power OveR. \ :
that for argon alone. Figure 6-8 ' 3
shows the spike leakage energy W,, 2.00 3
and arc leakage power P, through a 100l { J ST ?
3-gap tube (the same tube used for 080 Y i -4
curve A of Fig. 64) as a function of 5,y \ Gadaa w4
argon pressure, with a partial pres- g W,
sure of 4.5 mm Hg of H,0. It can & 0% E\ AO/(M 100
be observed that the spike leakage £ o.10 - 80 4
energy is only slightly higher than £ g:gg © 5 i 60
for pure argon, Fig. 64 curve A4, = 0.04 N - 40 a°
and that the minimum value of W, S, {1
occurs at about the same total pres-  °% TMM 2
sure in both cases. ' 001 e 23550
Because, in general, it has been Argon pressure in mm of mercury
possible to maintain P, below an Fie. 6:8.—Spike leakage energy and

approximate value of about 30 m, 20 gk pover throngh » 5-um band.
there has been little incentive to H:0 of 4.5 mm Hg.
study the problem in greater detail.

Figure 6-9 gives W, and P, as functions of {otal gas pressure for various
mixtures of argon and H,0 in a 1B55 (8.5-cm) tube.

6-8. Effect of Gas-filling upon High-power Characteristics.—Because
of the comparatively intense discharge at the input windows of bandpass
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TR tubes, pre-TR tubes, and low-Q ATR tubes, it is necessary to choose
a gas filling that will not only minimize the power dissipated in this dis-

8 ﬁ 0.40 Argon to water ratic
1:
70 . 0.35 ——‘.L-g:{
3 ol2:
E 60 / s 03011
= 13 m|(0:1
& 50 A %025
H 7 H
: 40 / : 0.20 3
% A oo \
3 30 / ,/ % 0.15 N /"‘—
g : %]
<% 7 2010 —&ﬁ A
[77]
10 A . 0.05
(4] 0
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Total pressure in mm hg. Total pressure in mm hg.

F1G. 6:9.—Spike and arc leakage through an 8.5-crn bandpass TR tube for various mixtures
of argon and H,0.
charge, in order to avoid cracking the window, but will also increase the
general tube life.
Figure 6-10 shows the arc loss in the discharge across the window of
a 10.7-em tube, operating in series
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Fic. 6-10.—Arc loss in the discharge Fic. 6-11.-—Arc loss in the discharge
across a 10-cm low-Q window (A = 0.875'") across a 1B35 tube window at A = 3.2 cm
for various gases at a line power of 50 kw. and 3-kw line power.

basis of these tests, argon was chosen as the major eomponent of the gas
filling of all tubes in this general category.

Figure 6-11 is a similar curve for the arc loss in the window of a 1B35
(3.2-cm) low-@ ATR tube measured at a line power of 3kw. Figure 6-12




Sec. 68) EFFECT OF GAS-FILLING 241

shows W, for various noble gases in a 3-cm bandpass tube. For this
tube also, argon is clearly the best of the gases tested. No tests have
been made with xenon or krypton, or mixtures of these gases with argon.
Some mixtures of this kind have very low d-¢ breakdown voltages.

Because a short recovery time is required for this tube, the use of a
gas such as water vapor which has a high electron-capture cross section
is demanded. Up to the present, H.O is the only gas used for this pur-
pose, although there are other gases which may be more stable and which
may have equal or greater capture-cross sections, as has been indicated
in Chap. 5.

Measurements on high-Q TR tubes indicate (Fig. 5-13) that the spike
leakage energy through a hydrogen-filled tube is not much greater than
that through an argon-filled tube. Some rather old measurements indi-
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Fic. 6-12.—Spike leakage energy through a 3-em bandpass TR tube as a function of gas
content.

cate that in bandpass tubes W, is about five times greater for H; than
for A. No explanation for this difference in the behavior of the two
tubes has been advanced.

It is much simpler to choose the gas filling for pre-TR and low-@ ATR
tubes than for bandpass tubes. There are three conditions that must
be met: (1) low firing power, (2) low arc loss, and (3) short recovery
time. The filling generally adopted for all these tubes in the 1.25-, 3-,
and 10-cm bands is about 10 mm Hg of argon. If these tubes were to
be carefully made and carefully cleaned, their recovery time would be
much too long. Most tubes, however, contain enough impurities to
ensure fast recovery of the tubes for hundreds or even for thousands of
hours. It has already been pointed out in Sec. 5-26 that the argon-
H,0-filled pre-TR tubes had shorter tube lives than did ““commercially
dirty”’ tubes.

The arc loss in argon-filled pre-TR and ATR tubes is so low that no
tubes have ever failed because of cracked windows, even at the very
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highest transmitter-power levels. The addition of H;O greatly increases
the arc loss, and care must be taken to keep the window cool enough to
prevent cracking.

Table 6-2 illustrates the effect of water vapor and of window dimen-
sions upon the arc loss in 3-cm low-Q tubes. If it is assumed that the

TaBLE 6:2.~—ARc Loss IN DISCHARGES ACROSs 3-cM Low-Q Winpows

Window Gias content, mm Heg Transmitter

height pulse power Arc loss
A H.0O

0.250 in. 15 4 70 kw 0.35db

0.125 15 4 70 0.19

0.250 15 4 150 0.27

0.125 15 4 150 0.09

0.250 10 1} 70 < 0.09

voltage drop across the discharge remains constant, then the loss P.
should vary with the square root of the transmitter power Pr. If the
loss ratio at any given power level is known, the ratio at any other power
level may be found as follows: If P, = ~/Pr, then

P, _ P
PL_ PT

Po+P, P, . P [P:
A S Y e

which is the loss ratio and is expressed in decibels in the table. The
experimental loss ratios for the two line powers given in the table obey
this relationship very closely.

The 0.125-in. window is the one in actual use in the 3-cm bandpass
TR tube. At 150 kw the pulse power dissipated in the arc (Py) is 3 kw.
If the duty ratio is ¢, this indicates an average power dissipation of
3 watts at the input window. In a typical installation, this dissipation
results in a temperature rise of the window of more than 50°C. Similar
tests made on 10-cm pre-TR tubes which operated at 2 Mw line power,
with a duty ratio of 3¢, indicated window temperatures in excess of
100°C with an ambient temperature of 25°C.

Although dire results were predicted for the addition of several
millimeters of mercury of water vapor to the argon filling of 10-cm band-
pass tubes, no tube failures due to window cracks at high transmitter
powers resulted.

and
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6-9. Effect of Line Power upon Leakage Characteristics.—It has
already been seen that the power lost in the window discharge varies as
the square root of the line power. Tests on pre-TR tubes indicate
essentially constant values of W, and P, from about 5 kw to more thap
1000 kw of line power. Below the minimum firing power (about 5 kw),
the leakage power becomes approximately half the line power, and the
tube offers no protection. Similarly, below a certain power level a TR
tube will not fire, and about half of the incident line power goes to the
receiver. It is an accepted necessity that a TR tube must protect its
receiver at any level of line power below the maximum rating of the tube.
For a bandpass TR tube, this means that at least one of the gaps must
fire at a power level low enough to ensure crystal protection, even though
the window does not fire at powers below 1 kw.

1000 mw
g i
=
Q
& A5
Q ° v
& 100 mw ] D
©
<L
2 P
< 4
10mw
10mw 100 lw 10w 100w 1 kw 10kw 100 kw
Line power
F1a. 6-13.—Arc leakage power through a 2-gap 3-cm bandpass TR tube as a function of line
power.

Figure 6-13* shows the arc leakage power through a 2-gap 3-cm tube
as a function of line power. The tube was filled with a mixture of
5 mm Hg of H, and 10 mm Hg of A. This, however, is not a standard
gas filling, and the arc leakage power is almost 10 times that from a
standard filling. Up to a line power of approximately 1 watt, the leak-
age power increases linearly. At higher power levels the gaps break
down, after which P, remains constant for all higher power levels.

Fig. 6-14* shows the variation of spike leakage energy with line
power, in an argon-filled 3-em 2-gap tube. The negative slope of the
curves, just beyond the point of maximum energy, may be explained,
according to Fiske, by the nature of the experiment. The line power
was adjusted in these experiments by passing the power from a 30-kw
magnetron through a power divider or attenuator. Thus, when the line
power was about 0.1 watt, the gap broke down near the top of the pulse
rather than at the foot of the exponentially rising front. As a result the
voltage buildup was approximately linear. It was seen in Chap. 5 that a

M. D. Fiske, H. N. Wallace, and A. D, Warner, “Final Technical Report on
Contract OEMsr-1306, Nov. 7, 1945.
% Fiske, op. cit.
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inear voltage rise on the magnétron pulse results in a spike leakage energy
that varies inversely as the square root of the transmitter pulse power.
The dashed lines represent such a square-root variation.
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Fia. 6-14.—S8pike leakage energy through a 2-gap 3-cm bandpass TR tube as a function
of line power. Tube is filled with pure argon. (Gap No. 1 is closer to the input window.)

Measurements on 3-cm tubes at power levels up to 250 kw, and on
10-cm tubes at power levels up to 1000 kw, have shown no increase in
leakage power over that at 10 to 50 kw, It is felt that the maximum
transmitter powers now in use

fommug| 2 be doubled with no increase
{ of H, in the leakage power of the TR
Z20mmHg—... | tubes,
| ofA The minimum transmitter
power at which these tubes may
be used is determined by the firing
{Line power in kw) 1, of the input window. Detailed
¥iG. 6:15.—Are loss in the discharge SpCCiﬁCatiOIlS will be given 13.t81‘;
of 2 1B35 ATR tu'be window as @ function of  but, nominal minimum values are
line power for various gases. about 1 kW, 5 k\V, and 10 kw at
1.25 em, 3 em, and 10 em, respectively.

Figure 6-15 shows the variations in window arc loss in a 1B35 ATR
tube as a function of the square root of the line power for various gas
fillings. The experimental points lie very elosely upon straight lines,
and thus indicate the correctness of the assumption that the discharge
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voltage is essentially constant and that the arc loss is directly propor-
tional to the current in the main line.

6-10. Keep-alive Electrodes.—The problem of the keep-alive has
already been discussed in general terms in Chap. 5. In this section some
of the more detailed considerations applicable to bandpass tubes will be
presented. Figure 0-16 illustrates the side-arm and coaxial electrodes

Side-arm keepalive

Coaxial keepalive

Fra. 6-16.—Side-arm and coaxial keep-salive electrodes used in 10-cm bandpass TR tubes.

used in the 10.7-cm and 8.5-cm (1B58 and 1B55) TR tubes. Figure 6:17
illustrates the coaxial electrode used by the General Electric Co. in one
variation of the 3-em tube. The 3-cm tube made by the Sylvania Elec-
tric Products Co. utilizes a coaxial electrode very similar to that used in
the 1B24 TR tube.

The end of the side-arm keep-alive electrode used in 10-cm tubes is
bent towards the gap as shown and it ends about 45 in. from the axis of
the gap. The low-level signal loss (interaction) due to the d-c discharge
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is almost completely independent of the positioning of an electrode of this
type. The coaxial electrodes differ in this respect, and the low-level
signal loss increases rapidly as the electrode tip approaches the gap. At
a discharge current of 100 ua, the interaction can be as high as 5 db for a

Glass

Fernico

|

Ceramic
insulator

L

7

Copper cone

. i—;——— 0010" dia.
~0.003
0010 7 < 0020" dia.

F1c. 6-17.—Coaxial keep-alive electrode for the GE 3-cm bandpass TR tube.

coaxial electrode while it can hardly exceed 0.1 db with a side-arm
electrode.

Figure 555, curves 4 and B, shows the spike leakage energy through

a 3-cm tube that has truncated-cone elements. Both a coaxial and a side-

arm electrode are mounted at the same gap. The coaxial electrode

appears to be by far the more efficient of the two. The numbers along

the curve represent the keep-alive

= current. Curve C, however, is for

015 A —3020__] . .
] 20 a side-arm electrode in a tube
% 010l N & Ed using  conical-post resonant ele-
s | Z ments. Although it is dangerous
& 0.05 1 : to compare this curve with the first
“fsof‘i two curves directly, it is obvious
O 0 s T s i that the last structure at least

Keep-alive retraction {d} in mils

Fia. 6-18.—8pike leakage energy vs.
distance of coaxial keep-alive electrode
from the end of the cone in a 3-cm bandpass
TR tube.

approximates the efficiency of a
coaxial electrode in a truncated-
cone gap. No clear explanation
for this difference has been ad-

vanced. A reasonable explanation
is based on the fact that all of the electrons from the coaxial electrode
are furnished to the gap, whereas many of the electrons from the side-arm
type reach the conical electrodes by paths that are not in the region of the
highest r-f electric field. Thus, in the truncated-cone gaps, it is difficult
to send electrons into the r-f gap from a side-arm electrode. If pointed,
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conical electrodes are used, a greater n, can be produced in the gap with
the side-arm electrode than in the

truncated-cone gap, since the post 50 . I
diameter is much smaller and the . f750ua
performance begins to approach 8 40 / N
that of the coaxial electrode. g / K2

Figures 6-18, 6-19 and 6-20 g' 30 I \\\
represent the results of another / A
interesting experiment by Fiske. 2 20 [ 30, \
A coaxial keep-alive electrode was 2 == 0
mounted in a bellows arrange- £ 10 ;
ment at the second gap so that its = h=p0ua
axial position could be varied from 0 1]

: -5 0 +5 +10 +15 +20
0.020 in. away from the gap to Keep-alive retraction (d) in mils

0.010 lI.I. into the r-f gap ", T_he Fia. 6:19.—Low-level keep-alive inter-
keep-alive electrode was in its action vs. coaxial keep-alive position for
normal position at gap No. 1 and  the same tube as in Fig. 6-18.

was maintained at a current of 50 ua. Figure 6-18 shows the variation
of W, for different keep-alive currents as a function of electrode position.
The distances back from the gap are plotted as positive. Figure 6-19
shows the corresponding values of

0.15 | 2250 | low-level loss (interaction). If
g - % . Fig. 6-19 is replotted by a recipro-
3 010 \ ; 7 cal transformation
3 A
5 oos \SE 24 s =29,
£ o

5 0 45 +10 +15 +20 Where L is the fractional trans-

Keep-alive retraction (d) In L/g mission loss given in Fig. 6-19,

Fie. 6:20—Data of Fig. 619 trans- then Fig. 6-20 is derived. The
;Bi’g’_“gf’lsti" resemble spike energy curves of  gimilarity between this figure and

Fig. 6-18 is striking, and it pro-
vides fairly convincing proof that both phenomena are governed by the
electron density in the gap.

6-11. High-power Characteristics.—The high-power characteristics
of a TR tube that can be specified are as follows: leakage power—flat and
spike; arc loss; recovery time; minimum firing power; minimum and
maximum operating powers; keep-alive voltage drop, keep-alive current
and keep-alive interaction; gas filling; and life.

The tubes now in use may be divided into low-Q ATR tubes, pre-TR
tubes, and bandpass TR tubes.

Table 6:3 gives the pertinent characteristics of the various ATR
tubes. The gas filling is 10 mm Hg. of argon in all cases.
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TaBLE 6-3.—Hricu-powER CHARACTERISTICS OF Low-@ ATR Tusks

Tube No. Min'. ﬁrins Arc loss f‘)?}:;cz ;i:ellozg Min. (v)perativng
power, kw db is measured, kw power, kw
1B35 4 0.7 4 5
1B37 4 0.7 4 5
1B36 1 0.5 1 2
1B44 10* 0.3 50 20
1B52 10* 0.3 50 20
1B53 10* 0.3 50 20
1B56 10~ 0.3 50 20
1B57 10* 0.3 50 20

* Approximate.

1B38 Pre-TR tube

Fi1a. 6-:21.—10-cm duplexer using 1B38 pre-TR tube.
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The 1B35 and 1B37 3-cm tubes, and the 1B36 1.25-cm tubes are
required to fire within 5 sec after the power is applied at the minimum
firing power level indicated in the table. After they have fired, the arc
loss of the tubes must be less than the value indicated. It was planned
originally to require the various tubes in the 10-cm band to undergo
similar tests. The apparatus for these tests was so bulky, however, that
a much simpler test was devised in which the firing voltage ot a 7 Mc/sec
electrodeless discharge was correlated with the actual operating charac-
teristics of the tubes (see Chap. 9).

6
3

4 ) i 1l

F16. 6:22.—1B38 and 1B54 pre-TR tubes for use at 10.7 cm and 8.5 cm respectively. The
1B38 tube has contact springs at both ends.

At present, no upper limit to the power level at which the tube can be
operated has been reached. Tube life is indeed an unknown quantity,
for little is known about the recovery time of ATR tubes. Tubes have
been run for thousands of hours at high power levels without breaking
and without increasing the arc loss; however, for these long periods of
operation, no recovery-time measurements were made. If the experi-
mental results with the 1B38 pre-TR tubes are applied to these tubes, it
can be concluded that tubes assembled with soft solder should average
good recovery-time life, approximately 1000 hours. Tubes assembled
by hard soldering, however, for example, the Sylvania 1B36, 1B35 and
1B37 tubes and the 1B52 and 1B53 tubes are probably “too clean’ and
the recovery time is without doubt long even when the tubes are new.

The pre-TR tubes that were put into production were the 1B38 at
10.7 cm and the 1B54 at 8.5 cm. Figure 6-21 shows a typical duplexer
employing & 1B38 pre-TR tube in conjunction with a high-Q tube,



250 THE TR AND ATR TUBES AT HIGH POWER [Src. 611

Figure 6-22 is a photograph of the 1B38 and 1B54 tubes. The 1B38 tube
has contact springs at both-ends, whereas the 1B54 tube has a contact
spring at the high-power end, and a flange connection at the receiver end.

Table 6-4 gives data pertinent to the operation of pre-TR tubes. The
recovery time of these tubes has already been discussed in Chap. 5.

The 1B38 tube is required to pass a leakage-energy test in order,
primarily, to determine whether the initial gas filling is correct and also
to ensure that air has not leaked into the tube. The 1B54 tube which was
developed later was required to pass only the 7-Me/sec discharge test.
Very few tests have been made on the 1B54 tube since it is very similar
to the 1B38 tube and therefore it is assumed that all the important char-
acteristics are alike.

TasLE 6-4.—CuaracrerisTics oF 1B38 (10.7 eMm) anp 1B54 (8.5 cm) Pre-TR Tuses

Characteristic Value
Gasfilling. ... ... ... .. ... . 10 mm Hg of argon
Total leakage energy . ... .. ... .. .. ... . ... 1500 ergs
Arcloss. ..o 0.3 db
Power for arc-loss measurement................. 50 kw
Minimum operating power..................... 20 kw

Since the low-@ windows used in all 10-em tubes in this group (TR,
ATR, or pre-TR tubes) have the same height and the gas fillings are the
same, minimum operating power levels are the same. No upper limit
for the operating power level has yet been reached.

Table 6-5 gives pertinent high-level data on the various bandpass TR
tubes.

TABLE 6-5.—HicH-LEVEL CHARACTERISTICS OF Banprass TR Tuses

Gas filling, Power for
Tube | Band,|No. of| Keep-alive | mm Hg | W, | P, Iz?r?gizy recovery-
No. cm | gaps | electrode erg | mw 6 db time meas-
A | HO urement
1B63 3 2 Coaxial 15 4 0.1 30 < 2 usec 40 kw
1B55 | 8.51 3 | Coaxial 41 2 joa 5 10 700
9.1 3 Side-arm 6] 0 10.1] <1]<100 50
1B38 | 10.7 3 Side~-arm 41 2 0.1 5 10 | 700

The three tubes in the 10-em band are of the 3-gap type and have
low-@ input and output windows, whereas the 1B63 3-cm tube has a
high-@ input window and has two resonant gaps. At the end of the war,
work had just begun on the design of a2 2-gap 10-cm tube using a high-Q
input window. The advantages of this tube would have been: a shorter
tube (about 13 in. shorter in the 10.7-cm tube), and a longer tube life.
It was believed that the use of a high-@ input window, about half the
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height, or less, of the present windows, would reduce the arc loss by a
factor of about four, and the cleanup of H:0 would be correspondingly
retarded. Unfortunately, only preliminary low-level tests had been
made before all developmental work was stopped.

The 9.1-cm tube! is filled with argon alone. This tube was designed
for use in radar beacons and was to be operated at about 50 kw of line
power. A recovery time of approximately 100 usec was tolerable; but
tube life had to be thousands of hours in order to meet the rigid require-
ments of aircraft beacon systems. The tubes were assembled by soft-
soldering and the impurities introduced into the tube were sufficient to
keep the recovery time below 20 usec during several thousand hours of
operation. Under normal operating conditions, the beacon transmitter
is on only while it is being interrogated by an airplane. The duty
ratio which results is very low. At a busy airport, the ratio of “on’’ to
‘off” time averaged over several hundred hours is certainly less than
too. Thus, the r-f discharge plays a negligible part in the gas cleanup
process; and the 100-pa keep-alive discharge operating on the 260 cc of
gas should give a tube life of at least 5000 hours if an extrapolation may
be made from the 1B27 or 721B tubes (Seec. 5-23).

The 1B55 and the 1B58 tubes were designed for high-power radar sets
to be operated at line powers of 500 to 1000 kw, and duty ratios of at
most ygog. Preliminary tests on three or four hand-made, soft-soldered
tubes of each type showed continued erystal protection and good recovery
time after 500 hours at 1000 kw, and a duty ratio of sg55. For what
length of time it is possible for clean, hard-soldered tubes to give good
recovery time is not known. This time can probably be extrapolated
from tests on the 1B38 pre-TR tube which has one-fourth the volume of
these tubes, and appears to have a life of 100 to 200 hours when filled
with an A-H,0O mixture.

The 3-cm tube has a volume of about 7 ce, or about 3% the volume of
the 1B58 tube. On the other hand, the window height is about one-
seventh that of the 10-cm tube. Therefore, if a square-law variation of
are loss with window height is assumed, the arc loss will be less by a factor
of 40 or 50, approximately, for equivalent line powers in the 3-cm tube.
Thus, at equal line powers, tube life should be about the same for the two
tubes. At present, 3-cm magnetrons with an output power of 300 kw are
available, while 1000-kw tubes are in use at 10 cm. Developmental
magnetrons that have twice the powers have been tested. On this basis,
the 3-em tube might be expected to have about three times the life of the
10-cm tubes, if the tubes are clean and hard-soldered, and are filled with
argon and water vapor.

tL. D. Smullin, “S-Band Bandpass TR Tubes,” RL Report No, 971, Jan. 23,
1946.
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Actual life tests have been too few in number to allow any definite
conclusions to be drawn. Some tubes operated at 30 kw for more than
500 hours. A few gold-plated tubes (this plating prevents oxidation)
have run several hundred hours at 180 kw with little change in recovery
time.

Although considerable thought was given to the use of water reser-
voirs in these tubes (Chap. 5), any idea of their use was abandoned
because of the danger of excessive HyO pressures at temperatures near
100°C, and also because the continual dissociation of the H,O results in an
increase of partial pressure of H, in the tube. This results in excessive
arc loss and leakage power. Fiske has proposed the use of a palladium
window in the tube in order to “drain” out the hydrogen. The possi-
bility of using other gases than H,0O and the merits of inert coatings have
already been discussed in Chap. 5. All possibilities of gold-plating to
increase tube life have not yet been fully realized. In large tubes such
as the 158 it is probably necessary to plate only the region around the
input window.

6-12. Present and Future Status of Low-@ and Bandpass Tubes and
ATR Tubes.—There does not seem to be any immediate prospect of
improving in any way the low-level performance of these tubes, for it is
not possible to lower, to any marked degree, the loaded Q. A sub-
stantial reduction in arc loss and minimum firing power would make it
possible to use these tubes in low-power (<1kw) beacon installations.
This reduction might be obtained either by an extension of the tube
designed by Samuel (Chap. 4) or by the use of narrower windows—a
possibility if mica is used instead of glass. The methods of mounting
that involve current-carrying contacts need further investigation. There
is at present no information available on how these contacts withstand
the rigors of extreme variations in climatic conditions, although they
operate with no difficulty under normal indoor conditions.

Pre-TR Tubes.—These tubes were introduced as a stopgap and were
designed to protect crystals from certain high-power magnetrons. It
was felt that their usefulness would end when bandpass tubes of corre-
sponding frequency coverage became available. These tubes are now
available, and there is little point in the further development or use of
pre-TR tubes.

Bandpass TR Tubes.—These tubes in their present state of develop-
ment Lave bandpass characteristics of about 10 to 12 per cent and pro-
tect crystals at high power levels for periods of more than 1000 hours.
Recovery-time life is still an unresolved problem, although, in various ways,
it is possible to improve the recovery-time life of these tubes. These
methods for improvement include the use of inert coatings or platings
inside the tube; the discovery of a captor gas less chemically active than
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H.0; the development of water reservoirs plus a suitable means of getting
rid of H,; and the reduction of the intensity of the window discharge.
Of these, the first and the last will in all probability give positive results.
Gold plating has already been tried with some success. Chromium
plating, if used judiciously near the input window, may be equally good.
Because of the poor r-f less characteristics of chromium plating, it can
not be put on resonant elements, but can be used only on the walls
adjacent to the input window, No experiments have been made with
preoxidized surfaces similar to those used in the 1B27,

The intensity of the window discharge may be reduced by decreasing
the window height. The use of the same thickness of dielectric results
in an increase of loaded € and in an increase of r-f loss in the dielectrie.
In 10-cm bandpass TR tubes, it is possible to use a window with two or
three times the @ of the present windows; this reduces the arc loss by a
large factor and probably increases the tube life about 5 times. The r-f
loss in the windows would probably be less than 0.1 db if 707 glass were
used. In 3-cm tubes, the present windows, ¢ in. high, are probably the
best that can be made with glass. The loss increases rapidly with any
further decrease in height. The present thickness is 0.023 in. The use
of thinner glass reduces the loss, but glass windows 0.010 in. thick are
very fragile.

The r-f loss of quartz is considerably less than that of 707 glass.
Therefore, with quartz it would be possible to make a smaller window
than can be made with the glass and to do so without incurring excessive
losses. The @ would be increased, of course, if the thickness were not
reduced. Since the present 3-cm windows already have a Q.. of 2, it is
not possible to proceed indefinitely in this direction. Even if the higher
@) can be accepted, the problem of sealing the quartz to metal still remains.
Almost the only practical method available is to metalize the edge of a
quartz or a ““Vicor” (Corning 709 glass, about 80 per cent quarts) window
and then to soft-solder it to an Invar frame. A much more promising
solution of this preblem may be found in the use of mica instead of glass.
The technique for making vacuum-tight mica windows was applied by
Malter! in the construction of a magnetron coupling window. M. D,
Fiske used this technique to make TR-tube windows. A window reso-
nant at 3.33 ¢m, § in. high, and covered with mica 0.004 in. thick, had a
@12 of 0.3, and no measurable loss. It thus appears that, by the use of
mica, a window v in. high or even less could be made.

Although this appears to be a very attractive solution a number of
problems involved with this design remain. The mica sheet is sealed to a
nickel-stee! frame with a special low-melting point (5650°C) glass. This

L. Malter, R. L. Jepson, L. R. Bloom, “Mica Windows for Waveguide Qutput
Magnetrons,” NDRC Div. 14, Report 366, Dec. 5, 1944,
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makes it impossible to hard-solder the frame to the tube by ordinary
techniques.! Because the mica is sealed to the steel at the edges only, it
should be on the outside of the frame in order to relieve the seals from the
extra strain of atmospheric pressure. This, however, requires that the
entire inside of the frame be coated with glass to prevent sputtering by
the discharge. A window of this type has not yet been made, but at
least it seems possible to use this as a method of construction. The
higher-@ (about 2) window would be useful in TR tubes, whereas the
lower-@ (about 0.3) window would be useful in ATR tubes.

Table 6-6 is a summary of the various parameters involved in TR~
tube design and the interrelation of these parameters with the various

TABLE 6:6—DgsiocN VARIABLES FOR BroAapBAND TR TUBES

Window size.... .. X
Window dielectric.|

Spike | Flat Re. Max. Inser.
Band-] leak- | leak-'| K-a | Arc . and L
width | age | age | loss | loss {T0V 00y Life min, | HoR
time loss
energy| power power
No. elements. . . .. X X
Qyz: of elements. . .| x X x
Gap...... ..., X X
Kind of gas... ... X X X X X X X
Gas pressure. . .. .. X x X x X x x
K-a current and
position........ X X X
Peak power... ... X X X
Average power. .. b X
x x
x

performance characteristics of the tube. Thus the number of elements
affects the bandwidth and the spike leakage energy but does not affect
the other properties. Further improvement of these tubes, in addition
to the improvements just discussed, will most likely consist of an increase
in the bandwidth with no definite increase in the leakage power. A
10-cm 3-gap tube whose pass band extended from 9.4 em to 11.1 em was
tested at the Radiation Laboratory. Its spike leakage energy was high,
about 0.8 erg, but, because no careful study of keep-alive location and
gas filling has been made, it has not yet been established that such a tube
cannot be altered to protect crystals. The experiments did indicate
however that with careful design, a low-Q gap with low spike leakage
energy could be made.

! Extensive research has becn done in the development of low-melting-point hard
solders, and a suitable solder may already exist.
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6-13. Construction Techniques—Metal-to-glass Seals.—The metal-
to-glass seals used in microv.ave TR tubes may be classified under three
main headings: (1) wire feed-through seals, (2) balanced copper-to-glass
seals, and (3) Kovar or Fernico window seals. The first type, the feed-
through seal, is used mainly for keep-alive electrodes. Such seals are of
fairly simple construction and will not be described here.

The balanced seal is extremely useful in that it allows a butt joint to
be made between a glass cylinder and a copper disk as in the 1B27 TR
tube. In this seal, advantage is taken of the fact that glass is stronger
in shear than it is in tension. If a disk of copper were sealed directly to
one glass cylinder, when the cylinder cooled the copper would expand
radially more rapidly than the glass. The resulting bending of the
copper disk pulls it away from the glass and breaks the seal. If now,
however, the disk is sealed between two glass cylinders, it can no longer
pull away from either one and the differential expansion of the two
materials results in a radial force which exerts essentially pure shear upon
the glass. Such seals will withstand temperatures varying from several
hundred degrees centigrade down to —50°C or less.

There are two important methods for making balanced seals: the
““borated” and the ‘“‘beaded” seal techniques. These have been used
extensively in TR tubes of the cell type. The borated seal is prepared
as follows:

1. The copper flanges are thoroughly cleaned, etched, and then
washed in water and alcohol.

2. The copper is oxidized in a gas flame and is then allowed to cool.

3. The flanges are dipped into a solution of sodium tetraborate,
Na;B40y, 1.5 gr to 100 cc of H;O.

4. After drying, the flanges are heated by a gas flame or an induction
coil to form cuprous oxide of a deep red color.

5. The flanges and glass cylinders are then stacked in the assembly,
jigged and heated by r-f induction to make the seals. This is done
in an atmosphere of CO; to prevent excessive oxidation.

6. After annealing, the entire tube is cleaned with acid to remove the
oxide.

7. If an inert coating is desired (Sec. 5-25), the section to be left
oxidized is coated with a lacquer before the acid cleaning, after
which the lacquer is dissolved in alcohol.

The beaded seal is considerably stronger than the borated seal,
although it is slightly more difficult to make. It is used almost exclu-
sively now in all cell TR tubes. The seal is made by sealing thin glass
rings to each side of the oxidized copper disk in a direct copper-glass seal.
A hydrogen flame is used to make this seal. The glass cylinders are then
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sealed to the beads in a hydrogen flame. After annealing, the tube is
cleaned as above.

=
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Fi6. 6-23.—The various stages in the construction of the 1B27 TR tube. This tube
is an excellent example of the use of the balanced copper-glass seal. (Courtesy Sylvania
Electric Products Co.)

In addition to being mechanically stronger, the beaded seal overcomes
the main defect of the borated seal in that it cannot be spoiled by long
exposure to warm, moist air. Borated seals can be dissolved in boiling
water, of course, and there was some evidence that prolonged exposure
to moist air in the tropics also weakened them. Figure 6-23 shows the
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parts and stages of manufacture of a 1B27 tube, a good example of the
use of copper-glass seals.

The third group of seals involves the use of glass-sealing alloys with
suitable coefficients of expansion. The balanced copper-glass seals can
be made with any glass, but Corning 707 glass is commonly used because
of its low loss factor. Kovar! is designed to match 706 (7056A0) glass,
which has an expansion coefficient of 5 X 10-% per °C; but successful
seals have been made to 707 glass which has a coefficient of 3.1 X 108
per °C. Flat windows sealed in Kovar frames are used in the 1B24,
1B26, and in the 1B50 integral-cavity TR tubes, and in all the low-Q
ATR, pre-TR, and bandpass TR tubes.

The general process of making these windows is as follows:

1. The Kovar frame is heated in air by an induction coil to oxidize
it. The proper depth of oxidation is important and must be
recognized by the proper shade of grey.

2. The glass blank is then placed on the frame and the combination
is heated in a CO, atmosphere until the seal is made.

For low-@ windows in ATR and other tubes it is necessary to add a
further refinement. The intensity of the window discharge is so great
that if the window consists simply of a piece of glass in a Kovar frame,
the discharge cleans up the gas very rapidly by what seems to be a
sputtering action. To prevent this, M. D. Fiske? coated the inside
surface of the Kovar frame with glass. This coating is now used in
all tubes of this kind. The glass coating may be applied in one of two
ways. . Fiske's method consists of spraying the oxidized metal with
a suspension of powdered glass in alecohol. The edges must first be
masked so that the frame can subsequently be soldered into the tube.
The frame is then heated in air to a temperature of 950°C for 10 minutes.
The next step is to place the frame on a graphite block, set the glass
window in place, and then cover it with another graphite block. The
assembly is again heated to 950°C for 15 minutes.

A much simpler method for 3-cm low-@ windows was devised by
MecCarthy of the Sylvania Co. It consists simply of placing on the oxi-
dized frame a glass block that is bigger than the opening. It is then
induction heated in a CO, atmosphere. The most intense heat is gener-
ated around the periphery of the frame and this causes the glass at first
to run out towards the edges of the frame and then finally to soften at
the center. When this softening occurs, a lavite paddle is used to press

1 “Kovar’ is used here as a generic term to include both Kovar and Fernico.
M. D. Figke, “Resonant Windows for Vacuum Seals in Rectangular Wave-
guides,”” GE Report, Feb. 10, 1945.
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it into place. Although this method is satisfactory for small windows, it
is apparently impractical for 10-cm windows.

Although 707 glass has a lower coefficient of expansion than Kovar,
very excellent flat windows have been made with it. Under a polarized-
light strain analyzer, a good window made with 706 glass shows almost
no signs of strain. Windows made of 707 glass, however, show marked
strain lines that indicate that the glass is under compression at room
temperature. Although there are no definitive experiments, it is reason-
able to suppose that the 707 windows are stronger since the glass can
never be under tension. The most that can be said is that windows of
both types, when they are well made, meet all possible service
requirements.

6-14. Soldering of Windows into Cavities.—In Sec. 212 it has been
seen that in order successfully to solder the Kovar window frame into
the copper block of the 1B24 and 1B26 TR tubes, the frames must have
wrinkles (Fig. 2-69) that allow the outer edges to move in and out with
the copper block without cracking the window. The linear coefficient
of copper is about 16 X 10-° per degree C, or approximately 3 times that
of Kovar.

The actual soldering process consists of heating the tube body by
means of a large electric heater, such as a soldering iron, or a hot plate.
This is done with the pretinned window frame in place. When the desired
temperature is reached, additional solder in the form of a fine wire is
applied to the edge of the frame.

On the 1B50 tube which has a steel body, it is possible to hard-solder
the window into place. This makes a much stronger seal, and it elimi-
nates the possibility of soft-solder flux getting into the tube cavity.

The low-@ windows in pre-TR and similar tubes are soldered into
the ends of rectangular waveguides. In the original tubes made by
Fiske, pure tin solder was used. The window was dropped into a seat
formed by cutting the guide wall to half its thickness. Because of the
rectangular shape of the window and because of the relative stiffness
of the Kovar frame, it is very important to make the heating uniform
in order to prevent cracking of the glass. Since the solder must be fed
in by hand while the tube is hot, gas heating is impossible, and electrical
heating only can be used.

The technique of soft-soldering the flat frames into the waveguide
recesses was never really perfected from a production standpoint except
in the smaller tubes such as the 1B35 and 1B36 tubes. The first definite
variation from this technique was made by Sylvania in the 1B35 and
the 1B36 tubes. The 1B36 tube was of all-steel construction, except
for the frame, and was completely assembled with hard solder. The 1B35
body was brass waveguide but the Sylvania engineers succeeded in hard-
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soldering the window directly to the end of the waveguide, in a butt
joint.

Engineers both of Sperry and Sylvania designed 10-em ATR tubes
and bandpass TR tubes that were completely assembled with hard
solder. None of these tubes reached the production stage.

In the Sylvania 1B52 and 1B53 ATR tubes, the 1B54 pre-TR tubes,
and the 1B55 bandpass TR tubes, the brass waveguide was replaced by
steel tubing, and the flat Kovar frame was replaced by a rectangular cup
or dish, whose cross section matched that of the waveguide.! The two
were butted together and the steel mounting flange was slipped over the
outside. This three-piece combination was then soft-soldered together.
This construction is apparently much stronger than the construction
just described. One indication of this is the fact that few 10-cm tubes
with flat window frames and brass bodies can withstand more than 20
temperature cycles from —40°C to 100°C without failing, whereas tubes
made with this new type of construction have withstood several hundred
such cycles.

6-15. Tuning Techniques.—The 721B and 724B tubes, since they are
fixed-tuned tubes, must be pretuned in standard cavities to standard
frequencies. This is accomplished by pushing one of the cones in or out
by means of a special tool pushed in through the pumping tubulation.

The 1B24, 1B26, 1B27, and 1B50 tubes are tunable tubes. The
tuning is accomplished by pushing one of the cones in or out with a
differential-screw mechanism. The complete range is covered in a motion
of 0.030 in. or less. In the 1B24 tube for instance, a motion of approxi-
mately 0.015 in. results in a change of tuning of 1200 Mc¢/sec. With
Q12 = 300, the half-power bandwidth of the tube is about 30 Mc/sec.
Thus, a motion of 0.0001 in. of the cone results in a detuning of about
8 Mc/sec, and in an increase of insertion loss of about 1 db. Although
the differential screw provides a convenient method for producing such
small increments of motion, unless very accurate, and also very expensive,
threads are used, it is necessary to use spring loading to eliminate back-
lash. This is shown in Fig. 2:68. The diaphragm through which the
motion is transmitted to the cone exerts an axial force upon the screw,
but as the diaphragm passes through its neutral position the force becomes
zero and then changes sign; consequently, there is a region in which it
is very difficult to tune accurately. Spring loading can be used to over-
come this difficulty.

The tuning of bandpass TR tubes is the final operation before evacua-
tion and sealing. The 10-cm gaps are of the form shown in Fig. 6-16
with one of the posts arranged to screw in or out. After the gaps are

! Sylvania Electric Products, Inc., “Report on OSRD Tube Development Sub-
contract on Radiation Laboratory Purchase Order D1C-182032,”” Feb. 5, 1946.
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tuned, the posts must be locked and sealed. This was done originally
by soft-soldering the screw to the outside of the guide; however, unless
the screws were very tight there was danger of moving the screw. L.
Sorg of Sperry Gyroscope Co. suggested simply locking the post with a
lock nut, but at the same time surrounding it by a little cylinder, hard-
soldered to the outside of the guide, on which a lid may be soldered after
the final tuneup.

The 3-cm bandpass tube uses cones similar to the hollow cones in the
1B24 tube. The movable cone is sealed at the apex and is pushed in
and out from the outside by means of a screw that is soldered after
being adjusted.

The low-Q@ ATR tubes may be tuned in two ways. One method is
to make the cavity accurately to dimension and to grind the windows
accurately to the proper thickness, with the result that when the tube is
finally assembled it is automatically tuned correctly. This was the
technique used by the General Electric engineers in the construction of
the 1B35, 1B37, 1B36, and the 1B38 tubes.! It was possible in this way
to make most of the ATR tubes tune to within +0.5 per cent of their
nominal frequency.

The engineers at Sylvania, however, chose to allow more tolerance
in window tuning by eliminating the grinding operation, and by tuning
the final tube after assembly, as described in Chap. 4. This method was
accepted as completely satisfactory until some time after the end of the
war, when it was observed that the variation in the thickness of the glass
resulted in a much larger error than was desirable in the position of the
effective short circuit of the fired tube. It thus appears that unless closer
control of glass thickness can be maintained in the sealing process, it will
be necessary to grind the windows to definite thicknesses in order to
maintain the necessary tolerance in arc position.

6-16. Mounting Devices.—The methods for mounting the various
low-@ ATR tubes have already been described in Chap. 4. The coiled-
spring contact used on the various 10-cm ATR tubes is also used for all
the 10-cm TR and pre-TR tubes. The springs are beryllium-copper,
wound of No. 26 (0.0159 in.) wire to 0.125 in. outside diameter, 40 turns
to the inch. If the springs are properly mounted, and the seats in the
duplexer are accurately machined, excellent contact is assured. It is
felt, however, that a softer contact material is preferable, and some
thought has been given to the use of a woven-metal gasket about % in.
square, made of Monel ribbon. Although such gaskets make excellent:
contact, no satisfactory method of securing them to the tubes has been
developed.

' T. P. Curtiss, F. E. Dickey, G. H. Floyd, W. T. Posey, “Final Technical Report
on OSRD Contract OEMsr-1306,” Tube Division Section, Nov. 1945.
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The 3-cm bandpass TR tube has standard waveguide flanges on either
end for coupling to waveguide choke connectors. These flanges are
in the planes of the windows. Because of their size, the flanges are very
stiff and can exert severe radial stresses upon the windows. Early
experimental tubes had brass flanges. The life of these tubes at high
power levels was relatively short, and almost all failures resulted from
cracked windows. The use of Kovar flanges relieved the extra tem-
perature strains and almost no more failures of this kind occurred. The
present 1B63, tube, which is made by Sylvania, uses steel flanges and
hard-soldered window frames. Although the expansion of steel is twice
that of Kovar, these fubes withstand about 50 temperature cycles with a
temperature range of —40° to 100°C.



CHAPTER 7
THE PRINCIPLES OF BRANCHED DUPLEXING CIRCUITS

By HaroLp K. Farr

The gas-filled switches commonly used in duplexers have been
discussed ; the circuits used to connect these switches to other components
and to each other will now be examined. To a large extent duplexing
circuits have been built around the fundamental structure of a three-way
transmission-line junction or T-junction with the arms leading to antenna,
receiver, and transmitter and with a suitable switch in the receiver arm
and possibly also in the transmitter arm. This chapter will be con-
cerned with duplexers of this type which will be referred to as branched
circuits to distinguish them from the so-called balanced circuits to be dis-
cussed in Chap. 8.

It will be assumed that the reader is familiar with the transmission-
line impedance charts of the two types representing the complex imped-
ance plane and the complex reflection-coefficient plane respectively.
The notation used in Chap. 4 will also be employed here. This means
that the identification of any impedance Z, by a subscript s at once defines
all other related quantities according to the equations

. 1 1
Zi= R4 iXo =y = 5158
roZs=2% 1+
T Z, ¥ Zo T =T

7-1. The Junction Circuit.—Since the salient feature of a branched
duplexer is the three-way junction, the properties of this circuit will be
discussed. Let us consider first a perfectly general lossless linear network
with three pairs of terminals designated as (1), (2), and (3) for antenna,
transmitter, and receiver.

During transmission the line leading to the receiver is short-circuited
at some point by the TR tube asin Fig. 7-1. This places a pure reactance
at the terminals (3) which can be made any value desired by adjusting
the distance ! from the junction to the short-circuit. The first require-
ment for the junction is that there be some value of I which will give
perfect transmission from (2) to (1).

On reception it is necessary that there be a pure reactance at the
terminals (2), and it is required of the junction that perfect transmission
take place from (1) to (3) for some value of this reactance. In practice

262
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the impedance at the terminals (2) may not always be a pure reactance,
because of the wrong transmitter impedance or an inadequate ATR
circuit, but, for the present, it will be considered purely imaginary.
In the transmission case the impedance due to the TR switch is actually
very close to a pure reactance.

The requirement for transmission is fulfilled for any sort of lossless
three-way junction provided only that it is symmetrical about the receiver
arm. If the receiver arm is short-

circuited such a device becomes a <

nondissipative symmetrical four- T

terminal network. Such a circuit i 3 l

always has a characteristic imped- |

ance R which is either purely real l

or purely imaginary. If R is con- [, v ]

nected across the output pair of ter- g @
minals, the impedance seen at the «— |4 o
input pair will also be R It might F16. 7:1.—Representation of a waveguide
be expected that, by adjusting the junction.

position of the short circuit on the
receiver arm, R could be made equal to Z,, the characteristic impedance
of the transmission line.
To prove this the three equations are written
3

Bom ) ali (=123 M
i=1
expressing the voltage at any pair of terminals in terms of the current
at each of the three pairs of terminals. Because 2; = 2;; and because of
the symmetry of terminals (1) and (2), the impedance matrix can be
written as

A B D
() =Z=|B 4 D|
D D ¢

A generator will be connected to terminals (1), a matched load of imped-
ance unity to terminals (2), and an arbitrary reactance z = jz to terminals
(3). The condition that the input impedance be unity is then imposed.
This gives the three equations

El = 11, Ez = —Iz, E3 = —213,
which allows the elimination of the E/s from Eqgs. (1) with the result
(A-1I,+BI,+DI; =0

Bl +(A+ 1)I,+ DI; =0 ;- (2
DIL+ DI+ (C+2)I; =0
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Since there must obviously be coupling between any two arms,
B = 0and D = 0. It is therefore impossible for any row or column of
coefficients to vanish. Hence the necessary and sufficient condition
that the equations have a solution I, # 0is that their determinant vanish.
Since there is no loss, the elements of (z;,) are all imaginary, and A = ja,

B = b, - - - where aq, b - - - are real. The condition for solution is
then
(@ +7) b a
b {a — 7) d = 0.
d d (e + )

If the determinant is expanded, the imaginary terms cancel out, per-
mitting a real solution for « of the form

(¢ + z)(a® — b2 4+ 1) + 2d%b — a) = 0.

In case a? — b? 4+ 1 = 0, it is merely necessary to open-circuit terminals
(3) for then I3 = 0 and the condition that the first two of Egs. (1) have a
solution is
(a +7) b — 2 2 -
b (a_j)—a—b+1—0.

This shows that there is always a reactance & which makes the system
of Eqgs. (2) consistent under the assumption that the input and output
impedances are unity; that is, there is a reactance that matches the
junction.

For mechanical reasons it is quite natural to construct a junction
by adding a side arm for the receiver to a straight section of the trans-
mission line which runs from transmitter to antenna. Insucha “T-junc-
tion” the symmetry conditions for transmission are satisfied auto-
matically and the junction may be matched for reception by some
device, such as an inductive iris, in the receiver arm. After this device
has been added, the distance from the junction to the TR switch can
be adjusted to match the junction for transmission. Most T-junctions
have rather small reception loss even without the addition of a matching
device. In some cases this may permit the mounting of the TR switch
at the closest position which gives good transmission since it is unneces-
sary to leave room for matching. This close position usually has the
window of the TR cavity approximately flush with the wall of the wave-
guide or outer conductor of the coaxial line since the window presents a
short circuit when the switch is fired.

The requirements for reflected power are ordinarily much more
stringent during transmission than during reception, because the imped-
ance presented at the transmitter has a very marked influence on the
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transmitter efficiency and stability. In view of the contributions made
to the reflected power by the other r-f components, a voltage standing-
wave ratio above 1.10 during transmission may sometimes be considered
excessive for a TR junction and 1.05 may be a desirable figure. In
contrast to this, a VSWR of 1.10 would cause a reception loss of only
0.010 db, a value which would hardly be considered serious. This
makes clear the advantage of mounting the TR cavity so that the window
1s flush with the surface of a straight section of transmission line. The
symmetry makes possible a good match for the transmitted signal and
the match can be maintained over a wide frequency band because of the
proximity of window and transmission line.

An obvious extension of the symmetry principle leads to a junction
in which any two arms are symmetrical with respect to the third. The
junction is then matched for either transmission or reception if the arm
not in use is short-circuited at the proper point. This eliminates the
need for any matching device and, consequently, finds application in
wideband systems. Since the three arms are at angles of 120° with one
another, this Y-junction lacks the mechanical simplicity of the T-junc-
tion, with arms at angles of 90° or 180°. The principle of three-way
symmetry has not had much application to coaxial duplexers, but has
been used in waveguide circuits.

(@) ®
Fi1g. 7-2—Cavity coupling to a coaxial line; (a) loop-coupled ecavity; (b) iris-coupled
cavity.

7-2. Coaxial Junctions.—Coaxial duplexers have been used princi-
pally at wavelengths of 8 cm or longer. At shorter wavelengths, wave-
guide circuits are usually simpler. A coaxial line can be coupled to a
TR or to an ATR cavity by a loop connected between inner and outer
conductors, or by an iris. With an iris, no direct connection is made to
the inner conductor, but an opening in the outer conductor establishes



266 BRANCHED DUPLEXING CIRCUITS [Sec. 7-2

coupling between the field in the cavity and that in the coaxial line. The
iris coupling, which has mechanical advantages, may not be feasible
where rather tight coupling is desired or where small-diameter lines are
used. These two types of coupling are illustrated schematically in
Fig. 7-2. When the cavity fires, a short circuit appears across the loop,
and since the loop is connected across the side arm which is in shunt with
the main transmitter line, the loop must be placed at a point effectively
a quarter wavelength from the main line. This type of coupling is
referred to as a shunt circuit. In the iris-coupled coaxial junction, the
iris is sometimes considered as being in series with the outer conductor.
When the switch is fired in this case, the short circuit which appears at
the iris gives continuity to the coaxial line.

R. V. Pound of the Radiation Laboratory has developed a coaxial
T-junction, based on the principle of his broadband T-stub, for 3-in.-
diameter, 46.4-ohm line for a loop-coupled TR cavity. This is a quarter-
wavelength stub used as a mechanical support for the center conductor

of a coaxial line as shown in Fig.

\ T 7-3. According to the symmetry

7 Y, Y, principle just discussed, the length

¥ 7 of the stub may be adjusted to

b A > secure a good match; and since the

_ o > stub is in shunt with the line, this
]-—%‘ —><—% length is about one-quarter wave-

n—- Y, -y, (Y length. If it is set for a good

Fie. 7-3.—Broadband T-stub. match at the center of a frequency

band, however, there will be some
mismatch at frequencies toward the edges of the band. To compensate
for this, a transformer consisting of a sleeve one-half wavelength long is
added to the center conductor of the main line as shown.

To understand the action of the half-wavelength transformer, let
Y; and Y, be the characteristic admittances of the main coaxial line
and of the section with the transformer respectively. Therefore ¥, > ¥,
since the characteristic admittance of a coaxial transmission line is given
by

1 _ 60 In radius of outer conductor ]
Y radius of inner conductor

If the right-hand end of the line of Fig. 7-3 is terminated in a matched
load, then the admittance looking toward the right at various points
moving from the right-hand end toward the left can be determined.
Figure 7-4a shows the locus of this admittance in the complex plane
determined at the center frequency of the band. The admittance is
Y: until the transformer is reached. It then moves around a circle
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centered near Y, and, since the stub has no effect at this frequency,
returns to Y at the other end of the transformer.

At the low-frequency edge of the band the effective electrical lengths
I/\ of both the stub and the transformer are reduced. Hence, in moving
from the right-hand end to the center of the transformer, the admittance
point travels less than halfway around the circle to the point Y5 of
Fig. 7-4b. To get Y4, the admittance jB, of the stub must be added to
Y;. Since the stub is now shorter than one-quarter wavelength, its
admittance is inductive, and B, is negative. This makes it possible to

(a)
TB g‘a 4
|
Y,
®)

Fia. 7-4.—Admittance diagram for a broadband T-stub; (a) at center frequency; (b) at

low-frequency edge of the band.
adjust the diameter of the transformer to give a value of Y»/Y; such that
B; = —B,/2. The complex conjugate of Y;is then Y, and the admit-
tance at the left end of the transformer will again be Y,. A similar
condition will be realized at the other end of the band so that the T-stub
is perfectly matched at three frequencies. In this way it has been possible
to design a single T-stub which can be used anywhere in the wavelength
region from 9.0 to 11.1 em (9.2-cm, 10.0-cm, 10.7-cm bands) with a
VSWR less than 1.08.

Figure 7-5 illustrates a duplexer T-junction which uses this broad-
banding technique. At high power level the situation is similar to that
for the simple T-stub. However, in addition to the quarter-wavelength
stub, which is retained for mechanical support, the TR arm acts as a
three-quarter-wavelength stub since there is insufficient space to mount
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the cavity at the one-quarter-wavelength position. This means that
the total stub susceptance at the band edge is four times that for a
simple T-stub and that the diameter of the half-wavelength transformer
on the main line must be much greater.

At low power level the distance from the junction to the transmitter
must first be adjusted so that the admittance of the transmitter arm is
It is then necessary to add

zero.
Antenna y v Transmitter another quarter-wavelength trans-
* * former A to the TR arm to match

that portion of the half-wave-

M
i length transformer in the antenna
L arm. Without such a transformer
A~ a matched TR cavity and receiver
N N , would result in a VSWR, as seen
R from the antenna, of (¥,/Y))%

The presence of the transformer
A, however, increases the rate of
change with frequency of the sus-
ceptance of the TR arm at high
\_I \ power level. This makes it neces-
sary to increase the diameter of
the half-wavelength transformer
and hence of A. But this, in turn
necessitates a still larger half-
wavelength transformer and a still
Fra. 7-5.—Coaxial T-junction with broad- larger transformer A. The proc-
band transformer. ess converges slowly to a diam-

eter giving a good match for both high level and low level.

For a transformer of 0.555-in. diameter, the high-level VSWR remains
below 1.25 from 8.5 to 12.2 ¢cm wavelength. Since such a large trans-
former reduces the power that can be transmitted without breakdown,
and since a narrower band permits a smaller transformer, it was decided
to use a separate design for each of the 9.2-cm, 10.0-cm, and 10.7-cm
bands in the wavelength region from 9.0 to 11.1 cm. A diameter of 0.486
in. was satisfactory for the reduced bands, giving a VSWR below 1.20
over the band from 10.4 to 11.1 cm, for example.

It is possible to eliminate the transformer 4 by changing the coupling
of the input loop of the TR cavity. If the admittance of the TR switch
as seen at the junction is Yrg, then in order that this result in a match
(admittance Y;) as seen from the antenna arm, it is necessary that
Y,/Yre = Y, because of the quarter-wavelength transformer in the
antenna arm. To satisfy this, Ytz must be larger than Y, and since
the junction is three quarters of a wavelength from the TR cavity,

TR cavity
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the admittance at the loop must be less than Y;. This means that the
loop should be made larger in order to increase the coupling. This was
done and some improvement resulted although difficulty was encountered
in making the loop large enough because of the small space available in
the cavity. If the loop could be adjusted to match the T-junction with-
out the transformer A, the half-wavelength transformer could be made
considerably smaller for a given bandwidth.

It will be noticed that at high level the T-junction is matched over
the band while at low level it is matched only at the band center. This
is because of the necessity for much better matching at high level.
Although it is not so important to match the T-junction at more than
one frequency for the low-level operation, it is usually necessary to
employ some matching procedure to match at one wavelength, and to
prevent the signal losses from becoming too high.

It is possible to use a design similar to that of Fig. 7-5, but with
the transmitter connected to the side arm and the antenna and TR switch
connected to the main arms. In this case moderate reflections may be
tolerated for power transmitted between the two main arms (low-level
condition) but the best possible match should be sought for transmission
“around the corner” from the side arm to one of the main arms (high-
level condition). This is the reverse of the requirement for the junction
with the TR ecavity on the side arm.

7-3. Waveguide Junctions.—Waveguide duplexers at microwave
frequencies are of necessity built with iris coupling, since there is no
center conductor to connect to a loop. The iris may be coupled either
to the end of a side arm or to the main transmitter line. Rectangular
waveguide in the fundamental TE ,-mode is the usual type and coupling
may be made either to the broad or to the narrow side of the waveguide.
A waveguide junction in which a side arm attaches to the broad side of
another waveguide is called an E-plane junction since all three arms lie
in the plane of the electric vector. Similarly, connection to the narrow
side is called an H-plane junction in reference to the magnetic plane.

It was pointed out in Chap. 4 in connection with the ATR switch
that an E-plane junction has some of the characteristics of a simple
series branching circuit and that the A-plane junction displays shunt
properties. Since this turns out to be a very convenient concept for
duplexer design, it will be examined more closely at this time. A qualita-
tive understanding can be gained by a consideration of the fields and
currents in a waveguide. In the TE,r-mode the currents in the central
portions of the two broad sides flow longitudinally in opposite directions,
and the electric field extends across the intervening space from one of the
broad sides to the other. These two central strips thus resemble the two
halves of a simple transmission-line pair. In terms of these strips the
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series and shunt characteristics of the two junctions of Fig. 7-6 appear
quite plausible.

It can be observed that the side arm of the shunt junction meets the
wall of the main waveguide at a certain distance from the central strip.
If the side arm is short-circuited in the plane of the main waveguide wall,
energy will travel down that waveguide without interruption. For
that reason the distance from the central strip out to the side arm is
thought of as being one-quarter wavelength in the shunt junction. No
such phase shift is assumed in the series junction.

To justify this equivalent-circuit concept, it is necessary to refer to
the experimental data. Here the results depend on the wavelength and
the dimensions of the waveguide.
Furthermore, a cavity attached to the
side arm one-half wavelength from the
main waveguide may give results which
differ from those for a cavity mounted
flush with the wall. The simple wave-
guide circuit with all terminations kept
at a distance from the junction has
been studied theoretically and experi-
mentally. The results are embodied in
the equivalent circuits of Figs. 4-10a
and b which were considered in Chap. 4.
At first glance these circuits do not
seem to resemble a simple series or
shunt junction but they do approximate

©® them in certain respects. The network

Fio. 76.—Waveguide as a trans- 10T the E-plane junction would be a
porling ek o) s Juneton, il series branch if B, Xi, X, were

zero and X, infinite. It is seen from
Table 4-1, Chap. 4, that B, is small, X. is large, and X, and X4 would
almost cancel if X, were large enough to be neglected. This junection,
therefore, closely resembles the simple series branch.

The H-plane junction is not so simple, for, although X, and X, are
small, X, and X, are far from negligible. These last two quantities are
nearly equal and opposite. This means that a short circuit placed at
terminals (3) results in almost complete cancellation, and leaves only
a very high impedance across the main line in agreement with the idealized
circuit of Fig. 7-6. The simple shunt representation would also require
that an open circuit at terminals (3) result in a short circuit across the
line, whereas it actually shunts thé line with a reactance of about one.
Of course, there is a point on the side arm where an open circuit would
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result in a short ecircuit across the main line but it is about five eighths of a
wavelength from the main waveguide rather than one-half wavelength.

If such a junction were used in a duplexer, this departure from ideal
behavior might not be noticed. At high level the short circuit at the
window of the TR or ATR cavity would be placed at the waveguide wall
since for this case the junction resembles an ideal shunt circuit. At low
level it would be necessary to add a matching transformer to the junction
if it were to be used as a TR mount. As an ATR junction, however, it
would be necessary only to tune the ATR cavity until its reactance
resonated with the junction. In Sec. 7-10 it will be shown that the differ-
ence between the actual TR junction and a simple series or shunt branch
can nevertheless be important in broadband applications.

The equivalent circuits of Figs. 4-10a and b can be used to calculate
the minimum standing-wave ratio that can be obtained looking into arm
(1) with a matched load on arm (3) and an adjustable short circuit on
arm (2), but with no additional matching devices. According to the
symmetry principle the match between arms (1) and (2) (straight
through) can be made perfect but the match “looking around the corner,”
as in the ordinary case for reception, will depend on the particular
junction.

If an impedance unity is connected across terminals (3) of the series
junction, the admittance seen looking out toward arm (3) from the
terminals of 71X, is

.1 1
> SR > ¥
If the values in Table 4-1 are used,

X3

LS G g o i

0.78.

The short circuit in arm (2) can be adjusted to produce any desired
reactance in series with Z,. If Z{ = R, 4+ jX’ where X' may have any
value, the admittance seen looking into arm (1) is Yy = Y{ 4+ jBs.. The
locus of Z{ on a Smith chart is simply the resistance contour B; = 0.78.
If this circle is rotated 180° to give Y| and then displaced an amount
B, = —0.096, the resulting locus is ¥,. The point on the locus which
approaches closest to the origin gives the minimum attainable standing-
wave ratio.

The value of this quantity in voltage is r = 1.3 for a series junction
and r = 1.7 for a shunt junction when the constants in Table 4-1 are
used. Apparently the series T-junction is superior although the reflec-
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tion loss from a shunt junction would be only 0.30 db even with no
matching iris.

Although the right-angle T-junction can be matched with an iris
so that the transmission is the same as for a syrumetrical 120° type, the
behavior over a band of frequencies will be inferior to that of the sym-

18 metrical junction. A set of data
\ relative to this question is repro-
16 N 90° 1.155"x 0500" duced in' Fig. 7-7 from a report by
ol N D. H. Ring of the Bell Telephone
< \ Laboratories.! Measurements
e 12 N were made, on a number of differ-
[ \ . . . . .
g 10 \ -~ ent junctions, of the varlaFlon with
§ L wavelength of the standing-wave
2 ratio seen looking into one arm
2 ~ 07 0.900"x/0.400" — with an adjustable short-circuit-
8 s ing plunger in a second arm and a
matched load terminating the
2 third. The plunger was adjusted
0 120° 1.125"x 0.500" to give the minimum possible
31 3.2 33 34 35 standing-wave ratio at the center
Waveler;gt)h in cm wavelength of 3.33 ¢cm and kept
6 ¢ at the same position for all the
- \\90" 1]_250..)‘0.5’00.. other wavelengths. This corre-
=5 < sponds to the use of the junction
;é 4 \ in a duplexer where a single posi-
< \ 90° 0.900"x 0.400 tion must be chosen for the ATR
§ 3 cavity for operation over a band
F) L of frequencies. Right-angle T-
‘g . " junctions and 120° Y-junctions
& " " were tested in waveguides of two
1201 11257xj0.500 ] sizes—0.400 in. by 0.900 in. ID

0
1. 32 33 34 35 and 0.500 in. by 1.125 in. ID.
Wavelength in cm . .
(b) The 90° junctions were tested

Fira. 7.7~—~8tanding-wave-ratio curves “lOOking around the corner”” from
for T-junctions of various types; (a) H-plane one of the main arms to the side
junctions; (b) E-plane junctions. arm. No matching devices were
used. If the standing-wave ratios are converted to voltage, the values
for series and shunt are 1.2 and 1.6 for the 0.400 in. by 0.900 in.
T-junctions at 3.33 cm. These agree approximately with the values
of 1.3 and 1.7 previously calculated on the basis of the constants for
3.2 em.

' D. H. Ring, “Progress Report on a Broad Band TR-RT Switch,” BTL MM-43-
160-189, Oct. 9, 1943.
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It will be seen that the 120° junction is much superior to the 90°
junction because, even if the latter were matched at the center wave-
length, it would give high reflections at other wavelengths. Of the two
120° junctions, the H-plane type is superior, whereas better results with
90° junctions are obtained if the E-plane branching is used. Further-
more, the small waveguide is better than the large. It is concluded
that for narrow-band work the 90° junction can be used by matching
at one wavelength; otherwise the 120° design is better.

The high-level standing-wave ratio can be made good with either
the T- or the Y-junctions. For work over a band of frequencies, how-
ever, a cavity (either TR or ATR) mounted one-half wavelength from
the junction on a side arm can lead to objectionable standing waves at
the band edges because of changes in electrical length of the side arm.
In such a case the voltage standing-wave ratio can be readily calculated
at a wavelength differing by AX from the wavelength at which the junc-
tion is matched if the simple series representation of the junction is
assumed. Thereactance of the side arm is X; = tan 8, where 8 = 2xl/),
is the electrical length in radians from the junction to the window. Since
8 = nr + AB where AB is small,

IRV DV - VI £ VA .V
Ximap=op A= == =8\~

because of Eq. (4:6). If a matched load is assumed for the antenna, the
impedance seen by the transmitter is Z, = 1 + jX,, and the correspond-
ing reflection coefficient is

Zy—1 JXi

I‘r) = = T .
S Zy+1 2 +7X,
Since X is small, |Ty| = [X;/2| and the voltage standing-wave ratio is
_14ry) _ Y an
T—l_—|FQ|~1+lX11—l+B(X Nl

The shunt junction gives the same result. For [ = A,/2, 8 = =, and
for a 2 per cent bandwidth AX/N = 0.01, and a representative value of
(A\/M2is 2. These values give r = 1.06.

In practical applications of the 120° junctions it is advantageous for
mechanical reasons to preserve the outward form of the 90° junction.
This can be achieved by making additional 30° bends in the trans-
mitter and the antenna arms quite close to the junction. A so-called
“vestigial” 120° junction, in which the 120° sections are considerably
abbreviated, is illustrated in Fig. 7-8 as designed for branching in the
H-plane. In place of the receiver arm there is a choke coupling for
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mounting a 1B24 TR tube close to the junction. On the outside corner
of each 30° bend, a reflecting plate is added at an angle of 15° to either
section of waveguide and placed so as to match the bend. For trans-
mission between the two parallel arms, the voltage standing-wave
ratio remains below 1.05 over a band of wavelengths from 3.13 to 3.53
cm. For testing transmission be-
tween the side arm and one of the
parallel arms, a short-circuiting
plunger was placed one-half wave-
length back from the closest correct
position, to simulate an ATR
cavity, which must be at a distance

T1c. 7-8.—Vestigial 120° junction. from the junction because of lack

of space. With fixed plunger posi-
tion the variation of the standing-wave ratio with frequency was then
found to be about the same as that to be expected from an ideal shunt
junction with a three-quarter-wavelength stub.

It will be noticed that the 120° junction provides more room for
attaching the TR cavity than is provided by a 90° side arm. In the
latter arrangement, there may be some difficulty in mounting the eavity
so that it is flush with the waveguide wall, and easily removable for
maintenance. Fortunately, it is found possible in some cases to obtain
a rather good match between transmitter and antenna with the window
of the TR cavity placed a small distance back from the inside wall of
the waveguide on a 90° side arm.

When a TR or ATR tube is mounted with the window flush with the
waveguide wall, the constants in Table 4-1 no longer apply. It was seen
in Chap. 4 that for at least one such ATR switch, the simple series
representation held accurately. The simple circuit seems to apply as
well in such cases as for the isolated junction. This does not mean
that a cavity mounted out on a side arm will show exactly the same behav-
ior as when flush with the waveguide, but a proper readjustment of the
circuit constants will still allow an approximate shunt or series
representation.

In the next few sections it will be assumed, for simplicity, that the
T-junction can be represented as a simple shunt or series circuit. In
Sec. 7-10 a more accurate representation will be discussed and a comparison
will be made between an actual junction and the ideal circuit.

7-4. Duplexing Loss without an ATR Tube.—In radar operation the
losses suffered by either the transmitted or the received signal are of
interest. The simple dissipative losses in waveguide are common to
both of these signals but, except for the cavity losses, they make an
insignificant contribution to the duplexing losses.
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On transmission, the only important loss is the so-called arc loss due
to the power dissipated in the arcs of the TR and ATR tubes. This is
also small, ordinarily, and the importance of the effect results not so
much from the power dissipated as from the dependence of transmitter
efficiency on the reflected power. As the subject of arc loss is discussed
in connection with TR and ATR switches it need not be congidered at
this time.

On reception, the duplexing loss can be conveniently divided into
two parts: the TR loss, caused by dissipation in or reflection from the
TR switch, and the “branching Receiver
loss,” due to improper impedance 10
of the transmitter branch. T}}e A"Ite(;‘"a Transmitter
TR loss is adequately covered in e -
the chapter on the low-level opera- oh
tion of the TR tube and branch-
ing loss will be discussed in the
next few sections of this chapter. E,

A duplex radar system may
be operated satisfactorily without
an ATR switch if the transmitter,
as seen from the antenna, presents (a)
the correct impedance at the TR Receiver
junction. The received signal 1.0
will then be conducted from an- m
tenna to receiver without any !
appreciable loss attributable to
the transmitter. 10

This situation is indicated in
Fig. 7'9, which represents TR
junctions of the series and shunt :
type. For the purposes of this Antenna ®) Transmitter
section, it will be assumed that Fig. 7-9—Duplexing circuits at low
the receiver is matched, as seen level; (a) wiﬂl series TR switeh; (b) with
from the TR cavity, and that the shunt TR switch.
cavity introduces no mismatch and may be neglected in low-level consider-
ations. It will also be assumed that the junction can be represented as
a simple series or shunt branching circuit.

If Z, represents the transmitter impedance seen at the TR junction,
then for perfect reception it is necessary that Z, = 0 for the series TR
junction or Z; = o« for a shunt junction. The impedance Z,, presented
by a transmitter at its output terminals when not operating, is referred
to as the cold tmpedance of the transmitter. Where there is no ATR
switeh, Z, is simply the impedance Z, transformed down the line from

Z, 3
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the transmitter to the TR junction. If Z. is purely reactive, that is, if
the cold transmitter reflects completely, the phase shift between trans-
mitter and TR junction can be adjusted to make Z, = 0 or « as neces-
sary. For some transmitters Z, has an appreciable real component which
will dissipate some of the received signal unless an ATR switch is used;
many others, however, are satisfactory in this respect. If the phase of
Z, is sufficiently constant from one tube to another, it may be possible
to choose the length of the line connecting transmitter and TR tube so
that Z, will always have the correct phase. This is the most desirable
arrangement when no ATR switch is used. Unfortunately differences
between tubes lead to errors in Z,;, and changes in wavelength produce
changes in the phase shift between transmitter and TR junction. This
phase shift is given by the so-called “electrical length” 8 = 2x(I/\,) of
the connecting transmission line where [ is its physical length. By
making the distance [ between transmitter and TR junction as small as
possible, the variation in 6 due to changes in wavelength can be kept to a
minimum.

If the phase of Z. varies too widely among transmitters, a phase
control, called a ‘“line stretcher,” may be inserted between transmitter
and TR junction. Since the impedance depends cyclically on 8 with
period =, the line stretcher must have a range ¢ = = or [ = §\,. One
device, called a ““trombone,” which has been used in coaxial lines, employs
a sliding U-shaped section of line. In rectangular waveguide the wave-
length depends on the inside width a of the waveguide according to the
expression

S S
V- ()
and 8 can be changed by varying a. If a slot is cut for a sufficient distance
along the center of each of the wide sides of the waveguide, a can be
changed by squeezing the two halves together. This ‘“squeeze section”
eliminates the need for any sliding contacts but requires a long section
of waveguide, particularly at long wavelengths. A more compact
waveguide line stretcher consists of a section of dielectric material which
is supported by thin rods extending across the waveguide normal to the
electric field. Phase may be varied by moving the dielectric from one
side of the waveguide where the field is weak toward the strong field in
the center. .

If the antenna system is not perfectly matched, the variation in line
length effected by the line stretcher causes a change in the impedance
seen by the transmitter. This may result in changes in transmitter
power and frequency. If this is objectionable, it can be prevented by




Sec. 741 DUPLEXING LOSS WITHOUT AN ATR TUBE 277

using two line stretchers, one on each side of the duplexer ganged together
to canecel each other.

To determine the loss in the received signal when the impedance Z,
of the transmitter branch does not have the correct value, the case of a
series TR junction may be considered. As can be seen by reference to
Fig. 7-9, the power delivered to the receiver is
IE“P .Eo

2

> — 1712 = — . )
P=WP =5 zp = I+ iz ®)
To match the receiver to the antenna, Z, must be zero. This gives
E.l2
Py = 4"] - (4)
If « is the branching-loss factor in voltage, then the loss factor in power is
r 1P
a2=~Pp=‘1+-2—[t. (5)
Hence, for the series TR junction,
a = |1 + 3Z| (6)
The loss in decibels is L = 20 logw «.
For the shunt junction
a = Il + ~%va|7 (7)
where
1
Y, = 7

Equations (6) and (7) show that a series TR junction is equivalent to a
shunt junction if ene s shifted one-
quarter wavelength along the trans- By
matter line with respect to the other.
A similar theorem for the ATR
switch was discussed in Sec. 4-1.
It is frequently convenient to
represent, graphically the relation
between « and Y,. As an exam-
ple, « will be determined for vari-
ous settings of the line stretcher
with a shunt TR junction, and a
transmitter which, when off, has a
voltage standing-wave ratio of
r. =3.0. In Fig. 710 Y, is
mapped on the complex plane with  Fig. 7.10.—Duplexing branching-loss dia-
G, and B, as coordinates. The gram.
locus of all values of Y, obtained by varying the line stretcher is the
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familiar admittance circle of constant standing-wave ratio. This
type of transmission-line chart, in which the rectangular coordinates
@ and B (or R and X) are used, will be called a cartesian chart to dis-
tinguish it from the reflection-coefficient Smith chart in which the admit-
tance or impedance components are plotted in curvilinear coordinates.
The loci of ¥/ = $Y, and ¥ =1 + Y, are also circles. In fact,
in the theory of functions of a complex variable it is shown that any
transformation from Y to Y’ of the form
, aY +b
Vi=v+a ®)
where a, b, ¢, and d are constants, maps a circle into a circle. It is known
as a linear fractional transformation or as a ‘““circular transformation.”
Because of this property it is a simple matter to construct Y”’ and then
to determine « according to Eq. (7) as the length of the vector 1 + 47,
It appears that the loss is a minimum where the left side of the circle
intersects the real axis. At this point ¥, = 1/r,, so that the minimum
loss is
1
a =1+ g (9)
This represents the lowest loss obtainable with a line stretcher. The
worst transmitter is one for which r, = 1 since this makes a, a maxi-
mum. In such a case the loss L is 20 logye (3) = 3.5 db.
When the phase changes intro-
20 A duced by the line stretcher are
considered, it is often convenient
for numerical work to use the
quantity 8/2rx = I/A, which ex-
10 presses the line length in units of
H a wavelength rather than to use
6 which is expressed in radians.
// \dﬂ}zo The value of I/A, corresponding
) TRV TR, o.;o.so =S to each Y, can be read from a

Loss in db ~—w

. conventional transmission-line

Ay chart and associated with the

Fra. 7'11-_L°§z X%ﬁ’:ﬁ’t‘:'}ff” phase with  gorresponding a by projecting from

Y, to 3Y, to 1 + 3Y,, and then

measuring off . The two curves of Fig. 7-11 give the results for trans-

mitters having r. = 3 and 20 respectively. They are periodic in I/X, of
period 0.50.

Because of the equivalence of series and shunt junctions the curves

of Fig. 7-11 would be the same for a series TR junction except that the

abscissae are shifted a quarter wavelength. In this section and in Sec.
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7-5 the discussion will refer to the shunt TR junction unless the series
junction is specifically mentioned. In most cases the results will be
immediately applicable to the series case through the use of the equiva-
lence principle.

The broad region of low losses in Fig. 7-11 indicates the possibility
of using a simplified form of line stretcher which has only two positions,
differing by one-quarter wavelength. Since the loss curve has a cycle
of one-half wavelength, one could always operate in that half of the
phase range where the losses are smaller. The curve for r. = 20 in
Fig. 7-11 remains below 1.30 db over the interval of length 0.25 which
extends from 0 to 0.125, and from 0.375 to 0.500. Many transmitting
tubes have cold impedances which are almost purely reactive. For
these Y, = jB, = j cot 68, and from Eq. (7)

a? = |1 + 37 cot 62 = 1 + % cot? 6.

The maximum loss over the minimum half of the phase range is realized
for & = x/4, which gives a® = %, or a loss of 0.97 db.

7-6. Duplexing Loss with an ATR Switch.—In the examination of the
branching loss when an ATR switch is used, there are four different funda-
mental duplexer circuits to be considered. They represent different
combinations of series and shunt TR and ATR junctions. Any com-
bination of the two kinds may be used if the distance between the
junctions is properly chosen. These distances, as given in Table 7-1,
are based on equivalent-circuit concepts and are, therefore, only nominal.
The actual distances for best efficiency are slightly different and must be
determined experimentally.

TasLE 7-1.—Basic DurLExkr CIrculTs

TR to ATR distance

TR junction ATR junction

(nominal)
\
Shunt................ .. .. .| Series Ao
Shunt.................... .| Shunt 1,
Series.............. ... .. Series i
Series............... .. ....... ’ Shunt e

i

The equivalent circuit for the shunt-TR, series~sATR duplexer is
shown in Fig. 7:12. Since the receiver is in parallel with the transmitter-
antenna line, the ATR switch should cause the trancmitter to appear as a
high impedance at the TR junction in order that the antenna be matched
to the receiver. Since the series ATR switch itself appears as a high
impedance, it would be correct to insert it in the line right next to the TR
junction. At microwave frequencies this is usually impossible, and the
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ATR switeh is placed at the equivalent position one-half waveguide
wavelength away.

As was pointed out in Chap. 4 a shunt ATR switch is equivalent to a
series-connected one if moved down the line a quarter wavelength.
If the shunt ATR switeh is used with the same shunt TR junction, the

z- distance between the two becomes
one-quarter wavelength. Similar

ATR switch considerations give the correct
distance in the other two cases.

Because of the equivalence of

Z, —m the two types of ATR switch and

VWA——

| | the equality of the branching
losses with the two types of TR
junction, as shown in Egs. (6) and
(7), a detailed analysis will be
made only of the shunt-TR, series-
Antennia Transmitter ATR circuit. The results will
then apply with very little change
to the other types of duplexer.
1 In the first circuit to be considered,
the ATR switch will be located
correctly, that is, effectively next
to the TR junction. The norma-
Fia. 7-12.—Duplexer circuit with shunt TR lized ATR impedance will be
and series ATR switches. designated by Z and the trans-
mitter impedance, Z, = R, + jX., referred to the ATR junction. Then
the impedance seen at the TR junction looking toward the transmitter
is Z, = Z + Z., and the branching-loss factor from Eq. (7) is

AA
VWA

Receiver

1 1
“=l1+§mj‘

For the ATR circuit tuned to rescnance, X = 0 and

1 1

2R + Z,| (10)

a='1+

Before considering the branching loss under normal conditions, some
mention should be made of the influence of the ATR tube on the recovery
time of a duplexer. It was seen in Chap. 5 that the presence of ions in
the TR gap may seriously attenuate signals which immediately follow
the transmitted pulse. Under certain conditions the ATR tube may
have g similar effect. If the transmitter impedance Z. were zero and
if the TR tube were already recovered, the loss would be given according
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to Eq. (10) by the factor
a =14 30,

where (¢ during recovery is determined by the conduction in the gap.
When Z, differs from zero, the added impedance in series with 2 decreases
the loss so that this expression gives the upper limit of the loss. The
same expression would be found if the ATR but not the TR tube had
recovered and if G were the conductance of the TR tube. In that case,
however, the expression would hold for any value of Z,. Since G increases
with @, the usual TR tube would tend to recover more slowly than a low-@
ATR tube which has large gaps of low conductance.

In considering Eq. (10) it is convenient to make use of the so-called
“Smith chart” type of transmission-line representation, which maps the
complex reflection coefficient I' rather than the impedance Z. This
quantity, which is given by
is limited to the interior of the unit circle, |T| = 1. By associating with
each point T' the corresponding Z, contours of constant R and X can be
constructed, which form a system
of curvilinear coordinates for Z.

If the point R representing the
resonant ATR impedance is plotted

r

on a Smith chart, the area corre- i

sponding to all possible values of Rk+2, RB+Z,

Z, = R + Z, when Z. is allowed N
to take any physically realizable 1 R

value, is found to be a circle like

the small circle on the right side of

Fig. 7-13 which was drawn for

R = 5. Aglanceataconventional

Smith chart shows that Z, is limited

to the interior of this circle because Fa. 7-13.—Smith-chart plot for duplexer

N . with ATR cavity at resonance.

R, cannot be negative. In dia-

grams such as Fig. 7-13 the impedance coordinates will be omitted, except
for the real axis which will be drawn horizontal and will increase from
left to right. The (B 4+ Z.)-circle intersects the real axis at Z, = R
and «.

On a Smith chart the reciprocal of an impedance Z is represented by a
point diametrically opposite to Z. Thus the locus of 1/(R 4 Z.) is
the circle on the left which crosses the real axis at 0 and 1/R.

It is now convenient to transform to cartesian coordinates. In so
doing, it is useful to remember that the transformation from a Smith
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chart to a cartesian chart always maps a circle into a circle. This s
because the transformation, given by

1+ 7T

=i=T (12)

73
has the form of Eq. (8). Of course this is also true for the reverse trans-
formation of Eq. (11).

Thus the locus of 1/(R + Z,) in cartesian coordinates is a cirele
intersecting the real axis at 0 and 1/F as in Fig. 7-14. Likewise the locus

, B+Z,
0 < —¥
1\?
T 11
2 paz 1+ 3 R+2Z
R+Jc ¢

Fic. 7-14.—Loss diagram for a duplexer with ATR switch at resonance.

of 1 + 3{1/(R + Z.)] is a circle which crosses the axis at 1 and at 1/2R.
Since the vector whose magnitude is « must fall within this circle, « must
have a value between 1 and 1 + 1/2R. That is, for an ATR switch
tuned to resonance the maximum branching loss is given by the factor

a, = 1 + 3G, (13)

where @ is the cavity conductance. If @ = 0.05, which is a reasonable
value, the maximum « is 1.025, which means a loss of 0.21 db. With an
ATR cavity of G = 0.05, tuned to resonance and located the proper
distance from the TR junction, the branching loss must be between 0
and 0.21 db, no matter what the transmitter impedance.

For the impedance transformations associated with a loss calculation,
the Smith chart is frequently more convenient than the cartesian chart.
It would therefore be helpful to be able to determine « directly from a
Smith-chart plot of ¥;, without the necessity for transforming to cartesian
coordinates. To facilitate this, contours of constant loss, which will show
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the loss corresponding to each value of Z,, can be plotted on the Smith
chart.

These contours can be determined by plotting loci of constant a
in cartesian coordinates of 1 4+ 3}, and then transforming them back
to the Smith chart for Z,. 1Inthe
first case, they are merely circles *
concentric with the origin and of &
radius « as shown in Fig. 7-15
which indicates the loss in decibels
for each contour. It is necessary
to transform only the points of
intersection with the real axis
since the contours on the Smith
chart must be circles with centers
on the real axis.  One intersection
is at

14 3Y = q
or

Y, = 2(a — 1. (14) ©

On the Smith chart for Z, this
point is at

_1-Y
T1EV,
If Eq. (14) is substituted into Eq.
(15), then

I, (15)

200 — 3'
20 — 1
Likewise the left-hand intersection
isat 1 + $Y, = —a, which gives

= — (16)

20 + 3 Fra. 7-15.—Loss contours on cartesian chart
- for 1 4 Y.
2a + 1 orl +ar.

The center of the circle is at

F2=

4a? — 3
4a® — 1

Ty = % (Fz + Fl) = - ’ (17)

and the radius is

1 4o
P=3 Ty — Ty = Tz — 1 (18)

In plotting T, distances are measured from the center of the Smith chart,
on a scale such that the outside circle has radius unity. The resulting
contours are shown in Fig. 7-16. It is cenvenient to draw this diagram
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on transparent paper so that it may be laid over a Z.-plot. In fact,
after such a contour diagram has been constructed, the cartesian plot
for branching-loss calculations will rarely be used.

This same contour chart which was derived for a shunt TR junction
may be used for a series junction except that, for a series junction, it
will have to be applied to a Smith-chart plot of Y, rather than of Z,.

Fig. 7-16.—Loss contours on Smith chart for Z.

7-6. Tuning of the ATR Switch.—The loss-contour diagram can be
used to study the effect of ATR-switch tuning. Since the admittance
of the ATR switch consists of a constant conductance plus a variable
susceptance, its locus on a Smith chart will be a circular are, like the one
labeled Y in Fig. 7-17. The similar arec on the opposite side of the
diagram gives the impedance Z. If a particular point Z on this arc is
chosen and Z. is allowed to assume any value whatever, it will be found
that the point, Z, = Z + Z,, will fall somewhere within the circle that
passes through Z and « and has its center on the real axis. If the loss
contours, taken from Fig. 7-16, are drawn, the range of branching losses
to be expected is found.

For the particular value of ¥ .chosen here, (0.05 — 50.16), it is seen
that the loss can vary from 0 to more than 2 db, for different transmitter
impedances. Comparison of this result with those just obtained for an
ATR switch at resonance shows that an amount of detuning sufficient
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to give a susceptance of only 0.16 will raise the branching loss from a
maximum of 0.21 db, to more than 2 db,

Susceptances as large as this can easily appear. If, for example, the
values G = 0.05, B = 0.16 and Q1 = 4.0 are substituted in Eq. (4-1),

Thus, a deviation of 2 per cent from the resonant frequency will permit a
loss of 2 db. Since it is not easy to obtain loaded @’s much lower than

F1G6. 7-17.—Loss diagram for ATR switch off resonance.

4, it is apparent why it is difficult to get good ATR-switch action over
broad bands.

The tuning effect can be readily visualized from Fig. 7-17 since the
effect of detuning is to move Y and Z away from the real axis. This,
in turn, expands the Z, circle toward the left, where it intersects the con-
tours of higher loss.

More specifically, if a transmitter with a cold voltage standing-wave
ratio of r, = 20 is selected, a possible value of Z. would be 0.6 + 73.0,
the impedance seen at a distance of 8/2r = 0.45 from an impedance of 20.
This value of Z, and the previous ATR conductance of G = 0.05 will
be used in constructing the locus of Z, = Z + Z; when B is varied, in
order to find the loss as a function of B (that is, of ATR-switch tuning).

Since the locus of Z is a circle, it follows that Z, will also be a circle;
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for the Z-locus may be transformed to rectangular coordinates, the
constant Z. added, and the resulting Z,-locus transformed back to the
Smith chart. Since each of these operations is of the form of Eq. (8),
the result is a circle.

A formal expression for transforming the center and radius of a circle
when a constant is added can presumably be obtained. This transforma-
tion, however, which is so elementary in cartesian coordinates, proves
to be rather awkward on the Smith chart. The following procedure,
though less elegant, is practical. The value of Z for some point on the

-0.2

I1g. 7-18.—Diagram for determination of tuning curve.

Z-circle is read from the Smith chart, the constant Z. added, and the
resulting Z, plotted again on the Smith chart. When three different
Z, points are plotted in this way, a circle passing through all of them can
be constructed, and this is the Z,locus. More than three points are
usually plotted, in order to provide a check, and also because the first
three points might all lie on a small arec which would not provide the
necessary accuracy. After the Z,-points have been plotted, the circle
can be found by trial and error rather than by the use of a formal con-
struetion. The result is shown in Fig. 7-18.

A value of Z, can be associated with each value of the tuning param-
eter B. By means of the Smith chart, values of B are marked off on
the Y-circle. These points are then rotated 180° to give the Z-plot.
At each of these points, the imaginary component of Z is read, the imagi-
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nary component of Z. added (—3.0 in this case), and the intersection of
the resulting reactance line with the Z.circle found. (In some cases it
may be more accurate to use resistance instead of reactance.) In Fig.
7-18 values of B are marked off in tenths on the Z, circle. It is now a
simple matter to read off the loss for each point by using the contour
diagram of Fig. 7-16. The result is the curve labeled 6/2r = 0.45, in
Fig. 7:-19. The other curves are plotted for the same ATR switch and
transmitter but for different phases, 8/2r = I/X,, [ being the distance

r 4
s /\ 8/, x=0.45
=2
8

0 —

-10 0 10

B ——
30
8/,7=0.25

n
o

Loss in db —
3

-10.0 0 10.
B——
0.40
i 8y =
21030 /o1 =0.00
o
<
€ 020
8
S o010
0
-05 0 0.5

B—
Fig. 7-19,—Tuning curves for ATR switch, G = 0.05, r. = 20.

from the ATR switch, toward the transmitter, to the point where the

transmitter impedance is 20. The curve for /27 = 0.25 (Z. = 0.05)

is found in the same way as the first one. For 6/2r = 0 (Z, = 20.0),

the variation is so small that the graphical method is inconvenient. This

is a simple case and it can be calculated directly. Infact, sinceG = 1/Z.

in this Case,
a” = 1 + —* G

4t (2)

is obtained by neglecting small quantities in Eq. (7).
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The difference in scale of the curves of Fig. 7-19 should be noted.
For 8/2x = 0, the loss is always small, whether or not the ATR switch
is tuned to resonance, whereas for 8/2r = 0.25, the loss is small at
resonance but increases rapidly off resonance. For 8/2r = 0.45, the
loss is small at most tuning positions but becomes appreciable over a
small range off resonance. In this region the reactances in Z and Z.
tend to cancel, corresponding to a sort of resonance between ATR
switch and transmitter. This type of curve is rather general; the other
two symmetrical curves represent special cases (Z, is real).

It is evident that an ATR switch may be tuned without causing any
appreciable increase in signal, or the signal may be strong for nearly all
settings of the tuner and tall off sharply over a small range. This
behavior is sometimes cited to show that the ATR switch is unnecessary.
This, of course, is true for that particular transmitter, but if good opera-
tion is expected when the transmitter has some widely different imped-
ance, the ATR switch, or some equivalent device, must be used.

7-7. Distance between TR and ATR Switches.—It has been assumed
up to this point that the ATR switch has been located on the transmitter
line at the correct distance from the TR junction: effectively (n/2)X, or

(g + i) )\, away, depending on the circuit used. Actually, the electrical

distance changes with frequency, and it is necessary to determine how
this affects the branching loss.

To determine this, Z 4+ Z. is calculated as before Then Z,, instead
of being set equal to Z + Z., is obtained by transforming Z + Z, down
the line an amount equal to the error in 8. As before, the contour
diagram can be applied to find the loss. Since the transformation for
line length is simply a rotation on the Smith chart, this can be accom-
plished by rotating the contour diagram with respect to the (Z + Z)-
plot.

For the ATR switch at resonance, Z 4 Z, will be a point near the
right-hand end of the real axis in Fig. 7-16. If the distance between the
switches is varied, the situation is the same as that discussed in Sec.
7-4 where, with no ATR switch, the distance between the TR switch and
the transmitter was varied. Hence, in Fig. 7-11 the portion of the
(r. = 20)-curve, in the region of I = Q or 0.50, is similar to a loss-vs.-fre-
quency plot for a tunable ATR switch.

If such an ATR switch is mounted on a waveguide transmitter line
a certain distance from the TR junction, and the system is used over a
certain frequency band, it may be desirable to know the branching loss
at the band edge. As the distance between the TR and the ATR switches
is usually chosen so that it is correct at the center of the band, the error
in this distance, when the frequency has changed to the edge of the band,
must be determined.
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The electrical length is

2l
0 = N (19)
It is necessary to find the correction A¢ = 6; — 8, where 6, is the length
at the edge of the band, and 6 is that at the center. Since the changes
are small

6, = 0 4+ 0'AN + 367 (AN)?,

where the primes indicate differentiation with respect to A, and AX is
the change in wavelength from band center to edge. This may be written

AD = §'AN + 3607(AN)2. (20)

If the second term is neglected, the fractional error introduced in
Af is R
_ 367(AN)?
T Ad

)

B8

and if A8 is replaced by # A\ this is approximately

B =g O\ @
To find B3,

o= — 2??"5’
or, by using Eq. (4-6)

¢ =7 (22)

and

By the introduction of the cutoff wavelength XA,

1 1 3A)\

T Ty Y

A
A waveguide of inside width 0.900 in. is commonly used for a band
centered at A = 3.33 cm. For that case A, = 2 X 0.900 in. = 4.56 cm.,
AMA=0.730and 3 = — 0.43 A—)\)\— This value of 3is a representative one

for waveguide, since the value chosen for A/). is usually near the one
given above.
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For coaxial line, however,
AN

8= -5

A

which represents a somewhat larger error. It is interesting that 8 = 0
when A/X, = v/§ = 0.816, a figure close to the 0.730 used above.
For a 12 per cent band, Ax/A = 0.06 giving 8 = 0.026 for the wave-

guide constants chosen. Since this is small enough to be neglected, the

I'1c. 7-20.—Loss diagram with line-length correction.

second term in Eq. (20) may be dropped, and with the aid of Eqs. (19)
and (22), Eq. (20) becomes

A\ZAN . ,,,,,,,,6,,“ AN
A6=—0<—>\—>T— S E (23)
>\c
Again, by the use of A/\, = 0.730,
A6 = —2.140 A_AA (24)

As an illustration, if the distance between the TR and ATR switches
is #A,, and the bandwidth is 12 per cent, then 8 = 7, and AN/X = —0.06,
so that A6 = 0.402.

To find the branching loss, B 4 Z. is plotted as shown in Fig, 7-13.
Then the contour diagram of Fig. 7-16 is applied, but with the axis rotated
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by an angle 2A0 radians with respect to that of the (X + Z.)-plot.
(Angles measured on the Smith chart are 26.) As shown in Fig. 7-20,
the loss, for all values of Z,, remains less than 0.4 db.

When it is essential to keep the error in electrical length to a minimum,
there is some small advantage in choosing { so that there is equal error
at each end of the band, rather than setting [ = (n/4)A, at the center
of the band. To do this, let 8, and 6. e the phase lengths at the two
ends of the band, and let 8; be the correct value (nxr/2). If 6, — 6; is
set equal to 8; — s, then 8; = (6, + 6.)/2 is given which means that

1 {1 1

o) )
That is, the waveguide wavelengths A\, and A, are calculated at each
end of the band, )\, is determined from Fgq. (25) and [ is set equal to
B\, .

Actually, l is usually determined experimentally. If the measure-
ment is to be made at only one wavelength, it should be made at that
which corresponds to A, . It is more accurate, however, to make the
measurements at each end of the band, and find the two values {; and [,.
Then, for equal error, the actual value of [ must satisfy the condition

l
N, Ao, A A
or
N,
DD Vi

Ordinarily this method offers so little improvement over the previous
method that it 1s impractical.

It should be observed that the distance between the TR and the ATR
junctions is important, but that if the TR switch and the receiver are
matched and the ATR switch is tunable, the distance from the TR switch
to its junction and the distance from the ATR switch to its junction are
unimportant so far as the received signal is concerned. ¥or the TR
switch, this is true because a matched load always looks the same at
any distance. For the ATR switch, it is obviously true if the ATR switch
is a pure susceptance. In this case, any change in the distance from the
ATR switch to its junction merely changes the susceptance presented at
the junction, and this can be corrected by tuning the ATR switch.

1f, to be more correct, it is assumed that the ATR admittance con-
sists of a constant conductance plus a variable susceptance, then the
admittance locus 1 is that shown in Fig. 7-17. Any change in the dis-
tance from the ATR switch to its junction rotates this locus about the
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origin. Since @ is small, this locus is very nearly concentric with the
origin. Hence the rotation produces only a small change in G and
the change in B can be corrected by tuning.

7-8. Branching Loss for Fixed-tuned ATR Circuits.—A fixed-tuned
ATR switch of a certain @, tuned to a certain wavelength, may be used
in a duplexer in which the distance between TR and ATR junctions is
adjusted to be correct at some particular wavelength. Ordinarily both
of these wavelengths will be near the center of the band and for the
present it will be assumed that they are equal to the center wavelength,
Xo. The branching loss which may then be expected at some particular
wavelength—for example, at one end of the band—may be calculated. A
general approach to this problem is the determination of the loss for
each value of the transmitter cold impedance, Z.. A representation
of this solution due to A. L. Samuel® consists of a contour diagram trans-
formed from that of Fig. 7-16 back to the Smith chart for Z.. To
accomplish this transformation it is necessary to know the correction
A# for the distance between the TR and ATR junctions and the ATR
impedance Z.

For illustration, the line length when A = A will be assumed to be
8 = m. The loss will be calculated at a wavelength which differs from
X0 by an amount such that AN/A; = 0.015. With the same value of
A/A. as was used in the previous section, Af is given by Eq. (24) so that
A(l/A,) = A8/2x = ~0.016.

If Q. = 8.0 and G = 0.05, then

B = —2(1 + G)QL%)\ = —0.25.
1

Hence, Y = 0.05 — j0.25 and Z = 0.75 4+ j3.8. Now loss contours
are plotted on the Smith chart for Z, + Z by rotating the Z, diagram of
Fig. 7:16 by an amount —A(l/\,) = 0.016. To transform any contour to
the Z. chart a circle is constructed through three or four points plotted
by subtracting Z from the values on the (Z 4+ Z,)-plot. The result is
shown in Fig. 7-21.

When such a construction is made it is helpful to know that the centers
of the circles fall on a straight line. This follows from the fact that the
cireles on the original cartesian diagram for 1 4+ Y, of Fig. 7-15 are
concentric and that a bilinear transformation always changes con-
centric circles into coaxial circles. Successive bilinear transformations
leave them coaxial since any number of such transformations are equiva-
lent to a single one.

Since the high-loss contours are all crowded into a small region, it
could be said that a high loss is rather improbable. This, of course,

! Samuel, op. cit.
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assumes that all values of the transmitter reflection coefficient T. are
equally probable. The probability of the loss exceeding a stated value
at a given wavelength can be calculated assuming random phase of T,
or it may be determined for a stated wavelength band assuming that
phase and wavelength are random.! The probability of high losses is
usually rather low. In some applications, unfortunately, any probability
greater than zero may be unacceptable.

Fic. 7-21.—Loss contours for Z..

There is usually an upper limit to 7. and it is clear from Fig. 7-21
that the maximum value of the loss decreases with the maximum value
of r., for the loci of constant r. are circles concentric with the origin
whose radii decrease with r..

Although the setting of an upper limit to r. reduces the maximum
possible loss, this upper limit may be so high, for some transmitters, as
to be of little help. Thus, measurements made on one type of 10-cm
magnetron used as a radar transmitter gave values of r2 around 30 db
and with some tubes it was as high as 50 db. On the other hand, values
for one type of 3-cm band tube were near 20 db with a maximum of
about 26 db (r. = 20).

The cirele for 7, = 20, shown in Fig. 7-21 as a broken line, corresponds
to & maximum branching loss of 2.5 db rather than the 4.5 db which

1 H. K. Farr, “Characteristics of Fixed Tuned X Band Anti-TR,” RL Report No.
53-May 13, 1944.
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would be attained if there were no restriction on r.. After the construc-
tion of the contour diagram, it is a simple matter to plot loss as a fune-
tion of transmitter phase, for the maximum expected r., by reading off
the loss values versus angle around the 7. cirele.  This gives an indication
of the prohability of cncountering a certain loss when a transmitter of
that 7. is used. Two of these
curves with r, = 20 and =, re-
spectively, are shown in Fig. 7-22.
The phase is measured from the
point of minimum impedance so
that the phase /A, = 0 corre-
sponds to Z, = 0 or 0.05. The
two curves are almost identical
over most of the phase range,
differing only in the region of the
maximurn.

The strong dependence of loss
on magnetron phase indicates the
desirability of some control over
this phase. Of course, when r. is
high there is no necessity for an
ATR switch if the phase ean be
given the proper value; this is just
what is accomplished by the line
stretcher mentioned in Sec. 7-4.
Nevertheless, the possibility of
choosing the best fixed line length
0 01 02z 03 04 0§ between transmitter and ATR

) L tube should not be neglected com-
¢ pletely. In cases where there is
b, T2 g Lo e rpsniter - enough variation in Z from ono

transmitting tube to another to
make an ATR switch necessary, it may still be possible to choose the line
length so that the transmitter impedance “helps” the ATR switch.

It should be noticed, however, that the optimum distance from the
TR junction to the transmitter will differ by about a quarter of a wave-
length, depending on whether or not an ATR switch is used. With a
shunt TR switch, for example, the transmitter should present a high
impedance at a point one-half wavelength from the TR junction when
no ATR switch is used. A series ATR switch is likewise placed at this
point to produce a high impedance. The combination of a high ATR
reactance and a high transmitter reactance of opposite sign at the same
point results, however, in resonance with high branching loss. This is

3 —

Loss in db
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seen from the curves of Fig. 7-22, which exhibit maximum loss at a phase
near I/, = 0.25 which corresponds to large Z.. This point diverges
from (.25 as the frequency moves toward the band edge.

A quantity of practical importance is the maximum possible loss of a
duplexer when the transmitter may have any impedance whatever. A
closer examination of the factors affecting this maximum loss should,
therefore, be made. For simplicity the distance between TR and ATR
junctions will be assumed correct. Examination of Fig. 7-17 then shows
that the maximum loss is realized at the point Z, = Z + Z, = R where
the left edge of the Z,-circle intersects the real axis. The corresponding
transmitter impedance Z. = jX. = —jX is purely reactive and just
cancels the ATR reactance at that point. The corresponding loss factor
is

11 1@+ B ,
When @ is small compared with B, this is approximately
1 B®
a=1+5% (27)

which shows that the ATR conductance G has an important influence on
the maximum loss. When @ is small, the maximum loss decreases as
G increases.

If a limitation is placed on the transmitter standing-wave ratio so
that the cold impedance is not purely reactive, it will be found that the
dissipation in the transmitter also tends to lower the maximum branch-
ing loss. In limiting the standing-wave ratio, an upper limit is placed
on |{I.!. This means that Z, is confined to a circular area smaller than
that in Fig. 7-17 but still centered on the real axis. As before, the maxi-

mum loss is attained for real Z, with X = — X, and
1 1 1
a,—1+§Yz—1+§——R+RC' (28)
Now
1 G B

VA

TG¥BT IR ‘TR
If G is small enough, G? may be neglected compared with B2, so that

1 G

X=-5 R=g

(29)

On the other hand,

7 = T. + j tan ¢
*" I +jr.tan ¢
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where ¢ = 2r (I/A,) 1s the angular distance from the ATR junction
to the point where the transmitter impedance is r.. The rationalization
of Z. gives
_ r{l + tan® ¢)
°T 14 rZtant ¢’ (30)
X, = (1 —r}) tan ¢

1+ r2tan? ¢

(31)

Now tan ¢ can be eliminated between these two expressions. However,
to keep the algebra from becoming unwieldy some approximations will
be made. It will be assumed that r. is large compared with one, and
that R. in Eq. (28) is of such a magnitude as to make some contribution
to a but not so large as to cause inordinate losses. A valueof R + R, = 1
gives a loss of 3.5 db; therefore R, is assumed to be of the order of magni-
tude of unity. This is not incompatible with our assumption regarding
the magnitude of r. since R, may have any value between 1/r, and r..
To find the order of tan ¢ under these assumptions, R, is set equal to one,
and Eq. (30) is solved for tan ¢, which gives tan? ¢ = 1/r,. It is there-
fore possible to neglect tan? ¢ in comparison with 1 and write

Te
R. = 1+ r2tan? ¢ (32)
If Eq. (31) is divided by this expression, then
X, 1—12 o
E = tan ¢ = —r, tan ¢.
The substitution of this into Eq. (32) gives
R = — (33)

—ENE
1+ (5
Again, the use of the assumption that B, =~ 1 means that 1 + (X./R.)?
is of the order of 7. and can be replaced therefore by (X./R.)?in Eq. (33).
The solution for R, is then
X X 1

= = =B
At this point a conductance Gy = 1/r. may be introduced. This is the
admittance seen one-quarter wavelength away from the window or
loop of the transmitter cavity (not to be confused with G, seen at the
ATR junction). The substitution of R, = @1/B? and Eq. (29) into Eq.
(28) gives

2
a,=1+1 B

leEwen (34)
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This is an approximate expression for the maximum loss factor when
the transmitter voltage standing-wave ratio remains less than 1/G,.
Evidently the ATR and transmitter conductances, @ and G, have a
similar effect on the maximum loss over this interesting range. It is
clear that if 7, is to be very large (G; small) then the conductance G of
the ATR switch should not be too small.

If there is a possibility that G1 will be so small as to be of little help
in limiting the maximum loss, ¢ can be adjusted to make o, as small as
possible for some particular frequency, for example, at the edge of the
band. This is done by changing the cavity losses. This optimum
value of @ is |B| as can be found by setting the first derivative of o,
equal to zero in Eq. (26) and noting that the second derivative B2/G? is
positive. The minimum value of «, at the band edgeisthena, =1 4+ @
and at the band center o, = 1 4+ 3G.

The ATR switch used as an example in this section has B = —0.25.
If G = 0.25 is taken, a loss is given at the band edge of 2db (a. = 1.25)
and a loss, at the band center, of 1 db. On the other hand, the old value
of G = 0.05 if used in Eq. (26) gives a maximum loss of 4.4 db at the
band edge and 0.2 db at the band center. That is, the maximum loss
at the band edge is reduced from 4.4 to 2 db at the expense of an increase
from 0.2 to 1 db at the band center.

For a better understanding of the relative merits of different values
of G, transmitter phases other than those leading to the maximum loss
must be considered. A curve of loss vs. transmitter phase can be
plotted by transforming loss contours to the Z.-plane as was done to
obtain the curves in Fig. 7-22. Since only what happens for 7, = «
however, is important, it is unnecessary to make such an elaborate
diagram.

The locus of Z + Z. for 7. = « may be constructed and the standard
contour diagram of Fig. 7-16 applied to determine the losses. This locus
is a circle through R and « with its center on the real axis. Points may
be marked off on this circle corresponding to various values of the
transmitter phase I/A;, by reading off the value of X, corresponding to
each phase, adding X and locating the intersection of the reactance
contour X + X. with the (Z 4 Z.)-circle. The resulting Fig. 7-23
which is drawn for ¥ = 0.05 — j0.25 is seen to be similar to Fig. 7-18
for the ATR-tuning curve. In the first figure it is the transmitter
impedance and in the second the ATR impedance, that is varied.

The application of the loss-contour diagram gives the loss vs. trans-
mitter phase. Figure 7-24a shows the curves drawn for the edge of the
band (B = 0.25); the dashed curve is for @ = 0.05, and the solid curve
for G = 0.25. The latter value, @ = 0.25, makes the maximum loss
at this frequency as small as possible. Figure 7-24b gives the same data
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at the center of the band, again for the two values .of G = 0.05 and
G = 0.25. Figure 7-25 is a plot of the maximum loss, as B is varied,
for the same two values of G.

It is clear that as far as the maximum loss is concerned, there is a
considerable improvement in using the larger . The smaller ¢ gives
much lower loss values, however, for most points not at the maximum.
The choice of the optimum G depends on the relative importance attached
to maximum loss and to the loss under other conditions. The fixed-

0.28

Fia. 7-23.—Diagram of Z; for variable transmitter phase.

tuned ATR switches in use at present have low values of G which charac-
terize copper cavities.

Instead of determining the maximum possible loss at each wave-
length as was done for the curve of Fig. 7-25, it might be asked how the
actual loss would vary as the frequency of a tunable transmitter was
changed. To answer this question, A. L. Samuel® assumed that the
cold impedance remains constant as seen at the output window or iris
of the transmitting tube. Because of the change in electrical length of
the line between the transmitter and the ATR tube, the phase of the cold
impedance Z. as seen at the ATR junction will increase steadily as the
wavelength decreases. The point at which the loss is read on a curve

1 Samuel, op. cit.
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like that of Fig. 7-22 will move to the right. Al the same time the curve
itself will change because of the change in ATR impedance, and the peak
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Fig. 7-24.—Loss vs. transmitter phase, (a) at band edge, (b) at band center.

In
the solid curves ¢ is chosen to minimize the maximum loss at the edge of the band; G = 0.05
in the dashed curvds.
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Fia. 7-25.—Maximum loss vs. ATR susceptance from band center to the edge of the band.

will increase and move toward the right. For a low-@ ATR cavity and a
transmitter line of moderate length, the phase of Z, will move faster and
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may even cross the loss peak several times in the band. The resulting
curve of branching loss against wavelength will resemble that of Fig.
7-26. Where there are several peaks the @ of the transmitter line would
be large compared with that of the ATR cavity and the number of peaks
in a wavelength range AN would be given approximately by

d (1 LAY A
‘zfﬁ<x,,) “‘%(1) N

where [ is the distance from the ATR junction to the transmitter. The
peaks of the curve, of course, fall on the maximum loss curve of the type
shown in Fig. 7-25.

Loss —»>

\J

A —
FiG. 7-26.—Branching loss for a tunable transmitter,

7-9. Duplexing Loss under Conditions of Receiver Mismatch.—In
previous sections the loss in received signal between the antenna line
and the TR tube has been considered, under the assumption that the TR
tube and mixer were correctly matched. This simplification, which
allows the branching loss to be calculated more easily, is justified in that
1t permits an insight into such factors as ATR and transmitter impedances
and the intercomponent line lengths. Nevertheless, the more general
case of a mixer and a TR tube which present some arbitrary admittance
at the junction should be analyzed.

For this purpose it will be convenient to lump together the mixer,
the TR tube, and any other components beyond the input window of the
TR tube, and refer to them as the receiver. Since part of the loss in
signal between the antenna line and the TR tube or receiver is caused by
reflection from the receiver, the definition of branching loss must now be
made more explicit. For an arbitrary receiver admittance, the branching
loss will refer to the actual signal loss minus the loss with an ideal ATR
circuit. The total loss in received signal is simply the sum of the branch-
ing loss and the conventionally defined TR loss.

Figure 7-27 represents a duplexer with a transmitter branch of admit-
tance Y, and a shunt TR junction. The admittance of the receiver as
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seen at the input window of the TR tube is represented by Y,. This
point is effectively one-quarter wavelength from the junction so that the
admittance seen at the junction is
1/¥,=Z,. If the antenna acts as a
matched generator, it can be represented
by a current source of internal conduet- t,
ance unity. Then the total admittance ¥,
acrossthegeneratorisl + Z, 4+ Y, and the
generator voltageis V = I/(1' 4+ Z, + Y,)  Antenna
where I is the generator current. The
conductance presented by the receiver at
the junction is R,, the real part of 1/Y,,
and the power delivered to the receiver 1s

g, = PR N

= VPR =y 7 Ty 69

. X ‘FIG. 7-27.—Circuit for deter-
The power delivered to a matched load is  mination of branching loss with

Py, = 1] and the total loss factor g is recciver mismatched.
given by

Transmitter

Yi

N

P 1
62 = 70 = m;il + Zr + Ytlz' (36)

If Y, is set equal to 0 the value 8’ is given for an ideal ATR eircuit.
The branching loss is then

1+ Z,
_ 14T
T1-T,

vz

"y is used then

If the reflection coefficient T, given by Z,

=1+31 -1V (37)

Equation (37) applies to a shunt TR junction. The corresponding
expression for the series junction is « = |1 4+ % (1 — T',)Z,|, where T,
still refers to the input window of the TR tube.
If the quantity
Y, =01 —-T,Y, (38)

is introduced, Eq. (37) has the same form as Eq. (7), which gives the
branching loss for an ideal receiver. Hence if Eq. (38) is written as

= —— Z, (39)

the branching loss for an unmatched receiver can be determined by
plotting Z; on the Smith chart, and using the same loss-contour diagram
of Fig. 716 as was used for a matched receiver.
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The construction of the Z] plot from the Z. plot is easy when T,
is known. Since I',is constant at any one frequency, the transformation
of Eq. (39) is seen to be circular, since it has the form of Eq. (8). Hence,
if Z, is a circle, it is only necessary to calculate three or four points
to find the Z; locus.

As an illustration it is assumed that the receiver has a reflection
coefficient of T, = re’* where r = 0.50 and ¢ = —45°. As in Sec. 7-8

2y

Z¢

Fra. 7-28.—Branching-loss diagram showing eflect of receiver mismatch.

an ATR circuit is assumed for which ¥ = 0.05 — j0.25, and a trans-
mitter for which ». = <. Hence

P = 119 - j0.64,
The line-length correction is neglected so that Z, = Z + Z..

Figure 7-28 is a Smith-chart plot of Z, and Z{ for this case. Compari-
son of the two loci, with the aid of the contour diagram of Fig. 7:16,
shows the effect of the receiver mismatch on the branching loss. It will
be noticed that the Z/ locus is partly outside the area of the usual Smith
chart. This regton outside the unit circle [Ty = 1, corresponds to
negative values of B,. Since Z/is not an actual impedance but merely a
symbol for the quantity Z,/(1 — T,), it is not surprising that its real
part should be negative. In order to read losses in this region, the
contours of Fig. 7-16 must be extended beyond the unit circle. It will
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be found that in order to cover all the T,-plane it is necessary to use
values of « smaller than unity, corresponding to negative values of the
loss in decibels. A negative branching loss merely means that the actual
ATR circuit results in less total duplexing loss than the ideal ATR circuit
for which Z; = =. Naturally this is possible only when there is some
reflection loss from the receiver. In the illustration the branching loss
actually falls to —0.2 db at one point.

If the steps taken in constructing the original loss-contour diagram
are followed, it will be seen that the process can be extended, without

/\")
/\$ oY

b

Fra. 7:29.—Smith-chart loss-contour diagram for Z: generalized to include negative
values.

any changes, to the more general case of |I'}| > 1 and a < 1. The
diagram has been redrawn in Fig. 7-29 to show the general form of the
contours for all values of loss. On the scale used here, the area comprising
the conventional Smith chart lies inside the small circle on the right-hand
side with the real intercepts (0, ). The numbers on the contours give
the branching loss in decibels. Much of the area shown outside this
circle would rarely correspond to any practical duplexer. For any
physical value of T, and ¥, however, I'; may have any value in the whole
complex plane except on the real axis to the left of —1.

To understand the geometry of Fig. 7-29, « can be eliminated between
Eqgs. (17) and (18) which give the radius and center (p and T) of a circle
of constant @. This results in p? = (1 + To)(8 + I'v). If a new origin
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2 units to the left of the origin for T is chosen, and z, is the distance
from the new origin to the center of the circle, then 'y = 2y — 2 and

p? =z} — 1L (40)

This shows that two circles whose centers are equidistant from the new
origin have the same radius and the imaginary axis is a line of sym-
metry. Let a and o be the loss factors corresponding to two such
circles, and L and L’ the corresponding values in decibels. Then if
Eq. (17) is solved for a

3471,
4a2—m’
or
402 =x0+1-
130—1

The negative of z, must give a’; therefore

e ZTo— L 1
Eialopeay Bl pe
That is, L' = — (12 + L), so that once the circles on one side of the

axis of symmetry are computed, those on the other side can be found
immediately. When L' = L, L = —6 db—the contour value for the
axis of symmetry.

If z; and z. are the intercepts of a circle on the real axis, then
12 = {x¢ — p)(To + p) = x} — p? = 1, because of Eq. (40). The real
intercepts are reciprocal, which is just the property of the circles of con-
stant standing-wave ratio on an impedance chart in cartesian coordinates.
The loss-contour family on the Smith chart for Z, is seen to be the same
as the family of “impedance circles” in cartesian coordinates, or as the
double family used in bipolar coordinates.

Since the impedance coordinates on the conventional Smith chart
do not extend outside the unit circle, these must be constructed when
negative values of R, are encountered. The reactance circles are found
by extending those already present, and the resistance circles can be
found from their real intercepts at (R — 1)/(R + 1) and +1.

For an evaluation of the seriousness of the receiver mismatch, a
comparison of Eq. (37), written as « = [1 + ¥, — 3I,Y,], with Eq.
(7) shows that the contribution of the receiver mismatch to the branching
loss results from the term —4I',Y,. It was found in Sec. 7-8 that when
the transmitter phase was varied the maximum loss occurred at the
point where Y, was real, provided the TR-to-ATR distance was correct.
Hence the correction term —3T',Y, will be of most interest when V. is
real. For real Y, and a fixed value of |I',/, the branching loss is highest
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if the phase of the receiver mismatch is such that I', is real and negative.
Likewise, a positive real T, will minimize the branching loss.

As an illustration, a value of Y, = 1 results in a loss of 3.5 db if the
receiver is matched. If, however, Y, = 1.5 and ¥, =1, then T, = —0.20,
Y, = 1.20, and the lossis 4.1 db. Thus, the receiver mismatch causes an
increase of 0.6 db in the branching loss whereas the reflection loss for this
value of T',is only —20log (1 — T?) = 0.18db. If ¥, is taken equal to
0.05, the branching losses for ¥, = 1.0 and 1.5 are 0.214 and 0.256 db,
respectively, representing an increase of only 0.042 db because of receiver
mismatch. Thus, the receiver mismatch may in some cases be more
important to the branching loss than to the reflection loss.

Figure 7-30 is a diagram, in cartesian coordinates, of ¥, and Y],
which shows how the branching loss varies if the magnitude of T, is

G-

F1a. 7-30.—Loss diagram for Y'; with constant |4,

held constant while the phase changes. If Eq. (7) is written as
|2 + Y, = 2« it is clear that the loss contours are circles of radius
2« centered at (—2).

Since Y} — Y, = —T.Y,, Y, must fall somewhere on a circle of radius
IT,Y,| about ¥, as a center. Where T, is real and positive, —T.,Y, is
directed toward the origin so that this phase of I, still tends to reduce
the branching loss, even though Y, is not real.

In Chap. 3 phase data were reproduced for the reflection coefficients
of certain fixed-tuned TR tubes which would enable the determination
of their contribution to the branching loss. In many cases, however,
the phase of the reflection coefficient may not be known, although its
magnitude, or an upper limit of the magnitude, may be known. Hence,
it is useful to know the maximum change in the branching loss that could
be caused by a T',, of a certain magnitude but unknown phase.
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Figure 7-30 shows that

an = ar — 3TVY| S a £ ap + 3LV = e

where a, = |1 + 4Y,| is the branching loss for a matched receiver.
Since
1 Y |
@ <1 'Q'IFr t
ap + Il + '%Ytr
the upper limit, in decibels, of the amount by which the actual branch-
ing loss for a receiver of reflection coefficient |T';| can exceed that for a

matched receiver is
r.
20 logo (1 + |1_+2—Z,|>

An important example of receiver mismatch is that encountered in
tuning a TR cavity. With an ideal duplexer the TR cavity is tuned to
resonance for maximum signal.
Since this is not generally true for
an arbitrary ATR circuit, the
question arises as to how much
improvement in signal could be
expected by tuning the TR switch
for maximum signal instead of for
resonance.

In this case the over-all loss
factor 8 rather than the branching
loss is the quantity of interest.
The substitution of R, = G,/|Y,|?
in Eq. (36) results in

1
4G,
If the TR cavity is matched
through at resonance, then off
resonance Y, = 1 + 5B, where B,
can be varied by tuning. Since G, = 1,8 = |1 + }[Y, + jB.(1 + Y,)]|,
and if Y} is set equal to

B = 1+ Y. (1 + Yo~

Fig. 7-31.—Gain contour for tunable TR
tube in the Y.-plane.

Yt + ]Br(l + Yt),

B = |1 4+ 3Y)| so that the ordinary contour diagram for Y} is again
applicable. Of course, this is not the same Y as was used for computing
the branching loss.

This is illustrated in Fig. 7-31 where point P represents Y, in cartesian
coordinates, and TU and HO the real and imaginary axes, respectively.



8ec. 7-9] DUPLEXING LOSS WITH RECEIVER MISMATCH 307

The vector jB.(1 + Y,) will be at right angles to (1 4+ Y,) so that Y,
will fall somewhere on the line AB, which passes through P and is per-
pendicular to the line from P to (—1). As in Fig. 7-30, the contours of
constant loss are circles concentric about the point (—2). Hence, the
value of Y} which results in the least loss will be represented by that point
Yi, on line AB which is closest to (—2). This point, at the foot of the
perpendicular from (—2), is labeled M.

The gain in signal voltage obtained by tuning the TR cavity from the
matched condition to that for maximum signal is the ratio a/8,, where «
is the loss factor corresponding to Y., and g, that for Y,,. Since ¢ = 4,
the gain is

2 = sec 6, (41)

and the gain contours are also 6-contours.

Since the locus of a point P which subtends a constant angle 6 at
two fixed points E and F is a circle through E and F, the 6-contours are
circles through E and F, similar
to the one shown. This family of
circles can be transformed to the
I'-plane by transforming the
points E and F according to
the equation

I, = (1 - Yt)/(l + Yt)-
The resulting points are —3 and  Fie. 7-32.—Gain-contour construction in
o, which means that the con- the [e-plane.
tours are a family of straight
lines through —3. In the Y,plane a contour makes the angle CEF
with the real axis, and this angle is equal to 6, as can be seen by
moving P around the contour into coincidence with E. Since the trans-
formation is conformal, the contours make an angle # with the real axis
in the ['-plane as well. This makes it possible to draw the gain-contour
diagram for a Smith chart, at once, by the use of Eq. (41). The con-
struction is indicated in Fig. 7-32, which is drawn for the T'\-plane. The
circle centered at the origin is the boundary of the ordinary Smith
chart, and the line through (—3), making an angle 8 with the real axis,
is a gain contour. For the maximum gain, sin § = %, that is, the maxi-
mum improvement to be expected from the use of a tunable TR cavity
to correct the branching loss, is 20 log see sin~! 3 = 0.51 db.

Figure 7:33 shows the "contours in more detail. Comparison with
Fig. 7-16 shows that the improvement is very small for any ordinary
duplexer, especially at the maximum loss which occurs near the real axis.

As usual, the results of this section, which were obtained on the basis
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of the shunt TR junction, can be applied at once to the series TR junc-
tion. The equation corresponding to Eq. (36) for the over-all loss factor
is then

8 = g 1L+ Z, + 2%

which differs only in the replacement of ¥, by Z,, so that exactly the same
operations are performed in the Z, plane for the series TR circuit as were
carried out for the shunt TR junction in the Y,.-plane.

A

05
0
r o
1
‘ 0.0

A N

Fra. 7-33.—Gain contours for tunable TR tubes on a Smith chart.

7-:10. Duplexers with Multiple ATR Circuits.—In an ATR circuit
of the type which has been considered, it is evident from Fig. 7-17 or
from Eqs. (26) or (34) that the maximum branching loss increases
rapidly with the ATR susceptance B. For a given wavelength band,
B at the edge of the band is determined essentially by the loaded @
of the ATR cavity. Because it is difficult to design a simple ATR cavity
with a sufficiently low loaded @, circuits with more than one resonant
element are often used in an attempt to widen the effective wavelength
range of the ATR switch.

In Chap. 4 it was pointed out that the improvement of a two-terminal
device by the addition of circuit elements connected across the terminals
appears to be precluded by the reactance theorem. This means that
there is available a two-terminal device whase charge in susceptance
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over the band has been made as low as possible, and some improvement
can be obtained only by using several elements connected into the trans-
mitter line in such a way as to minimize o = |1 + $Y|.

Since two elements of admittance Y give an admittance $Y when
connected in series, the use of two tubes reduces the susceptance to half
its value. If n tubes are used in series, the susceptance is reduced to one
nth of its value. The same effect can be gained by spacing tubes one-
half waveguide wavelength apart along the transmitter line provided
that the effect of line-length variation can be neglected.

The use of two tubes, spaced one-quarter waveguide wavelength
apart, also effects a marked improvement over the use of a single tube.
This is to be expected because, as previously explained, the high branch-
ing losses appear when the transmitter reactance cancels the large react-
ance of the ATR tube, whereas the effect of adding a second tube one-
quarter wavelength closer to the transmitter is to present a low impedance
at the first tube.

The question naturally arises as to whether any spacing other than
zero or one-quarter wavelength would give good results. It is not
necessary at present to consider
spacings of one-half wavelength
or more, since they are equivalent
to the shorter ones but with a )
greater correction for variation & —>Z3—=Z— Z,—Z 3
due to frequency changes. Actu-
ally the only satisfactory spacings ¢ ¢ >
for broadband work are zero or F_ ¢ _'I
one-quarter wavelength, or their F1e 7'34'_Eg\ﬂ:ﬁeﬁgiﬁiﬁfs‘?r two series-
equivalent, because only these
spacings will result in equal losses at the two ends of the band. Any
other spacing gives a lower loss at one end of the band and a higher
loss at the other, provided that the cavities are tuned to the center of
the band.

An analysis will be made of the variation in branching loss for two
ATR tubes as the phase distance ¢ = 2wl/A, between the two junctions
is changed. In Fig. 7-34, Z, is the transmitter impedance as seen at the
first ATR junction and Z is the impedance of either ATR tube since
the two are assumed for the present to be identical. Also Z; = Z + Z,;
Z, 18 Z; transformed down the line a distance ¢ to the next ATR junction;
Zs =272 + Z; and Z, is Z; transformed back to the TR junction. It is
assumed that Z, = Z, since the effect of an error in the TR-ATR distance
can be readily determined by a rotation of the loss-contour diagram.

Figure 7-35 gives the Smith-chart representation of these impedances
for a particular value of Z, at a particular frequency. Asinsome previous

Z Z
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illustrations G = 0.05. Since the ATR cavity is assumed to be detuned
to B = —0.33 on the low-frequency side of resonance, Z = 0.45 4 52.96.
If Z. is allowed to take any value, Z; is confined to the interior of the
circle, marked T in Fig. 7-35a, which passes through Z and «. This is
the same cirele that previously represented Z, for a single ATR cavity

(d)
Fre. 7-35.—Loss diagrams for ATR tubes; (a) Smith chart for Z»; (b) Z: at low fre-
quencies; (¢) Zz at high frequencies; (d) Zs with decrease in ¢.

with no line-length errors. To obtain Z; the Z; circle is rotated about
the origin by an amount 2¢ = 4xl/\, radians to some position such as
that of the circle U. The circles T and V represent Z, for ¢ = 0 and
7 /2 respectively; S is merely a fixed circle which is always tangent to U
as ¢ is varied. The boundary circle @ of the Smith chart has the same
property.
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The addition of the constant Z transforms this complete Z,-diagram
to the Zy-diagram of Fig. 7-355. When this is done the line AB of zero
reactance becomes the arc A’B’ of reactance X which connects Z and .
The circle @ representing zero resistance goes over into ¢’ representing
the resistance . Since @, 8, T, and V are orthogonal to the line 4 B, the
transformed circles €', 8, T’, and V’ are orthogonal to A’B’. Since
the circles T, U, and V are tangent to @ and S, they will remain tangent
after transformation. Since Z + © = o, @’ and 7” must pass through
« and must be tangent to the unit circle .

When the circles Q' and S’ have been drawn, it is easy to follow the
behavior of the circle U’, which represents the range of impedance Z,
for some arbitrary line length ¢. As ¢ increases, U’ moves around in a
clockwise direction, always remaining tangent to the two fixed circles
Q' and 8 and assuming the positions 77 and ¥V’ when ¢ = 0 and =/2.
If it is assumed that the nearer ATR tube is 0 or $A, distant from the TR
junction and that the junction is of the shunt type as usual, then Z, = Z,
and the ordinary loss-contour diagram Fig. 7-16 gives the range of loss
for any position of the circle U’. The circle Q' is identical with the
circle 7', which represents Z, for a single ATR tube since both pass through
Z and «. Hence, comparison of U’ and ¢’ indicates the relative
improvement of two ATR tubes over a single tube.

Figure 7-35b represents conditions at the lower end of a frequency
band with the ATR cavities resonant near the center. As the frequency
is increased from the lower end of the band toward the upper end Z
moves down toward the point 20 on the real axis and reaches it at reson-
ance. The circle @', with all the circles inside, collapses into the small
circle through 20 and «. At still higher frequencies Z moves down below
the real axis and at the upper end of the band the conditions of Fig.
7-35¢c are realized.

If the resonant frequencies of the ATR cavities are adjusted for the
same detuning at each end of the band, as would be done for minimum
loss, Z will be the same at each end except for a change in sign of the
reactance and the values at the low and high ends can be designated by
Z and Z*. In Fig. 7-35a the circle T is the same at both ends of the band.
For the moment the change in ¢ across the band will be neglected and
this means that all of Fig. 7-35a will be identical at the two ends of the
band. In Figs. 7-35b and ¢ representing the two ends of the band,
A"B" is the image of A’B’ in the real axis since Z* is the image of Z.
Since the circles Q, S, 7, and V are symmetrical with respect to the axis
AB, ' will be the image of @', S” of 8, and so forth. In particular T’
will cover the same range of losses as 77, and V'’ as V'.

On the other hand the circle U, which in general is not symmetrical
relative to A B, will transform to circles U’ and U’’ which are not images.
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The relative positions of U’ and U may be visualized by noting that
U is tangent to @ at a point on @ between B and A when moving clockwise
from B to A. This property must hold for the transformed circles.
It follows then that any spacing other than zero and one-quarter guide
wavelength will, in general, give unequal losses at the two ends of the
band, and will give a greater maximum loss at one end of the band
than that realized by one of the two spacings 0 or iX,.!

The effect of the variation in ¢ between the two ends of the band will
be considered next. Suppose that ¢ is set at either /2 or = (I = 2, or
4),) at the band center and that ¢ is sufficiently linear to have the error
the same at each end. The change in ¢ merely causes each of the circles
which were at 77 and V' to take up one of the positions of the variable
circle U’. On the low-frequency side ¢, which is measured clockwise
on a Smith chart, becomes smaller and the circles are shifted counter-
clockwise with respect to 77 and V' (that is, the point of tangency with
@' is shifted in that sense).

In Fig. 7-35d, V" and T"" have been shifted by an amount

A¢ _

A (l> = 0.05 and 0.10,
2

LY

relative to V’ and T respectively. This corresponds to the fact that
a spacing of one-half wavelength results in twice the shift expected
from a one-quarter-wavelength spacing. On the high-frequency end
the shift is equal and opposite so that circles representing the two ends
of the band on a Z;-chart will be images in the real axis AB. Hence the
Z-diagrams are also images and the argument about the optimum spac-
ing is the same as before.

It is concluded that even where there is appreciable phase shift
across the band in the distance between ATR junctions, the best results
are obtained by the use of spacing either one-quarter guide wavelength
or one-half guide wavelength at the center of the band. A similar sym-
metry consideration applies to changes in the distance between the TR

1To prove this, the locus is constructed of the point on U’ which gives maximum
Joss as ¢ is varied. The point on this locus where the loss is a maximum or a minimum
(for ¢) is a point where an envelope of the circles U’ is tangent to a loss contour.
There must be at least four such points: a maximum and minimum of this locus, and a
maximum and minimum of the similar locus of the point on U’ which gives a mini-
mum loss. There are just two envelopes, the circles Q' and S’, and each of these is
tangent to a loss contour at only two points making just four in all or one each of the
extremum points enumerated.

The two loci of the maximum point at the two ends of the band are images. If
L(¢) is the loss at one end, L'(¢) that at the other end, L and L, the values for ¢ = 0
and /2, then L({¢) and L’(¢) traverse the same values in opposite directions and are
equal at ¢ = 0 and /2. From the fact that L has only one maximum and one mini~
mum and is never constant it follows that either L or L’ is greater than oneof L, and La
at all times except when ¢ = 0 or »/2.
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and adjacent ATR junctions so that this spacing should also be set at
the equivalent one-half guide wavelength at the band center (for shunt
TR and series ATR circuits). Furthermore the conclusion for the inter-
ATR spacing still holds when the TR-ATR spacing changes with
frequency.

Comparison of b and d of Fig. 7-35 shows that the frequency depend-
ence of ¢ causes V'” to be shifted somewhat to the left relative to V7,
with a corresponding increase in the maximum loss, while 77/ has con-
tracted relative to 7’ with a considerable decrease in the maximum loss
(actually a drop from 3.5 to 1.3 db in this particular case). Thus, the
quarter-wavelength spacing is considerably better than the half-wave-
length spacing when the frequency sensitivity of the spacing is negligible.
But when the phase shift becomes appreciable it tends to increase the
maximum loss in the quarter-wavelength case and to decrease it for the
half-wavelength separation until the latter is actually superior.

Of course, if the phase shift goes far enough the loss for the half-
wavelength spacing will increase. Examination of the tangent point of a
Zs-circle on @', which has been marked off in Fig. 7-35d for values of
spacing 0.10 apart, shows, however, that the points tend to bunch around
0.25 where the loss is small. Hence a fairly small decrease in ¢ brings
the 7" circle into this region where it remains until ¢ has dropped to a
very low value. Although quarter-wavelength and half-wavelength
spacing are good for a narrow and a broad band respectively, zero spacing
is not to be recommended.

A clearer view of the branching-loss variation is obtained from the
curves of Fig. 7-36 which plot the branching loss as a function of trans-
mitter phase 6 with a transmitter of r. = e« for various separations ¢ of
the two ATR junctions.! The same value of Z was taken as that used

1 To compute these curves the tangent circles S8’ and @' are constructed. The
point of tangency of the circle U’ is marked off on @’ for each value of ¢ by transform-
ing it from the @-circle. The Zscircle U’ for any ¢ can then be drawn at once. For
each such circle, however, it is necessary to mark off points corresponding to various
values of the transmitter phase 8. This can be done by starting with a Z,-diagram
like the Z,-diagram of Fig. 7-23 and then transforming individually the point cor-
responding to each value of 8. To avoid repeating this procedure for every ¢, loci of
constant 8 can be drawn on the Z;diagram, making it possible to determine 6, for
each point on'the Z;-circle, from the locus intersecting at that point.

In the construction of these loci it is noticed that as ¢ varies, the é-points on the
U-circle of Fig. 7-35a trace out concentric circles about the origin. Hence, the trans-
formation of these loci to the Z;-plane yields a family of circles with centers lying on a
straight line. The line of centers is determined by the point Z; = Z + 1, which is
the transformation of the center of the concentric family, and by the center of Q’
which is a member of the family. By adding R to the intersection R; of any 8-circle
with the AB-axis, the intersection R; with the arc A’B’ is found. With two such
intersections and the center line it is easy to construct any 6-circle. The usual loss-
contour diagram can then be applied to any Z-oircle to find the loss for each value of 6,
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for the diagrams of Fig. 7-35. The TR-ATR distance was assumed to
be zero. A moderate change in this distance tends to raise the general
loss level without greatly changing the form of the curves.

It is evident that the best conditions obtain with ¢/2r = [/\, = 0.40.
A moderate decrease in spacing from one-half wavelength is quite
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Fia. 7:36.—1Loss vs. transmitter phaae for

beneficial whereas a small increase in the separation causes the losses
to rise and spread out over a large part of the phase range. If the same
values of ¢ are read at the other end of the band (the high-frequency
side) a set of curves similar, but in reverse order, results.

It appears desirable to use half-wavelength spacing at the center of
the band and arrange to have ¢ change with frequency so as to have an
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optimum value at the band edge. In this particular example a shift in
¢/2x of 0.10 between the center and either end of the band would result
in the best loss curve (¢/2r = 0.40 in Fig. 7-36) at each end. If, in Eq.
(24), 8 is set equal tor and A8/2r = —0.10, then A\/A = 0.094. Hence
with half-wavelength spacing and the waveguide constants assumed in
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two ATR circuits with various spacings.

Eq. (24), a 19 per cent band would be required to produce the optimum
phase shift. With the more commonly used bandwidths of five or ten
per cent an ATR spacing of one or two wavelengths is indicated. The
necessary phase shift might also be obtained with a shorter spacing by
reducing the waveguide width so as to make A\, smaller.

The curve for ¢/2r = 0.10 is of particular interest. If Z is trans-
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formed down the line a distance of ¢/2r = 0.10 the result will be very
close to the conjugate of Z. This condition, which arises when the
complex conjugate of Z is equal to the value of Z; obtained with Z, = 0,
will be referred to as a “‘mutual” resonance between the two ATR tubes.
This condition usually exists at the normal resonant frequency. When
it happens at a frequency far enough from the center frequency, however,
the losses usually become high over much of the phase range of Z..

In order to understand this, reference is again made to Fig. 7-23
which corresponds to a Z;-plot in the present case and which shows most
of the Z, phase points crowded together in the neighborhood of the point
Z where 8 = 0. This is because X, = tan ¢ and half the range of 0
corresponds to values of X £ 1. Since the X,-contours of the Smith
chart are close in the vicinity of Z, this range of X is only a short interval
on the chart. On the Z;-chart also, the phase points tend to congregate
about 8 = 0. It would be expected, then, that if this point were in a
region where the losses were high, they would be so for much of the range
of 8. When mutual resonance occurs the (6 = 0)-point (Z, = 0) gives
Z; = 2R. 1f this frequency differs very greatly from the center fre-
quency, R is small, the losses are large, and the result is a curve like that
for ¢/27 = 0.10.

Fortunately this behavior occurs only over a small range of ¢. This
can be explained by applying the same sort of reasoning to ¢ as was just
used for 6. If values of ¢ are marked off on the (6 = 0)-locus in the
Z, Smith chart, the point ¢/2r = 0.10 occurs at a large value of X,
while the point at X; = 0 is ¢/2x = 0.30. When this locus is trans-
formed to the Zs-diagram, the ¢-points bunch around ¢/2r = 0.30 and
are rather widely spaced at ¢/2r = 0.10. Since the former value of ¢
gives a loss curve with a sharp peak, that type of curve will be realized
for most values of ¢ and the curve with the broad maximum will be met
only when ¢/2r is close to 0.10.

This mutual resonance will appear if the ATR separation differs
even slightly from 4x,. It is then quite close to the individual resonance
point and does not cause high losses. Its presence is readily detected,
however, if the standing-wave ratio is measured as a function of frequency
looking toward Z,, with Z. a matched load. When ¢ is correct a simple
resonance curve with a single maximum is obtained. If the error A¢
is appreciable, however, the resulting curve will have a dip at the mutual
resonance point, which provides a sensitive means of determining the
error Al in the cavity separation [.

The point of the dip is given approximately by B = — $A’¢ where
A’¢ is the error in ¢ at that frequency (A¢ corresponds to the individual
resonance frequency). This is seen by finding the admittance Y; of the
first cavity as seen at the second,
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po_ Y it _ G4 (B4 tan A9)
*T 1 FjYtanA’¢ 1— BtanA'¢ + jG tan Ao

IfG, B,and A’¢ areall small, Y» = G + j(B + A’¢). When A'¢ = —2B,
Y:; G — jB and X = —X,; the condition for mutual resonance is
therefore satisfied.

If the separation AN of the mutual and individual resonances is known,
the error Al can be found. For A’¢ can be thought of as the sum of the
error A¢ at the individual resonance point plus the error A”¢ due to the
change in frequency from that point to the mutual resonance point.
That is, A¢p = A’¢ — A”¢, and

Ald) = —2B = 4QL A—)\)\r

while .
l 2rl d\ 27l (A, \° AN
"y o = — 2 = — 221 ) ==

A¢ = A (21r )\0) ; AN ( )

Since Al = A¢)\, /2,
Al 2y, MY | AN
7_[} ! QL+(T)]T' (42)

When [ is too long, the dip in the standing-wave-ratio curve will be on
the long-wavelength side of the individual resonance point. When two
cavities are properly spaced, but not tuned to exactly the same frequency,
a mutual resonance will appear at a point halfway between the two
individual resonance points where B; = —B,;. The standing-wave-
ratio curve will also show a dip in this case. To determine -whether
these errors are serious, it is necessary, at least in theory, to find the
maximum loss in the usual way as Z. is varied. However, the loss cor-
responding to Z, = 0 would probably be fairly representative in this
case, and this ‘s found by using Z; = 2R = 2G/(G* + B?).

7-11. Double Tuning for Wideband ATR Circuits.—In any attempt
to design wideband ATR circuits, it is important to consider the possi-
bility of ‘““staggered’” tuning which involves tuning one of the pair of
ATR cavities to resonance near each end of the band. With half-wave-
length spacing, the loss would be negligible at each of the two resonant
frequencies, assuming no error in the ATR spacings. Since under these
conditions the two ATR cavities are in series, either one will insert the
proper high impedance at resonance. When changes in the ATR separa-
tion due to frequency dependence are considered, the loss is the same
at the resonant frequency of the first ATR cavity (the one nearest the TR
junction), and is slightly higher at the other resonant frequency.

At the center frequency, however, the mutual resonance appears and
the loss curve has a very broad maximum. As this occurs at the center
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of the band it is not possible to make lse of the favorable shift in ¢ which
appears at the ends of the band. This type of circuit does not appear to
offer any advantages for broadband applications, although it is satis-
factory where it is desired to operate at only two distinct frequencies,
for example, for combined radar and beacon reception.

Staggered tuning with quarter-wavelength spacing between ATR
cavities does merit consideration. The losses are low at each of the two
ATR resonant frequencies, but no mutual resonance appears at the center
frequency. If one cavity is tuned to each end of the band, the maximum
loss at the center frequency is the same as if the two cavities were tuned
to the center frequency and the loss determined at one end of the band
assuming no error in ¢. This is true because the Z,-circles are identical
for a given value of Z and for the conjugate of Z. With the two cavities
tuned to frequencies somewhat inside the two ends of the band, the over-
all maximum loss is considerably below that for synchronous tuning.

With double tuning the difference in susceptance of the two cavi-
ties is a constant approximately independent of frequency. If this
difference is made too large with quarter-wavelength spacing, a mutual
resonance will appear at the band edge. As the susceptance differ-
ence is increased, the resonance point moves in toward the center of
the band. It appears, therefore, that the results for double tuning
with quarter-wavelength spacing would be good for moderate bandwidths
but would deteriorate rapidly for very wide bands.

There is some practical disadvantage in using cavities tuned to
different frequencies. In low-@ circuits it is necessary to make the tube
and cavity integral and fixed-tuned and this means the use of two tube
types if two resonant frequencies are desired.

The analysis of the double ATR circuit indicates two possibilities.
(1) For very wideband operation, both cavities are tuned to the center
frequency and spaced (n/2)\, apart. The frequency sensitivity of the
waveguide between the two cavities is adjusted to give optimum elec-
trical length at the band edge. (2) For moderate bandwidth the cavities
are spaced one-quarter wavelength apart and stagger-tuned. The
resonant frequencies are adjusted to give the lowest loss over the band.

7-12. ATR Circuits with More than Twc Switches.——Where a circuit
using two ATR cavities fails to cover the frequency band properly the
use of additional cavities may reduce the branching loss still further.
If, for instance, one has » identical cavities with half-wavelength spacing
and impedance Z, the resultant impedance, assuming all distances are
correct, is Z; = nZ + Z. and the maximum loss is obtained by setting
Z, = nR. By the addition of more tubes this loss could be made as
small as desired if the correct spacing over the band could be maintained.

The situation is not quite so simple when the variation in the phase
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length of the spacing is taken into account. Figure 7-37 shows plots
of Z, for different numbers of ATR tubes. By the extension of the nota-
tion of Fig. 7-34, Z,, Zs, Zs . . . represent the values of Z, for 1, 2, 3,
. . . ATR cavities. As usual each circle is drawn to represent the range
of Z, when Z, is allowed any value. For each tube Z was taken to be
0.20 + 72.00, which represented a cavity with a conductance of G = 0.05
detuned far enough to permit a maximum branching loss of about 11 db
when used alone. The successive cavities are spaced a distance

F1a. 7-37.—Impedance plots for successively added ATR ecavities.

I/n;, = 0.40 apart which makes allowance for a drop from half-wave-
length spacing at the band center.

The construction was made in the usual manner by rotating one
circle a distance of 0.40 and then adding Z to a few points to get the next
circle. If the correct TR distance is assumed, the maximum loss for

1,2,3 ... tubesis 11 db, 3.5 db, 1.00 db, 0.40 db, 0.30 db, 0.27 db,
027db .. ..
The impedances Z,, Zs, Z; . . . approach a limiting value Z; which

may be found easily if the tubes and spacings are all identical. Tt is
merely the iterative or characteristic impedance of the structure. The
structure can be divided into identical symmetrical elements by bisceting
each ATR cavity. Then each element is a transmission line of length
¢ = 2wl/\, in series with 7 at each end.  The characteristic impedance
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is then \/Z,.Z,,, where Z,, and Z,. are the open-circuit and short-circuit
impedances of the element. The impedance of an open-end transmission
line is —7 cot ¢ so that Z,, = $Z — j cot ¢. When one end of the ele-
ment is short-circuited the line is terminated by $Z. By the use of the
standard transmission-line formula, the impedance Z,, is

32 +jtang

1+ j3Z tan ¢

Since the impedance seen from just in front of the first ATR cavity is of
interest

1
Ze =352+

1 T 1 VA .
Z[=§Z+\/ZocZuc=§Z+\/1+Z'—JZGOt’¢'

This shows that Z; can become infinite only when ¢ = nr. Hence
half-wavelength spacing is to be preferred. Contrary to the situation
for only two tubes, the departure from one-half wavelength over the
band should be kept as small as possible.

2
For quarter-wavelength spacing Z, reduces to $Z + 1+ %— which

is the expression for the continued fraction

.
7+ 1

Z + 1

Z +

obtained by adding the elements in one at a time.

If two structures of identical elements which have quarter-wavelength
and half-wavelength spacings, respectively, at the center of a band are
compared, it appears that the loss at the ends of the band is less for the
half-wavelength separation. TUnlike the case of only two ATR tubes,
this is true whether or not ¢ changes with frequency. It has already
been seen that this is true when ¢ is constant.

Figure 7-37 illustrates the half-wavelength case at the low-frequency
end of the band where the spacing has dropped to 0.40 wavelength.
It is seen that Z, has moved around from Z in the direction of lower losse.
A consideration of the successive points Z, on the Smith chart will show
that this is normal, whereas in the quarter-wavelength case Z; tends
to shift in the opposite direction.

The principles of double tuning can also be carried over to more than
one pair of ATR tubes. Thus with an even number of ATR cavities
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uniformly spaced every other cavity could be tuned to one frequency
near one end of the band and the remainder to another frequency near
the other end. If enough cavities are used to approximate the limiting
impedance then, uniike the situation for only two tubes, the half-wave-
length spacing with double tuning compares favorably with the quarter-
wavelength spacing.

It will be remembered that the half-wavelength spacing with double
tuning was unsatisfactory for two tubes because the curve of loss vs.
transmitter phase had a very broad maximum at the center of the
band. With additional pairs this will still be true but it will be of no
importance, for the maximum can be made as small as desired. The
impedance of two tubes at the transmitter phase which gives maximum
loss at the center of the band is Z + Z* = 2R. For n pairs it is 2nR,
and this increases rapidly with =, causing the loss to approach zero and
giving Z; = . Near the ends of the band the loss will also be low
since one of the first two tubes will be resonant.

For quarter-wavelength spacing with double tuning the maximum
loss at the band center cannot be made to approach zero since Z; will
be complex. Near the band ends it will also be inferior to half-wave-
length spacing because of the effect just discussed for synchronous tuning.

These results on the branching loss for duplexers which use a sufficient
number of ATR cavities to approach the limiting impedance indicate
that the half-wavelength spacing is satisfactory for both synchronous
and double tuning and that the departure from one-half wavelength
should be made as small as possible over the band.

The discussion of multiple ATR circuits on the basis of the limiting
impedance Z; appears a little academic since, in practice, n can never
approach infinity. However, the actual impedance usually approaches
Z, rather rapidly, and the limiting conditions may afford a simple
although approximate picture of the behavior of a small number of
elements. For any specific case the actual loss can be determined
graphically.

A rather severe limitation is placed on the number of tubes by the
arc loss. Since this is appreciable for low-@ tubes, the loss at high level
increases with any attempt to decrease the loss at low level by adding
more tubes. In addition, the problem of minimizing the reflection at
high level becomes more serious as elements are added. This reflection
is usually important from the point of view of efficient transmitter
operation and would be smallest with quarter-wavelength spacing where
cancellation would occur.

Finally, the variation with frequency of the TR-to-ATR distance
may introduce an appreciable loss even with Z, = «. There does not
appear to be any way to cancel this effect at both ends of the band by
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means of special ATR circuits. However, an error in this distance which
causes considerable loss with poor ATR circuits may be inappreciable

when the circuits are efficient.
7-13. Branching Loss with the Available ATR Tubes.—As a matter of
practical interest, curves are re-

10 produced in Figs. 7-38, 7-39 and
sl .°g<‘° 7-40 which show the maximum
- QS-‘(\ @06 branching loss to be expected from
T 6+ \3.0‘0 duplexers using ATR tubes with
P the measured values of G and Q.
3 4 given in Table 4-4 of Chap. 4.
oL The curves for the 3-cm band
were calculated assuming a wave-

00 ; L ; ' 3 length band centered at 3.33 em

Ax and waveguide of inside width

1005+ 0.900 in. The curves for the 10-

Fia. 7'%Sl;p_lel\f;‘i;’i‘t‘;lmonf?;g'ﬁbls.ss for a2 om band assumed a center wave-
length of 10.7 ¢m and waveguide

2.840 in. wide. The TR tube and receiver were assumed to be matched.
The loss value read from a curve is the maximum loss that could occur
for any transmitter impedance at a wavelength differing by A\ from the
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Fia. 7-39.—Maximum branching loss for a  Fra. 7-40.—Maximum branching loss for
3-cm-band duplexer with two ATR tubes. a 10-cm-band duplexer with two ATR tubes.
center of the band. It is also the maximum loss anywhere over a cor-
rectly centered band of width 2A\.
The variation with wavelength of the electrical distance between TR
and ATR junctions was neglected in calculating the curves of Fig. 7-38
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for a single ATR tube. The effect is small and separations of both one-
half wavelength and one wavelength have been used in different duplexers.
For this simple case the maximum loss in decibels at any wavelength is
found from Eq. (26) to be
9 2
L = 20 log, [1 + %G + %‘(ATX) }

The fact that the losses are lower in the 3-cm than in the 10-em band is
caused by the higher G of the 3-cm-band tube which more than makes up
for its higher @.

The curves labeled ““§\, spacing’ in Figs. 7-39, 7-40 are applicable
to a duplexer with two ATR cavities separated by one-half wavelength,
the nearer one being also one-half wavelength from the TR junction.
In the curves marked ‘“zero spacing” no correction was made for the
variation in electrical length of these two distances. It is seen that the
improvement afforded by the phase shift in the ATR spacing more than
offsets the added loss due to the phase shift of the TR-to-ATR distance.

The use of two ATR tubes apparently provides a band about twice
as wide as that for one tube. Actually the improvement might be made
greater. The half-wavelength ATR spacing represents that generally
used at present, but it probably does not give the optimum frequency
dependence of this important electrical length.

7-14. Branching Loss for a General T-junction.—Up to this point the
discussion has been based on the simplest series- or shunt-branching
circuit representation of the T-junction. An actual waveguide T-junc-
tion used for connecting receiver, transmitter, and antenna lines is in
general more complicated than this, and can be represented only by
the three-terminal-pair network of Fig. 7-1. In principle, six complex
quantities can be determined by experiment, for example, the elements
of the impedance matrix, which will completely characterize the T-junc-
tion at one frequency. If the transmitter, receiver, and antenna imped-
ances, Z,, Zx, and Zg, are known the total loss in received signal at the
junction can be found.

If arm (1) goes to the antenna, arm (2) to the transmitter, and arm
(3) to the receiver, and if E, is the antenna generator voltage,

E\=E —11Zs = Z1li+ ZoDs + Z1ad 3,
E2 = _IQZt = Z2111 + Z2212 + Zzala,
Ea = _[3ZR = Zalll + Zazlz + Z33]3-
To find the loss it is merely necessary to solve the system of equations
for I3,
(le + ZB)II + lel‘z + Z1313 = Eo,
Z21[1 + (Z‘zz + Zr)[2 + Zzals = 07 ) (43)
Zyly + Zgpls + (Zys + Ze)l; = 0.
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For a properly matched system, I3 = 4E,, and the loss in any other case

is 20 logo

E,
oI,

It is not possible to say much about the loss for a general T-junction.
However, for the dependence on Z,, the loss contours on the Smith chart
will still be the familiar bipolar family of circles. This is evident since
Z, occurs in only one term of the Eqs. (43), and the solution can be written
in the form

a4+ bZ
The loss factor is then
_|Ee] _ 1 c+de.
If
__c-f-dZ;
Z"a+bz,’

the loss contours in the Z;-plane will be the concentric family of circles
28 = |Z,|. Since the transformation of Eq. (44) is circular, the contours
in the Z,- or T'~plane will be a bipolar family.

3)
iXg

iXg

(1) iXyx HERN
iX,

2)

F1a. 7-41.—The equivalent circuit of a 120° Y-junction in the H-plane.

As an illustration, the contour diagram for an H-plane (shunt)
waveguide T-junction of the symmetrical 120° type will be constructed
with the use of the circuit constants for waveguide 0.400 in. by 0.900 in.
ID at a wavelength of 3.20 cm in free space and it will be assumed that
the antenna and receiver are matched. The equivalent circuit for the
junctior is shown in Fig. 7-41 with the reference planes given by the
broken lines in the sketch to the right. The values of the constants are

X, =146, X, = —0.65,

normalized with respect to the waveguide impedance.
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To facilitate comparison with the ideal shunt junction, Z; will be
referred to a point on the transmitter arm where an open circuit would
be placed to produce a match be-
tween the other two arms. This ~ y y
will ensure that, at least for large 1— T
enough values of Z,, the behavior
of the ideal and the actual junc- ; E £
tion will be about the same. J 1 l
Since the reference point for Z,
will be at a certain distance from
the terminals (2) of the equivalent
circuit, Z; will be called the trans-
mitter impedance referred to those
terminals. The diagram for Z,
will then be constructed from
which that for Z, may be obtained Zy b —
by a simple rotation.

Let Z; equal the total imped-
ance across the terminals of jX, 7 — 372 P 2
looking out arm (2) which will be [ ' '
considered the transmitter arm.

O Transmitter
Z, = Zb(Z“+Z1) Fig. 7-42.—Duplexer circuit using the

T Z.+ 7, + Zly Y-junction of Fig. 7-41.

Antenna Receiver

and the loss between arms (1) and (2) can be found by using the circuit
of Fig. 7-42. In fact,

£, _ 2 .
EO - (1 + Za)(l + Za + 2Z2)

When the junction is matched, E1 = $E,; for other cases the branch-
ing loss is given by the factor

1
s=3l% |1+Z°\-|1+§<1+z.,m.
If
_ _(ZaH+ 2+ Z)(Q + Za)
Ys=(Q1Q+2Z)Y: = ZoZ1 + Z2) ’ (45)
and o
m=|1+2ZJ=+1+X=177,
then
B =mll + 1Y, (46)

which is just m times the usual loss factor for a simple shunt junction
with transmitter admittance Y5 If Eq. (45) is solved for Z,,
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Zy = —; Lz 47
iz,

It is now possible to begin with the standard loss diagram drawn for
Y;, multiply the value of each contour by m, and then transform the
whole family from the Y;-plane to the Z,-plane by means of Eq. (47).
From there it can be transformed to the TI'i-plane (Smith chart) by the
usual Eg. (11). The diagram may be rotated to bring the zero-loss

Fi1c. 7-43.—Loss diagram for the junction of Fig. 7-41 plotted on Smith chart for Z.

point around to the infinite-impedance point and the result is shown in
Fig. 7-43, the loss-contour diagram on the Smith chart for Z,.

In making the transformation of Eq. (47) between Z; and Y; or
between T'; and Y3, the work can be simplified by making use of certain
properties of general circular transformations. Since a bipolar family
of circles is completely determined by its two foci, it is necessary only
to transform these two points. The foci are the points A and B of Fig.
7-29 about which the circles converge for extreme values of the parameter.
The family given by Eq. (46) is the concentric system of circles of Fig.
7-15 with the foci —2 and «.

Comparison of Figs. 7-43 and 7:16 shows the difference between a
particular waveguide 7-junction and an ideal shunt-branching cireuit.
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The most important aspect is the shift of the infinite-loss point around
closer to the zero-loss point with consequent increase in loss in the upper
half of the Smith chart. In previous sections, ATR circuits have been
considered which resulted in values of Z, such that positive and negative
reactances are equally probable. Because of the lack of symmetry of
Fig. 7-43, it might be well to adopt an ATR circuit which would favor
the negative reactances where the losses are smaller. This could be
done by tuning the ATR cavity to a slightly lower frequency or, instead
of choosing the TR-to-ATR distance so as to give zero loss with the ATR
switch at resonance, it could be made slightly longer. In any case, the
amount of correction would depend on the expected range of the Z,
values and on the particular junction used, since the contour diagram
would presumably be different for each junction.

The question arises as to what can be done to an actual junction to
make it look like a simple shunt (or series) circuit. This circuit is con-
sidered ideal because of its symmetrical loss characteristics. It is not
difficult to prove that nothing is accomplished by inserting any sort of
transformer in any one arm of the junction. Such a transformer would
have to be matched to the line, and it would, therefore, change nothing
in either the receiver or antenna arms which are assumed to be connected
to a matched load and matched generator. It can be shown that in the
transmitter arm it would only change the line length, for a four-terminal
network can be matched to the line only if it is symmetrical, and it then
acts merely as a length of transmission line.

The only changes that will benefit the junction must involve all three
arms, since no unmatched device can be inserted in only one or two arms.
It would appear that the T-junction would be considerably improved
if it were possible to adjust the relative positions of maximum and mini-
muin loss on the Smith chart so that they occurred diametrically opposite,
that is, one-quarter wavelength apart as in the ideal shunt circuit rather
than in the distorted positions of Fig. 7-43.

If this is accomplished, the question arises as to whether any further
improvement can be realized; that is, could the junction be manipulated
to squeeze the loss contours over to the left side of the Smith chart so
that the losses would be low in the operating region. The answer to this
question is no.

If a short circuit is placed in arm (3) and the transmission between
arms (1) and (2) is measured, the two adjacent positions of the short
circuit which result in zero and in complete transmission may be located.
A lossless T-junction with 120° symmetry is identical with a simple
shunt junction if these two positions are one-quarter wavelength apart.
Its properties are, therefore, completely determined and no further
improvement is possible. The reason can be pictured quite simply.
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In the impedance matrix all the diagonal terms are equal, and all the
nondiagonal terms are equal because of symmetry. There are, thus,
only two independent terms and as they are both imaginary, two real
constants suffice to describe the junction. Now if [ is the distance
between the two positions of the short circuit which give zero or complete
transmission, [ is a function of these two constants and specifying I = 1)\,
places a condition on them which allows one to be eliminated. The
remaining constant depends on the position of the reference point for
measuring impedance. By proper choice of the reference point this
constant may be made equal to that of a simple shunt circuit.

This indicates the possibility of making a waveguide T-junction
accurately equivalent to a simple shunt circuit by varying some one
dimension which does not destroy the symmetry. The electrical meas-
urement involves only an elementary experiment with a plunger. To
the author’s knowledge this experiment has not been attempted.

It can be shown in the same way that any lossless junction is equiva-
lent to a shunt junction if it is possible to match between any two arms
by a short circuit in the third, and if the two short-circuit positions for
zero and complete transmission are one-quarter wavelength apart.
The general network with three pairs of terminals has a three-row imped-
ance matrix with nine elements. Since the nondiagonal elements are
equal in pairs, there are six independent constants. The requirement of
matching places two conditions, and the choice of reference planes,
three more. The property of one-quarter-wavelength shift for cutoff
makes a total of six conditions which fixes all the constants.

It will be noticed that no distinction is made between shunt and series
junctions, as they are equivalent if the reference planes are not specified.
In fact, the scattering matrices for simple shunt and series branching
circuits are

Series Shunt
3 2 2 1 ] 2
5 Kl 3 3 b
2 1 2 2 1 2
] ¥ — 3 3 —F 3
2 2 1 2 2 1
T — 3 E 3 ¥ — 3

If each reference plane for the series junction is shifted one-quarter
wavelength, the sign of every matrix element will be reversed, and then
all the nondiagonal elements can be made positive by reversing the
terminals on arm (1). The result is identical with the matrix for the
shunt junction.




CHAPTER 8

PRACTICAL BRANCHED DUPLEXERS
AND BALANCED DUPLEXERS

By Harorp K. FaArr AND CaRroLL W. ZaBrL

The first part of this chapter is devoted to a review of examples of
branched duplexers which have been used and to some of the observed
results of this use. These examples are divided into two classes—coaxial-
line duplexers and waveguide duplexers. The coaxial-line duplexers
have been used at 10 em and at longer wavelengths; waveguide duplexers
have been used in high-power installations at 10 cm and at all power
levels at shorter wavelengths. Few coaxial duplexers have used ATR
switches whereas most waveguide duplexers have included them. In the
second part of the chapter, balanced duplexers are described.

BRANCHED DUPLEXERS

By Harorp K. FARR

8-1. The Electrical Design of a Duplexer.—In selecting a switch it is
necessary to choose between the fixed-tuned and the tunable types.
Systems developed sinee the fixed-tuned tubes became available have
used these tubes almost exclusively. It is important to keep the number
of different adjustments in a radar system as low as possible. This not
only facilitates maintenance and tuneup but reduces the possibility of
incorrect adjustments. To attain this objective, it may be necessary
to make some concessions in performance.

It has been seen that the limitations in fixed-tuned ATR tubes may
lead to some loss. However, the usual tunable ATR cavity which has a
much higher @ may also cause losses due to temperature detuning or
transmitter-frequency drift. Furthermore, the reception of signals at
more than one frequency, which occurs when beacon reception is com-
bined with radar, may be extremely inefficient. There seems to be no
deterioration in performance using fixed-tuned TR tubes since the recep-
tion loss usually compares favorably with the corresponding tunable
tubes. If a narrow r-f filter happens to be desirable, as for image rejec-
tion, then, of course, a tunable TR tube may be preferred.

The *mechanical simplicity of the fixed-tuned ATR tubes makes
them cheaper than the corresponding tunable circuits. However, when
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length of life is taken into account, the cost of the fixed-tuned TR tubes
will be comparable with the tunable ones.

After the switches have been selected, the junction for the TR switch
is the next consideration. A junction with 120° symmetry has the best
electrical properties, but for narrow-band applications other kinds which
offer mechanical advantages may be used. If a 120° junction is chosen
and if the lowest possible reception loss is desired over a wide band of
frequencies, the necessary alteration should be made to ensure that the
junction is equivalent to an ideal shunt or series circuit as explained in
Sec. 7-1. It would probably be impractical to attempt this with any
junction other than the 120° junction.

If the complete 120° symmetry is not used, there should, if possible,
be symmetry of the transmitter and antenna arms with respect to the
other arm since the proper transmitter match is most important. If the
two arms used for reception (or transmission) lack symmetry with
respect to the third, they should be checked for reflection loss with a
plunger in the third arm.

The ATR junction has been discussed in Chap. 4. At low power
level the only important aspect is its effect on the . At high power
level the problem is the same for both TR and ATR junctions. The
distance from the window to the waveguide wall must be adjusted to
give a good match for transmitter power. In principle, this is done at
high power level so that the switch will be broken down. In practice,
it is much simpler to make such measurements at low power level, and
to simulate the conditions of high power level by short-circuiting the
electrodes or detuning sufficiently. For low-@ tubes with large windows,
it is necessary to cover the inside of the window with Wood’s metal or
with some other conductive coating.

It is more accurate in one respect to make this sort of standing-wave-
ratio test at low power level. Because of the finite firing time of the arc,
the standing wave measured at high power will be an average of that
before and after firing although the standing-wave ratio of interest is that
measured after firing. If the detecting element reads average power, the
‘““apparent”’ standing-wave ratio in power at high power level is

where W is the total energy per pulse received by the probe, and W. and
W, are its maximum and minimum values as the probe is moved in the
slot. If it is assumed, for example, that the line is matched when the
tube is fired,
r? = TPy + szz’ '
TP + ToP2
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where Ty and T, are the lengths of the portions of the pulse before and
after firing, P, and Py, are the maximum and minimum powers in the
standing wave before firing, and P. is the power after firing. If it is
assumed that the junction reflects completely before firing, P1, = 0 and
Py = (Vi)t = 2V,)2 = 4P, where V1, and V, are the voltages cor-
responding to the powers Py, and Ps, if unity impedance is assumed.
Finally,

Tl.

2 =
r 1-{-4,1,2

If, for instance, the firing time is one tenth of the remainder of the pulse,
then r? = 1.4, whereas the actual standing-wave ratio after firing is 1.0.
This effect i1s not ordinarily noticeable for long pulses but may be so for
pulse lengths of 0.1 usec or less.

If the junction is to be used over a band of frequencies greater than
1 or 2 per cent, it will probably be necessary to mount the cavity with
the window flush with the wall of the transmitter line although, for narrow
bands, it can be set back one-half wavelength.

High-Q cavities are often iris-coupled to the narrow side of a wave-
guide simply by cutting a small hole in the waveguide wall. At high
power level the hole usually appears as a capacitive susceptance of small
magnitude. This can be canceled by adding a small transverse strip
of metal on the opposite side, as for the inductive matching iris, or the
mismatch may be small enough to be neglected. If TR and ATR cavities
which have the same mismatech are mounted one-quarter wavelength
apart, the susceptances will cancel almost completely. Unfortunately
the ATR cavity usually has a much larger window than any high-@ TR
cavity. A voltage standing-wave ratio of 1.15 has been observed for
such a combination.

The window of a low-Q cavity is distinet from the waveguide wall
and may, therefore, be moved in until the high-level match is achieved.
Specifications for the voltage standing-wave ratio of fixed-tuned tubes
are given in Table 4-4 of Chap. 4. Some of the 10-cm-band tubes could
doubtless be improved by changes in the mount.

Where a pre-TR switch is used, the TR cavity must be mounted
with the input window an odd number of quarter wavelengths from the
input window of the pre-TR tube. In the 10-cm duplexers this distance
is usually three quarters of a wavelength. This arrangement places
the input window of the pre-TR tube at a point of maximum voltage
when the TR tube is fired.

The distance between TR and ATR junctions must be adjusted for
best signal reception. For simple iris coupling to the main waveguide,
this distance is often very close to the nominal one-quarter or one-half
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wavelength. Therefore, it may be assumed that it is this distance and
the complete duplexer merely checked as mentioned below. For the sim-
ple types of waveguide junctions where the equivalent-circuit constants
are known, the correction to the nominal spacing can be calculated with-
out recourse to experiment but such calculations are valid only when the
cavity and other components are kept at a distance from the junction
of at least a quarter wavelength.

The experimental determination of the correct spacing is made in two
steps: a measurement on the ATR switch alone, and one on the TR
junction alone. With the ATR switch tuned to resonance, the position
of the minimum point of the standing-wave pattern is found relative
to the ATR junction. Then by means of an adjustable short-circuiting
plunger in the transmitter arm, that position of the minimum point
relative to the TR junction which gives the best match for received signal
is determined. As explained in See. 7-7, this determination of the TR-
to-ATR distance is best done at a frequency corresponding to the wave-
guide wavelength given by Eq. (7-25). This is near, but not necessarily
at, the center of the band.

The measurement of the position of the standing-wave pattern rela-
tive to the ATR junction is the determination of the distance of plane
A of Fig. 4-1 from the center of the junction. This correction is small
and may be negligible. To make this test, it is necessary to add a tuning
adjustment to the cavity, if none is present, and to check for resonance
by measuring B with a plunger as described in Sec. 4-2. A small error
in cavity tuning would invalidate the phase measurement. To help
eliminate phase errors which arise if the ATR window is not properly
centered, the measurement should be repeated after the cavity has been
removed from the mount, turned 180°, and replaced. The two readings
can then be averaged.

After the TR and the ATR circuits have been combined, the TR-to-
ATR distance should be checked again by measuring the voltage standing-
wave ratio looking in from the antenna end. Because of the difficulty
of making accurate phase measurements in these tests, the distance may
be found to be in error at this point. To correct it, the plunger position
which gives the same impedance at the antenna arm as that given by
the ATR switch is determined. A measurement of the change in plunger
position from this point to the point of best match gives the error in the
TR-to-ATR distance.

If more than one ATR switch is used, the separation between cavities
must be determined at the same frequency used for the TR-to-ATR
distance. The data are given by the measurement already made on the
ATR switch. By using these data, the correct separation is the nominal
distance plus twice the correction given by the distance of the reference
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plane from the center of the tube, the correction being counted once for
each of the two tubes. For a series mount the correct separation may be
slightly greater than the nominal one-quarter or one-half wavelength, as
indicated by an inductive susceptance B, in Fig. 4-10a. For a shunt
mount, the correction has the opposite sign.

When the two ATR switches have been combined with half-wavelength
spacing, ‘their separation may be checked by the mutual-resonance
method of Sec. 7-10. The error in spacing is then given by Eq. (7-42).
This sensitive check is not applicable to quarter-wavelength spacing,
but for that spacing the separation is probably less critical. When
making this test, it is important to have both cavities tuned exactly to
resonance at the frequency for which the spacing is to be one-half wave-
length. Each cavity can be tuned separately by using the plunger
method if the other cavity is replaced by a short-circuited dummy.

In actual operation it is best for a fixed-tuned cavity to be set at a
frequency which will give equal susceptance at the two ends of the band.
As this may not be exactly the same as the frequency at which the line
lengths are adjusted, there may be a slight mutual resonance at some
frequency if two ATR cavities are used. As this effect will, very
probably, be small, it is better to tolerate it in order to have the mini-
mum loss at band edge.

8-2. Mechanical Design Problems.—A mechanical problem of con-
siderable importance is that of the method to be used for attaching
the TR and the ATR switches to the main waveguide or other com-
ponents. This problem was considered in Chap. 4 in connection with
the ATR switch, and some of the methods discussed there have been
applied to TR circuits. One of the most convenient methods is that of
the choke-flange coupling used for making ordinary waveguide con-
nections. The 1B26 TR tube at 1.25 cm, and the 1B24 and the fixed-
tuned TR tube at 3 cm, connect to a standard choke coupling with the
window in the plane of the flange to permit mounting flush with the wave-
guide wall. The choke-flange connectors used at 3 em on the cavities
for the 724 tubes were mounted about one-quarter wavelength from the
windows which were placed one-half wavelength from the main
waveguide.

There is some difficulty in building a waveguide junction with a flush
choke coupling. Because of interference between the choke and the
waveguide, it is virtually impossible to do this in a series junction. Ina
shunt junction it can be accomplished by eliminating the part of the choke
occupied by the waveguide and leaving two arc-shaped openings on
either side of the waveguide.

The 1B24 TR tube at 3 cm has been mounted on a simple 90° T-junc-
tion using split chokes in this manner. Fortunately, because of the
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peculiar fields at the junction, it was possible to obtain a good high-
level match with the input flange of the tube mounted 0.040 in. back
from the inside wall of the waveguide, a circumstance which greatly
facilitated the construction of the mount.

A duplexer designed at the Bell Telephone Laboratories made use
of a 1B24 TR tube and an ATR tube of similar construction, both
mounted on simple 120° H-plane junctions using split chokes.! In this
way the main waveguide made a 60° bend at each junction but in opposite
directions and, consequently, the antenna and the transmitter arms were
parallel. The same choke construction was applied to the vestigial 120°
junction of Fig. 7-8.

At low power level the split chokes are satisfactory since the match
is not critical. At high power level, because of the distorted fields in
the junction, a good contact may be required between the flanges of the
tube and the mount on the 120° junction. The 90° junction seems less
critical in this respect, but breakdown across the choke gap will occur
at powers where the 120° junction is satisfactory.

The high-Q cavities used at 10 em are often attached permanently
to the main waveguide since the tubes may be replaced without removing
the cavities. Similarly, an iris-coupled mixer may be permanently
attached to such a TR cavity. Most of the fixed-tuned 10-cm tubes
use the coiled-spring contact described in Chap. 4. In loop-coupled
cireuits the input and output loops often plug into a keyed hole.

In many systems which must operate at high altitudes or which
handle high power, the r-f lines are filled with gas (usually air) under
pressure. For such a pressurized system special precautions are neces-
sary in order to make all joints airtight. Pressurizing a duplexer usually
means sealing off the cavities from the main waveguide. Of course,
only the components that carry the transmitter power need be pres-
surized. This eliminates not only the output circuit of the TR switch,
but even the interior of the cavity since the cavity is only weakly coupled
to the main line during transmission. Naturally the part of the cavity
that contains the special gas for the r-f discharge must be sealed off
from the atmosphere.

One way to pressurize a cavity is to enclose it completely and to
provide special pressurized fittings for the output terminal, the keep-
alive connection, and the tuning controls. Figure 8-1 shows an example
of this technique as applied to the 721A cavity used on §-in. coaxial
line. The removable parts of the cover are sealed with rubber gaskets.
The 3-cm ATR tubes, 1B35 and 1B37, must be mounted in a special
holder, Fig. 4-20, which encloses the tube except for one end. These

1 A. B. Crawford, “X Band Duplex Circuit for 1B24 Type TR and ATR Tubes,”
BTL Report No. MM-44-160-92, Apr. 22, 1944.
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tubes have been pressurized by adding an outer flange on the holder to
take a cover that goes over the exposed end of the tube and by a rubber
gasket that seals the cover.

Tubes that have a glass window sealed in the iris of the cavity
may be pressurized by sealing the cavity to the waveguide with a rubber
gasket. The cavity window is then part of the pressurized system. At
3 cm the fixed-tuned TR tube and the tunable 11324 tube are made to
fit the standard UG-40/U waveguide connector which is provided with a
groove for a rubber gasket. At 10 cm the fixed-tuned TR and ATR

Fic. 8-1.—Pressurized coaxial duplexer.

tubes have a flat flange which compresses a flat rubber gasket. The
1B38 pre-TR tube carries no flange but is mounted in a housing which
has a joint with a flat flange and gasket. Since the pre-TR tube itself
is not sealed to the housing, the output waveguide and TR cavity must
still be pressurized.

Cavities that are iris-coupled to waveguide or to coaxial line have
been sealed by cementing polyglas across the input window. In 10-cm
waveguide duplexers a sheet about 3% in. thick is sealed to the inside
surface of the waveguide by means of Pliobond cement.

A problem analogous to pressurization is that of the elimination of
the r-f leakage. Where high transmitter powers are used, r-f energy
which radiates from joints in the transmission line may cause serious
interference with other circuits, particularly the automatic-frequency-
control circuit whose functioning is most critical during transmission.
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Of course, any method of connecting microwave transmission lines in-
volves efficient chokes or uniform contact to ensure a match. Even
when this is done, however, there may be appreciable leakage which
necessitates additional shielding. Where pressurization is not required,
metal gaskets may be used in the grooves intended for rubber pressuriz-
ing gaskets. These gaskets have been made by compressing thin shavings
of monel metal in a mold of the same shape as the gasket.

8.3. Duplexers in Coaxial Line.—Coaxial duplexers based on the
broadband T-junction described in Sec. 7-1 have been widely used for
10-cm-band radar systems in §-in. diameter line. Figure 8-2 shows such
a duplexer with a 721A TR tube. The antenna connection is at the upper

i

F1G. 8-2.—A 10-cm band loop-coupled coaxial duplexer for §-in. line.

left, and the magnetron transmitting tube is connected directly to the
side arm in the upper center. The distance from the junction to the
magnetron cavity is kept as small as possible to minimize the variation
in the cold impedance seen at the junction. Figure 81 is a pressurized
duplexer for -in. line. The loop-coupled mixer appears at the top of
the picture.

The effect of cold impedance on received signal for a duplexer of this
type was studied by R. V. Pound and Rose Berger for 10.7-cm magne-
trons.! They found that the cold impedance of these tubes was suffi-
ciently uniform to permit setting a manufacturing specification limiting
the standing-wave ratio to values greater than 20 db and the phase
variation to +5 mm beyond that which is due to wavelength changes.
The maximum signal loss from improper cold impedance to be expected

1 R. V. Pound and Rose Berger, ‘‘Preplumbing of Tees for G-Band,” RL Report
238, Nov. 3, 1942,
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anywhere within the 7 per cent band was then 0.8 db, of which 0.4 db
was caused by the finite standing-wave ratio of the magnetron.

Figure 83 illustrates a duplexer in -in. coaxial line using iris-coupled
cavities and 721A tubes. A circuit of this type was designed at Radiation

Fi1a. 8:3.—Coaxial duplexer with iris-coupled cavities.

Laboratory and represents one of the few coaxial applications of an ATR
switch. An iris-coupled TR cavity at 10 cm was also designed at the
Bell Telephone Laboratories.!

1]. P. Schafer, “SCR-545 Standard Loop Output TR Boxes,” BTL MM-43-160-28
March 18, 1943,
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Figure 8-4 shows a small low-powered assembly of r-f transmitting
and receiving components for a 10-cm system using tubes of the light-
house type for transmitter and local oscillator. The TR cavity with a
1B27 tube is seen near the center of the picture and the type N antenna
fitting projects upward at the right center. Just to the left of this, the

i

Fie. 8:-4.—Lighthouse-tube assembly of transmitting and receiving components,

side arm of the T-junction leads up to the input loop at the right side
of the bottom of the TR cavity.

The control of the transmitter cold impedance presented a special
problem in this system since the transmitter cavity was coupled to the
line by means of an adjustable probe. To get maximum power from the
transmitter it was necessary to compensate for the variation among tubes
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and cavities by an adjustment of this kind. This adjustment, however,
had a marked effect on the cold impedance, and it was usually necessary
to decouple the probe to a point at which the transmitted power was
somewhat below the maximum in order to get a satisfactory match for
the received signal.

At a later stage of development a study was made of the dependence
of the transmitted power and the phase of the cold impedance on the
depth and diameter of the probe for a number of transmitter tubes and
wavelengths.! A junction distance and a probe design which would
minimize the over-all loss of trans-
mitted and received signal were
chosen. It was concluded that
the elimination of the probe ad-
justment by this design would
permit a loss totaling not more
than a few decibels for the usual
tubes and cavities.

8-4. ADouble-tuned Duplexer.
The duplexer of Fig. 85 was
designed for 1050 Mc/sec and
differs rather radically from those
used at shorter wavelengths.
This device, which was developed
at Naval Research Laboratory,
provides for coupling the trans-
mitter, antenna, mixer, and local
oscillator directly to the TR
cavity.? For comparison, Fig.
86 is a schematic representation
of a more conventional radar sys-
tem. The transformers represent
coupling loops or irises in the
cavities of transmitter, TR switch, FiG. 85.—Duplexer for 1050 Mec/sec.
andlocal oscillator. Athigh power
level the TR cavity introduces a short circuit in loop L, so that the trans-
mitter is connected directly to the antenna. If the transmitter cavity is
sufficiently detuned when the electron beam is turned off, a short circuit
is introduced across loop L, at low power level, and the antenna is coupled
directly to the TR cavity. Since the received signal differs from the
resonant frequency of the local oscillator by the intermediate frequency

1 R. E. Taylor, “TR Distance and Fixed Probe Possibilities for the LHTR Unit,”
RL Report No. 52-12/27/44.

? M. Clark, “The Double Tuned R. F. System: The TR Box,” NRIL Report CRG-
56, Dec. 19, 1944,
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Transmitter TR cavity Local oscillator

Aritenna

Mixer
Fic. 8-6.—Radar r-f system.

of the receiver, the loop L, appears as a short circuit to the signal which is
matched into the mixer. Likewise
L; is a short circuit for the local-
oscillator power which also goes
into the mixer.

In the present duplexer the
transmitter and TR cavities were
placed close together so that loops
L, and L; could be replaced by a
single loop coupled to both cavities.
Similarly L; and L, were reduced

) Mixer coupling _ to one loop. In Fig. 8-5a the type
Anten"raogwplmg -rod N coaxial fitting at the right is the
Tuning siug antenna connection, and that at the
/ left is the mixer lead. The TR
cavity consists of the central por-
tion of the large section of rectan-
o gular tubing which forms the body
a of the duplexer, and the open ends
; . of the tubing are the transmitter
and the local-oscillator connections.
The cavities of these oscillators are
IZz z | attached directly to the duplexer
with the transmitter on the right
) and the local oscillator on the left.
Figure 8-5b is a view looking in
' from the transmitter end at the

TR tube antenna coupling loop.
The TR cavity is actually a
Fia. 8-7.—Cross section of the duplezer double-tuned circuit with a pass
for 1050 Me/sec. band about 2.5 per cent wide at 3
db, The partition shown in Fig. 8-7 extending part way across the center

—_—t
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of the duplexer divides it into two cavities with a common iris. There is
a post down the center of each cavity and a small gap between the post
and the cavity wall. The cavity voltage is developed across this gap
which, on the transmitter side, is formed by the electrodes of the TR
tube.

Two tuning rings which move along the two center posts of the cavi-
ties can bring any frequency from 950 to 1150 Mec/sec within the pass
band. These rings are made of silver-plated ceramic material supported
by a ceramic bridge. The tuning is linear with the displacement of the
tuning slugs and requires about £-in. travel to cover the band of 200
Mec/sec. The two cavities must have the same characteristics to obtain
the proper bandwidth. This is accomplished by means of an adjustment
on the gap in the right-hand cavity to match variations in TR tubes.
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T1G. 8-8.—Bandpass characteristics of the double-tuned TR circuit.

Figure 8-8 shows plots of the transmission characteristics of the TR
circuit with the center of the pass band set at 1050 and 1150 Mc/sec.
The curve for 950 Mec/sec is similar to that for 1150 Mc/sec.

The attenuation through the TR cavity of the third harmonic of
the transmitter frequency was so slight (about 1 db) that a special third-
harmonic filter was added between the TR cavity and the mixer to pre-
vent crystal burnout.!

8.6. Waveguide Duplexers.—Figure 8-9 shows a waveguide duplexer
for the wavelength range 8.1 to 8.8 cm with shunt-coupled TR and ATR
cavities for the tunable 1B27 tube. Since the cavities are placed only
one-quarter wavelength apart, space limitations make it necessary to
mount them on opposite sides of the waveguide. The two coaxial
fittings projecting toward the camera are the connections on the mixer
which is iris-coupled to the TR cavity. The large solenoid operates
the crystal gate which protects the crystal when the keep-alive ciirrent

! R. Novick, ‘“The Double Tuned R-F System: The Mixer,”” NRL Report CRG-57
Dec. 23, 1044.
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is turned off. The left end of the waveguide goes, of course, to the
antenna, and the right end goes to the transmitter.

Ojnl 2 3 4 586 7 8 9101112

i L 1

Fic. 8:9.—Duplexer with tunable 1B27 tubés vfor 8.5 cm.

Fia. 8:10.—Duplexers for 10.7 cm.

The upper duplexer of Fig. 8-10 is used in the band from 10.3 to 11.1
cm with a series-coupled pre-TR switch and tunable 1B27 TR and ATR
tubes, the latter shunt-coupled. The TR and ATR junctions are one-
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half wavelength apart. The iris-coupled mixer is mounted on the TR
cavity and the crystal-gate solenoid to the right of the cavity. The
short waveguide at the top, which
makes an acute angle to the trans-
mission line, is a directional
coupler for checking system per-
formance. The system is pressur-
ized with polyglas at the windows
of the TR and the ATR cavities
and with a rubber gasket at the
flange on the pre-TR housing.
The lower duplexer of Fig. oL . |
8-10, which is also designed for the 103 105
10.7-cm band’ hag the same TR F16. 8-11.—Maximum reception loss for
and pre-TR circuit but uses two a 10.7-em band duplexer. The points
fixed-tuned series—coupled ATR  are experimental values, and the curve is
the calculated branching loss.

tubes separated by one-half wave-

length. The pre-TR tube is one-quarter wavelength from the first ATR
tube. Figure 8-11 shows the results of some measurements of the loss in
received signal in a duplexer of thiskind. The transmitter wasreplaced by

6

Loss in db

{ . L

109 111

107
Aincm

™

F1a. 8:12.—A 3-ecm duplexer for 724B tubes with tunable mixer.

a short-circuiting plunger which was adjusted at each wavelength to give
minimum power at the receiver. The accompanying curve is the ealcu-
lated maximum total loss at each wavelength. This was determined
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by assuming a 1-db loss for the TR circuit plus the maximum possible
branching loss by using the measured values of G and Q. given in Table
4-4 for the 10.7-cm band ATR tube. The actual values of G and @, for
the tubes used were not available and may have been somewhat different
judging by the low values for the experimental losses. The asymmetrical

bR <

F1q. 8-13.—A 3-cm duplexer for fixed ATR and tunable TR tubes.

Fig. 8-14.—Narrow-band fixed-tuned duplexer for 3 em.

distribution of the experimental points is probably caused by some error
in the separation of the ATR cavities or in their tuning.

Figure 8-12 is an early 3-cm duplexer and mixer assembly. The
tunable cavities with 724B tubes are mounted one-half wavelength from
the main waveguide on series T-junctions one-quarter wavelength apart.
They are connected to the waveguide through choke-flange couplings
with knurled nuts and aligning pins. The mixer is tuned by the plunger
and tuning screws.

A more recent 3-cm duplexer is shown in Fig. 813, The rectangular
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box on the left is the mount for the fixed-tuned 1B35 ATR tube. The
tunable 1B24 TR tube is attached to the flange mounted at the center of
the waveguide to form a shunt junction of the vestigial 120°-Y type
shown in Fig. 7-8. The large-diameter groove in this flange holds a
pressed metal gasket which prevents r-f leakage. The flange to the right
of this one connects to a small attenuating waveguide which is used to
couple out one or two milliwatts of the transmitter power to operate the
automatic-frequency-control circuits for the receiver. The small cylinder

F1a. 8-15.—Wideband fixed-tuned duplexer for 3-cm.

above the flange is the connection to a directional coupler. For mechani-
cal simplicity the separation between TR and ATR junctions is made one
wavelength rather than one-half wavelength. This is permissible since
the duplexer is designed to be used over a band only 2.6 per cent wide.

The duplexer of Fig. 8-14 is designed for the same band and has the
same ATR circuit but uses a fixed-tuned TR tube shown mounted one-
half wavelength from the main waveguide on a series T-junction matched
with an inductive iris in the TR arm. The external appearance of the
ATR mount is slightly different from the preceding model, but it has the
same interior and fits the same tube.

The duplexer of Fig. 815 uses the same tubes as the preceding duplexer
but ean be operated over the much broader band of 12 per cent from 3.13
to 3.53 cm. This is made possible by mounting the TR tube flush with
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the main waveguide wall on a vestigial 120° Y-junetion and using two
ATR tubes one-half wavelength apart with the first tube one-half wave-
length from the TR junction.
For the lower half of the band
from 3.13 to 3.33 cm, 1B35 ATR
tubes are used, and for the upper
half from 3.33 to 3.53 c¢cm, 1B37
tubes are used.

The duplexer shown in Fig.
8-16 is an attempt to place the
ATR tube close to the TR junc-
tion to avoid the adverse effects

- ATR tube

Transmitter
A

_» Antenna

Receiver of the variation with wavelength

Fia. 8-16.—Duple}:‘;er with TR and ATR of the distance between TR and
junction.

tubes at the same junction ATR tubes.! The advantage of

this construction seems to be partly offset by the increased Q. of the
ATR cavity as shown in Table 4-3 of Chap. 4.

Figure 8-17 is a view of a duplexer for 1.25-em wavelength with the
1B26 tunable TR tube in front. The waveguide connection just to the

P

Fic. 817.—A 1.25-cm duplexer.

left of the TR tube carries the r-f power for automatic frequency con-
trol. Another view of the same duplexer in Fig. 818 shows the mixer
attached just above the duplexer. The two coaxial fittings of the BN
type are the i-f leads from the two crystals, the left one for automatic

tSamuel, Crandall, and Clark, “Final Report on Broad-Band TR and ATR
Tubes,” NDRC-14-402, Sept. 30, 1944.



Sko. 86] TWO-CHANNEL DUPLEXERS 347

frequency control and the right one for the radar signal. The 1B36
fixed-tuned ATR tube plugs into the lower part of the duplexer where it
is secured by the large knurled nut. The TR and the ATR tubes are
both series-mounted and spaced one-quarter wavelength apart.

8-6. Two-chdnnel Duplexers.—In certain systems it may be desir-
able to receive simultaneously two signals, for example, radar and beacon,
on two separate receivers tuned to different frequencies. A convenient
method of isolating the two channels is the use of two high-@ cavities,
one for each channel. N

The assembly shown in Fig. 8-19 uses two tunable TR cavities with a
single pre-TR switch.! Since in this instance the signals differed in

Fic. 8-18.—A 1.25-cm duplexer and mixer.

frequency by about 6 per cent, the window of the radar TR cavity
appeared as a short circuit to the beacon signal and vice versa. The
additional TR cavity, therefore, introduced no complication in matching
the line to the receiver at either frequency. A tunable ATR switch was
used at the radar frequency but none was used for the beacon signal.
The branching loss of the beacon signal was minimized by a favorable
transmitter cold impedance.

The necessity for sharing the pre-TR tube should be noticed. Since
the window of a TR cavity mounted behind a pre-TR tube is three
quarters of a wavelength from the main waveguide, it presents a high
impedance at the main waveguide wall when tuned off resonance. If
each TR cavity were mounted with its own pre-TR tube at a different
point on the transmitter line, the one nearer the antenna would interrupt
the signal destined for the further one.

11,. D. Smullin, “Modification of CPS-6 Duplexer to Allow Simultaneous Beacon
and Radar Reception,” RL Report No. 53-4/16/46,
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Fic. 8:19.—Two-channel dup

lexer for 10 cm with a pre-TR tube.

'

F16. 8:20.—Duplexer for two channels using two ATR tubes.




SEkc. 8:7] AN ATTENUATOR SWITCH 349

Figure 8:20 illustrates another form of two-channel duplexer. It
comprises an ATR switch for each channel, and since no pre-TR tube is
necessary, two TR cavities are mounted directly on the main waveguide.

8-7. An Attenuator Switch.—In some radar systems the transmitted
power is attenuated at times in order to confuse enemy listening stations.
This attenuation, which might be as high as 20 or 30 db, would normally
be introduced between transmitter and duplexer where it would not affect,
the received signal. In some sets, however, it has proved more con-
venient to install the attenuator between duplexer and antenna and to
add an ATR switching device to allow attenuation only during
transmission.

Since it may be necessary for the attenuator to absorb virtually all
of the transmitter power, it is preferable to divert this unused power into
another line which can be termi-
nated in a special load capable of
high power dissipation. The power
entering the transmitter arm of Fig.

8-21 divides at the junction between

the antenna arm and the arm lead- _L
ing to a dissipative load. If the
extensions of the plungers in the
two stub arms differ by one-quarter  To antenna ’ l_,_ z1 Ao
wavelength and if the two output I, —= 'r--|

arms are matched, the impedance | :
seen from the transmitter arm will t 1] 11 7o transmitter and

be a match. By mOVing the p_lun- I'ra. 8-21.fAttenua;2(r:e:$irtch.

gers synchronously, the transmitter

power may be divided between antenna and load in any desired ratio.
The switch, which is fired during transmission, has no effect on the
plunger action.

The least power will reach the antenna arm when the plunger in the
left-hand stub arm inserts a high impedance in the line. At that time
the received signal would also be largely reflected if there were no switch.
The switch, however, ensures a low impedance for every plunger position,
and the signal encounters no mismatch except at the junction. When
all the transmitted power is being delivered to the antenna, the received
signal suffers no loss at the junction. When maximum transmitter
power is being diverted to the load, the right-hand stub arm presents a
low impedance. The received signal at the junction is then presented
with a match in both the receiver and in the load arms. The power
divides equally between the two arms and, including reflections from the
terminating impedance Zr = 2, the total signal loss is 3.5 db.

Dissipative
load
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By an examination of the transmission ratio

P _1+X2

P, 2} + X
expressed in terms of the reactance X, of the right-hand stub, it may be
confirmed that the received signal loss always lies between 0 and 3.5 db.

If it is necessary, this loss can be obviated by a second switeh on the right-
hand stub.

BALANCED DUPLEXERS

By CarroLy W, ZaBEL

It becomes difficult to use the branched-duplexer technique when a
very flexible, broadband duplexing unit is desired, or when a c-w power
source is used instead of a pulsed power source. For these uses the
development of a variety of magic T's has made possible a new technique.

8-8. Properties of a Magic T.
The general properties of a magic
@——Symmetry plane T 510 most easily described by con-
sidering the symmetrical combina-
tion of an E-plane T and an
H-plane T (Fig. 8-22). This de-
vice is completely symmetric about
a plane which bisects the E-plane
and the H-plane T’s.  If generators
and loads are placed on the various
arms in such a way that the sym-
metry of the device is not disturbed,
then the electric field in the wave-
guide must be either even or odd
about the symmetry plane, or it
must be a linear combination of the
even and odd fields. The sym-
metry of an electric field at a dis-
tance r from this symmetry plane is described by the equations

E(z) = E(—x),

Fig. 8-22.—A magic T.

if the field is even, or
E(@) = —E(—2)

if the field is odd. Let us consider, for example, a generator on arm (4)
and matched loads on the other three arms. The symmetry has not
been disturbed. Since the electric field in arm (4) is even about the
symmetry plane, the electric field must be distributed with an even
symmetry throughout the entire structure. Thus at any instant of time
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the phase of a wave in arm (1) at a distance d from the symmetry plane
must have the same phase as a wave in arm (2) at the same distance d
from the symmetry plane. Arm (3), however, will not propagate a
mode which is even about the symmetry plane, and therefore no power
will be coupled into this arm. In general there will be a reflected wave
in arm (4), but this can be eliminated by introducing a matching device
which is symmetrical about the symmetry plane. The device usually
employed is a post placed in the bottom of guide (1)-(2) projecting up
into arm (3). With this device in place, one-half the generator power
will eouple to arm (1) and one-half to arm (2).

Next consider a generator on arm (3) with matched loads on the
remaining three arms. Here again the symmetry is preserved but now,
since the field in arm (3) is odd about the symmetry plane, the electric
field in the entire structure must be odd about the symmetry plane.
No power will be coupled into arm (4) because the only mode that arm
(4) will propagate has an even distribution of the electric field about the
symmetry plane. However, the phase, at any instant of time, of the
wave in arm (1) at a distance d from the symmetry plane will be out of
phase with a wave in arm (2) at the same distance d from the symmetry
plane. Any reflected wave in arm (3) may be eliminated by introducing
a matching device symmetrically about the symmetry plane; this is
usually an inductive iris. Here again all the generator power divides
equally between arm (1) and arm (2).

The result of placing two coherent generators on the device may now
be considered: one on arm (3), the other on arm (4), and matched loads
on arms (1) and (2). Under these conditions, also, the symmetry is
not disturbed. Since arm (3) is independent of arm (4) the amplitudes
and the phases of the two waves may be varied independently. In partic-
ular, the amplitudes may be adjusted until they are equal, and the phases
adjusted until the wave coupled from arm (3) to arm (1) is in phase with’

the wave coupled from arm (4) to arm (1). Arm 3

This adjustment makes the waves in arm " ]

(2) just out of phase, and hence no power

will be coupled to arm (2). Thus, with -— I

due regard to phase and amplitude, power Am1 “ﬁfﬁi“;ﬂe Arm 2
incident at arm (3) and arm (4) couples .

only toarm (1). By reversing the direction 1 l

of time, therefore, power incident in arm (1) Am 4

couples only to arm (3) and arm (4), and not  ¥re, 823.—A lossless passive
to arm (2). The amplitudes of the waves four-terminal-pair network.

in arm (3) and arm (4) are equal and there is a particular phase relation-
ship between the two waves. The above argument may be repeated,
but this time the phases of the waves in arms (3) and (4) are adjusted
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so that the two waves coupled to arm (2) are in phase while the two waves
in arm (1) are 180° out of phase. By reversing time it is seen that power
incident in arm (2) is divided between arm (3) and arm (4), but the
relative phase of one of the waves differs from the former case by just
180°.

By matching arm (3) and arm (4), arm (1) and arm (2) have also been
matched and the coupling between arm (1) and arm (2) has been elimi-
nated. In fact, a four-terminal-pair lossless structure, Fig. 823, has
been made which has the property that power incident on any terminal
pair divides equally between the two adjacent terminal pairs with no
reflected power and no coupling to the opposite terminal pair.

There are many physical structures in waveguide and in coaxial
line which have the properties of a magic T. The magic T described
above has been widely used because of the simplicity of its construction.
Particular applications of magic T’s often require other types.

8-9. Linear Balanced Duplexer.—The use of a c-w generator in a
system imposes more stringent conditions on the duplexer than are
imposed by a system that involves the use of a pulsed generator. A
device is required which keeps the generator or transmitter disconnected
from the receiver at all times, and yet allows maximum coupling between
the transmitter and the antenna, and maximum coupling from the
antenna to the receiver. More precisely, the product of the two coupling
coefficients must be a maximum.

Consideration of this problem shows that it is impossible to construct
a lossless three-terminal-pair network which will satisfy these require-
ments. It is desired that the coupling between terminals (1) and (2)
be zero, Fig. 8-24. If a wave is incident on terminals (1), there will
be, in general, a reflected wave at termi-
nals (1) and a transmitted wave from
terminals (3). Similarly if a voltage is
incident on terminals (2), there will be
a reflected wave on terminals (2) and a
transmitted wave on terminals (3).
However, when the direction of time in
Fra. 8:24.—A lossless passive three- both cases is reversed, the self-contradic-

terminal-pair network. tory result is obtained that either the
coupling between terminals (3) and (1), or the coupling between terminals
(3) and (2), must be zero. In other words, there is zero coupling, either
between the transmitter and the antenna or between the antenna and the
receiver.

It can be shown, however, that there does exist a lossless four-terminal-
pair network which satisfies the requirements stated and that such a net-
work is the magic T. Figure 8-25 indicates the use of a magic T as a

Antenna

| « Arm 3

Am 1 — Arm 2

Transmitter o— —e Receiver
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duplexer during transmission and reception. It is important to realize
that this is the best possible solution using a lossless four-terminal-pair
network and that this solution necessitates a 3-db loss of transmitted
power and a 3-db loss of received

power. Thus a total loss of 6 db is An?;,‘:,: or
the minimum attenuation possible transmission line
when this type of duplexing is used. ;
It is apparent that this device can ’ ¥
be used in microwave communication Aml =——- <———= Am2
in a manner! entirely analogous to the Transmitter — Receiver
hybrid coil in low-frequency com-
munication. Several magic T's may l
be combined into a complicated Arm 4
duplexing structure involving several Matched load

Fie. 825.—A magic T as a linear

transmission lines or antennas. balanced duplexer.

These statements are easily proved.
With matrix notation and with reference to Fig. 8-24, the most general
three-terminal-pair device may be represented as

b1 Suu Sz Suis| (ax
be| = |Sar S Sas||ae],
bs S Sa2 Sas) |as

where a; is the incident complex amplitude in arm () and &; is the
scattered complex amplitude in arm (¢). Amplitudes b; and a; are so
normalized that their absolute values squared represent the incident and
scattered powers.

If the device is linear and lossless, then its matrix must satisfy the
two conditions

Si; = 8.
SS* = |,

If these two facts are used and the scattering matrix is rewritten to
include the first requirements of a balanced duplexer, then

Sll O S13
S=10 Saz Sasl.
Sl3 S23 S33

Since SS* = I, this means that S35 = 0. Thus either Si; or S»s
must be zero. But Si; is the coupling from generator to antenna which
must not vanish, and S,3 is the coupling from antenna to receiver which
also must not vanish. It must then be concluded that there does not

W, A. Tyrrell, “Bridge Circuits for Microwaves,” BTL MM-43-160-23, Feb 12,
1942,
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exist a three-terminal-pair, linear, lossless network that will satisfy the
requirements of a linear duplexer.

Let us now ask if there exists a linear, lossless, four-terminal-pair
network which may be used. It is desired that S, be zero, and that
[S13]2/S23/? be a maximum. Each termination may be removed and
replaced with a lumped impedance and a matched termination with-
out destroying any of its properties. That is, S;s will still be zero and
[S13]%|S23? will still be the maximum. Now, however, Si; and Sp, must
be zero. If this were not true the generator could be mismatched and
8is increased without changing S.;. But |S;3{2/8,s|? is already a maxi-
mum, therefore 8;; must be zero. Similarly S, must be zero. Now
the scattering matrix is

0 0 Sz Su
0 0 Saz Sas .
Sis Sis Ssz Ss
S Sas S Su

S:

Since S8* = |,
18152 + |814? = 1,
|823]2 + |Su2 = 1, 1)
ISlalz + |1823|2 + ’SHP + ]Su|2 = 1,
|Su|2 + |Sz4|2 -+ |Ss4]2 + ISMIZ = 1. (2)
If the first two equations are added,
IS13I2 + IS14|2 + |Sul2 + |stl2 = 2.

From the second two equations
islalz + ISMP + !Su|2 + ‘52412 + lS3312 + |S44I2 + 2IS3412 = 2.

Thus
isaal2 + {SMI"' + 2153412 = 0,

and, since each term must, be positive, each term must vanish. From
Eqgs. (2), this means that

[S1s]* + [Sesf? = 1,
[S1a? 4 [Su]? = 1. (3)
If these equations are substituted in Eq. (1),
|813] = [Sadl,
and
IS14| = ]S23|.

If the first of Eqs. (3) is squared
lSleISzaP = %(1 - 1S1314 - 132314)-
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If |S13]2S23)? is & maximum, the derivative with respect to Si; must be
zero, or
s [Sea|
2[ 83 L+ 0 — [Swaf2)P 0,
and

|S2312 = *;

If this result is substituted in Egs. (1) and (3)

1S23| = |S13[ = ‘SM' = |S24| = i

V2
This device is, however, the magic T. Therefore it has been proved
that the best possible four-terminal-pair, lossless, linear network for use
as a linear duplexer is the magic T. Furthermore, the maximum value
of |S13]2/Ses/2 is . The maximum amount of useful power is thus 6 db
below the generator power, and the minimum amount of loss in such a
device is 6 db.

8-10. Nonlinear Balanced Duplexer.—If it is possible to add non-
linear elements to a duplexer, much better use of the magic T may be
made. Let us consider, first, the possibilities when a pulsed magnetron
is used as the power source, and TR gas switches are used as the nonlinear
elements. It will be assumed that the waveguide type of magic T dis-
cussed in Sec. 8-8 is used.

Consider first an arrangement of two magic T’s as indicated in Fig.

8:26. Power incident in arm (4) TR switches
will divide between arms (1) and
(2) in an even fashion: at a given 1 A
distance from arm (4), the voitage
in arm (1) will be in phase with the
voltage in arm (2). If the upper
path to the second T has the same
electrical length as the lower path,
the two waves will arrive in arms 2 [
(1r) and (2/) in phase. These two Fia. 8:26.—A halanced magic-T duplexer.
waves will thus couple only to arm (4'). Similarly, power incident in
arm (3) will arrive in arms (1’) and (2’) out of phase, and thus couple
only to arm (3').

If a pulsed transmitter is placed on arm (4) and a TR switch is inserted
in the upper path at a distance d from the first magic T, the TR switch will
fire, reflecting most of the power back to arm (1). The leakage power
will be incident in arm (1’). A second TR switch, identical with the
first, may be placed in the lower path in various positions. If it is placed
at the distance d + \,/4 from the first magic T, then the total path of
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the power from the T to the lower TR switch and back to the T will
be a half-wavelength longer than the similar path to the upper TR switch.
The reflected wave in arm (1) will then be 180° out of phase with the
reflected wave in arm (2). Now the transmitter power will couple
only to arm (3), and the transmitter will see a matched load. The
leakage power from the lower TR switch will arrive in arm (2’) in phase
with the leakage power in arm (1°) from the upper TR switch, and,
therefore, the leakage power will all couple to arm (4’). A low-power
signal arriving in arm (3) will not fire the TR switches and, therefore,
will couple only to arm (3').

Several observations may be made about the operation of such a
duplexer. First, the antenna is completely disconnected from the trans-
mitter when the TR tubes are not firing. Regardless of its impedance,
there will be no loss of signal to the transmitter. Since no ATR tubes
are required, it might be possible to make a device matched over a
broader frequency band than is possible by the branched-duplexer
technique.

Second, all the leakage power will be dissipated in the matched load
in arm (4') while no leakage power is coupled to the receiver on arm (3’).
In order for this to be true, both the relative phase and the amplitudes of
the waves in arms (1’) and (2") must be identical. Thus, not only must
the electrical length of the transmission lines or waveguides in the upper
path be the same as in the lower path, but the phase shift in the two TR
switches must be the same. In order for the device to be used over a
band of frequencies, the @ of the two TR switches must be identical.
Since the amplitudes of the two waves must be equal, the amplitudes of
the leakage powers from the two TR switches must be the same through-
out the entire magnetron pulse. This is difficult to accomplish. The
gas discharges in the two TR tubes must start at the same time and in
the same manner. In practice some leakage power enters arm (3") to the
receiver. The leakage power from each TR tube must be low enough
to protect the receiver. The amount of decoupling of the leakage power
to the receiver must not be relied upon too heavily.

The bandwidth of this device is controlled by the impedance seen
by the transmitter and by the @ of the TR switch. The @ of the TR
switch determines the bandwidth in exactly the same manner as it deter-
mines the bandwidth for the branched duplexers. The standing-wave
ratio seen by the magnetron is determined by the difference in path to the
upper and to the lower TR switch. When the difference is exactly one-
quarter guide wavelength, there is no reflected wave. As the wavelength
is changed, the difference in path length is altered and a reflected wave is
produced. Moreover, the magic T itself has a finite band over which it is
well matched.
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8-11. Ring-circuit Duplexer.—There are several balanced duplexers
that operate on the general principles discussed in Sec. 8-10, but which
differ physically. The power-handling capacity as well as the maximum
bandwidth varies considerably. They also differ in the type of magic
T used. The balanced duplexer that uses a combination of E-plane
and H-plane T’s is limited to power levels of less than 150 kw, at 3 cm,
for arcing oceurs at about that power level around the matching post.
It has a bandwidth of about 12 per cent.

A magic T described as a ring circuit has been particularly sucecessful
for making a good balanced duplexer.
A ring circuit consists of a loop or ring,
Fig. 827, of waveguide to which four
waveguides are joined to form four E-
plane T’s. The electric vectoris parallel
to the plane of the paper. The mean
circumference of the loop is one and one-
half guide wavelengths. The distance
between arms (1) and (3), (3) and (2),
and (2) and (4) is a quarter of a guide
wavelength along the mean circumfer- Fic 827 —Diagram of a ring-
ence. The characteristic impedance of circuit magic T.
the loop is 1/+4/2 times that of the four arms.

If the E-plane T is considered to be a pure series junction with no
junction effects, the properties of the ring circuit may be obtained by
the same general method used in Sec. 8-8.. The ring circuit is symmetrical
about a plane between arms (2) and (3). As before, fields that are even
and odd about the symmetry plane are considered. These two solutions
may be combined to give a general solution. First, if the electric field
is odd about the symmetry plane, the electric field must be zero at the
plane of symmetry. A sheet of metal may be placed along the symmetry
plane without disturbing the fields.

Only one half of the ring circuit is now considered. The impedance
matrix of this device is obtained in the ordinary way from the linear
equations of a two-terminal-pair network,

Vl = Z1111 + Z1313,
Vs Z1oly + Zgsls.

The impedance seen at the reference plane of arm (1), when there is no
current at arm (3), is Z;;. In the lower section there is, then, the
impedance of a short circuit, transformed one-eighth wavelength around
the loop, plus the impedance of an open circuit on arm (3), and the sum
transformed one-fourth wavelength to arm (1). This results in zero
impedance from the lower section at arm (1). From the upper section
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there is the impedance of a short circuit transformed three-eighths wave-
length or ~j/+/2. Thus

—J
Z o= 3.
11 ‘\/2
Similarly, the other matrix elements are found with the result
1 1
- 4
2 V2
Zoaa = J 1 1]
+—= +—=
V2 V2
1 -
I ‘ 5 N2
z,_:; ; 2 - -:—»—J"[Z—

i Magnit)ic wall ) (C)
( .

L1 a1 , ik 2 V2
8 e B

—.—tea

JE R ar e T
Electric wall Magnétic wall &)
@) (e)

Fia. 8:28.—Diagram to illustrate the calculation of the scattering matrix of a ring-circuit
magic T.

For the even case the sheet of metal must be replaced with a magnetic
wall which maintains an open circuit at the symmetry plane. In this case

1,1
7 V2 V2
even — ] M
L1
Vi Ve
In both cases the result of squaring the matrix is just ~1,
3dd = - I)
Z:?van = —I-
"The scattering matrix S is
S=@E~-NHZ+ hHy (4)

or
S = (Z* — 2Z + )(Z2 — ).
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If Z¢ = —I, then
8§ =2

Hence, in the even case Zi1 = S;; = +7//2, and this is the reflection
coefficient in arm (1). The complex wave coupled to arm (3) is
Z13 = Si3 = j/v/2. The scattered waves in each arm for the two cases

Antenna
e, Arm 3 Arm 2
2, >
\)/ /
3'3135/2“ 0 <{\% \ /
. wa 2. N , — 0.024"
o . 1.208" — | '
(S . %o ~ - Face of TR tube
: R
—_— - - - |~ Position of
Magnetron j«— : IL :‘/ short circuit
Arm 1 Arm 4
0.631"

1.193"'
F16. 8-29.—Dimensions for a ring circuit at 3.33 cm.
are known, as indicated in Fig. 8-28a and b. The even and odd solutions
may be added in any way. For example, the two solutions shown in Fig.
8-28a and b may be added with the result, Fig. 828¢, that a wave of
amplitude 2 is incident in arm (1) which couples a wave of amplitude
V2 to arms (3) and (4). No 14 ¢
wave is coupled to arm (2) nor is
there a reflected wave in arm (1). Ll Am Arm 2
By symmetry, it is seen that an
amplitude of 2 incident in arm (4)
will couple a wave of amplitude
V2 to arms (1) and (2) with no
reflected wave or coupled wave
to arm (3). From the same im-
pedance matri)f, the result of a =37 35
wave incident in arms (3) or (2) Wavelength in cm
can be found (Fig. 8:284, e, and f). Fia. 830.—Standing-wave ratio of ring-
o . . circuit magic T.

The power incident in any arm
divides equally between the two adjacent arms with no coupling to the
opposite arm and no reflected power. Thus, the ring circuit is a magic T.

It is obvious that the ring circuit is somewhat frequency-sensitive
since its operation depends upon correct line lengths. The voltage

12t

VSWR

11t
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standing-wave ratio at arm (1) and arm (2), with matched loads on the
remaining arms, plotted against wavelength is shown in Fig. 8-30 for a
ring circuit constructed according to Fig. 829. Figure 831 is a plot

60 13,
e
£ A
240t o 2 12
%’ / §
Q
o 201 11+
8
S
0 n . N N 10 . ! I . "
3.1 3.2 33 34 35 3.1 32 3.3 34 35
Wavelength in cm Wavelength in cm
Fia. 8:31.—Cross coupling between arms Fic. 8-32.—Standing-wave ratio presented
(1) and (2). to the magnetron by ring-cireuit duplexer.

of the ratio, expressed in decibels, of power incident in arm (1) to power
coupled to arm (2).

A nonlinear balanced duplexer may be constructed with ring circuits.
As before, care must be taken in placing the TR switches if the maximum

S8 RN i i el s -
Fie. 8-33.—Ring-circuit duplexer milled from aluminum. The top half has been
removed to show the details. The two halves are split along the center of the wide side

of the waveguide.

bandwidth is desired. As the frequency is changed, the standing-wave
ratio presented to the transmitter will change, not only from a change in
the characteristics of the ring circuit, but also from a change in the
electrical positions of the TR switches. In the ring-circuit duplexer,
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these two effects are nearly equal. If the TR switches are placed at
the correct distance from the ring circuit, the effects can be made to
cancel each other. On the drawing of the ring-circuit balanced duplexer
shown in Fig. 829 the positions of the TR tubes are indicated. The TR
switches are the broadband type 1B63. Figure 8:33 is a photograph
of a ring-circuit balanced duplexer milled from aluminum. The voltage
standing-wave ratio presented to the transmitter as a function of wave-
length is plotted in Fig. 8:32. The duplexer can be used up to peak
power levels of 350 kw at 1-usec pulse length and a pulse recurrence
frequency of 500 per sec if the corners inside the E-plane T’s are slightly
rounded.

8-12. Practical Magic T’s.—In the discussion of the magic T which

consists of a combination of E-plane and H-plane T’s, Fig. 822, the
procedure that was followed in the matching of the junction was inher-
ently important in deriving the magic-T properties. To obtain the
desired result, it is necessary to match the two arms that lie in the
symmetry plane. It is clear, how-
ever, that had the arms which are
on each side of the symmetry plane
been matched, there would have
been no reason to expect that the
resulting construction would be a
magic T. The coupling between
opposite arms would not have been
zero, and the two arms in the plane
of symmetry would not have been
matched. In the first case, four
independent adjustments are made,
the a‘mplit’Ude and the phase of a Fie. 834.—Position of post and iris
reflection coefficient in each of the for matching a magic T in }-in. by 1-in.
two arms in the plane of symmetry.  "*Vesuide.
In the second case, only two adjustments are made, since the resulting
device must remain symmetrical. For this type of symmetry, four
independent parameters in the two arms are necessary. These arms are
in the plane of symmetry.

These four adjustments may be made in a variety of ways all of which
depend upon the shape of the device and the desired bandwidth and power-
handling capacity. As seen by Fig. 834 the H-plane arm is matched
by adjusting the length and the position of a cylindrical post placed
inside the junction while the E-plane arm is matched by the size and
position of an assymmetrical inductive iris. The post is 0.125 in. in
diameter and 0.650 in. high. The iris is 0.032 in. thick. This method of
matching results in a magic T that is less frequency-sensitive than a
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magic T in which both arms are matched by using lumped constants such
ag capacitive or inductive irises. The 10-cm-band magic T is similarly
matched, as shown in Fig. 835. The post is 0.375 in. in diameter and
18 1.750 in. high. The iris is 0.032 in. thick. The 1.25-cm-band magic T
has the post replaced with a metal fin, Fig. 8-36. The irises are 0.020 in.

F1i. 8-35.—Position of post and iris for matching a magic T in 13-in. by 3-in. waveguide.

F1g. 8-36.—Position of post and iris for matching a magic T in }-in. by }-in. waveguide.

thick. The frequency sensitivities of the three magic T’s are shown in
Figs. 8-37, 8:38, 8:39. The curves show the standing-wave ratio vs.
wavelength in each arm for magic T’s before and after the matching
devices are added.

It is seen that the standing-wave ratios for the unmatched magic T
are high. By changing the dimensions of the various arms, these
standing-wave ratios may be lowered considerably and the final match
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40 A\ T T !
h i—arm \ A H-arm ! | . !
\‘\’ (unmatched) \\ (unmatch#d) ‘ l
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\ \ ‘
\ \ !
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1.0 | (unmatched) ] I
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F16. 8-37.—Effects of a post and iris for matching a magic T in 13-in. by 3-in, waveguide.

4.0 T
H-arf
35 (unmatched)
3.0
S 25 Earm
LTI (unmaijchec)
\\
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3.10 3.15 3.20 3.25 3.30 3.35 3.40 345 3.50
Wavelength in cm
Fia. 8:38.—Eflects of a post and iris for matching a magic T in }-in. by 1-in. waveguide.
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more easily attained. Such a magic T has been constructed! at the
Telecommunications Research Istablishment in England. If the
E-plane arm is considered to be a pure series connection with no junction
effects, a match in chis arm could be attained by making the charac-
teristic impedance of the symmetrical arms one half the characteristic
impedance of the E-plane T. Quarter-wavelength transformers or a
tapered guid: may then be used to return to a guide of standard size.
It is convenient then, to have the H-plane arm also of the reduced
dimensions at the junction. Over a band of wavelengths from 3.05 cm

. T2
7.5 T /,‘L—-—\\_ I//
-~ H-arm S G -
A (unmatched)
//
7.0 1 J
-: -~ ]t.‘: pos ,.: T nr la ~
30 e TE—arm
e el (unmatched)
’ Toeed
-3 / Tttt —— -
Z25—
/
>

/
20 |H— —
Side arm E-arm
(unmatched) o
15 = —t— et ]
| Sidearm ==
Harm N‘L\_>< H-arm

1.0 S ——

121 122 123 1.24 1.25 1.26 1.27 128 1.29
Wavelength in cm

Fia. 8-39.—Effects of a post and iris for matching a magic T in i-in. by 3-in. waveguide.

to 3.30 cm, an unmatched magic T constructed of guides having inside
dimensions 0.9 in. by 0.4 in. and 0.9 in. by 0.2 in. had a voltage standing-
wave ratio in the F-plane arm of about 1.16, in the H-plane arm of 3.3,
and in the side arm of 1.61. If these figures are compared with the curves
in Fig. 838, it is apparent that the match of the series arm is greatly
improved, with no effect on the shunt arm and without too drastic an
effect on the side arms. Final matching was accomplished by matching
the series arm with a large post and then matching the shunt arm with a
small post, Fig. 8-40. The resulting curve of voltage standing-wave ratio
vs. wavelength for the magic T, which includes the quarter-wavelength
transformers, is shown in Fig. 8-41 for an experimental model.

t Private communication from P. R. Tunnicliffe, TRE, Jan. 16, 1946.
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Considerable care must also be taken in matching the ring-circuit
magic T. In the discussion in Sec. 811 it was assumed that the junction
effects of the E-plane T could be neglected. It is seen from the fre-

0.300"
0.220"

@ — If:: f}%‘é
" T} 130"
R I TEHE

Fic. 8-40.—Modified magic T.

quency-sensitivity curves, Figs. 8-30 and 8-31, that this assumption was
allowable for the 3.3-cm band for the 1-in. by $-in. waveguide. Measure-
ments made on a ring-circuit magic T for the 10.0-cm to 11.2-cm band
using 3-in. by 13-in. waveguide
show curves very similar to Figs.
830 and 8-3l. However, when 1.40
plungers were put in arms (3) and
(4) no position of the plunger 2
could be found which would give =120
a low standing-wave ratio in the
remaining arms. Apparently the
simple series-circuit assumption 1.0%_00 310 320 330 340 350 360
cannot be used here. By chang- Wavelength in cm
ing the size of the center post, Fra. 8-41.—1<'reqpency sgnsitivity of the
. . . . modified magic T.
Fig. 829, from 1.972 in., which is
the calculated value for 3-in. by 14-in. waveguide, to 2.100 in., the plunger
position can be found and a curve similar to Fig. 832 is obtained. How-
ever, the standing-wave ratios when the short circuits are replaced by
matched loads are high and the cross attenuation is much lower.

o 1.30
=

110
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Some of these difficulties arise from the failure of the assumption
that the junction effects are unimportant, and some from the very close
spacing of the E-plane T’s. With the equivalent circuit of the E-plane T
available, the junction effects may be included in the design. The second
difficulty may be removed by adding correct line lengths between the
various arms. Although the argument stated in Sec. 811 is not applica-
ble when sufficient symmetry is lacking, it can be shown that the magie-T
properties are retained if any number of guide wavelengths are inserted
between any of the arms provided that the total number of half wave-
lengths added to the entire ring is even. If this rule is followed a great
many alterations on the simple ring circuit can be made.

For a wavelength of 3.3 em and a waveguide size of 1 in. by } in. by
0.050 in. wall, neither of these considerations is of importance. At a
wavelength of 1.25 cm and a guide size of % in. by § in. by 0.040 in. wall,
it is easily seen that the arms must be spaced so closely that they run
into each other. Here obviously it is necessary to apply the rule just
stated. Each addition of length increases the frequency sensitivity
considerably, and therefore the addition of line lengths should be avoided
if possible. It is not certain if the junction effects must be considered.
To the author’s knowledge, no ring circuits based on these considerations
have been constructed.

The alteration of the line length between the arms is not the only
transformation that can be made on the ring-circuit magic T. From
the discussion in Sec. 8-11, the scattering matrix of the ring-circuit magic
T is seen to be

0 0 1

s_;1 o o -1 af
IVelt -1 0 o
1 1 0 0

The solution for Z in Eq. (4) is
Z=(U4+98( -8

or
Z= (428 + 83l - 8§2)—1,
Since St = —1|,Z = §,
0 0 1
z_; Lo o -1 1f
Valt -1t 0 o
1 1 0 0

If a transformer with a turn ratio of n:1 is placed on one arm of the magic
T, the impedance matrix of the new structure is found by multiplying
the corresponding row and column by n or by v/Z where Z is the relative
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characteristic impedance of the new transmission line compared with the
old line. If transformers are put on each arm, the new impedance
matrix will then be

Z, = MZM,
where

Asan example,let Z, = Z, = 1,Z; = Z, = 2. Then the product MZM
results in

o 0 1 1
fo o -1 1
Z=ily 1 o ol

1 1 0 0

This matrix may be considered as the sum of four matrices. Three of
these matrices are one-quarter-wavelength lines and one is a three-quarter-
wavelength line, all of a characteristic impedance of 1,

000 1 0010
oo o0oo], . looo o
Zi=Jlo 0 0 ol 771 0 0 ol T
100 0 000 0

Thus, there is a new magic T which is shown in Fig. 8-42. With other
choices of the Z;'s a great many variations are possible.

- Z=1 1 '
20—2\,\/20=1 e ed®
(oY)

2]
~< |

i Zy=

S -

4
Fia. 842.—A transformed ring-circuit Fra. 8:43.—A right-angle ring-circuit magic
magic T. T.

1
-

These considerations are also applicable to a magic T of another type.
This is called the right-angle ring circuit. This ring circuit consists of
four one-quarter-wavelength lines, two with a characteristic impedance of
1, and two with a characteristic impedance of 4/2, which connect four
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terminal pairs, Fig. 8-43. By applying the method used on the ordinary
ring cireuit, the scattering matrix and the impedance matrix may be
found,

1

S =
v/

[
i 00

OO =,

1
J
0
0

= OO

and

V2 o0 1T o0

The same rule for adding line lengths between the various arms applies
here, and new structures may be found by adding transformers to the

1 V]
I
j
A
a4
g
4i=— =
X
YH=\Z
(2) ®

Fia. 8-44.—Coaxial ring~circujt magic T’s.

arms as is done for the ordinary ring circuit. It will be observed from
the scattering matrix, however, that the voltage coupled from arm (1)
to arm (4), or from arm (2) to arm (3), is now 90° out of phase with the
wave coupled from arm (1) to arm (3), or from arm (2) to arm (4).
If a balanced duplexer were made with a ring circuit of this type, the TR
switches would have to be placed at equal distances from the ring circuits.

The construction of magic T's is not limited to rectangular waveguide.
A variety of magic T’s may be made from coaxial lines and from combina-
tions of waveguide and coaxial line. The discussion presented in Sec.
8:8 was based on the series and parallel natures of the E-plane T and the
H-plane T, Fig. 8:22. It is easy to repeat the symmetry arguments with
the Z-plane T replaced with a coaxial probe, or the H-plane T replaced
with a coaxial loop, or both substitutions made at once. As has been
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pointed out, matching must be accomplished in the series and in the
parallel arms.

Coaxial lines may be used in both types of ring-circuit constructions
as indicated in Fig. 8-44. The coaxial T shown is a parallel circuit and,
therefore, admittances are easier to handle. The scattering and admit-
tance matrices may be found as in the series cases. Although several
coaxial ring circuits of the type shown in Fig. 8-44b have been constructed,
no performance data are available.

8-13. Circular-polarization Duplexer.—A third variation in the
design of a balanced duplexer uses magic T’s which involve a round
waveguide. As an example of such a magic T, consider the construetion
indicated in Fig. 8-45. The two symmetrical arms of the magic T, arms

Fic. 8-45.—A magic T using round waveguide.

(1) and (2), are the two perpendicular polarizations in the round wave-
guide. The analysis of the junction proceeds in exactly the same manner
as in Sec. 8-8. For the ordinary magic T of Fig. 8-22, in order to obtain
a matched magic T, the matching must be accomplished in arms (3) and
(4). Arm (4) can be matched to arms (1) and (2) by using a quarter-
wavelength transformer between the rectangular and the cylindrical
guides. The transformer shown in Fig. 8-46 is approximately a quarter-
wavelength long, and its impedance is approximately correct for a transi-
tion betweer. transmission lines of different characteristic impedances.
End effects and the change in cross section alter both the length and the
Zy of the transformer. At 1.25 em the choice of dimensions of the rec-
tangular and the cylindrical guide is such that a match can be obtained
in arm (3) by simply adjusting the distance between arms (3) and (4).
At 3.3 cm a matching iris is necessary.

The advantage of using a magic T with round guide in a duplexer
becomes apparent if the magnetron and antenna are visualized as placed
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on arms (4) and (3), for then the two TR switches are in the same guide.
The two switches can, in fact, be made into a single tube. The difference
in the electrical path length from the magic T to the TR switeh for the
two arms, arm (1) and arm (2), must be a quarter of a guide wavelength,
as in the previous duplexers. Now, however, the physical distance
between the magic T and the TR switch is the same for the two arms
since they are in one waveguide. The guide wavelengths in arms (1)

l«-0.701%

0.170"
*‘ r i~ o | oo

| i
Lo
s )
b I 0.196" q L 0.350"
(e s
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Fie, 8:47,—A quarter-wavelength plate.  Dimensions are for 1.25-cm wavelength.
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L/—I l—\ T i . .—] l_‘—j'—
- i SR Y T L _—
Magic T N TR Ihg Magic T
plate switch plate

Fie, 8:48,~—Diagram of eircular-polarization duplexer.

and (2) between the TR and the magic T must, therefore, be altered to
result in a quarter-wavelength difference in electrical path length. 1In
other words, if N, and A are the wavelengths in arms (1) and (2) respec-
tively, then

m

2
2 2

[ =

where [ is the length of the section of the cylindrical guide in which the
guide wavelengths differ. The change in guide wavelengths may be
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accomplished by using an elliptical section of guide, by inserting a fin
into a circular guide, by using lumped constants such as a number of
capacitive posts, or by using a dielectric slab in circular guide. The
second method is illustrated in Fig. 8-47. The stepped construction on
each end of the fin is a quarter-
wavelength transformer to match
into and out of the phase-shifting
section.

The waves in arm (1) and arm
(2) are thus in phase with each
other when they enter the section
of guide containing the fin, and
are 90° out of phase with each
other as they leave the section.
Before entering the section con- Kovar

in

8
taining the fin, the combined wave i 707 4
will thus be a linearly polarized glass )
. . (=]
wave whose electric vector is T ry

either parallel to or perpendicular —>{ 0.018" 0.005”~>{ e
to the symmetry plane of the

magic T. After leaving the fin,
the combined wave is either a
right-hand or a left-hand circularly polarized wave. The section of wave-
guide containing the fin is thus the microwave equivalent to the quarter-
wavelength plate used at optical frequencies.

Resonant windows

Resonant cross

232"

S -0011"

Resonant window Resonant cross
Fig. 8:49.—TR switch.

Wavelength in cm
Fia. 8:50.—Bandwidth of TR switch of Fig. 8-49.

The circular-polarization duplexer will, therefore, consist of two magic
T's in eylindrical guide, two quarter-wavelength plates, and a TR switeh
in cylindrical guide, Fig. 8-48. The operation on both low and high
power is identical tothat of the balanced duplexers previously described.

The TR switch must transmit two perpendicular polarizations, for
example, the waves in arms (1) and (2). Figure 849 indicates a possible
construction. The ortentation of the resonant cross is not important
since a circularly polarized wave is symmetric about the direction of
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propagation. Figure 8-50 shows the voltage standing-wave ratio which
the TR switch presents to the quarter-wave plate. 1t is seen that over
the frequency band shown the maximum loss is 0.5 db. Figure 8-51 is

15

VSWR

10 1 I L
1.22 1.24 1.26

Wavelength in cm
Fic. 8-51.—Standing-wave ratio as seen by the magnetron and signal.

1

1
1.28

the over-all voltage standing-wave ratio of the duplexer as seen by the
magnetron and the antenna of an experimental circular-polarization
duplexer shown in Fig. 8-52.

When the leakage pulse is observed on a fast oscilloscope, the energy
appears to be almost entirely in the spike. The total energy transmitted
P by the TR switch, for example,
h >, the amount of energy per pulse
entering the matched absorber in
arm (4), is 9 ergs. The energy
per pulse absorbed by the erystal
is 0.06 erg. The decrease in leak-
age cnergy accomplished by the
magic T and the quarter-wave-
length plate is thus 22 db. This
measurement was made only at
the center of the 1.25-cm band.
The maximum amount of power
which the duplexer will transmit
at atmospheric pressure is 87 kw
at 0.3 wsec pulse width, 550 pps
repetition frequency.

8-14. Turnstile Duplexer.—A
= balanced duplexer that employs a
I'ia. 8:532.—Duplexer for 1.25 ¢m employing circu]ar]y polarized wave but does

circular polarization,
not use a quarter-wavelength plate
can be constructed with a six-terminal-pair network called ‘‘the turn-
stile,”” Fig. 8:53. Let us consider three experiments performed with
matched terminations on 5 arms, and with a matched generator on the
remaining arm of the turnstile.
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1. With the generator on arm (6), Fig. 8-54a, in the cylindrical guide,
make an adjustment of two parameters, such as a post diameter and
length indicated in Fig. 8-55, until
there is no reflected wave. Since the
device is symmetrical about a plane
through arms (3), (4), and the cylin-
drical guide, no power will be coupled
to arms (3) and (4). The electric
field of the wave in arm (6) is odd
about the plane of symmetry. Such
a field will not propagate in arms (3)
and (4). The waves in arms (1) and
(2) are equal in amplitude and are
180° out of phase with each other.

iy
3
©

If unit power is incident in arm (6), Arm

the voltages in arms (1) and (2) 2

may be characterized by +1/4/2 Arm 6

and —1/4/2. . . Arm Arm
2. From Experiment (1) it must 4 3

be concluded that if unit power is Am 5

incident in arms (1) and (2), Fig. 8-54b,

such that their respective voltages are Arlm

180° out of phase, no power will be

coupled to arms (3), (4), and (5) while ®)

the amplitude of the wave in arm (6) Fra. 8:53.—A turnstile junction.

will be 4/2. There will be no reflected wave in either arm (1) or arm (2).
3. If a generator is placed on arm (1) only, Fig. 8-54c, there will
be, in general, a reflected wave and a wave which is coupled to each

1
vz vz

-1 8 0
A VA A A
TG e s =S
B Hl_ j*lli

a+l +

(@) ® © (@)
F1g. 8-54.—Diagram to illustrate the matching of a turnstile junction, In (a) the

direction of the incident wave is into the paper; in (b), (c), and (d) the waves emerge from
the plane of the paper.

+1

of the remaining arms except arm (5). From the symmetry of the turn-
stile the power coupled to arms (3) and (4) will be equal and the waves in
phase with each other. When unit power is incident in arm (1), the
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amplitude of the wave coupled to arm (6) will be v/2/2 as indicated by
Experiment (2). Comparing Experiments (2) and (3), it is observed
that for consistency it is necessary that the reflected wave in arm (1)
be equal to the transmitted wave in arm (2), « = 8. If now by a second
adjustment & = 0, then 8 = 0, and necessarily, § = 3. This is a device
whose properties are indicated in

04207 Fig. 8-54d. If a wave is incident in
‘* ’1 any one of the rectangular wave-
guides when the remaining guides

! l ___.L are terminated in their characteristic

impedances, one-half the incident

%

_ O

& M . . .
- R ;}‘ﬁ——F power will couple to one polarization

© &5 in the cylindrical guide, and one-
) S fourth the power will couple to each

of the adjacent rectangular guides.
0 vz
0.350' /— 2
3 0.188', /T
S = 0.065" — 2 -
o S =
~—t
3 L
1
PR SN Sy Y W S ——
=l n n
2 d l d ___)‘g
(=] + 2
o 1
Fia. 8-55.—Dimensions for a matched Fia. 8:56.—Turnstile with
turnstile junction at 1.25 em, short circuits on two arms.

No power will be reflected, and no power will be coupled either to the
opposite rectangular arm or to the perpendicular polarization in the
cylindrical guide.

For duplexing purposes a short circuit is placed in arm (3) and one
in arm (4), Fig. 8'-56. If the short circuits are placed so that one of them
is one-quarter guide wavelength farther from the plane of symmetry
than the other, the two reflected waves will arrive at the cylindrical
waveguide 180° out of phase with respect to each other. This condition
is equivalent to Experiment (2). The two waves, therefore, will couple
to arm (5) in the cylindrical guide and no power will be coupled either to
arm (1) or to arm (2). The resultant wave in the cylindrical guide will
depend upon the relative phases of the two perpendicularly polarized
waves in arms (5) and (6). If the positions of the two short circuits are
adjusted, maintaining the one-quarter guide wavelength relative displace-
ment, the phase of the wave in arm (5) may be varied without changing
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the match of the modified turnstile or the coupling from arm (1) to arm
(2). In particular the phase may be made just 90° different from the
wave in arm (6). The resultant wave will then be circularly polarized.
Critical dimensions are shown in Fig. 855 for the 1.25-cm band.

It is clear that the modified turnstile accomplishes everything that
the round magic T and the quarter-wavelength plate accomplished in
the previous duplexer. Two such turnstiles and a TR switch for round

Wavelength in cm
I16. 8:58.—Frequetiey sensitivity of turnstile duplexer at high powers.

guide, Fig. 8-57, form a balanced duplexer which functions in a manner
identical with the circular-polarization duplexer of Sec. 8-13. The
frequency sensitivity at high power level is shown in Fig. 8:58. At low
power level the modified turnstile has a voltage standing-wave ratio of
less than 1.1 over the band of wavelengths from 1.22 to 1.28 em. The
over-all frequency sensitivity of the turnstile duplexer is, therefore,
approximately that of the TR switch, as shown in Fig. 8-50 of Sec. 8-13.



CHAPTER 9
MEASUREMENT TECHNIQUES

By H. A. Lerrer

The measurements of the r-f properties of TR and ATR tubes and
of complete duplexers usually involve only standard techniques common
to all microwave measurements. The emphasis, however, is not neces-
sarily the same, and in many cases it is desirable to develop more or
less specialized test equipment and procedures. One of the most impor-
tant reasons for the development of specialized test equipment is the
necessity for mass-production testing of the tubes by relatively untrained
personnel.

Measurements on TR tubes and duplexers may be classified under
three headings: (1) low-level r-f measurements, (2) high-level r-f measure-
ments, and (3) d-c measurements. The low-level r-f measurements on
TR tubes include tuning, insertion loss, @, Qs coupling, and keep-alive
interaction. The measurements on ATR tubes include tuning, @, and
Q.., and coupling. Duplexer low-level measurements are concerned with
tuning, maximum and minimum insertion loss for various magnetron
impedances, and bandwidth. High-level r-f measurements must be
made of arc loss, arc leakage power, spike leakage energy, direct-coupling
attenuation, harmonic leakage power, high-leve] standing-wave ratio,
and recovery-time characteristics. D-¢ measurements are concerned
with the keep-alive characteristics. They include minimum firing volt-
age, firing time, oscillations, and volt-ampere characteristics.

For the general background and a fuller description of microwave
test equipment and transmission-line components, the reader is referred
to the following volumes of this series: ‘“Microwave Transmission
Cireuits” Vol. 9 and ““Technique of Microwave Measurements” Vol. 11.

9-1. Basic Low-level Test Equipment.—The fundamental test setup
for low-level measurements from which almost all others are derived,
consists of an r-f signal source, suitable level-setting and padding attenu-
ators, a power monitor and wavemeter, a slotted section or standing-
wave detector, and the object under test which may or may not be
followed in the transmission line by a second, slotted section and a
matched load or power measuring device. With such a setup, the
impedance (magnitude and phase of the standing-wave set up by the
test object), loaded and unloaded @, insertion loss, tuning, and other

376
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properties can be measured. The measurements may be made in coaxial
or waveguide transmission lines depending upon the object under test
and the particular frequency band. In the 10-cm (3000 Mc/sec) band,
waveguide and coaxial lines find almost equal use. At 3 em and below,
almost all measurements are made in waveguide. In fact, almost the
only coaxial lines used are flexible dielectric-fil cables. Although
it is dangerous to generalize, it is probably true that waveguide test
benches are more flexible and accurate than those made of coaxial lines.
It is easier to make matched variable attenuators, matched loads, and
good slotted sections in waveguide, chiefly because there is no center
conductor to support. At wavelengths greater than 10 c¢m, waveguide
finds little use because of its great bulk. A typical 10-em bench using
11 in. by 3 in. waveguide which includes two slotted sections, two attenu-
ators, and a matched load may be 5 ft long and weigh 30 lbs.

Signal sources most commonly used are klystrons or parallel-element
triodes of the ‘““lighthouse’” construction. Reflex klystrons, because
they are much more easily tuned, have replaced two-cavity klystrons.
With present detecting and measuring techniques a power level of 50
to 100 mw from the tube is ample for most measurements. These power
levels may be obtained with the 2K28 and 2K41 klystrons in the 10-cm
band, and with the 2K39 tube at 3 em. The 2K39 and 2K41 tubes have
integral cavities and operate at beam potentials of 1200 and 600 volts,
respectively, with reflector voltages about —200 volts with respect to
the cathode. The 2K41 tube may be turned over a range from about
8.8 cm to 14 cm, but only about a 10 per cent tuning range can be obtained
on the main tuning knob. The 2K39 tube may be tuned over a 12 per
cent band from 3.1 to 3.5 em by the tuning control. With 1500 to 2000
volts between anode and cathode, the output power of these tubes may
be pushed to 0.5 to 1 watt.

The 2K28 tube is a cell-type tube that is used with an external cavity.
It operates at lower voltages than the 2K41 tube and produces 100 mw
at a beam voltage of 300 volts. This, however, is almost its maximum
output power. The tube may be tuned from about 8.5 to 12 cm in a
simple waveguide cavity with two short-circuiting plungers. The
2K25 tube is a low-power tube in the 3-cm band. The output power is
about 30 mw at 300 volts. The 2K25 and 2K28 tubes, because they are
easily tuned and require smaller power supplies, are usually used in
preference to the 2K39 and 2K41 tubes if the lower output mower is
sufficient.

The 2C43 (lighthouse tube) triode is most useful above about 15 cm
wavelength. It too operates on about 200 to 300 volts. It suffers from
the fact that it has no electronic tuning as the reflex klystrons have;
but it requires a simpler power supply.
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The r-f power {from each of these tubes is coupled ocut through some
form of coaxial line. All except the 2K25 tube are coupled to the
main line by a flexible coaxial cable. The 2K25 tube is arranged to
mount directly on the waveguide (1 by % in. by 0.050 in. wall) with no
intermediate fittings. The use of flexible cable has many advantages;
but it must be recall@) that the fittings used to join these cables together
(type N fittings) may introduce standing waves of as much as 1.5 or 2 in
voltage. Therefore, where it can be avoided, measurements should never
be made through such connectors.

Lossy cables are used whenever possible between the r-f generator
and the other test equipment, in order to isolate the oscillator from effects
of mismatch in the unit under test. Transitions from cable to coaxial
line usually involve a type N r-f connector and a tapered section, or
section of line containing step transformers, to afford a match from the
cable into the air-filled coaxial line. Transitions from coaxial line or
flexible cable to waveguide are of several types. The most common
variety has a probe approximately one-quarter wavelength long, but
other devices, such as “door knobs” and crossbar-supported probes,
serve equally well and are often less susceptible to mechanical distor-
tion than the simple one-quarter-wavelength probe.

The slotted section is one of the most important items of test-bench
equipment. It must be very carefully constructed if accurate work is
to be done. If any dimension varies from the value specified, the elec-
trical measurements are affected in some manner. Inner dimensions of
slotted sections in guide must be accurate. This is true also of the outer
conductor of coaxial slotted sections, with the further requirement that
the inner conductor must be accurate in size and very closely coaxial
with the outer conductor. It is the presence of the inner conductor
which makes coaxial slotted lines so much more difficult to construct
than the waveguide slotted sections. In a section of either type the slot
should be as narrow as possible and accurately parallel to the axis of the
line. The thickness of the wall in which the slot is cut must be held to
close limits, so that the projection of the probe into the guide will be
uniform along the slotted section. A gradual variation in thickness
causes the sensitivity of the device to vary from one end to the other.
The same action would occur if the inner conductor of a coaxial section
were not accurately centered. The length of the slot should be greater
than a full wavelength. A full wavelength would ensure that two volt-
age minima and one maximum, or one minimum and two maxima, could
always be obtained were it not for the fact that ““ end effects” cause values
near the ends of slots to be unreliable.

The pickup probe should be made of fairly small wire and should be
inserted into the transmission line as short a distance as possible, in order
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that it shall not cause a standing wave. Tunable probes are best because
the greater sensitivity permits less insertion. The r-f voltage picked
up by the probe is either rectified by a detector mounted in the probe and
applied to a galvanometer or amplifier, or is applied directly to a spectrum
analyzer which contains a superheterodyne receiver. A probe of the
second type, which does not contain a detector, is sometimes called an
“r-f probe,” because it can be used to pick up r-f power which will be
delivered to another instrument by means of a flexible cable.

The choice of the instrument used to indicate the magnitude of the
power picked up by the probe depends on the kind of measurements to
be made and on whether or not the r-f oscillator is modulated. If the
r-f oscillator is square-wave modulated, an amplifier is usually employed.
Most amplifiers used for this purpose have tunable selective circuits
incorporated in them and, therefore, they amplify only at some desired
frequency. This is very useful for eliminating effects of power-supply
ripple, or other interferences. The amplifier is tuned to that modulation
frequency used with the r-f oscillator. Since the oscillator is modulated
with a square wave, the rectified r-f pulse has considerable harmonic
content. If the amplifier is tuned to amplify at one of these harmonics,
an appreciable error may be introduced, since most of the harmonic com-
ponent is in the rising and falling edges of the pulse, where the r-f fre-
quency may be quite different from the frequency obtained over the flat
top of the pulse. If the modulating voltage does not swing the reflector of
the oscillator to a nonoscillating voltage during half of the eycle of the rec-
tangular pulse, erratic results may also be expected, because it is likely
that the frequencies obtained in the two halves of a eycle will be con-
siderably different. The presence of two or more frequencies may be
checked by inserting an absorption wavemeter into the circuit and obsery-
ing the “dips” in power level as the wavemeter is tuned over the band.
It is sometimes very convenient to apply the output voltage of a crystal
to an oscilloscope, so that the envelope of the modulated r-f signal may
be observed. Power for this monitoring crystal may be taken out of the
line by means of a probe similar to the one used in the standing-wave
measurement, or by means of a directional coupler.

When the r-f oscillator is unmodulated, a galvanometer may be used to
register the crystal current. The crystal current is very nearly propor-
tional to the power picked up by the probe. Consequently,

B [P [Tx
VSWR’EI.‘\/F;“\/E'

where the E’s are field-strength values along the guide, the P’s are the
corresponding values of power into the crystal, and the I's are the cor-
responding crystal currents.
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The equation relating crystal current to the applied voltage is, more
accurately,
I =g,

where m expresses the law of the detector, that is, if m = 2, the detector
is said to have a square law. With this notation,

rQ _ Imu o
VSWR = (Imin) .

The crystal is very nearly a square-law device, but for precise work
the value of m should be obtained experimentally. This may be con-
sidered a calibration of the crystal and it is necessary to calibrate, as a
unit, the crystal with its associated equipment, such as a galvanometer or
an amplifier, since output impedance has some effect on the crystal law,
and since the amplifier itself may not be quite linear. If the range of
crystal currents in use is large, it will be necessary to obtain a continuous
calibration curve, but the crystal may be calibrated at only one point if
the variation in current is not very large. For voltage standing-wave
ratios less than three, calibration at a single point is usually sufficient
since the variation in crystal law with crystal current is a slow function.
Calibration of a crystal is usually done by short-circuiting a line with a
metal plug and comparing the values of crystal current vs. probe position
with theoretical values of field strength which may be calculated. In a
short-circuited lossless line, the field strength at any point may be calcu-
lated from the relation

sin 211
Ay

E =

The value of m, the crystal-law parameter, can be determined by making
a measurement at any distance [ from a minimum, since

Do ,,EL>M - "
o~ \Eaw) ~ ’

_ Jog (11/Tomar)
log (sin 21[)
A

When a spectrum analyzer is used, the r-f power is applied directly
from the probe to a calibrated cutoff attenuator built into the instrument.
When standing-wave ratios are measured with this apparatus, the probe
is set at the position of a voltage minimum and the height of the pip
noted. The probe is then moved to a maximum position and the signal
is adjusted, by means of the calibrated attenuator, to the same height
as when the probe was set at & minimum in the standing-wave pattern.

. 2xl
sin —

7




SEc. 91} BASIC LOW-LEVEL TEST EQUIPMENT 381

Spectrum analyzers are very useful for measuring standing-wave ratios
greater than two. The calibrated attenuators can be adjusted to give
accuracies of 0.2 db if care is taken, and if the drive mechanism is care-
fully built. The sensitive receiver in the analyzer allows measurement
of standing-wave ratios as high as 40 db (100-to-1 voltage ratio).
Matched line terminations, matched pads, and matched variable atten-
uators should have voltage standing-wave ratios less than 1.05 for rough
work and less than 1.02 for accurate measurements. Units usable over a
broad band of frequencies can be built to fulfill the requirements stated
above. Matched pads are particularly important when direct measure-

o —

)
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F1a. 9-1.—A typical test bench for use at wavelengths near 3 cm.

ments of insertion loss are to be made. Section 9-2 will discuss this
further.

Square-wave modulators are usually eondenser-coupled to the reflector
circuit of the reflex klystron tube and require only about a 50-volt square
wave to throw the tube in and out of oscillation. The square wave should
rise sharply and be as flat as possible on top in order to make the fre-
quency modulation small. Experience has shown that a symmetrical
square wave, in which the duration of the positive half of the wave is
equal to that of negative half of the wave, gives the best results.

Wavemeters are of two types: the coaxial type which is most often
used at 10 cm, and the cavity type which is used most frequently at 3 em.
They may be coupled to the source of r-f power in such a manner as to
cause & dip in power when they are at resonance (absorption type) or
they may be used as transmission meters. The absorption type is more
popular since the monitoring device also indicates whether the r-f source
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is in oscillation. Measurements of high-Q devices call for greater accu-
racy than can easily be obtained with ordinary wavemeters. Means for
obtaining the required accuracy are discussed in Sec. 9-3.

A typical test bench for use at wavelengths near 3 em is shown in
Fig. 9-1. The oscillator is at the left, then there is a directional coupler
for monitoring the power, an attenuator, a directional coupler with a
transmission wavemeter and a crystal holder, a second attenuator, the
standing-wave detector, a broadband TR tube (1B63), and a matched
load terminating the waveguide line. The power supply for the oscilla-
tor and a square-wave modu'ator are contained in the box on the left
behind the waveguide. On the lower right is a spectrum analyzer, and
above it an audio amplifier.

TR tube
R-f input Crystal

Vane
L Slotted section attennuator holder

Slotted section Tuning
screws

current

Fic. 9-2.—Determination of insertion loss of 1B24 TR tube.

9-2. Insertion-loss Measurement.—Insertion loss L is defined as

L = 10 logm %) (1)
where P; is the inzident power and is the power delivered to a matched
load by a matched generator; P is the power delivered to a matched load,
by the same matched generator, after the unit for which the loss is to be
measured has been inserted in the line. Insertion loss is made up of two
components—reflection loss and dissipative loss. Reflection loss is
caused by an impedance mismatch which reflects part of the incident
power back toward the generator. Dissipative loss takes place within
the element and is /2R loss. Dissipative loss is usually determined by
subtracting the reflection loss from the total insertion loss.

Insertion loss is determined directly by measuring the power delivered
by a matched generator to a matched load and then measuring the power




SEc. 92] INSERTION-LOSS MEASUREMENT 383

delivered to the matched load with the unit to be measured in the circuit.
A matched calibrated attenuator is very useful in this measurement, since
it eliminates the necessity for an accurate power-measuring device.
With the unit to be measured inserted hetween the matched generator
and the matched attenuator (Fig. 9-2), the power level into the matched
load should be set at some convenient value. The unit being measured
is then removed from the circuit and the attenuation increased until the

Fia. 9-3.—S8liding-vane attenuator.

power level returns to its former value. The difference between the
attenuator readings represents the insertion loss. In general, the platin-
ized-glass type of attentuator, in either coaxial line or waveguide (see
Fig. 9-3), is preferred for these measurements, because it holds its
calibration well. Resistor-strip attenuators absorb moisture to some
extent and, therefore, change calibration.

The tuner shown in the illustration is used to match the crystal detec-
tor. Tuners of several varieties are suitable for this purpose. These are
all deseribed in Vol. 9, Chap. 9, Radiation Laboratory Series. If ther-f
oscillator is capable of delivering sufficient power, a matched pad may be
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used in place of the tuner. This pad must have sufficient attenuation to
reduce the voltage standing-wave ratio introduced by the crystal to an
acceptable value, about 1.05 or less.

When insertion loss is measured directly, it is necessary to ensure that
both the generator and the termination are well matched. A termination
which has a VSWR of 1.2, if used in the measurement of a TR cavity
normally having a loss of 1.5 db, gives values of loss ranging between 1.37
and 1.64 db, depending upon the phase of the impedance: a variation of
approximately +9 per cent. If, in addition, the generator were mis-
matched by an equal amount, the range of variation of loss would be
about twice that obtained with a mismatched termination alone.

The insertion loss may be determined also by measuring the field
strength and the voltage standing-wave ratio in the line, on each side of
the unit under test, by means of a probe and slotted section. Let E,
be the incident electrie field, and TE, the reflected electric field, where I'
is the reflection coefficient of the unit being measured, and let E; be the
transmitted electric field. Since all fields are measured in lines of the
same characteristic impedance, the loss is given by the relation

By

L = 20 IOgm—E—
2

The maximum field strength in the standing-wave pattern in the first
slotted section is given by

Emnx

i

E(3 41D,
and the minimum by

Epn = E1(1 — |T]).
Hence
_ B + Fin

E, 2

The rectified current B from the probe is proportional to the square

of the field strength, or

R = k1B,

Ruia = klExznin)
where k; is the constant characteristic of the probe on the generatorside
of the tube. A similar relation holds for the second slotted section, but
with a different constant of proportionality. If no standing wave is
present in the second slotted section,

Ry = k,E2.

The ratio k;/k; may be determined by comparing the probe currents
when the unit to be tested is removed from between the slotted sections.
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The insertion loss is then
'\/R -+ '\/ Rmu:

2 JER

The reflection loss Lz, in decibels, is given by

L=20 log;u

Lz 10 loge

N
1=
or

(r+ 1)
ir

Lg 10 logm

where r is the voltage standing-wave ratio. Since

2 _ (Eoas) — Boe

= Emm Rmin’

(v/ T + /Fm)®
4 \/ Rone Roin

9.3. Pass Band of High-Q TR Switches.—A characteristic of great
importance in the performance of a TR tube is the unlocaded . This is

Lz = 10 logw

Fia. 9-4.—~Methods of coupling to TR cavities.

most easily determined by measuring the @ of a TR tube and its asso-
ciated cavity, loaded by one window, Q:,. The cavity is mounted so
that it terminates a transmission line and the response curve is measured
in terms of standing-wave ratio and frequency. Either coaxial line or
waveguide may be used, but since the trend in microwave applications
has been toward the use of waveguide, the measurements to be described
are for the waveguide application.

For a measurement of @.1, a cavity is mounted on the end of a coaxial
line or waveguide as shown in Fig. 9-4. This situation can be represented
by the equivalent circuit shown in Fig. 9-5. The coupling of the cavity
to the transmission line may be varied by varying the size of the opening
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into the cavity. This corresponds to changing the transformer ratio,
n1/n,, and thus changing the terminating admittance of the line. When
the cavity is tuned to resonance, the imaginary part of this terminating
admittance is zero and, looking into the cavity from the transmission line,
a pure conductance is seen whose magnitude depends on the coupling—
that is, the size of the opening—and the unloaded @ of the cavity.

If the coupling iris is very small, a large standing-wave ratio is pro-
duced in the transmission line, since the end of the waveguide transmis-
sion line is essentially terminated in a very high admittance with a large
real component. Thus, a minimum of the standing-wave pattern appears
at the window at resonance, and the cavity is said to be ‘““under-coupled.”
As the opening is increased in size, the real part of the terminating
admittance approaches the characteristic admittance of the transmission
line, until a size of opening is reached for which, at resonance, ¥ = Yy,
and the cavity is matched to the line. The standing-wave ratio at

N, .
o _1- g b

(o) ®)

Fig. 9:5.—Equivalent circuit for cavity with input coupling.

resonance will be unity. As the size of the opening is increased still
further, the real part of the admittance decreases below Y, and, at
resonance, a maximum of the standing-wave pattern appears at the
opening. When this condition occurs, the cavity is referred to as
“over-coupled.”

As a result of this behavior, two possibilities are to be distinguished.
The voltage standing-wave ratio at resonance is given by

1 — g4
1+
1 ]
ro = 11’3, @)
1_ q
1+ g4

where g. is the normalized cavity conductance. If g. £ 1, ro = 1/g..
This case is of principal interest in duplexer design. If g. = 1, o = g..

In making measurements on a cavity, the information as to whether
g. is greater or less than one is obtained from the phase of the standing
waves. TFor an iris-coupled cavity, it is usually easy to determine
whether a maximum or minimum appears at the opening at resonance.
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However, a complicated r-f transmission line between the slotted section
and the cavity might make this determination difficult. Nevertheless,
the information may be obtained by a study of the behavior of the phase
of the standing wave. If the position of a minimum in the standing-
wave pattern is measured along the slotted section from an arbitrary
origin, and if g, < 1, there will be a quarter-wavelength shift from the
position of the minimum at resonance to the position of the minimum at
frequencies far off resonance. If g. > 1, the position of the minimum
will be the same at resonance as for frequencies far from resonance. It is
useful to interpret the behavior of the standing-wave pattern as a function
of frequency by tracing the variation on an admittance chart. Figure 9-6

g <1 g.>1

(@) ®)

Fia. 9-6.—Circle-diagram explanation of shift of minimum.

shows the circle diagrams for the two cases. For frequencies far from
resonance, the cavity acts as a short circuit, and has, therefore, an infinite
admittance. As the frequency increases from a value below the resonant
frequency to a value above it, the susceptance increases from a large
negative value, passes through & = 0, and approaches positive infinity.
The conductance of the cavity remains constant. - The cavity admit-
tance, therefore, traces out a circle whose center is on the line b = 0, and
at resonance the admittance is represented by point 4. If g. < 1, the
circle encloses the point b = 0, ¢ = 1, and the phase of the standing-wave
pattern changes through 360° or one-half wavelength, as indicated in
Fig. 9-6a. If g. > 1, the phase increases to a maximum value at point
D in Fig. 9-6b, then decreases again with the result that the value at
resonance is the same as the value far from resonance; the phase then
deviates from zero in the other direction, and finally becomes zero again.
The position of the minimum thus varies with frequency in the manner
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shown in Fig. 9-7. If the loaded @ of the cavity is high, the circle on the
admittance diagram is traversed in a narrow range of frequencies.

The equivalent circuit given in Fig. 9-5 may be generalized to include
an output circuit, which can then be interpreted in terms of the cavity
coupled by one window by assignment of the proper value to the load.

Away Away
from from
generator generator
E A 1
2 4 €
£ g, <1 E g, >1
—_= i<
E Position at l ‘E Position at
%5 resonance T w [resonance
S c
p=4 A 8
2 / 5
= &
Toward f Toward fa
generator Frequency — generator Frequency —*

FiG. 9-7.—Variation of minimum position with {requency.

This circuit is shown in Fig. 9-8.  All conductances and susceptances are
referred to the input line and normalized. At resonance the susceptance
terms, lumped together, are zero and the standing wave set up in the
input line results from the action of the cavity and load conductance,
which are also lumped together. At frequencies off resonance, the sus-
ceptance terms countribute to the reflected power and consequently the

I

Y, g, % Y, 9.+9 b, +b

Fiac. 3-8.—Equivalent circuit for cavity output loading with matched generator.

[— ] —

standing-wave ratio at resonance is the lowest value obtainable. The
loaded @ of the cavity is defined in terms of the resonant frequency and
the frequency difference between the half-power points. In order to
reduce the power in the load circuit to one half its value at resonance, it
is necessary that a value of total load susceptance equal to the total
load conductance be added. 'The loaded @ can be calculated from the
equation
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)\1)\2

Joo
f2 —f1 - A — )\2)
where f; and X are the resonant frequency and wavelength respectively,
and f, and f1, Az and X\, are the corresponding values at the half-power
points. The standing-wave ratio looking into the cavity with an output

circuit is given by the equation

_ VUt g+ g+ b+ )+ V(0 —g.— g)2 + (b + b)?
VO H g 9T B+ 0 — VT =g — )F + (e T )
At the half-power points, b, + b = 1 + g, + g, so that Eq. (4) reduces to

_ 1+ @ +9+V1+ (g +g)?
1+ @+ —vV9I+(g+g)?

Tt is apparent that Eq. (5) gives the same result if 1/(g. + ¢) is substi-
tuted for g + g. This means that the standing-wave ratio at resonance
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Fi1a. 9-9.—Plot of ri4 as a function of ro.

(ro) can be used in Eq. (5) without regard to the phase of the reflection.
A graph of Eq. (5), with g. + g replaced by ry, is given in Fig. 9:9. The
value of r; determines the value of the standing-wave ratio at the half-
power points. The frequency difference between these points and the
resonant frequency are used to calculate the loaded @ from Eq. (3).

The determination of the unloaded @ of a cavity is particularly simple
if the @ of a cavity loaded by only one window is measured. A sample



390 MEASUREMENT TECHNIQUES [Sec. 93

curve showing a measurement on a 1B27 TR tube in a cavity mounted
on the end of a waveguide is shown in Fig. 9:10. Once Q;, is determined,
the unloaded @, @y, is calculated from

Qo = (1 + 3‘) Qur = (1 + 70)Qua.

When an output circuit is added, it becomes necessary to separate the
cavity conductance from the load conductance. Another measurement
to determine g, or the insertion loss must be made in order to calculate Q.
Two cases are usually of interest: the cavity and the output load are
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Fia. 9-10.—Typical experimental curve for determining Qri.

matched at resonance, or the cavity has equal coupling windows. The
unloaded @ is given by

Qo = ;Qm (matched input)

Qo = (gE + 1) Qr2 (equal windows).
As an alternative to the determination of g. by measurements at
resonance with no output circuit, the transmission T of the two-window-
coupled cavity and the standing-wave ratio at resonance may be
measured. The unloaded @ may be computed from the expression

_ A(ro + 1)
Qo = Ire = (ra F o +_])—2T Qua.
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If the TR switch is matched at resonance, 7o = 1, and

2
QO = '—1 — TQLQ.

It is sometimes more convenient to measure the standing-wave ratio at
resonance looking into the TR switch from the two directions than to
measure the transmission. Let r; and r; be two values of the standing-
wave ratio. Then
(Tl + 1)(7'2 + 1) Q

L2.

r1re — 1

Qo =

A check on the accuracy of measurement can often be made using the
relation
4

=T om+D

In making careful measurements of the @’s of TR tubes in the 3000-
Mc/sec frequency range, it is necessary to measure small frequency
differences. For example, with a TR tube having an unloaded @ of
about 2500 and a @ loaded by one window of 450, it is necessary to deter-
mine a wavelength difference of about 0.020 cm. With most coaxial
wavemeters, the accuracy of this measurement is hardly better than 10
per cent. A high-Q cavity wavemeter, such as desecribed in Vol. 11,
Chap. 5, is necessary.

Another method by which the error can be considerably reduced is by
employing a special frequency marker for measuring small frequency
differences instead of a wavemeter. The circuit of this device contains a
microwave oscillator in conjunction with an oscillator operating in the
range of 1 to 20 Mc/sec. The output powers from these two oscillators
are mixed together in a crystal mixer. This results in a carrier with side-
bands differing from the carrier by multiples of the frequency of the low-
frequency oscillator. For example, a carrier frequency of 3000 Mc/see
and a low frequency of 16 Mc/sec give a carrier of 3000 Mc/sec and side-
bands of 3000 + 16 Mc/sec, 3000 + 32 Mc/sec, and so forth. Thus,
with the carrier set at 3000 Mc/sec, a variation of the low frequency from
10 to 20 Mc/sec gives a variation in the first upper sideband over the
range from 3010 to 3020 Mc/sec. If the microwave oscillator is stable,
the frequency difference can be read to the accuracy with which the 1- to
20-Mec/sec oscillator is calibrated. When this arrangement is used,
power from the marker circuit is supplied to one of the input terminals
of a spectrum analyzer, and the signal picked up by the probe of the
standing-wave detector is supplied to the other input terminal of the
spectrum analyzer. The signals are mixed in the crystal in the analyzer.
When the two frequencies are brought into coincidence, the signals on
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the spectrum-analyzer cathode-ray tube will show interference commonly
called ‘“rain,” see Fig. 9-11. Since the spectrum analyzer can show two
pips from any single microwave frequency, because it contains a super-
heterodyne receiver, care must be taken to adjust the signals to the same
frequency. Two pips on the oscilloscope
of apparently equal frequencies might
actually differ by twice the intermediate
frequency of the receiver. The inter-
ference phenomenon will not appear un-
less the two frequencies are the same.
The apparatus is arranged as shown in
Fig. 9-12. Suppose that the measure-
ment is to be made of the @ of a TR cavity
loaded by one window, at a frequency of
3000 Mc/sec. Oscillator No. 1 is set at
3000 Me/sec, and the TR cavity is tuned approximately to resonance by
adjustment of the tuning mechanism until the standing-wave ratio look-
ing into the cavity is a minimum. The tuning may be accomplished very
easily if it is known that the cavity is overcoupled. This is done by

(@) ()
Fi1G. 9-11.—Interference of signals
of two f{requencies on spectrum
analyzer; (a) shows slightly different
frequency signals, (b) shows signals
of equal frequency.

Spectrum analyzer
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|
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section
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l

F1g. 9-12.—Schematic diagram of spectrum analyzer, marker circuit, and r-f components
arranged for measurement of Qr.

locating the position of two successive minima in the standing-wave
pattern with the cavity completely detuned. The probe of the standing-
wave detector is set halfway between these two positions, and the cavity
is then tuned until a minimum in the standing-wave pattern appears at
this position. Once the cavity is tuned, oscillator No. 2 is adjusted so
that with the 1- to 20-Mec/sec oscillator set at some value, say 14 Me/sec,
one of the first sidebands has the same frequency as oscillator No. 1.
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This is indicated by the appearance of rain on the oscilloscope. The
frequency of oscillator No. 2 remains fized for the rest of the measure-
ment. The marker pip is moved out of coincidence with the main pip
by adjustment of the 1- to 20-Mc/sec oscillator, and the standing-wave
ratio looking into the cavity is measured. Next the 1- to 20-Mc/sec
oscillator is set at some other frequency, for example, 15 Mc/sec. Oscil-
lator No. 1 is tuned until the pips are coincident; the marker pip is moved
aside, and the standing-wave ratio at this frequency is measured. This
process 1s continued at the desired frequency intervals over a sufficiently
wide band to include the values of ry; necessary according to the value
Of To.

Some TR tubes, such as the 1B24 and 1B26, are constructed with glass
windows and there is no way of actually plugging these windows for Q.
measurements. The cavities can, however, be terminated by means of a
short-circuited line. If the short-circuited line is one-quarter guide
wavelength long, the glass window will be at a point of maximum field
and the loss component of the dielectric constant of the glass adds to the
cavity loss. A short-circuited line one-half guide wavelength long does
not place a high field at the glass window, but it does cause high currents
to flow out of the cavity into the half-wavelength section of line. Unless
the coupling between the cavity and the half-wavelength line section is
extremely good, there will be loss caused by high currents flowing across
poor contacts. Several @ measurements on the same TR tube have
shown that the results were more consistent when a quarter-wavelength
short-circuited line was used. The values of Qo average 2 per cent or 3
per cent higher with the quarter-wavelength line than with the half-
wavelength line.

9.4. Pass Band of Broadband TR Tubes.—The principal measure-
ments of interest for bandpass tubes are the measurements of @ and of
resonant frequency, for the windows and for the internal elements, as
well as for the complete tube. Since the values of @.; range from 1 to
10, a modulated oscillator and amplifier provide the most accurate means
of measuring the standing-wave ratios in the range from one to two in
voltage.

To determine the @ of one of these elements, the element is inserted
in a section of waveguide between two slotted sections, and the line is
terminated in a matched load. The standing-wave ratio as a function of
wavelength is then measured for several points and a curve plotted from
the data. The resonant wavelength is the wavelength for which the
standing-wave ratio is a minimum, and the @ is calculated from the
formula

_bX
Qu = 53y (6)
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where b is the susceptance at the wavelength A\ away from resonance,
Ao is the resonant wavelength, ¢ is the total loading (equal to g + g.),
g1 is the terminating conductance (usually unity), and g, is the shunt
conductance of the resonant element. The susceptance b may be caleu-
lated for any value of 7, the voltage standing-wave ratio, by the formula

b= \/(r —9gr =1,

r

The conductance g is determined by the standing-wave ratio at resonance,
as in the case of a cavity. If g. can be neglected, and g; is unity, then
Q11 can be written in terms of r and X alone,

_(r= N\ M
QM_(W;)M. 7

A second method of evaluating @1 from measurement employs the
fact that the absolute magnitude of the reflection coefficient is a linear
function of wavelength near resonance for negligible g.. By using Eq.
(2-13), d |T|/dA\ is calculated,

dr _ 8 db
A (@ bY)2dx ®)

If this is combined with Eq. (6), and db/dX eliminated, and the value of
|| is used, then

21|

G d|T}
Qu = 16 (o) o (C)]
or for small b,
_ X d|T 3 .
N d|T
- (1)

To obtain d|T'|/dA, the slope of the curve of |T| plotted as a function of A
is taken near resonance. If the measurement is made at b = 4, Eq. (11)
gives a value for @y within 10 per cent of the value obtained from the
accurate equation. Care should be taken to measure the slope far enough
from A, so that the effect of conductance is negligible, and the linear por-
tion of the resonance curve should be used. Sometimes, for wavelengths
on one side of resonance, negative values of |T'| are plotted so d|T'|/d\ can
be obtained from data on both sides of resonance. Figure 3-5 of Chap. 3
shows some theoretical curves of the variation of |T'| with b, and Fig. 3-6
of Chap. 3 is an example of an experimental determination of Q1.

The determination of the transmission characteristics of the bandpass
TR tube involves essentially only two measurements: (1) the reflection
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loss over the band and (2) the dissipation loss. The useful frequency
range is determined mainly by the reflection loss, since the insertion loss
is small. A measurement of the standing-wave ratio looking toward
a TR cavity terminated in a matched line at various points in the fre-
quency band enables the reflection loss to be calculated easily.

Another method of measurement of the bandpass characteristic of
low-Q TR tubes utilizes a magic-T impedance bridge. If the magic T is
arranged as shown in Fig. 9-13, the power in the output arm (4) is a
measure of the magnitude of the voltage reflection coefficient of the
unknown impedance, Z,. The error encountered depends on the match
of the detector and generator and the mechanical asymmetry in the

i

Det.

| |

Zy MagicT | | 2z, |2

L

Gen.

Fic. 9-13.—Arrangement for magic T for impedance-bridge circuit.

magic T. If this magic T is used with a modulated signal source and a
crystal detector, the tuning of a device which must be matched at one
frequency, or which must have a reflection coefficient less than a certain
value at the one frequency, is simple. The tuning of the device is
adjusted for minimum power in the output arm. With a perfect magic
T, this will be zero for match; otherwise it will depend on the desired
reflection coefficient.

With appropriate precautions, it is possible to use a single magic T
with several input frequencies. By the use of a corresponding number
of local oscillators in a circuit similar to a spectrum analyzer, the power
from the output arm may be displayed on an oscilloscope in the form of
pips, one pip for each frequency. If three frequencies are used, the
behavior of the reflecting element at the midband and band-edge fre-
quencies is easily determined, and may be observed at a glance. If the
device is calibrated with a reflection of known magnitude, quantitative
data may be obtained. For example, if it is desired to check a resonant
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window or a single resonant element, such as is used in a bandpass TR
tube, the three frequencies corresponding to midband and the two band-
edge frequencies are set on the bridge. The element under test, backed by
a matched load, is put on one arm of the magic T. The heights of the
pips then give the desired information. The tuning of an element can
be accomplished by adjusting for a symmetrical pattern. In addition
to a quick examination of the characteristics of single elements, it is also
possible to tune two-element bandpass TR tubes and to check the over-all
response curve, that is, the standing-wave ratio looking through the tube
into a matched load, at three different points in the pass band.

This bridge is excellent for production checking of components, such as

- the windows of the bandpass TR tube, especially for tuning, since the
necessary symmetry of the @-curve for the proper frequencies can be
noted at a glance. Any necessary changes on transmission-resonant ele-
ments, such as grinding the glass in the windows or filing metal in other
types of elements, may be quickly checked between steps by noting the
changes in the pips.

In the preceding discussion it was shown how the bandpass charac-
teristics of TR tubes and filters might be checked, and a method was sug-
gested for tuning the individual elements of one of these devices. The
elements of a bandpass TR tube are usually spaced by a quarter wave-
length in the guide and they are all tuned to the same frequency. It is
not practical, however, to tune the elements of one of these tubes before
the tube is assembled, because strains set up in the process of assembly
and soldering may seriously detune the resonant elements. The detun-
ing is unpredictable in nature, so it cannot be compensated for by any
initial detuning. For this reason the resonant elements of a broadband
TR tube, with the exception of the input and output windows which have
a very low @, are made tunable and the tuning is done after assembly.

No single tuning procedure can be outlined which applies to all band-
pass TR tubes, but the following procedure applies for most tubes.

1. Mount the tube between a slotted section and a well-matched
termination, and use adapter flanges when necessary.

2. Short-circuit all of the elements by turning in the tuning screws
until they make contact across the element.

3. Set the oscillator at the proper frequency (usually the center of the
desired pass band).

4. Set the probe at a minimum in the standing-wave pattern.

5. Tune the first element until the position of the minimum moves
toward the tube a distance equal to the spacing between the ele-
ments. If this spacing is one-quarter guide wavelength, as it
usually is, the probe may be set halfway between two minima and
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the first element tuned until that point becomes a minimum in the
standing-wave pattern.

6. Turn the tube end for end and repeat steps (4) and (5), the third
element is now nearest the generator.

7. Tune the middle or second element to give minimum reflection.
This may be done by first tuning the element for maximum power
transmission and then trimming to give the best matech. When
this is done, however, the generator should be fairly well matched;
otherwise there may be considerable difference between the points
of maximum power transmission and minimum voltage standing-
wave ratio.

If the higher-mode attenuation in the waveguide is not sufficient to
eliminate the effécts of higher modes, it is necessary to make the element
spacing different from a quarter wavelength and to modify the tune-up
procedure. It is usually desirable to tune at the midband frequency, in
order to assure the best symmetry of the bandpass characteristic. 'When
this is done the position of the minimum is moved a distance different
from the element spacing (step 5 of the tuning procedure). This distance
is determined experimentally. It is also possible to evolve a tuning pro-
cedure which allows tuning at a point which is not the center of the pass
band, this point is usually one of the points where a minimum standing-
wave ratio is obtained. This method may give satisfactory results, but
tuning at the center of the pass band usually gives a more symmetrical
characteristic.

9-6. Impedance Measurements of ATR Tubes.—ATR tubes of two
different types are of interest. One tube is the high-@ tube and the other

Spectrum
analyzer
Low-Q ATR tube
Probe
Oscil-
lator

Wavemeter
Fia. 9-14.—Measurement of standing waves on low-Q ATR tubes.

is the low-Q tube. The measurements on the high-@ tubes are the same
as those discussed in Sec. 9-3 for the TR tube loaded by one window.
The measurement of a low-@ ATR tube is made in a different mannex
from that of a high-Q tube, but again its low-power behavior is deter-
mined by making standing-wave measurements. A typical setup is
shown in Fig. 9-14.
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The ATR tube is mounted in the broad side of the waveguide and,
to & first approximation, may be represented by a shunt-resonant circuit
in series with the line (Fig. 9-15a). The response curve is such that a
high standing wave is produced
at resonance, while off resonance
the impedance of the ATR tube
is low (Fig. 9-15b).

If the @ of the tube is suffici-
ently low, the standing-wave ratio
will be large over such a range that
a coaxial wavemeter is accurate
enough to determine the wave-
length readings. A spectrum

(o) ()] analyzer is used because the stand-
F16. 9-15.-—Equivalent circuits and response ing-wave ratios are so large. Fig_
curve for low-Q ATR tubes. ure 9-16 shows the type of curve

Yo

obtained.

The loaded @ of such an ATR tube is defined in terms of the rate of
change of susceptance with frequency. If a generator of zero internal
impedance and a conductance
loading of unity are assumed, then

on b T
B ZCRN VRN i: . ,
where Q. indicates that the tube A A "k

is loaded externally by a conduct~ Fra. 19-IG.EStandindg{)wageAratio vs. wave-

. . t itch,
ance of unity. The reflection ength for broadband ATR switch
coefficient looking past the tube at a matched load is

Z -1
F—Z-{-l,
where
- g ;b
Z_1+g2+b? ]gz+b2;
and

_Z-1_ g+ )
241 Vg + g+ 2+ B
This gives for the standing-wave ratio
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At resonance, b is zero and the standing-wave ratio will be

1
ro =1 +-;
’ g

or
1 -
To—l

g= (12)
The point at which & = 1 is convenient to use for the determination of
Q1. The standing-wave ratio v’ at the frequency at which b = 1 then
depends on the value of ¢,

VRE+ g+ D'+ 1+ Vi + 1
VReE+9+27+1 -V +1

From Egs. (12) and (13), v’ can be expressed as a function of ry, and
Fig. 9-17 shows this relation.

A second method for determining the @ of a low-@ ATR tube, which
is especially suitable at short wave-
lengths, makes use of the measure-
ment of the phase shift in the 8 "
neighborhood of resonance. This is 1
particularly convenient for low-@ //
devices because the phase varies 6
rapidly while the standing-waveratio /
varies by only a very small amount.
The two methods have been found 4 10 15 20
to give results agreeing within about 7o db
5 per cent at several Wavelengths. Fie. 9-17.—8tanding-wave ratio at
The position of the minimum is points for which b =1 as a function of
measured in the conventional man- standing-wave ratio at resonance.
ner. A high-Q wavemeter or a marker circuit as described in Sec. 9-3 is
required, since the range of measurement extends over only a few mega-
cycles. The value of @ is given by

_me (1 +—2g) dl

Qo = m E Fq Jf’
where ¢ is the velocity of light, Ao the resonant wavelength in free space,
), the guide wavelength, g is the shunt conductance of the tube, and
dl/df is the rate of change of the position of the minimum with frequency.
The minimum for which the value of dl/df applies is that which occurs

nearest to the plane of symmetry of the tube. Since this is not usually
the point at which the measurements are taken, a correction for the

L

(13)

r'db
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length of line must be made. This is

d_dr d\,

af =~ df " "ap
where dl’/df is the measured slope of the line obtained by plotting the
observed position of the minimum as a function of frequency and n is the
number of wavelengths measured, at resonance, from the minimum
nearest the ATR tube to the probe. 1t is possible to use a magic T in
such an arrangement and the correction term is not necessary (see Sec.
9-6). In practice, M, is best determined by actual measurement between
positions of minima in the standing-wave pattern, but A, can be calculated
from the known frequency and a careful measurement of the waveguide
dimensions. It may happen that the measurements are not centered
about the resonant frequency but since dl/df is so nearly independent of
frequency, no great precautions are necessary.

Indicator Rotatable vane

Fia. 9:18.—Tuning check on fixed~tuned TR tubes.

9.6. Low-level Production Testing.—Standing-wave measurements
are time-consuming and therefore impractical for production testing if
several measurements are necessary. The operator should be able to
get the information by a glance at a pattern on an oscilloscope screen or
from the reading of a meter. The determination of the important param-
eters of TR and ATR tubes in production testing is often facilitated by
the construction of special apparatus. Some of the quantities which
must be measured for each tube are tuning, tuning range (or pass band),
unloaded Q, leakage power, keep-alive firing and sustaining voltages, and
insertion loss.

Fixed-tuned TR tubes of the 721 type are checked for tuning in a
cavity of a given diameter. Owing to variation in construction, the
tuning of tubes will scatter about the desired resonant frequency and it
is necessary to specify a tolerance. It is impractical to determine the
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actual resonant frequency for each tube in a fixed test cavity; therefore,
the tuning of the cavity is varied through a desired range and the tube
is accepted if resonance occurs in this range. This tuning is accom-
plished by means of a rotatable vane in the cavity (see Fig. 9-18). The
resonant frequency varies from a maximum, when the vane is perpendicu-
lar to the axis of the cavity, to a minimum when the vane is parallel to
the axis. The amount of tuning depends principally on the vane size
and on the clearance in the parallel position. Coupling to the cavity
may be either by loop or by iris as convenient. Resonance is determined
by noting the occurrence of a maximum in the rectified current of a
crystal coupled to the cavity as the vane is turned.

Tunable-gap tubes, such as the 1B27, are checked for tuning range
in a cavity of specified diameter at two frequencies, and the tubes are

Fic. 9-19.—Measurement of @ by power drop in load.

required to resonate at these frequencies within a specified number of
turns of the tuning screw. This tuning check is usually done in the same
cavity used for other low-level tests (for example, @,) by simply plugging
in oscillators set at the required frequencies.

The measurement of @, is simplified by the use of the power-drop
method. Figure 9-19 shows a sketch of a test bench in which this prin-
ciple is applied. Since the coupling to the cavity is constant, the loss is
inversely proportional to the @, of the TR tube. Theloss, or power drop,
can consequently be used as a measure of Q. In practice, the flap attenua-
tor is calibrated in decibels and is adjusted to keep the detector current
constant. The apparatus is calibrated by checking a few tubes of
known Q..

The detector is a erystal in a special holder designed to give a reason-
able match into an average crystal. Final matching is accomplished by
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means of a sliding-serew tuner. Figure 9-20 shows a cross section of the
crystal holder. The d-c meter on which the crystal current is read is
calibrated, by means of the flap
OC out attenuator, in terms of decibel
| drop in power from full scale. A
tube is inserted in the cavity,
tightly clamped, and tuned far off
resonance; the meter is set, by
means of the flap attenuator, to
read full scale; the tube is tuned
to resonance, and the meter read-
4 ing noted. Tubes of less than a
Fia. 920 —Crystal holder. certain power droP are rejected.
Keep-alive interaction may also be
checked on such a test bench, and, if additional oscillators are provided,
tuning ranges may also be determined.
The apparatus shown in Fig. 9-21 is designed for production testing
of low-@ ATR tubes in the 10-em region. The principal feature is a
rotatable mount for the tube. The axis of rotation is coincident with the
axis of the tube, and therefore, a second measurement with the tube
rotated 180° from its initial position affords a correction for lack of sym-
metry in the position of the resonant window. The instrument is first

Choke

R-f power
Crystal

o

Fie. 9-21,—Production test bench with reversible mount for low-Q ATR tubes.

calibrated with a tube which is tuned to the correct frequency. This
tube may be an actual tube, or if several different types are to be checked,
a section of waveguide with a window and movable plunger can be used.
For a tube of each type, the plunger is adjusted for minimum transmis-
sion past the tube at the proper frequency, and the average reference
point of the standing-wave minimum for the two positions of the tube is
determined. Figure 9-22 gives a schematic view of the apparatus. The
points A and A’ are choke joints at the ends of the rotatable mount and
P is the position of the minimum in the standing-wave pattern when a
correctly tuned tube is in the mount. If Al’ is the measured value of the
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phase shift, Ab may be calculated from the expression
Ab = (1 + 2) % NG (14)
14

Once the tolerance in the value of Ab, at the frequency for which the tube
is supposedly tuned, is determined, this measurement gives an indication

P ATR ,
A tube A

7|

r-f
power

—— — . —-—

I ! Axis of g

: ] l tube

Fia. 9-22.—Schematic diagram of low-Q ATR tubes with reversible mount.

Fie. 9-23.—Magic T and reversible mount combined as impedance bridge for measguring
phase shift of low-@ ATR tubes.

G

of satisfactory performance of the tube. One point to be noted is that
the reference point P should be as close as possible to the window. In
the 10-cm region it is easy to make the distance three-quarters of a guide
wavelength and therefore, the correction for line sensitivity is small. 1t
can always be accounted for in these measurements. At very short
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wavelengths, however, the reference point may be several guide wave-
lengths from the tube, and consequently, the frequency sensitivity of the
line may cause serious errors; slight changes in the oscillator frequency
are especially troublesome at short wavelengths.

These troubles may be corrected by the use of a reversible mount in
conjunction with a magic T. Figure 9-23 shows a photograph of such
an arrangement used for measuring 3-cm tubes (1B35 and 1B37 tubes).
A schematic diagram of this circuit is shown in Fig. 9-24. If an ATR tube
is placed in one arm of the magic T and a short-circuiting plunger in the
opposite arm, the plunger may be adjusted to a position where the power
into the detector in arm (4) is a minimum. If, at this position, the dis-
tance b’ from the reference plane of the magic T to the open circuit pre-
sented by the plunger (a quarter guide wavelength from the front face

(4) of the plunger) is equal to the
| distance ¢/, the line sensitivity will
| be a minimum. Any phase shift
— Al due to detuning of the tube
@, ] (3) s compensated by a shift of the

plunger of the same amount Al

ATR : )

tube and the susceptance Ab introduced

(1) by a tube that is slightly off reson-

ance may be calculated from Eq.
Plunger (14). The determination of Al is.
F1e. 9-24.—Schemati.c diagram of impedance facilitated by uSing a dial indica-
bridge. tor connected to the plunger.

Using a tunable tube, a reference point for a correctly tuned tube is
determined by setting the indicator to zero for the plunger position for
which the power into arm (4) is & minimum. Thus, if a tube inserted
in the mount shifts the phase by an amount Al, the plunger must be moved
by an amount Al and in the same direction relative to the T-junction in

order to get minimum power out of arm (4).

The value of the shunt conductance g of the ATR tube may be deter-
mined by a measurement of the voltage standing-wave ratio at resonance,
or the magic T may be calibrated so that the ratio of power out of arm (4)
to the power into arm (1) determines g. This can be done only if the
magic T is fairly well matched and not seriously asymmetrical. To cali-
brate the magic T, it is sufficient to set the power at an arbitrary level
and measure the relative power out of arm (4) for various values of
voltage standing-wave ratio in the arm which normally holds the tube
mount.

Production testing of bandpass TR tubes at low power levels is
accomplished with the aid of the triple-frequency impedance bridge.
The oscillators are adjusted to midband and band-edge frequencies, after

cl
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which it is necessary only to place the tube, backed up with a matched
load, on one arm of the magic T and see if the pips show a standing-wave
ratio less than a specified value at the three frequencies.

9-7. Leakage-power Measurements.—In addition to the determina-
tion of the low-power characteristics of TR and ATR tubes, it is necessary
to examine their behavior at high power levels, that is, at transmitter-
power levels from a few watts up to powers greater than a megawatt.
The principal quantities of interest, in connection with high-power
operation, are the leakage power through the TR switch when it has fired,
power loss in the tube itself, and recovery time. The complete informa-
tion about the high-level performance of TR and ATR tubes involves a
further subdivision of these quantities and a wide variety of careful
measurements of each one.

The leakage power which gets through a TR tube during the trans-
mitter pulse amounts to only a few microwatts average power, for most
tubes, and is most conveniently measured by means of a thermistor and
thermistor bridge. Wollaston-wire bolometers, thermocouples, and crys-
tals are less rugged than thermistors used at microwave frequencies. The
thermistor element mounted in a broadband mount and used with a type
TBN-3EV bridge affords a means of measuring the low power which gets
through the TR switch. The type of mount depends on the output
coupling of the cavity employed
for the leakage-power measure-
ment. The cavity may be either
iris- or lioop—(.:oupled ‘to a cogmal — Matched
line which is terminated in a load
coaxialline thermistor mount.
For bandpass TR tubes or for
other tubes employed with wave-
guide, a transition to coaxial line
may be used, or the thermistor
may be mounted in the waveguide.
The output coupling of the TR
cavity is adjusted on low-level
r-f power, and therefore, a match 1827
is seen at the input terminals (see R-f power TR tube
Sec.9-3). Thereflection will vary  Fie. 9-25.—Leakage-power equipment for
somewhat among tubes of the , medium-power level.
same type, because the unloaded Q’s are different, but this variation is
usually not serious. A drawing of a typical r-f circuit in #-in. coaxial
line, for use at a peak-power level up to 100 kw, is shown in Fig. 9-25.

At higher power levels a waveguide installation is used (see Fig. 9-26).
The cavity is usually shunt-coupled to the waveguide and provided with

To thermistor
bridge

4



406 MEASUREMENT TECHNIQUES [SEc. 97

a coaxial output line, terminated with the matched thermistor. The
cavity output coupling is adjusted for matched input to the cavity.
This is accomplished in the following way: a plunger is substituted for
the transmitter and u low-level signal is introduced from the load end of
the transmission line. A position
of the plunger is found for which
tuning the TR cavity with no out-
put coupling results in no change
in the standing-wave pattern as
the cavity is tuned through reso-
nance. Thismeansthatthe plung-
‘ er is in the right position to
3-8 % short-circuit the cavity. Nextthe

Fra. 9-26.—Waveguide high-power leakage plunger is moved by a distance
power measurement. of a quarter guide wavelength,

and therefore, the low-level signal is effectively introduced directly into
the cavity. The output line is added to the cavity, and the coupling is
adjusted until the standing waves disappear on the input side of the
cavity. The plunger is replaced by the transmitter, and the apparatus
is ready to measure leakage power.
A directional coupler to monitor
the line power facilitates studies
of leakage power as a function of
line power. For checking the zero
setting of the thermistor bridge,
a gate, either at the input or out-
put side of the cavity, which will
cut the r-f power off entirely from
the thermistor, may be used. Fig-
ure 9-27 shows the construction of

a gate suitable for 3-in. by 13-in. )
Waveguide. FiG. 9-27.—Gate for large waveguide.

Matched load

The transition from waveguide to coaxial line may be made by means
of a probe coupling, or a doorknob or a crossbar transition may be used.
For wavelengths in the 10-cm region, one of the most satisfactory com-
binations isa thermistor mounted in §-in. coaxial line and a crossbar transi-
tion from 3- by 13-in. guide to §-in. line. It is necessary to check the
match in the waveguide portion at the wavelength used. In general, the
probe and crossbar transitions are not matched over as broad a band as is
the doorknob transition. Figure 9-44 is a sketch of a crystal holder using
the crossbar transition. In the 10,000-Mc/sec region the thermistor
mount is entirely in waveguide. Built into the unit is a gate which con-
sists of a vane pivoted to swing between a choke-and-flange joint in a
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waveguide section (see Fig. 9-28). The temperature sensitivity of the
thermistor can be reduced by enclosing the unit in a box filled with rock
wool or other insulating material.

Fia. 9-28.—Thermistor mount and gate for 3-cm measurements.

For measurement of the leakage power of pre-TR tubes, provision for
known attenuation between the tube and thermistor must be made, since
| the leakage power is about 1000 times that of a TR tube. A directional

Fio. 9-29.—Termination for use in measuring leakage power of pre-TR tubes,

coupler and matched load accomplish this very well. In addition, a
plunger (} in.-diameter rod) placed at the proper distance from the pre-TR
tube acts as a gate to shut off the power from the thermistor. Figure
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9-29 shows this section of waveguide including the termination, plunger,
directional coupler, and transition to thermistor mount.

The measurement of the leakage power as deseribed gives the total
average leakage power, that is, both flat and spike, and both direct and
arc coupling. The thermistor bridge indicates the average power inci-
dent on the thermistor, and this value is usually in the range of 10 to
150 uw for line powers up to 100 kw peak power. If P, is the average
power, 7 is the pulse length, and » is the pulse repetition frequency, the
average power during the pulse, Py, is

Pue

TV

Py = (15)
This is, of course, not the peak r-f power in the pulse. Crystal-burnout
studies indicate that the quantity of interest is the total energy in the
spike. Thus, some separation of energies of spike and flat must be made.
The total energy per pulse, W,, is given by
We = I—Jff (16)
The determination of the spike energy is described in the next section.
The flat energy per pulse and, hence,

1 T ~ the flat power, is then found by sub-
tracting the spike energy from the

l ’ total leakage energy.
For all these measurements, it is
(@ necessary to know both » and =

accurately. The pulse recurrence fre-
quency » is easily measured with a
TN—

calibrated audio oscillator and oscillo-

S LY scope. Several methods may be used
® T to measure the pulse length. A com-
” mon method is to use a sine wave,

, whose frequency is accurately known,

© to calibrate the sweep speed of a

Fic. 9-30.—Characteristics of rec- Synchroscope or r-f envelope viewer.
tangular pulse: (a) single pulse; () Once the sweep is calibrated, the pulse
amplitude spectrum; (¢) appearance 1 th is determined by viewing it on
of spectrum analyzer scope. engun 1s dete € y g

the oscilloscope.

Another method of measuring the pulse length consists of applying a
small amount of r-f power to a spectrum analyzer and making use of the
characteristic spectrum of the rectangular pulse form. The pulse length
can be calculated by measuring the wavelength difference between a

known number of zeros of the spectrum. Figure 9-30 shows the spectrum
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of & rectangular pulse. If f, is the frequency corresponding to the m™ zero
on the right, and f, is the frequency corresponding to the n** zero on the
left, then
;= m+n
fm - fn
9.8. Measurements of Spike Energy.—Once the total average leakage
power has been determined, some scheme for measuring the spike energy

Line stretcher

TR cavity

R power Probe coupling Leakage power

Fic. 9-31.—Cancellation circuit for measurement of spike energy.

ARRRRRARG IR

Fi1a. 9-32.—Adjustable probe coupling to coaxial line.

separately from the flat energy is necessary. One method of measuring
the energy in the spike utilizes the cancellation principle. A portion
of the r-f energy is coupled out of the main line and into the output line
from the TR cavity in the proper phase to cancel out the flat energy and
leave only the spike energy. The spike energy can then be measured.
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The arrangement for doing this is shown in Fig. 9:31. The magnitude
of the bypassed power is varied by means of the adjustable probe at the
main line or at the ecavity output
terminals. A cross section of this
coupling is shown in Fig. 9-32. (”

The proper adjustment of the can- -'""--"”""”“h-']l

m”!,.,nnn.,.,m.......,..

cellation circuit for the elimination (@)
‘-ﬁl “ IR T s e e g g
(a) ) (b)
Fia. 9-33.—DPulse before and Fig. 9:34.—Spectrum of pulse before
after cancellation of flat. and afte- cancellation of flat.

of the flat energy requires some means of detection by which the adjust-
ment may be checked. Several schemes may be used. One is to replace
the thermistor by a reasonably well-matched crystal and to view the out-
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Fig. 9-35.—Total leakage power vs. pulse length. Level at r = 0 gives spike energy.

put voltage on an r-f envelope indicator. On a fast sweep, the spike
energy and the flat energy are easily visible and the circuit is adjusted
until the flat energy is canceled (see Fig. 9-33). When the crystal has
been replaced by the thermistor, the power in the spike alone is measured.
Subtraction of spike power from the total power then gives the flat power.
Conversion to spike energy is made as just described [Eq. (16)]. Another
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method is to use a rapidly acting thermistor bridge and to adjust the
circuit for minimum power into the thermistor. This assumes that
the flat is really flat and that no harmonic frequencies are present. The
adjustment may also be made by picking off a portion of the energy
from the slotted section and viewing it on a spectrum analyzer as the
coupling is varied. The spectrum of a rectangular pulse is shown in Fig.
9-34. As the flat is canceled out, the spectrum changes to a series of pips
of very nearly equal height.

A method that requires less equipment but is capable of giving good
results is that of using different pulse lengths at one peak power. If the
spike is assumed to be the same for all pulse lengths, a plot of the energy in

Variable attenuators

Rejection ]
cavity

Thermistor bridge

for spike
Transmission
cavity
TR Thermistor bridge
s L for flat
, N ]

TITT

\ Load
Magnetron

Attenuation
Fia. 9-36.—8eparation of spike and flat power by pass and rejection cavities.
the pulse as a function of pulse length, extrapolated to zero pulse length,
gives a value for the spike energy. Figure 9-35 shows some data! taken in
this manner with a 724B tube.

Another method for the separation of the spike and the flat energy
has been used by Fiske.? Advantage may be taken of the difference in
the frequency spectra of the spike and the flat by the use of filters. A
transmission cavity placed at the side of the waveguide which leads from
the TR tube, see Fig. 9-36, allows the flat power to fall on a thermistor and
this power can be measured. Since the spike has such a wide distribu-
tion of energy in frequency, only a small fraction of it passes through the
transmission cavity if the @ is near 1000. The flat power is forced to
enter the transmission cavity by means of a rejection cavity on the side
of the waveguide a quarter of a wavelength from the transmission cavity.

1J. W. Clarke, “A Method of Analyzing Leakage Power Data,” BTL MM-43-
140-50, Oct. 11, 1943.

tM. D. Fiske, H. N. Wallace, and A. D. Warner, “Final Technical Report on
Contract OEMsr-1306,”" GE, Schenectady, Nov. 7, 1945.
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The rejection cavity acts as a high-Q ATR tube. The flat energy passes
both the transmission and rejection cavities and enters a second thermis-
tor and the power can be measured. The method may be difficult to use
in practice since the cavities must be precisely tuned. With proper care
the losses in the cavities need not be cxcessive.

9-9. Direct-coupling Measurements.—The direct-coupling power is
the power which is coupled through a TR cavity by fields other than those
of the normal mode. It is the power which is coupled through when the
are is replaced by a perfect short circuit. The equipment and technique
for measuring this power are the same as those used for measuring total
leakage power, except that the TR tube is replaced by a dummy tube, in
which a metallic short circuit is substituted for the discharge gap. With
high-Q tubes such as the 11327, 1B24, 721, or 724, an old tube with the
cones soldered together is quite satisfactory as a dummy tube. The
power then measured by the thermistor is the direct-coupling power.

The direct-coupling attenuation for a given tube may also be meas-
ured at low power levels by using a spectrum analyzer. The TR switch

is adjusted in the same way as

EIST for the measurement of Q. (see

% 100 Sec. 9-3) with a matched output
z r . . . .

& Y etcouai line and with coupling adjusted

irect- - .

& sof anenu§§°ﬁ°:%g?§ ap for matched input to the cavity.

§ ~Arc coupling The output line is connected to a

M TS 200 300 400 500 spectrum analyzer and the attenu-

Line power - kw ator is adjusted to a convenient

Fia, 9-37.—V§1riation of (!ireclt-coupling and height of signal on the cathode-

arc-coupling power with line power. N

ray-tube screen. The TR tubeis
replaced in the cavity by a tube with a short-circuited gap and the
attenuator is readjusted to bring the signal back to the same height.
The difference in attenuator readings then gives the direct-coupling
attenuation in dectbels.

Another, although not so accurate, method of procedure is to measure
the leakage power from the TR switch as a function of the line power
incident upon the tube. It has been demonstrated (Chap. 5) that the
arc leakage power is independent of the incident power over a large range
of values, provided that the incident power is sufficiently high. Thus,
by extrapolating the leakage-pawer variation to zero incident power, the
arc leakage power is obtained. The slope of the line is the direct-cou-
pling attenuation. Figure 9-37 shows the results of a series of measure-
ments on a 721A tube in a cavity. The arc leakage is 30 mw and the
direct-coupling attenuation is 68.8 db.

9.10. Attenuation at Harmonic Frequencies.—An important problem
is that of the transmission of harmonic frequencies through the TR switch.
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In high-@ TR tubes this transmission may be extremely serious if the
power in the harmonics is appreciable, since coupling is possible which
transmits the harmonics through the cavity with practically no attenua-
tion. If the power in these harmonics is sufficiently high, the receiver
crystal may be burned out. The harmonics may be located by means of
a spectrum analyzer. This involves searching over a wide range of fre-
quencies and so requires a very-wide-range analyzer or a series of ana-
lyzers. It is more convenient to use some other means of locating the
harmonics. One way to locate the harmonic is to use a coaxial wave-
meter as a transmission cavity between the TR output terminals and a
crystal detector. The measurement of the actual power contained in
these harmonies, once the frequency has been determined, requires a
thermistor matched at the harmonic frequency and a selective filter
device such as a high-Q cavity, resonant at the harmonic frequency, to
remove the components of other frequencies. The fundamental fre-
quency and frequencies near it can be attenuated effectively by 60 db or
more by using a short-circuited-gap tube as in the measurement of direct-
coupling attenuation.

When a discharge occurs across a resonant window as in bandpass
TR tubes and pre-TR tubes, a measurement of the attenuation of the
fundamental frequency probably gives the attenuation factor for the
harmonics also, since the discharge covers the entire window with a
conducting screen of ionized gas. This characteristic attenuation of
harmonic frequencies has been emphasized as an additional advantage
of bandpass TR tubes over high-Q tubes.

9-11. Measurement of Arc Losses.—When a TR tube fires, some
power is dissipated in the gaseous discharge of the arc. Since this dis-
sipation may be a function of the shape of the electrodes and especially
of the gas filling, complete information about a TR tube requires a
measurement of the power lost in the arc. Because this loss is small, it
is rather difficult to measure accurately. A simple method for measuring
this quantity consists of setting up a TR cavity, with or without an
output circuit, with a power measurer in the load end of the transmission
line, and then comparing the power reading P,, with a short-circuited
tube in place, with the power reading Py, when a good TR tube is inserted.
The ratio £ = P,/P, gives the fraction of power transmitted, and 1 — R
gives the fraction of power lost in the arc. This measurement may be
made either in coaxial line or in waveguide, with either high- or low-Q
tubes. Accurately calibrated directional couplers with thermistors
provide an easy way of measuring power.

Since the loss in one tube usually amounts to only a few per cent of
the incident power, with a possible error comparable in magnitude with
the measurement, it is somewhat more satisfactory to use several tubes
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instead of one. The greater loss with several tubes can be measured to
within the same limits of error as for one tube, and if it is assumed that
the tubes are reasonably alike, the average loss may be measured with
more accuracy than for a single tube. Figure 9-38 shows a waveguide
line with two directional couplers, set up for measuring arc loss of several
tubes. With this arrangement ‘‘dummy” tubes are used to secure the
zero readings P, and P, at the two couplers. The tubes to be meas-
ured are inserted in place of the dummy tubes, and the power readings
Pi and Pj are taken. The fractional loss of power is | — P4P,/P.P,.
If the attenuation of either directional coupler is known, the absolute
power loss can be calculated.

Directional coupler Directiona) coupler-

\ Tube mounts \\

R-f Power

Matched load
Fic. 9-38.—Equipment for measurement of arc loss on several bandpass tubes.

9-12. Minimum Firing Power.—This quantity is of little interest for
most practical applications, since the power level of the transmitter is
usually very much in excess of that required to inaugurate the discharge.
The minimum firing power is used as a test to determine the quality of
some tubes. The measurement is extremely simple, the necessary
equipment consists of an r-f oscillator which has a continuously variable
output power, a transmission line with mounting for the tube under test,
and a power-measuring device which indicates the power level in the
line. The arrangement is very compact if waveguide is used. The
firing point is determined by increasing the power level until the discharge
can be seen (or otherwise indicated) through a small hole in the TR
cavity or in the waveguide opposite the tube, and by noting the reading
on the power monitor. The power may then be decreased until the are
goes out, thus giving the extinguishing power for the tube.

If a pulsed magnetron is used as a power source, some means of
attenuating the incident power must be provided. The most convenient
form of attenuator for high power levels is known as a power divider,
Figure 9-39 shows a schematic diagram of this deviee in a coaxial trans-
mission line. Two stubs, each a quarter wavelength from the input
terminals, are provided with plungers. The motions of these plungers
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are ganged together so that the stub lengths always differ by a quarter
of a wavelength. As the plungers are moved in and out, the ratio of the
powers delivered to loads (1) and (2) changes over all values from zero
to infinity. This cun easily be seen from a simple calculation. The
susceptance of the stub, with the

plunger a distance z from the ( —
line, is
jbh = —jeot ke, MU\ __ __ _ __ -+
where A
k = T _.¥_
The admittance of load (1) plus X

the stub admittance y,; as seen
from the input T-injunection is,

i
therefore, ( 1 i )
"= 1 Load 2 : : Load 1
1 = 77— 7 ..
1 - jcot kx LYA Ly
Similarly, the admittance of the

second branch is

input
1 terminals
Y2 = m‘—k;' Fig. 9-39.—Diagram of a power divider.

The currents divide in the ratio of these admittances, and the ratio of
the powers, R, equals the ratio of the squares of the absolute magnitudes
of the currents. Thus

2

1 —
j cot kaf — cot? ke,

R='1+jtankx

which takes all values from 0 to « as kz varies from #/2t00. The input
admittance is equal to unity for all plunger positions, since

" 1T —jcotkzr " 14 7tan kx

Yin

The admittance looking back from either of the loads, however, varies as
the positions of the plungers vary. If load (2) is a matched dummy
load, the power from the other terminals can be varied and used for the test
bench. It should be remembered that the generator is not matched,
and it delivers maximum power when the load is reactive.

9-13. An R-f Pressure Gauge.—The characteristics of any TR, ATR,
or pre-TR tube depend on the pressure of the gas with which the tube is
filled as well as on its composition. Within certain limits, it is possible
to judge the quality of a TR, ATR, or pre-TR tube by measuring the



416 MEASUREMENT TECHNIQUES [Src. 9°13

pressure of the gas inside it. One method of doing this utilizes the elec-
trodeless discharge of a gas at radio frequencies. The gas is excited by
the application of a radio-frequency potential. The voltage at which
the glow is first excited is a function of pressure, and can serve as a
measure of pressure.

A study of the breakdown voltage for an electrodeless discharge, for
various gas pressures, yields the typical Paschen curve, very similar to
the d-c voltage-breakdown characteristic, or to the variation of leakage
power with pressure (Fig. 5:28). The question of interest for pressure
measurements is whether reproducible curves can be obtained with
slopes of such values that they are useful for pressure measurements.
The change of slope of the curve with the frequency of the applied voltage,
and the effect of electrode shape, are matters for experimental determina-
tion. The structure of the electrodes should be such that pressure
determinations are independent of slight variations in position and
irregularities in the tubes under test.

An oscillator of conventional design with a built-in, shielded, vacu-
um-tube voltmeter is used. The oscillator operates at a frequency of
6 Mec/sec and produces a voltage
across the electrodes which is vari-
able up to more than 3000 volts.
For pre-TR tubes (1B38, 1B54) and
low-@ ATR tubes (the 1B44 and
others) the electrode structure shown
in Fig. 9-40, which rests on the glass
window of the tube, is satisfactory.
¥16. 9-40.—Electrode structure for testing  With the electrode and tube in place,

pre-TR and low-Q ATR tubes. the applied r-f voltage is slowly
increased until the glow discharge in the tube appears. The voltage at
this point is compared with the calibration curve and thus indicates
the pressure in the tube.

The calibration curve depends on the gas mixture and the type of
tube. A different mixture or a tube of a different type requires a new
calibration. A 1B38 tube with the electrode structure illustrated in
Fig. 9-40 has a variation of striking-voltage with pressure which is essen-
tially a straight line with a slope of 30 volts/mm of Hg, for argon pres-
sures up to 30 mm of Hg. For air, the slope is 100 volts/mm, up to
pressures of 18 mm of Hg. These values are sufficiently accurate for
checking low-@ ATR tubes and pre-TR tubes whose gas fillings can vary
in pressure by several millimeters without impairing performance. This
pressure gauge has been successfully used to check hydrogen thyratrons,'
(3C45, 4C35). The range of pressures in this case is much lower, and

1 8ee Vol. 5.
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the pressure region of the Paschen curve below the minimum is employed.
The voltage-pressure characteristic has therefore a large negative slope.

Several factors influence the performance of this pressure gauge. The
composition of the gas should be the same in all tubes for which the same
calibration curveis used. The effect of very small amounts of impurities
is serious and usually unpredictable. Each type of tube requires a
separate calibration if the structure is appreciably different. If the tube
has been in operation, it is possible that a sputtering process has resulted
in the deposition of material on the glass. This deposit does not ordi-
narily affect the calibration unless the deposit is an opaque metallic
coating which results in appreciable electrostatic shielding. Temperature
effects are quite negligible.

| ITrigger pulse

Modu- Pre.
lator amphfler

Pulsed signal
generator

¥

Magnetron,

Directional AN
coupler Load
Fig. 9-41.—Arrangement for measuring recovery time of a TR tube.

9-14. Measurements on Recovery Time of TR Tubes.—The deter-
mination of the recovery time of a TR tube requires more equipment
than any other single measurement. The essential equipment includes
a modulator (preferably of the synchronous type), an r-f system, with
directional couplers for monitoring the power and introducing a low-level
signal, a matched high-power load, a TR cavity, a mixer, a local oscil-
lator, a preamplifier, a receiver, an A-scope, a pulsed signal generator,
and a synchronizer or timing unit. The schematic arrangement of these
components is shown in Fig. 9-41. This is one of several schemes which
have been used for this purpose. The problem is to measure the attenua-
tion of a low-power signal (the ““echo” signal) as a function of time after
the occurrence of the high-power transmitter pulse. This low-level
signal is attenuated because of the presence of electrons around the gap;
the attenuation decreases as the number of electrons decreases. Thus, a
low-level signal of constant power traces an envelope curve, such as b
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in Fig. 9-42; as the time of occurrence after the transmitter pulse, a, is
varied.

Beginning with the r-f transmission line, the necessary adjustments
are straightforward. First of all, in order that the recovery time of the
TR tube alone will be measured, no ATR tube is used and the distance
from the magnetron to the TR branch is so chosen that the largest
possible fraction of a low-level
A b signal coming from the antenna
line will be transferred through
= the TR cavity to the crystal detec-

i tor. The local oscillator is set at
d a frequency approximately 30
Fic. 9-42.—Recovery-time curve for low- Mec/sec (that is, the intermediate

level signal. frequency) from the frequency of
the signal generator, which is usually, but not necessarily, close to the
magnetron frequency, and the crystal current is adjusted to the operating
level of 0.5 ma. When the local oscillator and signal generator are prop-
erly tuned, the pulse should appear on the A-scope when the receiver
sensitivity is high enough to make the noise visible.

0.01
e

Dual pot

=l

F1G. 9-43.—Phase-control circuit for sine wave.

I 0.01

An essential part of the measurement is the adjustment of the time
of occurrence of the low-level pulsed signal with respect to the main
transmitter pulse. It is important to be able to adjust the low-level
pulse so that it occurs just before the transmitter pulse, in order to provide
a reference level at a time when the tube has made as complete a recovery
as possible.  For one method of timing control, the sine-wave voltage of a
master oscillator is used. This voltage is split, by means of a phase-
control circuit, Fig. 9-43, into two sine waves having phases that are
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variable with respect to each other. Two triggers may be generated
from these two sine waves, and their relative times of occurrence will
depend on the relative phases of the sine waves. One trigger may
be used for the transmitter tube, and the other for the signal generator.
A synchroscope! is a convenient device to use as an A-scope; it provides
the sine wave whose phase may be varied, a fast sweep for viewing
the pulses, and one trigger. A ftrigger generator can form a trigger
from the phasable sine wave. An alternative, and somewhat better,
method is to use a Model G synchronizer. This device provides two
triggers, one with a fixed delay for operating the modulator, and one with
a variable delay for operating the pulse signal generator. This gives
much more positive operation than the sine-wave phase-control circuit.

The signal generator is an important item of equipment. It must
provide a reasonably good rectangular pulse, of approximately 1-usec
duration, in the desired frequency range. If a calibrated attenuator is
not built into the r-f output line of the signal generator, such an attenu-
ator must be provided externally. The system may also be designed so
that the attenuation may be provided in either the i-f or the video-fre-
quency line. A signal generator such as the type TGS-5BL facilitates
a wide variety of measurements (see Vol. 11, Chap. 4). This signal
generator uses a wide-range 707B or 2K28 tube and has a variable pulse
length, a built-in variable delay for timing control, and an r-f attenuator
in the output line. These features make it a very useful instrument in
the 10-cm region. Other signal generators are available for the other
wavelength regions.

A method for measuring the time scale of the sweep is necessary.
This is often accomplished by means of a 1-Mec/sec oscillator which
provides a sine wave of accurately known frequency. This sine wave,
applied to the signal plates of the A-scope, affords a calibration of the
sweep since a complete cycle corresponds to 1 usec for a 1-Mec/sec wave.
When a grid is placed over the face of the cathode-ray tube, time intervals
can be estimated to tenths of microseconds. A still better scheme is to
use a sweep calibrator which provides a series of equally spaced, very
narrow pulses, and to arrange a switch so that these pulses are displayed
on the tube. Sweep calibrators are described in Vol. 22 of this series; a
suitable one is type B8127.

Once the system is tuned, the measurement is easy. The choice of
the origin of the time axis is arbitrary. It is possible either to measure
the time interval from the leading edge of the transmitter pulse, since
in a great many instances the leading edge of the pulse is sharper and
better defined than the trailing edge, or to measure the interval from the

1 For deseriptions of this and other devices mentioned here, the reader is referred
to Vol. 22 of this series,
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trailing edge, since the recovery of the tube cannot begin until the trans-
mitter has ceased to oscillate. KEither of two reference levels for the
attenuator setting may be used: the attenuator reading for which the
signal level is reduced to noise level, or the reading for a given amplitude
of signal immediately preceding the transmitter pulse. The determina-
tion of the first reference level is dependent upon the experience of the
observer, but with practice a given observer can repeat readings to
0.5 db consistently. In addition, the possibility of saturating the receiver
is clearly avoided and irregularities in the sweep base line do not affeet
the results. The second reference level is easier to set, but care must be
taken to avoid the saturation level.

To determine the recovery time of a TR tube, the following procedure
is used.

1. The TR cavity is placed at the optimum distance from the trans-
mitter for the operating frequency of the signal generator, which
is approximately the same as for the transmitter frequency.

2. The TR cavity is tuned for resonance at the frequency of the
signal generator.

3. The local oscillator is tuned until a pip appears on the A-scope.
The local oscillator should provide a crystal current of approxi-
mately 0.5 ma.

1. The r-f high power is turned on and the signal generator is adjusted
until the pip appears immediately ahead of the transmitter pulse.

5. The attenuator reading for a given height of low-level signal (or
the reading for which signal disappears into noise) is determined.

6. The signal generator is adjusted until the pip appears at the desired
time interval as measured from the leading edge of the transmitter
pulse (or from the trailing edge if desired).

7. The attenuator reading for which the signal is the same height as
in (5) is determined.

8. From readings (5) and (7), the loss in signal at the particular time
interval is calculated.

Essentially this same arrangement is used to measure the recovery
time of pre-TR tubes, with a standard TR switch and mixer following
the pre-TR tube. The usual arrangement of pre-TR tube and TR tube
is employed, with the distance to the magnetron adjusted so that the
mixer receives the maximum amount of low-level power from the antenna
line. It might be thought that the presence of the TR tube would com-
plicate the determination of the recovery time of the pre-TR tube, but at
the power levels at which systems using pre-TR tubes operate, the recov-
ery time of a new TR tube is very short, about 3 db down at 1 usec, since
the leakage power of the pre-TR tube produces a very weak discharge in
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the TR tube. An attenuator behind the pre-TR tube, to cut down the
power to a level which will not damage crystals, requires a corresponding
increase in output power of the pulse signal generator. Consequently,
the attenuator method has not been applied for measurement of the
recovery time of pre-TR tubes.

Bandpass TR tubes are mounted in much the same way as pre-TR
tubes. A waveguide mixer, such as that shown in Fig. 9-44, is used with
tubes of this type. The steps just outlined are followed except for
tuning of the TR tube which is, of course, unnecessary.

In another method for measuring the recovery time of a TR tube,
different frequencies are used for signal generator and transmitter, and
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Fig. 9-44.—Waveguide mixer used with bandpass TR tubes.

an additional high-Q@ TR tube is used as a filter. This arrangement is
somewhat simpler since it eliminates the local oscillator and heterodyne
receiver, and requires only a video amplifier. Figure 9-45 shows the
arrangement of the components. The frequency of the signal generator
is different from the transmitter frequency. Both TR tubes are tuned
to the signal-generator frequency. The second TR tube reduces the
transmitter signal to a value which will not cause undesirable transient
effects in the receiver. Enough of the transmitter power gets through,
however, to furnish a reference trace on the oscilloscope. A modifica-
tion of the modulator, to make it pulse the transmitter tube only four
times, for example, for every five signal-generator pulses, allows every
fifth low-level pulse to come through unattenuated. The trace on the
A-scope shows two superimposed pulses, the unattenuated pulse and the
pulse affected by the recovery time of the tube. The difference in height
of the pulses is a measure of the attenuation due to the recovery time of
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Fic. 9-45.—Two-frequency method for measuring recovery time.

F1a. 9-46.—Oscilloscope photographs of superimposed-pip method of determining recovery
time. The transmitter pulse is at A, the test-signals at B.




SEc. 9-16] LIFE TESTS 423

the tube. This attenuation is measured by inserting an attenuator in
the video circuit. Figure 9-46 shows a photograph of an A-scope trace
obtained with this arrangement. A point of interest is the apparent
displacement in the maximum of the low-level pulse which is a result of
the variation of the recovery time over the length of the pulse.

9-16. Measurements of the Recovery Time of ATR Tubes.—For
practical purposes, the recovery time of cell-type tubes, such as the 1B27,
the 721, and the 724, is measured by using the tube as a TR tube. The
effective recovery time when the tube is used as an ATR tube can then
be calculated. The low-@ ATR tubes should behave in very nearly the
same manner as pre-TR tubes with the same gas filling. A check of this
is sometimes desirable and the following method has been used. For
this determination, the arrangement illustrated in Fig. 9-47 is employed.
The distance from the TR junction to the transmitter is adjusted to

H

rrrrrT

LWrong distance
without ATR
Fra. 9-47.—Relation of components for detgrmination of the effect of ATR tube recovery
time.
exactly the wrong length; that is, to such a length that the smallest
possible fraction of low-level signal power goes into the TR branch.
This adjustment is made with a short-circuiting blank in place of the
ATR tube, and its purpose is to place the ATR tube in the position where
its recovery time is most effective. The blank is then removed and the
ATR tube to be tested is inserted in the mount. With the exception of
step (1), the procedure for measuring the recovery time as outlined in
Sec. 9-14 is applied.  After this measurement is completed, the ATR tube
is replaced by the blank, and the distance from the magnetron to the TR
branch is adjusted for maximum signal into the TR branch. The recovery
time is then measured as before. A comparison of these two measure-
ments then indicates the effect of the recovery time of the ATR tube.
9-16. Life Tests.—A great many factors, which include both mechani-
cal and electrical effects, determine the useful life of TR and ATR tubes.
Since a large number of these gas switching tubes contain water vapor in
addition to other gases, the life characteristics require careful considera-
tion. In developmental work, the only satisfactory way to determine
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the life of these tubes is to set up a sufficient number of tubes to ensure
reliable statistical data under conditions approaching actual use. This
is easily accomplished with a waveguide line having many TR cavities
mounted on the narrow side of the guide. Broadband TR and low-@
ATR tubes may be provided with special mounts on the broad side of
the waveguide. A ‘““doorknob” transition, or other suitable device,
connects the magnetron to the waveguide section, and a high-power dis-
sipative load terminates the line.

A similar bench can be built in coaxial lines by using T-sections with
coupling loops for the individual cavities; the coupling loops are placed

Fi1g. 9-48.—Illustration of cavity equipped with output gate for crystal protection.

at such a point on the branch line that when the tube fires, the cavity
branch, which is a shunt branch, presents an open circuit at the T-section.
The waveguide line is preferred because of its simplicity.

This bench provides a good opportunity to study erystal protection
as a function of life. The TR cavities or bandpass tubes are provided
with mixers of the conventional type which have short-circuited i-f out-
put lines and no local-oscillator connections. To avoid possible damage
to the crystal when the r-f power is turned on, output gates (see Fig. 9-48)
in front of the mixer coupling iris protect the crystals until it is certain
that stable operation has started. For operation it is also necessary to
provide a keep-alive power supply.

The gate is removed after the r-f power has been turned on and the
character of the discharge between the cones examined through a small
hole in the cavity in order to check the operation. The gate is constructed
from thin sheets of phosphor bronze, spot-welded together at several
points along the center and curved outward in opposite directions. This



Sc. 9-16) LIFE TESTS 425

provides good contact when the gate slides in the groove cut in the sides
of the cavity. The crystals are checked by measurement of the back
current at one volt and the front-to-back resistance ratio, by means of a
standard crystal-rectifier test set, type TS-268 B/U. Measurements of
such quantities as leakage power, recovery time, @, and keep-alive inter-
action are best obtained on the special equipment intended for each
individual characteristic. Figure 9-49 shows the variation, with time,
of recovery time and other parameters of a TR tube.

Certain mechanical tests are closely connected with the useful life
of TR tubes. One of the most important of these tests is that of tem-
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Fic. 9-49.—Typical variation of tube parameters with time.

perature changes because of the multiplicity of metal-to-glass seals
involved in the construction of the tubes and of joints between metals
with different expansion coefficients. Individual tubes and, when
appropriate, tubes such as the 1B27, 721, 724 clamped in the type of
cavities in which they will be used, undergo a temperature cycle from
room temperature to 100°C, to room temperature, to —40°C, and back
to room temperature. After each cycle, or small number of cycles,
the tubes are checked to determine whether the extremes of temperature
have caused cracks to occur in the seals of the tubes. Measurement of
the firing voltage is sufficient to indicate an increase in pressure in the
tube. Other mechanical tests, such as vibration and shock tests, are
treated in the same manner, and increased firing voltage again indicates
tube failure.
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9:17. Properties of the Keep-alive.—The function of the keep-alive
electrode in a TR tube is to provide a supply of ions near the discharge
gap so that the r-f discharge will occur at as low a voltage as possible.
This electrode is located near the gap, and a d-¢ potential is applied
between the electrode and the adjacent part of the tube. This potential
is high enough to cause a d-c¢ discharge to occur, the initial break-
down potential being a function
of the gas filling and the shape
of the tube. The voltage charac-
teristic is specified for a given
value of current flowing through

u-ammeter
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¥ of the voltage drop between the
—_— keep-alive electrode and the ad-

Fiag. 9:50.—Circuit for measuring keep-alive jacent part of the tube. In addi-
voltage characteristics. tion, theinitial breakdown voltage

should have a reasonable value. A cireuit for testing the keep-alive volt-
age characteristic is shown in Fig. 9-50. When the switch is thrown, the
voltage applied to the keep-alive is allowed to build up slowly, by means
of a circuit which has a long time constant, so that the striking
voltage and then the sustaining voltage at a specified current may be
determined.

Since the d-¢ keep-alive discharge continues for a time long com-
pared with the duration of the r-f pulse, the life of TR tubes containing
H:0 and H; depends on the number of hours of operation of the d-c
keep-alive. This has been verified and, in some cases, tubes may be
life-tested by operating them with
a d-c keep-alive and then measur- ,\/5\,_
ing the sustaining voltage at de-
sired intervals. It is, of course,
necessary to correlate this infor-
mation with the results of actual
operation'by measurements of Keep-alive
recovery time, leakage power, and electrode
insertion loss. This d-c-keep-
alive life test will not reveal such
effects as the sputtering of copper from the cones onto the glass by the r-f
discharge, a phenomenon which may occur at sufficiently high r-f power
levels. The presence of this metallic film may increase the insertion loss
of the tube and greatly impair low-level operating characteristics.

As can be seen from a consideration of the keep-alive structure and
power-supply circuit, the essentials of a relaxation oscillator are present,
(Fig. 9-51). These oscillations may be viewed on an oscilloscope if the
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Fia. 9-51.—Circuit for keep-alive electrode.
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keep-alive electrode is coupled through a very small condenser directly
to one of the plates on the cathode-ray tube.

9-18. Duplexer Insertion Loss.—The insertion loss of a duplexer is
made up of the following components.

1. Reflection loss that results from mismatch. This mismatch will
be formed by the combination of the TR switch, ATR switch,
and magnetron impedances.

2. The TR-switch loss. This is dissipation loss only.

3. The ATR-switch loss, which may be divided into two parts:

a. Dissipation loss within the ATR cavity itself.

b. Power lost into the magnetron because the ATR switch action
is not complete. The ATR loss is sometimes called branching
loss.

If duplexers employ waveguide mixers, as, for example, at the 3-cm wave-
length, the direct measurement of insertion loss (see Sec. 9-2) is quite
simple. The mixer may be replaced by a well-matched detector and the
magnetron may be replaced by a movable plunger which produces the
proper reflection. This reflection will vary somewhat in magnetrons of
different types, but a typical value is 20 db. The input side of the
duplexer must also be well matched. If the TR and ATR tubes are
tunable, they should be tuned for maximum signal into the mixer. The
short-circuiting plunger is then moved to the position where the TR
signal reaches a minimum value. This is the worst condition that will
be encountered in service. After reading the detector-current meter,
the duplexer is removed from the matched r-f generator, the detector (or
mixer) alone substituted in its place, and the detector-current meter
read again. On the assumption that the crystal has a square-law
response, the power loss expressed in decibels is ten times the logarithm
of the ratio of the crystal currents. If a calibrated attenuator is included
in the setup, the meter reading is brought back to its former value and
the difference in the attenuator readings is the insertion loss.

Many 10-cm waveguide duplexers have coaxial mixers which are
soldered into the TR cavities. Under these conditions, a standard
tunable mixer is needed to make the measurement of insertion loss. The
crystal detector should be selected so that it is nearly matched in the
mixer, since the loss is dependent on the crystal conductance. The TR
and ATR tubes are tuned and the plunger adjusted as already described,
except that the r-f level should be kept at such a point that the crystal
current is 0.5 ma. After this has been done, the duplexer is removed
from the matched r-f source and the standard tunable mixer is connected
to the r-f source. The standard mixer is tuned until the crystal is
matched and the rectified crystal current, in milliamperes, is read. The
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loss will be 27? log 0—15 where m is the crystal law (see Sec. 9:1). The value

of m is usually very close to two, as crystals are nearly square-law devices.

It is sometimes desirable to measure the impedances of the TR tube
and ATR tube separately, and from these data calculate the losses. This
method gives results which check well with those of the more direct
method, but it is used only when a careful analysis of a duplexer is being
made, since the measurements are more difficult than those in a simple
loss determination. Equivalent circuits of duplexers and methods for
caleulating losses are discussed in Chap. 7.

9-19. Effect of Transmitter Impedance.—In some cases transmitter
tubes are consistent enough in cold impedance to enable the duplexer
to be preplumbed; that is, the distance from the transmitter tube to the
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Fia. 9-52.—Waveguide plunger with Fic. 9-53.—Variation in low-level
resistance strip to give lower value of signal loss through TR cavity with
standing-wave ratio than plunger alone. position of plunger in transmitter line,

TR junction may be so chosen that the largest fraction of the received
signal is transmitted into the TR branch. When ATR tubes are used,
most, but not all, of the dependence on the transmitter impedance is
eliminated. However, variations in the impedance of transmitter tubes
cause variations in the duplexer loss (see Chap. 7). The effect of trans-
mitter impedance is measured by replacing the transmitter tube by a
plunger and observing the change in received signal, as indicated by the
mixer crystal current, when the plunger is moved over a half-wavelength
range. This provides a knowledge of the loss for all possible phases of
transmitter impedance. The magnitude of this impedance may be varied
by means of a piece of resistance strip extending beyond the face of the
plunger to reduce the magnitude of the reflection to any desired value,
(see Fig. 9-52).

The results of a series of measurements which used two low-Q ATR
tubes resonant at 9.03 em and a bandpass TR tube operating at a wave-
length of 9-1 em are given in Fig. 9-53. A corresponding set of measure-
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ments over a band of wavelengths, if the dissipative loss obtained by
other methods were taken into consideration, would give the curve shown
in Fig. 9-54. (Seealso Chap.7.) The area between the curves represents
the spread of loss for all possible transmitter impedances.
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Fra. 9-54.—Effect of transmitter impedance on low-level signal foss over a band of wave-
lengths.

9-20. High-power Operation of Duplexers.—During the high-power
pulse of the transmitter, the function of the TR tube is to disconnect
the receiver from the transmission line and to allow most of the power
to reach the antenna. The high-power characteristic of the tube must
be designed into the duplexer in such a way that, during the transmitter
pulse, essentially a continuous transmission line exists between the
transmitter and the antenna. The TR tubes of the cell type depend
for their high-level action on the properties of the gaseous r-f discharge
between the cones of the tube. The cloud of ions and electrons at the
gap is equivalent in its action to the insertion of a short circuit in place
of the gap. In order to measure the standing-wave ratio introduced
during the high-power pulse by the TR and ATR tubes, the tubes are
replaced by others which have their cones soldered together. The
transmission line which leads to the antenna is terminated in a matched
load, and the standing-wave ratio is then measured on a low-power
bench,
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The low-Q ATR, bandpass TR, and pre-TR tubes during high-power
operation also make use of the conducting character of the ionized gas
resulting from the r-f discharge. This discharge occurs across the input
window of the tube and, therefore, the tubes are mounted on the broad
side of the waveguide; consequently, this effective conducting sheet pre-
serves the continuity of the waveguide line through the duplexing sec-
tion. This condition may be simulated by taking an old tube and cover-
ing the inside surface of the window with a layer of Wood’s metal. In
this way the effects due to the presence of the glass and shape of the input
window are preserved. Again, as with the cell-type tubes, all tubes in
the duplexer are replaced by these “fired”” tubes, and low-level standing-
wave measurements are made looking through the duplexer at a matched
load in place of the antenna line.

The use of short-circuited tubes does not reproduce the high-power
condition exactly, since the gas discharge does not have zero impedance
and some power is dissipated in the arc. The exact effect of the power
loss is best measured using the individual tubes and not the duplexer
itself. ’

The recovery time of a duplexer can be determined by the procedure
described in Sec. 9-14. If the duplexer contains an ATR switch, the
recovery time depends upon the recovery of this switch, and also upon
the transmitter impedance.
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tuning curve for, 42
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1B24 TR tube, keep-alive pressure-volt-
age characteristic of, 209,
life test of, 223
temperature-tuning curve for, 66
tuning curve for, 65
1B26 TR tube, 61, 65, 201, 227
life test of, 223
spike-pressure characteristic for, 169
tuning curve for, 66
1B27 TR cavity, 59
1B27 TR tube, 36, 37, 39, 168, 170, 171,
227, 256
arc leakage power from, 180
current vs. voltage in discharge of,
179
differential tuning screw for, 44
life test of, 222
recovery curves of, 190, 191
tuning range of, 44
tuning-temperature curve of, 49
1B35 ATR tube, 134, 135, 240, 244, 248,
249
arc loss in, 240
and mount, 138
1B36 tube, 134, 135, 248, 249
and mount, 137
1B37 tube, 134, 135, 138, 248, 249
1B38 pre-TR tube, 148, 154, 164, 223,
249, 250
oscillogram of spike from, 164
recovery-time curve of, 224
1B38 tube with pure argon, recovery
characteristic of, 192
1B40 tube, 36, 38
1B44 tube, 134, 136, 248
1B50 TR tube, 61, 63, 65, 201, 227
1B52 tube, 116, 134, 136, 248
1B53 tube, 134, 248
1B54 pre-TR tube, 249, 250
1B55 tube, 108, 239, 250
1B56 tube, 134, 248
1B57 tube, 134, 248
1B58 bandpass TR tube, 108, 223, 250
1B63 tube, 111, 250
bandpass characteristic for, 112
Optimum coupling, 31
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Pass band of broadband TR tubes, 393
Pearsall, C. H., 193, 224

435

Phase-control circuit, 418
Phase shift, impedance bridge for measur-
ing, 403
near resonance, 399
Pickup probe, 378
Posey, W. T., 260
Posin, D. Q., 236
Pound, R. V., 266, 336
Power, are, 140
direct-coupled, 140
harmonie, 140
Power divider, 414
Pre-TR tubes, leakage power of, 407
(See also particular pre-TR tube)
Pressure gauge, r-f, 415
Pressurized coaxial duplexer, 335
Pressurizing, 334
Preston, W., 60
Probe coupling, adjustable, to coaxial
line, 409
Production testing, low-level, 400
PS38S tube, 108
Pseudo-flat, 163
Pulse, rectangular, spectrum of, 408
Pulse length, measurement of, 408

Q
Q, cavity, 30
definition of, 11
input, 12
measurement of, by power drop in
load, 401
output, 12
unloaded, 12
Qy for low-Q ATR switch, 128
QLl, 385
experimental curve for determining
390
Quarter-wave-length plate, 370

R

Radar equation, 1
Radioactive cobalt chloride, 216
Radioactive priming, 216
Reception loss for 10.7-em band duplexer,
343
Recovery characteristic of
with pure argon, 192
of TR tube, 190
Recovery time, 141
of ATR tubes, measurements of, 423

1B38 tube
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Recovery time, of duplexer, 430
of TR tubes, measurements on, 417
two-frequency method for measuring,
421-422
Recovery-time curve of 1B38 pre-TR
tube, 224
Relaxation oscillations, 201
Reservoirs, chemiecal, 219
silica-gel, 220
Resonance, phase shift near, 399
Resonant elements, 70
equivalent circuit of, 71
with posts, 97
with truncated cones, 97
Resonant gap, equivalent circuit of, 74
Resonant glass window, 102
Resonant transformers, 9
Resonant window, 128
R-f discharges, similarity principle for,
181
spectograms of, 148
R-f leakage, 335
R-f pressure gauge, 415
Ring, D. H., 272
Ring circuit at 3.33 e¢m, dimensions for,
359
Ring-circuit duplexer, 357
Ring-circuit magic T, 357
coaxial, 368
right-angle, 367
standing-wave ratio of, 359
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Samuel, A. L., 36, 130, 138, 173, 227, 202,
208, 346
Schafer, J. P., 337
Schelkunoff, S. A., 34
Schwinger, J., 34, 172, 231
Series mount, 117
721 TR cavity, conductance of, 54
dimensions of, 54
721A TR tube, 36, 142, 227
argon-filled, 197
direct-coupling, 57
life test of, 222
recovery of, 198
tuning-temperature characteristics of,
48
721B TR tube, 37, 39
life test of, 222
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721B TR tube, tuning characteristics of
41, 42
724A TR tube, 36, 167
724B TR tube, 37, 39, 227
tuning characteristics of, 41
Shunt mount, 119
Shunt-mounted cavity, 120
Shunt resistance, equivalent, 17
Signal attenuation, low-level, caused by
keep-alive discharge, 209
Signal generator, 419
Signal sources, 377
Silica-gel reservoirs, 220
Sinclair, B. H., 227
Slater, J. C,, 114
Sliding-vane attenuator, 383
Slotted section, 378
Smullin, L. D., 57, 114, 166, 190, 209, 228,
229, 238, 251, 347
Smythe, W. R., 114
Spectograms of r-f discharge, 148
Spectrum of rectangular pulse, 408
Spectrum analyzer, 380
Sperry Gyroscope Company, 108
Spike, 153
and flat power, separation of, 411
linear theory of, 156
nonlinear theory of, 162
oscillogram of, 164
Spike leakage energy, 140, 143, 235
cancellation circuit for measurement
of, 409
direct-coupled, 237
effect of gap length on, 170
effect of gas-filling on, 167
effect of no on, 166
effect of repetition rate on, 167
measurements of, 409
for various gap spacings, 236
for various gases, 168
Spike-pressure characteristic for 1B26
TR tube, 169
Split chokes, 333, 334
Sputtering, 210
Standing wave, phase of, from cavity, 387
Standing-wave ratio of ring-circuit magic
T, 359
Standing-wave-ratio curves for T-junc-
tions, 272
Standing-wave ratio r, 30
Stratton, J. A, 185
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Sutton tube, soft, 36, 68
Sweep calibrators, 419
Switch, ATR (see ATR switch)
attenuator, 349
duplexing, requirements of, 4
Sylvania Electric Produets Company,
36, 60, 65, 136, 256, 259

T

T-junction, coaxial,
transformer, 268
general, branching loss for, 323
standing-wave-ratio curves for, 272
waveguide, circuit elements for, 122
T-stub, broadband, 266
Tatel, 188
Taylor, R. E., 339
Telecommunications Research Establish-
ment, 364
Temperature-tuning curve for 1B24 TR
tube, 66
10-cm  tubes,
for, 109
Test bench, typical, 381
Test equipment, low-level, basic, 376
Thermistor bridge, 405
Thermistor mount, 407
Ting-Sui K¢, 166, 209
TR cavities, coupling to, 385
TR cavity, 39
coupling through, summary of for-
mulas for, 33
methods of coupling, to rectangular
waveguide, 51
(See also specific TR cavity)
TR switch, and ATR, distance between,
288
TR tubes, bandpass (see Bandpass TR
tubes)
broadband, pass band of, 393
cell-type, 35
fixed-tuned, tuning check on, 400
integral-cavity, 59
life of, 142
9.2-cm-band bandpass, 107
recovery characteristic of, 190
recovery time of, measurements on, 417
(See also specific TR tube)
Transformer, broadband, coaxial T-junc-
tion with, 268

with  broadband

bandpass characteristics

Transformer, resonant, 9
Transmission, 29
Transmitter, cold impedance of, 275
Transmitter impedance, 428
Tube life, 210
Tubes (ser specific tube)
Tungsten-water evele, 211
Tuning, methods of, 27
Tuning curve for 1B24 TR tube, 65
for 1B26 TR tube, 66
Tuning range of 1327 TR tube, 44
Tuning serew, differential, for 11327 TR
tube, 44
inductive, 43
Tuning slug, capacitive, 43
Tuning-temperature characteristies  of
721A TR tube, 48
Tuning-temperature compensation, 46
Tuning-temperature curve of 1B27 TR
tube, 49
Tunnicliffe, P. R., 364
Turnstile duplexer, 372
frequency sensitivity of, 375
Tyrrell, W. A, 353
v
Vestigial 120° junction, 273, 334
Volt-ampere characteristics of keep-alive
discharges, 205
Voltage transformation ratio of resonant
cavity, 21
W
Wallace, H. N., 243, 411
Warner, A. D., 114, 243, 411
Waveguide duplexers, 341
Waveguide junctions, 269
Waveguide T-junctions, circuit elements
for, 122
Wavemeters, 381
Westinghouse Electric and Manufactur-
ing Company Corporation, 66, 132
Westinghouse Research Laboratories, 60
Wiesner, J. B., 60, 204
Window, glass, low-Q, leakage energy
characteristics of, 233
resonant, 128
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