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OPERATION AND DESICN

OF TR AND ATR TUBES

Lecture No. 1

Histog

EarlLRadars :

Since even in the early radar systems a single an-
tenna was used both for transmission and reception there was always

the problem of effectively isolating the

oy .
N J / transmitter from the receiver so that a
$< . N
A k minimum of signal would be wasted. In
A.——E; . 0y 03 s
S EanPER N g B the earliest systems, where the trans
i;‘?xw M mitter power was very low by modern

standards, and the receiver input was to a rugged triode amplifier
or detector, it was not necessary to protect the receiver. The pur-
pose of- the duplexer was sirply to avoid undue loss of signal., This

could be accomplished by accurately tuning the various line lengths,

Since this adjustment was critical, it was socn

replaced by a fixed position spark gap, the forerunner of the modern

/
was quite literally a spark gap. Tungsten

RIS |
:’i electrodes with a narrow gap betwesn then

were placed across the line, This rudi-

TR. In its carliest form the TR switch

Q|
~
<
R
- SPark Gap
ELECTRODES

RCYR . -
_____.._..._| mentary arrangement worked quite well,

until the development of improved radar systems,
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Recent Radars:

With the advent of very high frequencies for radar
systems, it was necessary to increase the sensitivity cf the detactors.
Unfortunately, this made the detectors highly susceplible to damage,
and at the same time, transmitter powers.were going up, compounding
the difficulties. The higher the frequencies got, the worse the
situation became. The simple spark gap no longer sufficed. When
crystal detectors were introduced an improved system was imperative.

A crystal is an unusually sensitive device, Modern radar crystsls
detect signals of the order of 10 micro-microwatts. On the other
hand, the power of some of the modern transmitters extends to tle
megawatt values. Thus the range between transmitter power and rininmum
detectable signal power is of the order of 1017o The duplexing system

must be efficientd

Gas:

The first step toward improving duplexers was made
when the electrodes were placed in an evacuated envelope so that, the
spark gap was under reduced pressure. A plot of the breakdown valtége

vs. the pressure will show that minimum

breakdown voltage is at about 10 mm pres- -

Breakdown
VoLTAGE

sure, Between the minimum firing voltage

10 . . .
Mt PRESEGRE at this point and at atmospheric pressure

is a difference of a good many orders of magnitude. The gap, then

in the evacuated envelope will fire that much sooner,
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Along with the investigation of pressures within
evacuated cavelopes, studies wers made of varying pas filis, As &

X3

result of experiments with a wide rangs of gases, it was discovened
that best performance is ohiainavee with the noble gases {(such au
argon) and a fow of the other simple gases (such as hydrogen'. Tae

tube degign eventually centered on hydrogen and argon. Most of the

modern tubes have argon fiils.

This brought into prominsnce the problem of recovery
time. At reduced pressures,the life time of elecirons in aclive spice
charge is longz. Furthernore, with the inercassd semsitivity of radar
systems, it was desirable %o reduce still more the minimum ob._sam"s'ab.ﬁi,:a

distance.

As explained in the firet lecture, reductions in
recovery time are best effected by mi-ing water vapor with the argen
or hydrogen gas {ill. The water vapor is introduced in order to give
the electrons a place to go ai‘ter the end of ﬁhe arc. The prcoabiiity
that an electron will adhere if it hits either an argon or lydrogen
ion is small, so small as to be practiuﬁ.lly negligibla, Classically,
you cannot have two particles colliding and adhering, and at the sane
time conserve both energy and momentum, Iwo-body gas-phase :."eac/‘tiens
are practically an impossibility unless one of those badies has avail-.
able to it variocus vibreticnal modes to accept the extra energy from
the collisicn, That is what water does. The melecule of water ig

sufficiently complicated %o make an electron tend to stick whan it
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hits the molecule., A negatively charged watsr ion is, to all
. N 3

effects and pwpeszs, out of th: field as far cs the r-f 10 conernald,

It iz too heavy to move with “hz field., It was found thoen,

.
mixture of argon or hydvogen anl wster is saliviectovy. T arion
(or hydrogen) ieonirss sulficliwtly readily so 4o 23
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effectivencss be i:nc:weas;z Por low freguency

is easily attained. Corsider a sparx gap that is
as possible, There are Uwo thiags that can be done, Ou3, plas. a
step-up transformer on the input, A small voltage at tas irpuas »‘s;bc;;;;
up as a large voltage across the gap, making it more apt o pra.k dowa.
A corresponding step-down: transformer is put on the output to et tasze
is no net effect on small siznals. OSecondly, we can inssri acsuss tas
gap sufficient capacity %o resconate with the inductance in The tircuit,

(the transformer windings). The resonant buildeup guickly nereasec

the voliage until thers 1s a breakdown of the gap,

‘“he provlem is how to do this with micwrowsves. Achleving

resonance is esusy ocnough. Any boX or any eng 1csec{ structure of any shans

O g oo
QY Vil

is resonant at some fregivney. One of the bast we
£

to consider an orgsn pips, or the way souvnd will resonate
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That the cavity can operate in several modes simply means that there are
that many different ways in which oscillations can occur. An organ pipe
is excited in such a way that all those modes occur simultitaneously. But,
if a tuning fork is placed on an organ pipe, the pipe will not generats
any of the harmonics, If the tuning fork is tuned to the fundamental

or any harmonic, resonance at that frequency occurs, These diifereni

resonances are called the "modes" of the pipe.

Now let us consider a t rensmission line. Short
circuit the two ends, Then excite the line in some way. The beundary
conditions (so-called by mathematicians) are clear enough. Inside we
have the oscillations as determined by the transmission line equiticns,
At the ends we must have zero veltage, The line, then, will be 2xcited
.apprecially only if the frequency is such that the line is effectively a
half wavelength, one wavelength, three halves or in general, any number of

half wavelengths long. Those are all different modes.

A cavity can be analyzed in the same manner, Counsider-
ing a rectangular cavity we can look at it along one axis and observe that
it constitutes a waveguide with short-circuited ends. 7The same conditions
as before cxist. The boundary conditions are that across the two end
plates there must be zero voltage, so rescnance occurs at those frequencies
for which the waveguide is a half wavelength or any multiple of a half
wavelength, Similacly, we can look along another axis. Again we have
a waveguide but with different walls, and,again,the ends are shorted. In
general the dimensions of this waveguide are different from the first

one considered, Thus the frequencies of operation are different, but
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the modes are the same type. Then we could view the cavity alongz the
third axis and obtain still a third set of modes. Ina more complicated
cavity, the modes will appear more complicated, but the same type of
operation occurs. Any cavity has an infinite number of modes ir which
it can operate. They may or may not be evenly spaced. They may be much

more complicated. But the basic situation is exactly the sane,

Narrow Bgnd TR Tubes:

This, roughly, is what is done with the TR tubes., In &
cylindrical cavity is placed a gap as illustrated. This structure can

oscillate. In the particular method of operation in which we ave interested,

in phase, The bottom and lower cone operate
in phase opposite to the uvpper cone. At a

given moment the upper cone has a positive

=

charge, and the lower a negative, Half a
cycle later the upper cone is negative, the lower, positive. A high po-
tential is developed across the gap. Now a quarter cycle after the stact,
say, the electrons which were concentrated on the lower cone will be rune-
ning up the sides to the top, and if you like to think of it that wiy,
they will keep on coasting after they have neutralized the positive charge
on the top until they build a negative charge there, Such a device will
store cnergy, and that is what we want. If we store emergy, we will build
up the voltage, and when we build up the voltage, the breakdown will cccur

more quickly.

We mist get energy in and out of the cavity., Cne

way of doing this is to put loops through the sides., This was the principal

the top and upper cone act more or less uniformly
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method used before waveguides became as common as they are now. These
loops couple into the cavity's magnetic

-
2 1\9/ field, which hasn't been mentioned so far,

®F T
"@\ but which should be fairly plain., It will

be remembered from the previous analysis
that the path traced by electrons was from the bottom (negative charge)
to the top (positive charge) along the sides, in effect forming a loop
of current, That means that there is established an r-f magnetic field
going round and round the cones. The loops, then, are so positioned

that they will couple into this alternating magnetic field.

Effectively there is the same performance as occurs
with the use of a step=up transformer at the input and a step<down trans-
former at the output. The combination of loop and cavity walls behave

as a step-up (or step-down, depending uporn

~ position with respect to signal) trensformer,
3 @ and provides the voltage build-up necessary
ol

to break down the gap at the maximum possible

rate, Corresponding parts are labeled with

the same symbols in the above figures,

At this point we might consider the spark gap cizfcui-h
from the point of view of optimum design. If the posts of which the gap
is composed have a relatively large area, a very small gap spacing will
give too much capacity for the amount of inductance that is present, so
that the wrong frequency will be obtained. If, however, narrow rods are
used for the posts, the current traveling down the rod will set up a magnetic

field around it which will effectively slow it down, In other words, add
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inductance. What is wanted, then, for =a-.n post, is that the area at the
gap location be as small as possible, &nd the area at the base location be
ar large as possible, Hence, we hat2 our present cone shaped construction,

The cone shaped construction can 2:tually :ause trouble again, because

\/ of tne shunt capacity. But there does

/

:1’:_- »%ist an optimum cone angle, found by ex-
\
7 periment, which has a minimum inductance

for ninimum shunt capacity.

In modern 1R's fed from and into waveguides, the
loops arz not required, and a lnle, or "iris" is normally used. Their
behavior is identical with that of the loops although the analogy to a

itransformer may not be so obvious,

Broad-Bani TR Tubes:

“he broadsand TR came into the ficld toward the
end of the war, Broadbanding the TR tube was the logical outcome of expe-
rience with,and improvements in radir systems both by our Services and
by the enemy, Accurate alignment ¢ radar systems with narrow band
tubes wa: exceedingly difficult to perform out in the field. Also,
there is & good deal of advantage 1o being able to shift the frequency
of operatior. TFor one thing, the nature of a target can often be
guessed by watching the behavior ¢f its echo on the scope under vary-
ing frequency. For another, cocunter measure devices were being used
more frequently and effectively by the enemy., A rapid 5% or 10% shift
_in frequency may enable the rad:r operator to see the target before
the jamming measures could locai: the new frequency and block informa=

tion. A further reason for the hroadband TR tubes is the development
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of some of the more complicated duplexer systems, The balanced duplex-
ers (to be discussed later) depend upon a very precise match between

two arms of a magic tee. The adjustments necessary to maice such a system
work properly are much too critical, or require too much auxiliary equigm
ment to be donc in the field. Such a systerm must be based on a broad—
band tube., As a matter of fact, the system calls for more than broad-
banding. It calls for knowing what is called "the position of the effect~
ive short circuit." That is, when the tube fires and appears as a short
circuit to the line, exactly where does the short circuit appear? The
balanced duplexers call for careful matching of the effective short-
circuits in their branches, so that accurate multiples of guarter wave-

lengths of line may be used.

Broad-banding, then, was the next logical step in

the developing design of TR's,

Principles of Broadbandings

If you were given the problem of broadbanding a
TR tube, starting fromthe narrow-band design, the first thing you might
try is simply reduce the Q by the necessary amount., However, we want
a tube which will cover, say, a 10% band with an SWR(V) of less than, say,
1.k, The Q would then have to be about 0,3, And this is rmch %oo low

for the tube to serve its protective purposes,

We can, however; use the principle of destructive
interference, If we put two identical elements along a line a quarter-

wave apart:

po— Ml ey

input >'< >< output
e e
Z
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then some of the input power is reflected at the first element., If the
fraction reflected is small, the second element will reflect almost as
muich., But the reflection from the second element, by the time it gets
back to the first, will be dead out of phase with the reflection from
the first, Hence they will cancel,and if almost no power is reflected,
almost all power must be transmitted.

This is the principle by which broad-banding is ac-
complished, In detail, of course, it gets much more complicated. Ve
shall consider it in detzil later. But this is the basic techniqus.
Using it, we are able to increase the Q's of the elements from the
0.3 mentioned before, to about L.5 or 5. Theoretically we could go
higher - to about 10, But L.5 - 5, in a multiple element tube, has

been found to be sufficiently high to give adequate protection.

Summary:

To summarize, then, the basic problem is to use
the same anterma for both transmitting and receiving. In the earliest
radars this was not difficult. Since the power was low and the receiver
rugged, it was only necessary to avoid undue loss of power. This could

be done by adjusting the line lengths,

This adjustment was critical so spark-gaps were

substituted——the prototype of modern duplexerse

When transmitter power became large, and particu-
larly when easily damaged crystal detectors were introduced, a better
system was needed. Firsi, the spark gap was enclosed in an envelops

and the pressure reduced ‘o the 10 mm. or so which gives minimum break-
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down voltage. Then, other gases were tried. Argon and hydrogen were
found most effective. But these gases did not recover. ©So water vapor
was added to absorb the electrons after the r-f pulse was finished.

This combination is still used.

To further increase the tube'!s effectiveness as a
duplexer, the gap was designed to operate across a resonant cavity. The
resultant voltage build-up increases the rate at wﬂich it wiil break
down,_making it more effective, This, in its basic form is the modern

narrow band TR tube.

Modern applications place emphasis on a broad-band

structure. This is desirable for many reasons, e.g.:

(a) To eliminate field tune-ups.

(b) To permit frequency changes to aid target evaluation,
(e) 'Tc permit frequency changes to avoid eneny " jamming".
(d) To permit the use of more efficient duplexers which

could not practically be tuned up in the field.

eteco
To do this a multiple element tube is used, By properly

arranging these, their reflections can be made to cancel (destructive
interference) over the desired band, even with fairly high reflections

from the individual elements.



CPERATION AND DESIGH

OF TR AND ATR TURES

Lecture No, 2

Survey of TRl & ATR Behavior

fi:i%ﬂm:_’?ﬁ.
“his series of lectures is being piven as an aid
Lo Gnineering personnel directly concerned with development and
podactdon probleme in TR and ATR tubes. By presenting the background
wnid bheory, it is hoped to provide vnot only the means for improvement
in our products, but also, and in particular, bring to the foreground
she didficulivies confronting engineering perscnnel, so that we as a

Service Group can be of assistance,

The lectures on the TR type tubes will cover the
;%,e_:neraiz history of ©“he tubes, the various types and usages, measure-
aent and tuning considerations, and filter theory algebra. Lectures
on TR tube properties which depend upon the plasma and ionization are

gcheduled to v2 given by Dr. Varnerin,

This second talk will be a general survey of TR tubes,
showing how we propose Lo break down the general field and giving some
‘fea of the cverall picture, The third one will cover uses, We shall
briefly review t he various types of duplexers, branched and balanced and

perhaps some of the more unusual designs. You are not apt to be directly

i witl: these, but should know something about them because the

sten for which the tube is to be used governs the specifications of
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In the fourth lecture, that on messurements and
tuning, we plan to discuss the measurements that are mads on I3
tubes, what may be learned from these measurements, and some ladicatlons
of how the& tie in with design. We shall also describe some o’ the
different methods available for tuning broadband TR tubes., Tuning is
a very complicated subject, because a complete discussicn of it must
include mistuning. Most of the latter I shall neglect cntirely, bt
may give a little of it in the lectures on the low-level operstion cf
TR tubes,

The next three lectures will consider the Th tube
as a broadband filter. We shall discuss its equivalent circuii, axd
investigate a little of matrix algebra, Matrices will _be introducad
to inform you what a matrix is and what it tries to do. Matrices are
simple. They are a shorthand netation which permits you to carry out
easily some very tedious operations of ordinary algebra. By using
matrices you can do a good many arithmetic operations at once and have
them automatically come out right =- you hope. Since matrices are uszed
in any filter problem, I belicve you ought to have 2 nodding acquaintance

with them and their uses,

The lectures about the properties of TR's which ars
dependent on the plasma and ionization will be given by Dr. Varnerir.,

Presumably, one lecture will analyze TR tubes while firing. The other

phase is the process of recovery,
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Returning to the present lecture, we will mike a ;orowu’

20

survey of TR and ATR behavior,

Four Phases of the TR Cycle:

I believe you all know what a TR tube is, Easic. .3

it is a simple tube —- you might call it a monode, It gete « Litui:

complicated, of course, when you start considering the details, ‘ihore

are four phases to its operation.

(1) We may start off with the low lcvel ohase,

a small signal impressed, how does the tube behave?

(2) The second phase is that of the tube during lr.oo.

When a2 high power pulse of r-f energy reaches the TR from the magretec:

how fast does it fire and, in fact, how does it fire? (It mipght b

mentioned at this point that among Dr. Varnerin, myselif and a fou

other people, there is at this time considerable discussion 2s to 1.8t

how the things fire. There are in existence two completely woposing
theories, one of which is my own pet one, the other being more or Lius
standard. These two theories are entirely contradictory, so much s
that they disagree on such a basic point as to which s lement {ires
first., I mentien this now to illustrate the gaps that exiet in our
knowledge of what goes on in the TR tube. About something s funds.
mental as this there is still confusion, and room for conflicting

theories, )

(3) To continue, the third phase is the cpevat o

the high level signal. Basically, the picture here is wncomplicatel

™,
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What you want, and almost have, is a dead short-circuit across the tube.
You do not quite get that, but you do get close to it in a gcod tube.
The high level operation is of considerable practical importance for
design., It is during this part of the cycle that destructici: takes
place in the tube. The tube is taking the beating during this pericd
which will ultimately lead to the end of its life,

(4) The fourth phase is the recovery time. Recovery
is what limits the practical application of the TR tube. Radar systems
which use TR tubes cannot be required to pick up an echo in an interval
less than the recovery time of the TR tube. The absolute zltimeter and
a few other devices must be able to detect signals from as close as
a few feet. Hence, the absolute altimeter does not use pulse systems;
and cannot until a new type of TR is invented. If anyone present. can

design a TR with no recovery time, there will be an ample market for it,

Low=Level Phase:

Let us go back to the first phase in which we consider
the TR tube as a broadband filter, The primary application, here, is
to broadband TR tubes., With narrow band TR's and ATR's, we are, to be
sure, interested in bandwidth, However, the narrow band TR is a very
elementary kind of filter - simply a shunt resonant circuit., And there
is little point in applying filter theory to ATR's because litile can
be done about them. There is a theorem known as "Foster'!s Reactance
Theorem" which states briefly, that, if you have an element (in this
case the window of the ATR), you cannot broadband it by the additicn of

a reactance network in parallel, That is, the bandwidth cannot be
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made any wider than that of the window itself., To increase tae bandwidth
it is necessary to introduce loss

into the circuit. Fostert's Theoren

is not applicable to TR tubes, since
é -1 the complete network does have loss,
'J The TR tube is loaded by the ouiput,

which, ideally, is a pure rcsistance.

Loao |

Winbow

Hence, when we speak of the filter
properties of TR tubes, we shall be speaking primarily about broadbard

TR's,

It is somewhat deceptive to speak of a tube*s filter
properties. There are several fundamental differences from the point
of view of conventional filter theory. For example, let us consider
an i-f bandpass filter. For such a filter we specify that the charaz-
teristic must be kept sufficiently flat across a required bard., At
the same time, for i-f applications, it is usually essential that there
e as complete as possible rejection outside the band, In TR tubes,
on the other hand, the specifications normally only require that the

standing wave ratioc be kept below

EASURED _
$ a designsted level over a specificd
PECIFIEC
& band. Another point may be specified
X P J P
) 1
| ™~ at which a somewhat higher stending
1 I .
* f, F3 wave ratio may be tolerated, For
v the value at points beyond, there
BANOPASS

is no concern, There is no interest at all in the rejectiorn of signals

outside of the band,
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A straight piece of waveguide would fit thes low
level specifications of any TR tube., It i perfectly flat at a1l
frequencies. Hence, we must apply to the TR tube some other ziri-
terion., This has to do with its high level behavior; it must ade-
quately protect the crystal, And we must ask, then, what it is abcut

the tube that determines how good protection it gives. Clearly this

is determined by how fast it fires and when it is fired, how completel:.

Let us consider a narrow band TR. e may write

an equivalent circuit for it as follows:

Input Output
Transformer Trans former

]

Equivalent Circuit of a Narrow Barnd Tube

The input is a voltage step-up transformer., This
is what we want because the more the voltage is steppad up, tre quicker
the gap is going to break down. Furthermore, once the gap is broken
down so that the impedance across it is reduced to & =mall value,
then the higher the imput step-up, the less the effect of the resi-
dual impedance -~ the more effective the approximate short cirsuit.

The measure of the effectiveness of the step-up is expresssd by the



doubly loaded Q of the circuit, which we will discuss in more detail

later,

To put the matter briefly, then, the other critericn
in TR tube design is that the Q of the firing element should be as high
as possible, Now that leaves open the questicn, in miliiple clemen®
tubes, as to which element should be high Q. Are we willing %o sacri-
fice Q in one element to get a higher Q in another? This is a question
to which, as far as I know, nobody knows the answer. The general
feeling on the subject is that Q is good no matter where you have it
but you would like at least some element in the tube to be as nigh Q

as possible,

When we compare the broadband design practics to
conventional bandpass filter theory, then, there is this véry funda-
mental difference in what constitutes optimum design. In convention-
al filter theory we define optimum as that which, giving us the re-
quired bandpass characteristic, also gives us as sharp & cutoff as
possible. In the TR tube the behavior in the pass band is specifisd
as before, but our definition of optimum is that at least one elemeit
of the tube shall have as high a Q as possible; These two d. fferent
definitions of optimum may be equivalent, Eut under some circumstances

will lead to quite different results,

Transition to the Fired State:

The second phase of the TR tube is its transition
to the firing stage. This phase is an extremely difficult one %o

handle since not enough is known about gaseous discharges.
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Furthermore, until very recently most of the basic work on gaseous dis-
charges was done with d=¢ or low frequency a-c. Data obtained at low
frequencies is, on the other hand, practically entirely inapplicable

in any respect to r-f discharges. Low frequency and d-c¢ discharges
depend on the migration of electrons in one difection; and positive
ions in the other. An elemcntar& calculation will indicate that‘
positive ions can gain practically no energy from an r-{ field -~ they
are just plain too heavy. The r-—f field is going too fast. Any theory
of the u-h-f breakdown of gases must be based on the electrons and only
on-the electrons, That is not to say that the ions can be neglected.
They are important since they put on a more or less fixed spzce charge
through which the electrons must move. Recently, Dr. S. Brown at M, I.T.
and others, have been working at r-f. The subject is being clarified
and a good deal about the problem is understood now, Dr., Varrerin wil.

tcll you more about this,

Unfortunately, the present state of knowledge is not
sufficient to help us much, This new understanding applies tc¢ dis-
charges that are isolated., In a TR tube they are far from being isclated.
The gap is too short. The cones come in so that the minimumn distance
between electrodes is of the order of .055". That is not very mags mean
free path lengths long at the pressures at which a TR tube is usually
filled, It is of the order of 5 to 20 mean electron fres path lengths,
When electrons start oscillating in that discha:ge region the chances
are excellent that they will hit the cones. The problem of what happens

then is complicated.
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They may bounce off, ihduce secondarics, or be absorbed either with

or without emitting photons — light — which can cause ionization elsc-
where, The problem gets immensely involved, and as far 2s 1 know no

one has even tried to approach it. That leaves us back about where we
§tarted° Qualitatively, we have some knowledge of microwave discharges,
‘which we can apply to the TR tube in, again, a qualitative way.

>

An additional drawback to a clearer understanding cf
the TR tube is, of coursc, the keep-alive., This, by the way, is the
point around which the discussion I mentioned before revelves. Just
what is the function of the keep-alive? I dare say some of you here,
thought you knew, According to current standard theory the keep-alive
enables the gap in which it is placed to fire at the earliest possible
time. To explore at this meeting the other theory &bout the keep-alive
would take too much time. It can be pointed out, however, that ths
theory opposing the standard one hinges on the point that while it
may be true that the keep-alive enables the gap in which it is placed

to fire at the earliest possible time, this fact may not be important.

High Level:

The next phase is the high~level phase. This is,
in some ways, tne simplest part of the whole picture -~ primarily
because there is not too much that could be done about it if it were
understood, and it is not understo&d, anyway. It is dependent upon
the gas discharge phenomenon, Vhile we understand the latter in a

very rough qualitative way, we are not yet able +uc caleuwlate precisely



what is happening. However, we do know that during this period most of
the damage is done to the TR tube, and it is during this period that the

main limitations are placed on the TR tube behavior.

Recoverx:

The recovery time generally determines the usefulness of
a tube. As I indicated before, the major problem in connection with this
fourth phase of the tube cfcle is concerned with minimizing recovery.
Argon gas (most often used) ionizes easily, but will not recapture elec-
trons rapidly, tending toward a lengthy recovery time. Water will re-
capture electrons easily. However, water (or other gases suitable for
reducing recovery time) cannot be substituted for argon entirely. Its
ability to absorb electrons would inhibit ionization, giving high spike
leakage. Best results are obtained by adding to the argon fill sufficimt

water vapor to reduce recovery time to a useful value,

\P“"e\“@n\

4 4+ Water

Attenuation

Time After Pulse

As an indication of the magnitude of this effect, in
well baked-out tubes filled with pure argon, recovery times cf the order
of 1000 ps. have been measured. Minute traces of water will reduce bthis
significantly. With, say, 5 mm partial pressure of"\.ater9 the recovery

time is reduced_to the order of 5 ps e
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Summary:
To summarize, then, the four phases of a Tk tube‘s opera-
tion are:

(a) Low-level--when we may treat it as a passive lineor

retwark.

(b) Firing--when we are concerned with the speed of break-

down and the function of the keep=-alive.

(¢) Fired--when we are concerned with the complcteness of
breakdown and effectiveness of the short circuit, and

when the principal damage to the tube is done.

(d) Recovery--how fas* does the tube recover? This of'ten

limits the applicability of a TR tube.

We shall consider these in more detail later,



OPERATION AND DESIGN

OF TR AND ATR TUBES

Lecture No. 3

The Uses of TR Tubes

Today we shall consider the various ways in which
TR tubes may be used. Although most of us here can hold ourselves
immine from such considerations, concentrating our attention on the
specifications as received, yet the circuitry into which they are to

be placed does, after all, detcrmine the specifications.

The Basic Functions of TR Duplexers:

The fundamental purpose of any duplexing system
whether it uses TR's or not, is to pronerly interrelate the various
components of the system during the two phases of trensmission and

reception.

1. During transmission the transmitter is to be connected to the
antenna but not to the receiver, The disconnection between transmitver
and receiver during this period is a very critical one and mst be done
exactly. The maximum allowable pewer that may leak to the receiver is

of the order of one part out of 108u

2. During the receiving period, the &ntenna is to be connected to

the receiver but not to the transnmitter.

This behavior defines what is known as the duplexer,
or duplexing system. Normally, the basic function is performed by the
TR and ATR tubes, It is, however, possible to accomplish it without using

the TR tube, The same effccts can be achieved by straipght plumbing, but
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at the expense of some of the other factors. There are two minor functicns,

or rather desirable characteristics that the duplexer should also fulfill.

3. The duplexer must act fast; the switching operation should be done
as rapidly as possible., To avoid losing a near target, switching from
transmission to reception must be done swiftly, somewhere between 3 and

Li microseconds,

L. The loss in the duplexer must be small. A 3 db loss in the du~
plexer, that is, 3 db during transmission and 3 db during reception means

a total loss of 6 db or 3/L of the power,

There are some other factors of interest to circuit
engineers, Stability of the tube is one of them, particularly as regards
temperature, How well does the system stay in tune as the temperature
is changed? For with a change in temperature there is going to be a
change in operating frequency, if only a few megacycles. If 2 narrcw
band TR tube is used, that slight shift in frequency may put the trans-
mitter entirely outside the frequency of operation of the TR tube. The
disadvantage of the narrow bandwidth in such a case places an upper
limit on the Q of the tube. (Q will be discussed in more detail in
the measurements lecture.) Q is inversely proportional to bandwidth.
Or, viewing the problem from another angle, the variation in frequency
with temperature, or more exactly, the allowable toleranze of this

variation governs the lower limit of the bandwidth that may bz used.

Another factor to be taken into account is the
line power, Fluctuations in line power will change the voltage level

delivered to the magnetron and the local oscillator, thus changing the
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frequency output. 1In general, though, this problem is less serious than
variations in TR performance caused by changes in temperature, or simply

by age.

There is to be considered, too, the matter of shock
resistance.- Will the tube go out of tune when subjected to excessive vi-
bration? That is a particularly serious problem in scme of the modern
applications of TR tubes. It is clearly very critical indeed for a TR
%n a guided missile, It is still an important problem for the older ap-
plications, A battleship, when it fires its guns, has a momentary ac--
celeration of the order of 100 gravities. The TR must be built to withstand,

or else shock-mounted to withstand this acceleration,

Of all the requirements the chief of them perhaps

is whether or not the TH tube can be tuned in the field and how accurate-
ly. It can easily happen that the precision demanded is so high that

the necessary equipment is not available in the field. &but even if it
can be done, it is still very inconvenient, This, as we saw Jast time

is one of the primary reasons for producing broadband tubes. There zre
other reasons also, as we mentioned, such as the ability to tune the radar
set either to avoid enemy jamming or to get a better evaluation of the

target °

Branched Duplexers:

The original duplexing system began with a transmis-
sion line (either parallel wires, coax, or waveguide) at one end of which
was placed the transmitter, and at the other end the antenna. OSomewhere
along this line is to be inserted a means for conducting signal to ths

receiver.
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Yo satisfy the requirement of the duplexer during the transmission time
that the transmitter be decoupled from the receiver, a spark gap is

placed at (a). When signal travels down the line from the transmitter,
the spark gap fires. If the spark gap provides a good enough short, no

power will get to the receiver.

In general, this would seriously interfere with the
transmission from the transmitter to the antenna. Ve can arrange things,

however, so that it does not.

If we look into a quarter-wavelength of lire with an
impedance Z; at the end, we see the reciprocal impedance., That is, if we
mcasure‘the impedance between the terminals 1 and 2, we will get a
value R°2/ZL; R, is called the "characteristic impedance” of the line
and is a constant, at a given frequency, with the dimension of ohms,
determined solely by the dimensions of the line, (It is usually written
Ré instead of the Zc thiat might be expected from the name'"Characteristic

Impedance" since it is real if the line propogates withcut loss - i e,

p Ml —
Oc@
2

ZL (o2
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it is always resistive for lossless transmission lines, and for wave-

guides at frequencies above cut-off.)

If, now, we put the spark-gap a quarter wave back
from the junction, when it fires we have a short circuit (ZL =0) as (a)
but the transmitter sees an open circuit (R;%ZL = o)} at (b) looking
toward the receiver, Since this open circuit is parallel to that seen
looking toward the antenna, the branch does not interfere with the trans-
mission of power to the antemma, The first requirement then, is satis-~
fied,

The first part of the second requirement, which calls
for the counling of the antenna to receiver during the receive-cycle,
is satisfied if the spark gap, (a), is arranged in such a mamner that
when it is not fired it does not interfere with the energy going through
it. If we build the spark-gap into a cavity (as was mentioned ir Lec, 1)
this can be satisfied. With the proper cavity design, and providing
there is no ionization, it is possible to eliminate refiection by the

TR,

The other part of the second requirement, which states
that the antenna be decoupled from the transmitter is not so critical,
Sometimes no special equipment is used. The transmitter when it is off
usually presents an impedance which is very different from the charac-
teristic impedance of the line. This mismatch may be used to direct
the received energy into the receiver. For example, supnose that
vlooking_back into the output of the transmitter, we see an open circuit

at the resonant frequency.
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If the line length from the transmitter to the
junction, (9, is a multiple of a half wave long, at(b) looking toward
the transmitter, we will see an open circuit. Since this parallels
the presumably flat line to the receiver, all received power goes ic
the receiver., The line length {rom the transmitter to the junction,
) can be used to satisfy the secomd part of the second requirement -

to "decouple" the transmitter from the antenna during "receive".

This is not always a good arrangement, however,
If, because of a frequency change or what not, the line length from
transmitter to junction becomes an odd multiple of a greater wavelength,
the open circuit at the transformer output shows at the junction as a
short circuit., Since this shunts the receiver line, it will reflect
all received power back out the antenna, So, this system can lead to

trouble,

So, although the method of adjusting the line length
from transmitter to junction is feasible (it was used in the early radars
énd is still used occasionally), it leads to difficultyo It is difficult
to make the length adjustable since the line must also carry high power,
It is a fairly critical adjustment anyway. And if you "pre-plumb” the
line then you must impose upon the manufacturers of magnetrons very
tight tolerances on frequency, particularly if the transmission line is
appreciably long. The answer to this problem was the ATR or anti TR.

A quarter wavelength down the main line from the TR, another junction is
made, and another line shunted across the transmission line. The spark
pap is spaced a quarter wavelength from the junction down the new line,

and is backed up by a short placed a quarter wavelength from it.
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During the transmit-cycle energy coming from the transmitter fires the
ATR. This puts a short at (d) and the power sees an open circuit at
(e) looking into (d). Except for the small amount of power absorbed
in firing the ATR, the system then operates as previously explained,
During the receive-cycle, that is the cycle when energy is traveling
from the antenna into the line, the short at (e), which is a halfwave
from (c), reflects a short at (c). The zero impedance at junction (c)
reflects infinite impedance at junction (b), and no signal coming from
the antermna travels to the transmitter, The signal travels down the
line to the receiver. It will be noted that during the transmit-cycle,
the ATR and TR are fired; during the receive-cycle, the ATR and TR are

unfired.

The ATR-TR arrangement shown is the basic duplexer
system, Any number of modifieations may be made, principally for corn-
venience., In a waveguide a component inserted in the wall at A is in
series with the guide. A circuit inserted as at B acts as a shunt %o

the guide,
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So, although it is diflicult to
use scries connections with
~7 coaxial transmission lines,
they are quite fecasible with
waveguides, This allows us to
simplify the arrangement somewhat. The ATR can be placed in series with
the line, the short a quarter-wavelength behind it. During the receive-
cycle the short circuit behind the ATR reflects an open circuit at the

junction of the ATR and the

£y ~

:é :y:)\/ It - waveguide, which effectively
)\% ™S provides a break in the line
+ to the transmitter insofar

LE£x£] as incoming signals are concerned.
Similarly, the TR arm is moved up a quarter-wavelength, by placing the TR
in series with the waveguide. A mixture of series-shunt connections can
be used for a duplexer. One branch may be comnected in series (as are
both branches of the above simplified arrangement); and the other oranch
may be connected to the line in shunt (as is done in the ATE=TR arrange-

ment first illustrated).

Mention should also be made of the possibility of
using similar ATR-TR arrangements for multi-channel applications, For
instance where a beacon is involved, it may be desirable tc receive

' several frequencies simultaneously and duplex against all of them.
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Balanced Duplexers:

Palanced duplexers depend essentially on a group of
components which can all be called hybrid circuits. There is a group of
them and quite a number of possible variations among them. The commonest
of these components are the "rat race" and the "magic tee". A third
component,, not usually considered hybrid, solely because its applications

are different, is the directional coupler.

All the devices accomplish one job. They may be rep-
resented by a box with four input-output lines. Signal fed into any

l‘ one of them divides betwesn two of the

others, but does not go to the fourth,

The reason for this division of signal

It

is probably most easily seen with the

"rat race."

s\«

On a ring of waveguide, four arms, which we shall label (1), (2), (3), and
(L), are spaced such that the distance between, say, (1) and (L) is 3)\/l.
The distances between (1) and (2), (2) and (3), and between (3) and (L)
are made \/L. A wave entering the ring at arm (1) divides in two, one
part traveling clockwise, the other counterclockwise. What happens at

arm (2)? The wave going counterclockwise from (1) to (2)
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has traveled one quarter-wavelength. The wave traveling from (1) to (L)

to (3) to (2) has traveled a full wavelength plus one quarter-wavelength.

Tt arrives at (2) delayed by an extra cycle but in-phase with the wave
coming in the counter clockwise direction; signal feeds into arm ( 2).
Similarly, the wave traveling clockwise that reaches arm (4) will be

in phase with the wave traveling counter-clockwise from (1) to (2}

“n (3) £o (L), each having traversed 3)/L., But at (3)9 we have a differ-
ent situation. The signal that comes from (1) to (3) via the clockwise rcute
travels a full wavelength, whereas the signal from (1) to (2) to (3) travels
but a half wavelergiths Al (3) these signais will be equal and of oprosite

phase, thus cancelling each other. Hence, no signal goes to arm ()

{. further fact may be noted, If a signal is fed
in (1), it divides sstween (2) and (L) as noted. But the reiations are
easily seen to be such that the resultant signals in (2) and (L) are
180° out of phase with sach other. If we had fed the signal in (37,
then we would have found that no signal goes to (1) but the power divides,
as before, between (2) and (L). Ir this case, however, the resultant

signals in (2) and (L) are in phase.

This is important because we can reverse the dirsction
of our signals (since network is lirear and passive). Ilence, if we put
equal signals (of identical frequency) in (2) and (L), then power will
divide between (1) and (3) in a way depending on the phase difference
of the two inputs, If they arc in phise, all power will go to (3).

If they are out of phase, it will all %o to (1).

To complete the picture, we can, ol course, inter-
change the roles of (1) and (L) and of (2) and (3) (simultaneously) in

the above,
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The other hybrid circuits~-the magic tee, the di-
rectional coupler, the circular magic tee, etc.--bchave the same way,
(except that the directional coupler does not usually divide the power

equally).

The duplexing function can be achieved efficiently by
using two hybrid circuits. Consider the connections of one part of the
duplexer first. To the (1) arm attach the antenna. Put the magnetron
on the opposite arm (3)., The magnetron then does not couple directly
with the antenna, The power from the
magnetron divides instead between arms
(2) and (L), and resulting signals are

in phase. A TR tube is put in arm (2)

and another in arm (L) but one of the
TR's is spaced A/l further from the ring than the other. The power
from the magnetron fires the TR's and is reflected back to the ring.
Because of the difference in the dis-
tances from the ring to the two TR's,
the energy from the (2) arm comes back
out of phase with the energy from the
(L) arm and hence, all thz power goes

out to the antenna., To dispose of &ny

leakage power, we hook on to the first
rat race the other half of the duplexer,
In doing sowe make up for the A\/ij dif=

ference in arms (2) and (L) so that

the distance to arms (2') and (L) are

equal, Power from the magnetron was originally coming dowvn the arms
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in phase, so that it arrives at the corresponding arms of the second
rat race still in phase, Hence, the leakage power will travel out to
arm (3'), where we can absorb it in a matched load, Theoretically this

disposes of all the leakage,

At the end of the transmit cycle, the antenna re-
ceives a signal which is fed through arm (1) to the ring. There it splits
into two equal sigrals traveling in counter directions., These two signasls
feed through arms (2) and (L), out of phase and arrive at arms (2!} and
(L'), still out of phase. Since power fed through arms (2') and (L)
180° out-of-phase will all go through arm (1'), the receiver is connect-

ed to the last named arm.

The major advantage of the balanced duplexer is
the elimination of leakage, It is theoretically possible to balance
out any effccts of lecakage. There is also considerable advantage Trom
the standpoint of the signal-to-noise ratio, particularly with respect

to the noise gemerated by TR tubes,

One of the disadvantagesto the balanced cuplexer
is that the TR tubes in the arms must be carefully matched and meticu-
lously spaced to effect the correct phase difference. This neans accu-
rate knowledge of the position of the short circuits when the TH's are
fired, and, hence, close tolerances on them. Otherwise, several mis=-
fortunes can occur., For example, when the magnetron fires, incorrect
positions of the shorts can send a high standing wave ratio back into
the magnetron, damaging it. The leakage may have its phases somewhat

messed up and enter the receiver. Also, if the duplexer is used with
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high power circuits, the rat race tends to magnify any reflectiocns.

It does not take too much of mismatch to get things arcing merrily.

There are a number of different versions of the
form of balanced duplexer discussed - various types such as the circular
polérization and turnstile duplexers — but they need not enter the dis-
cussion at this time., ¥hat is, perhaps, of interest at this point is

the fact that a TR tube is not essential for duplexing.

The linear balanced duplexer uses no TR. Either
a rat race or magic tee may be used. Let us consider the rat race.
If the magnetron is put, say in arm (2), power is going to divide between
arms (1) and (3). Hence, the receiver
is put at arm (L), so that no power will
be coupled directly from the magnetron

to the réceiverg The antenna may then

-MATCHED
Ltoad

be put at arm (1), and a matched loac
atarnm (3). It will be noted that half of the magnetron power is wasted;
half of it goes to the antenna and half to the load where it is sbsorbed.
This waste of power is true also in the case of the received signal,

‘wgich divides between the magnetron and receiver, That energy that
enters the magnetron is either absorbed or reflected. If reflected,
it is split between the matched load, which absorbs it, and the antenna,
which radiates it. Thus, another half of the power is lost during re~
ception, or a total of 3/L ths. In other words there is a & db loss,
which has to be tolerated if no TR is to be used., It can be shown

that this will necessarily be true of any linear duplexer,
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Summary:

To review, then, there are two main types of du-
plexing circuits called "branched" and "balanced". The former is
quite straightforward. A TR is used to block the signal to the receiver,
and an ATR, usually, but not always,to prevent undue loss of received signal
because of the transmitter. The ATR can be avoided if the line length

from transmitter to the junction is properly adjusted.

Connections to the line can be either series or
parallel although only the former is mechanically feasible for coax.
Impedancesare adjusted by making use of the fact that a quarter wave
line effectively "inverts" its terminating impedance, changing a short-

circuit to an open and vice versa,

Balanced duplexers depend on the directicnal pro-
perties of "hybrid circuits", of which the rat race, magic tee ard
directional coupler arc common examples, These are devices with [our
input or output circuits. Their central property is that & signal inic
any one divides between two others but does not go tc the Tourth. 3y
combining two such circuits, with two TR's between, &d uplexer can oe
designed which is theoretically considerably more efliciznt than a
branched duplexer., This, however, makes TR design more difficult since
the two tubes used must be carefully matched - particularly as regards
the "position of the effective short-circuit? It also demands broad-
band TR's,since the adjustments that would be needed.were narrow band
TR's used,could not practically be made in the field. Given suitable
TR tubes, however, the balanced duplexer is considerably better than

the branched type.



QPERATION AND DESIGN

OF TR AND ATR TUBES

Lecture No. L

Measurement s

-This lecture will be concerned with the measure-
ments done on TR and ATR tubes, We shall attempt to show what the sig-
nificance of these are,and outline how they are done. Since most of
you are already fﬁmiliar with much of the procedure, we shall be very
brief on all but Q measurcments and leakage. The former we will con=
sider in detail because the concept of Q has profound implications in
the design of TR and ATR tubes, Also, it is tricky. It is easy to

be confused about it,

Leakage we shall consider in datail to emphasize
the gross inaccuracies inherent in the present technique of spike
measurements in broad band TR's., Spike measurements arc a useful
control = nothing more. ‘ie shall emphasize this because it is a point

that has, on occasion caused considerable confusion,

Definitions: Q:

We shall first consider Q. Quite a number of dif-
ferent Q's are used., The letter Q originally stood for "quality". 1%
dates back to the early days of ham radio when the higher the Q of a

coil, the more expensive it was.

In the present, particularly in regard to TR and
microwave structures, we often work very hard indeed to get low=(
structures, so that the connection of Q with "quality" has become

somewhat tenuous, but the designation is still used,
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For the definition of Q there are 2 number of rela-

tions that could be used, but the basic definition is:

Q = 2n X power stored
energy per cycle

We have not specified the particular energy being considered. The differ-

ent Q's are defined in terms of the different kinds of energy involved.

The Q that is common to all elements is the unloaded

Q, usually written Q.

- 2n x power stored
Q energy dissipated internally

The energy dissipated internally includes IzR, dielectric, and, occasionally,
radiative losses., Its significance is that it sets an upper limit te the

loaded Q's,

The Q with which we are primarily concerned in

TR tubes is the doubly loaded Q, usually designated with the subscript 2L,

Q’ZL = 2n x power stored
energy delivered to the load + encrgy to the generator + energy dissipated

A certain amount of cenergy is being stored in the cavity, and threec things
can happen to it. (1) It can be dissipated internally; (2) it can go out
through the output to the load; (3) or it can return through the input

to the generator,

Qg is a measure of the combined coffectiveness of these
dissipations. For a constant drive - constant power in - it is a measure
of the stored energy and, hence, of the resonant build-up tha occurs
in the structure. Since, as we have seen, the build-up determines the
speed and effectiveness of a TR as a protective switch, its QQL is very

important in its design,
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For cavities with a single coupling to the line,
such as ATR's, the significant Q is singly loaded, (. The stored
energy can either be dissipated internally or delivered through the

single outnut., This is also true of such other devices as magnetrons.

Q = 2n x power stored
energy delivered to the output line + energy dissipated

The fourth Q, which is more important to magnetrons

than to TR tubes, is the external Q, QEu For this the definition is

Qg = 2nx power stored
energy delivered

Note that this Q does not include the energy dissipated internally.

The above four are the main Q's. Thers have been
other Q's defined at times for special usages, but they are of liitle
consequence for the purpose of this lecture. The retios of power storesd
to energy delivered are important because the more power that is being
stored, the harder it is to match into the device, There is &« law kncewn
as Bode's Law which puts an absolute limit on the band.over which a given
element can be matched into a given generator, The limit can Le expressed

in terms of the energy stored in that element.

The question of how the energy is stored in an element
is not primarily important to design work, but it is of some interest.
Beginning with an ordinary tank circuit, it will be remembered that the
energy can be stored either by charging
the condenser; or by current through the
coil. At the resonznt Drequency, the
energy stored in such a circuit is cscillating

from one method of storage to the other,
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The same considerations apply in a general sort of way to & microwave
cavity., At a given time we will have
maxirmun voltage developed across the

©)

cavity. A quarter cycle later elec-

——

trons run around the edge of the
cavity; and half a cycle later meximum
voltage acrosa the cavity is again
developed, but this time in an opposite direction. The flow of the
electrons through the metal, leaving a positive charge behind incrocases
the potential energy of the cavity. It takes work to do it and

represents stored energy.

On the other hand, when the elcctrons are moving
fastest, and there is no net separation of chargs, they create a moving
field. In effect we may consider that the energy is stored as mementum,

although the actual effect is to create a varying mapnetic field,

The energy stored in the cavity oscillates betweaen
these two forms - one an electric or potential cnergy field, the other

a magnetic field, analogous to kinetic energy.

It is still not obvious how a resonant window for example
in a waveguide stores energy. Energy can be propagated down 2 waveguide in

a nunber of different ways. ALl of

I L7 77777177777 L
+ + F =eewe= +++ these can be descrived in terms of
i i i + + + i i i the motions o the slectrons in the
77777777777 7T

walls, Supposing we were able %o
photograph the net charge on the walls at a given instant. In the normal

mode we would see the charge as illustrated. If we took movies, these
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concentrations of + and = charge would

T 7 I 77777 7 77777 appear to be moving in the direction of

This does not mean

1 t T the propagation.
i l * ' 1 ll that the electrons arc so moving, any

- + + + - - -

I IIIII77 777777 more than that the molecules of water

need do more than oscillate around a

- point to produce moving waves on the surface,

The other modes correspond tc different distribu-
tion of charges. 1In one, for example, the charges on the top and botiom

have the same polarity. Again these

+ + 4+ - + + ¢ charges move ir the direction of propa-
e gation, These various ways in which
+ + & - - f\+ + 4+ energy can be propagated are called

I T T I 7777

the "modes" of the waveguide,

For a given waveguide and a given mode, there is a
minimum frequency for which each type of propagation is allowed, . It
is called the "cut-off frequency” of the mode in thet size waveguide,
If you try to drive the waveguide in any mode at a 1.’requency’_Lé.ower'“than
its cut-off, you find you cannot do it. Or, rather, you can, but it dces
not propaga‘t‘,e.,’ The amplitude, the magnitude of the resuliing charge
concentraticns, die off exponentially as they go away from the driven
point. The energy that you try to drive into thc mode is reflected

back to the source,
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These modes can, however, store energy even though

below cut-off. Charges are separated in the neighborhood of the driving

H

source and this represents energy which
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time it was turned on. This energy does
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ZZ not propagate--herice it is stored.
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When a wave in the normal mode hits a resonant window
in the waveguide, there are certain special boundary conditions that
have to be met. If the metal part of the window were a perfect conductor,
it would not be possible to establish a voltage difference aleng the surface
of the window and in its immediate neighborhood. If such a gradient were
established, current would immediately flow through it, and would flow to
that extent necessary to reduce the gradient to zero. The last statement
is another way of saying that the metal will short-circuit the ield,
However, the normal mode necessarily has a uniform voltage field which
extends all the way across the guide. Consequently, when such a wave hits
the window, it cannot in itself satisfy the boundary conditions. Then the
metal part of the window does short circuit part of the field, and in so
doing sets up some of the higher modes. Thev will not propagate down the
line. Nevertheless, energy does ;o into them, energy that stays in the

immediate neighborhood of the window,representing stored energv.
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Measurements, Q:

Q's are neasured by the effect of the element cn the
line. There are various methods of evaluating the effect. Most cf them
depend, either directly or indirectly, on finding the half-power poini.

We can approximate most of the microwave netwerks with a simoly shuat

resonant circuit, at least over a narrow

frequency band., Then, if ws denote by f*

|1
11

and " the two frecuencies at which the

power transm.tted is one-half the power

put in the circuit, we can find the

relation between these two frequencies and the center frequency, 1‘.‘0° By
working through the network it will be found that ff and £ ars related
to the conter frequency in such a way that the ratio of the center
frequency to their difference is equal to the loaded Q, either singly or
doubly loaded, depending upon how the circuit is loaded.

f
0
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There are various other indirect ways of nessuring
loaded Q, such as measuring the rate of change of the susceptence in
the neighborhood of the resonance. Also the "Pease" method of measuring
standing wave ratios in the neighborhood of resonance, They nay all

be referred back to the half-power point method,

These Q's are important. In a nmarrow-band tube
the Q of the tube (deubly loaded) determines the bard over which the
tube may be used without retuning., Since narroy band tubes are mosily

tunable, there is no special concern about the ultimate bandwidth
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usability, It is important, though, that the tubs shall pass a wide
enough band so that any slight variation in the frequency of tae reg-
netron will not throw the latter completely ocut of the passbard of the

TR,

In a broadband tube it is the @ of =ach element which
determines the design. For cexample, a five-element tube might hove win-
dows with Q's of 2.1, The other elements would have Q's of i.5
(These figurcs are apnroximately
correct.) A tube dasigned to give
these Q's will have a particular
bandpass characteristic. If we pui

a flat load on the output, and piot

the SWR against the frequency, the
bandpass obtained will be as pictured, If the wvaluc of esach Q ic doubled
that is, if a tube is constructed in which the windows have Q's of L.2;
other elemecats, Qs of 9,0, then the
bardwidth will be lalved., The heigatb
of the bumps would be the socme in

each case, The whole curre is

simply reduced in widih by the factor
by which the Q's were multiplied. The shape cof the curve depends only
upon the relation to each other of the element Q's, assuming 211 elements
are tuned to the same frequency. Thus, the J's of the elements ars the

factors upon which the whole design of the TR hinges.
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Other Low-Level Measurements: (Insertion Loss, Interactica Loss)

Insertion loss is defined as the loss in sigral
that results from replacing a matched load by the tubs in guestion,
A detector in the line measures the amount of power going intc the load,
The circuit is opened and the tube inserted so that the detecicr then
reads the power out of the tube. The difference betwsen the “wo read-
ings represents the amount of power lost in the tube, It generally in-
cludes the power reflected by the tube., However, as far as Til tuoes
are concernced, the definition is more restricted in mecaning, Insertion
loss measurcments are confined to center band, where presumsbly, no
péwcr is reflected. Furthermore, the keep=-alive is not turred on, so
that the insertion loss, then, measurcs only the I°2 and dielectric losses

internal $o the tube and in its windows,

The interaction loss is measured in the sana.manner
"as the insertion loss, except that in the case of the former L2 keep-
alive is turned on. The interaction loss is the difference in inscrtion
loss with the keep-alive on and with the keep-clive off, I% g, presue-
mably, a measure of the power coupled out of the keep-alive. If the
interaction loss is too high it means that the keep-alive is too closely
coupled. Normal procedure in such circumstarces consists either of
pulling the keep=alive back of the gap, or changing the gas .11,

or in some other fashion decoupling the keep-alive,
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Impedance Bridge (Triple Pipper):

The SWR, insertion and interaction loss as discussed
represent the principal low level measurements made on TR tubes. In
connection with the getting of these values there is a handy device worth
noting at this point, the Triple Pipper. The basic element of the Tripie
Pipper is the Magic Tee, a type of hybrid circu:i described in the last®
lecture. The Magic Tee has the same properiies &g the rat race aad the

directional cowpler, It consisis of
69 a piece of waveguide coupled into

another section of waveguide on the

@ @ narrow side, and a third secticn of

waveguide set with its axis perpen-
dicuviar to that of the cther two sec-
Q tions. If we label thz2 sidess (1) and
(2), and the twe arms (3] and (L), we
can look into the properties of the unit. As in the rat race (3) coupies
into (1) and (2), but not into (4). Signels of equal ampliitude iniroduced
in-phase to (1) and (2) will all go to (3. If the signals are introduced

out of phase they goto (L).

The Triple Pipper is used as an impedence bridge
in the following fashion., Signal is sent thrcusgh arm (3). 4 nmatshed
load is placed in (1). The tubé to be measured is set in arm (2) with
a flat load behind it. Since all power from (2) divides betweer (L)

and (2), a detector is placed in (h)u Assuming that the circuit is
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DET FeTOR well balanced, ro signal will reach aim
@ (L) directly frem arm (3). A1l the power
é%? @ @ ,;g reaching (1) is absorbed by the matched
X load. Signal reaching arm (2) is either
® é;e absorbed by the load on the cutput of
"’v/( the tube under test, or is rcflested.

If reflected, the energy splits between (3) and (L) and half of it is
detected at (). Thus we have a way of comparing the impedance of the

matched load with that seen looking into the tube.

~ In actual testing use with TR's, three signals are
sent in through (3). The signals are either pulsed or superimjosed
on each other, This pecrmits us to compare the impedarce of the TR tube
at three different frequencies simultaneously. The frequencies seleciod
usually are those for which SWR's have been specifiad. Assuming that
the SWR of the tube does not jump out of bounds at points betwesn those

three, the Triple Pipper gives a rapid approximate bandpass characteristic,

Ve might mention here;, that we laves bwilt & kind of
generalized triple pipper for the 1B58. Instead ¢f inserting onl; three
frequencies, a sweep oscillator was built tc swesp over the an.irs band
Using a magic tee as before, and putting the detected signsl on a syn-

chronized scope, the entire bandpass is presented continuously.
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High Level Measurements —— Lcakage Powcr:

Of the high level measurements made cn the TR, probably
the most important is leakage. The type of leakapge through & TR tube
depends very much on the tube. In the narrow band tibe, the nigh (, single
element TR, the input pulse rises rapidly. The tube breaks down ard tae
arc develops. Scoumewhere later on thare
is the end of the high povered nulss
and the end of thes leackagz pulse, The
F-—-— 1 ps.——-—-l - sharp rise and fell at the Leginning

of the leakage pulse is known as the "spike". The remainder iz called

the "flat", The spike is actually a spike with a time duration in the

neighborhood of ,0L psec. or less. The flat normally is quits flai,

With the broad-band tubes, the rise occurs at the
beginning of the leakage pulse in the same way as it does with the narrow-
band TR's, But it breaks down with somewhat different results, giving

N -1 ps. a marked dip in energy level betwaen
the spike and the part that corres-
ponds to the "flat" of narrow-vand

i“—l ps. ——i tubes. The spike here has 2 time

duration of the order of .1 to .2 psec, Also, the spike ol the broad-

band tube does not have the clean outline of the narrow-band i,u‘az):elo

In the broad-band case, therc is definite evidenc‘e of structure on the
spike, that is, oscillations of some kind, As yet, there has not heca
built a synchroscope with a sufficientiy wide band ampliflier to amlyze
the fine structure in the spike. (It would nesd about 1 Ke 4o 100 Hes,)

The "flat" is far from being flat. The difference in energy level frcm
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the dip to the top of the flat may be as much as 20 db, That makes

things difficult in obtaining the values of the leakape pulse.

At this point we must digress for a brief interval
to consider the burnout properties of crystals. A crystal can be
burned out either by steady application of too much power, or by the
quick application of too much energy. In a silicen srystal, Jor examole,
there is a silicon slab and a fungsien
wire making contact with the slab. lost

of the heat ia generated “n the neigh-

borhood of the contact. I7 tha heat can

Si. slab
be dissipated fast enough compared to the duration of its gencration so

that thermal equilibrium is essentially reached, then we are ‘ntercsted
in power. If, however, thec energy is applied very fast so that nons %o
speak of is dissipated, then the energy itself will burn out '2;1;/; crystals.
Hence, it is necessary, if the TR tube is going to protect the crystals
that not only should the flat be less than a givenpower level, but also
that the spike should be less than a given energy level., The diffisuity
comes in separating for measurement the two comnponents of the lcakaze

pulse,

In the narrow-band case the components of the leskaue

pulse can be evaluated with some degree of precision. If we mzasixe “he

length of time elapsed Ifwom stert to
| ~ C—~ finish of “be pulse (A}, znd then apply
o % i ; » : ;o
% X an inpat pulse one-half the sureiicn of
> ; o
|* B = A/2 4 the full pulse, presumably the pertion

of the value representing the spike will be the same in both reasurements

of the one pulse, while the flat will extond cnly half as long.
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Then, if we take the difference, obtaining the amount of lezkage during
C, and subtract that from the second measurement, the leakage durirg 3,
all we are going to have left is spike, This appears to be a guive

satisfactory way of measuring spikes for narrow-band This, Zhe reculls
obtained by it are consistent, They agree reasonably well i h rasults

obtained by other methods.

Unfortunately, such an argument carnot be ajplied
to the type of leakage usual to broad-band tubes. The same m:esurenents,

the same calculations are generally made for troad-band Thfz, Thers is

[}

no harm in making the measurements. In fact, they serve as a1 extramely
useful control, indicating when manufacturing processes are getiing outb
of hand, The numerical answer, however, has little relation to the
actual spike energy{ Actually, the calculations will often reveal
"negative" spike energies. This is somewhat disconcerting, not because
it really means anything bad, but because it is hard to convince ncn-
technical people that it doesn't. The difficulty, of course, is that
the flat is not flat. The dip after the spike means that Trem B you
should subtract something signii;icantly less than ¢, When vou subtract
C, you are overdoing it and cancelling some or all of the spile, lerce,

the negative spikes,

There are other methods for measuring the spike of
broad-band TR's. In one of them a small fraction of the powers from the
magnetron is used to cancel out the flat. The main advantage of apply-
ing this method is that it assures a positive spike energy and eliminetes

explanatory notes. It still does not help the dip,
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Another method utilizes the spectrum of the Lsakage

pulse. Regardless of its shape any pulse has a spectcrum more or Lass as

depicted here. The width »f what we

/ OBE
might call the "main" lcbe is dspendent
upon the width of the pulsa. It is

twice the recionrccal of the duratiorn

of the pulse, That is, if for example, we have a one microszcond nuise,
the width between the vertical bars in the diagram is & ke. A helf
ricrosecond pulse would give a spectrum width of 4 Me. The entive
leakage pulse is usually in the order of one microseccond, sc taat its
spectrum will be confined principally within about 2 lic, of ths center
frequency. On the other hand;, the spike of the bread-bard TR #ill sorzad
over about 20 - 440 Mc, It is plausible, theorctically, to [ilter oub
the middle two megacycles, lcaving only most of tle spike energy. This

method has not as yet reached a practicable working state,

In connection with the leakagz power, we wmight note
the direct coupled 1eéicage, which is of some use in design work, Direct
coupled leakage measures that leakage through the tube when all the geps
are short circuited. Irequently the cones are literally soldered to-
gether and the leakage going through measured dirsctly. This measure-
ment is made principally on narrow-band TR's. Tt is useful in incicating
the ultimate that can be obtained with a particular design., This
technique might very well be employed more frequently than it is,

Particularly in attenuator tubes,
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Other High-Level lMeasurements:

The feollowing defiaiticns will comglaste the

survey of high-level neasurcments,

Harmonic Attenuation is the attenuation that is obtainad through

the tube at a higher frequency, normally a harmonic. This msarvrement
is important because magnetrons, being non-linear devices, gonerats
harmonics, which can burn out the crystal just as esasily =g uwne fundaw
mental frejuency. In some instances it has been nscessary to nse a pres

TR to protect the cirystal from harmonics,

Arc Loss represents the amount of high level power itost n the arc.

Tt is employed mainly for ATR's.

Minimum Firing Power 1is the lowest power reguirec. to fire wiw {uho,
I ]

It is not normally of much interest because in preseni day applications
we are nore concerned with high powers than we avewilh the lowest nower,

This measurement, though, does come up once in a whils.

Recovery Time is the time that it takes a wube Lo vscore: oo

being fired by a high-level signal, The magnetron pulse kizie thz "D

tube into an ionized state, At the end of the magnetron pulse the iors
have not yet disappeared. The ions are of no parbicular “zporiencs, hut
the electrons are., So long as the electron concentration is ligh in

the t ube, little r-f signal will pass through., 2ecovery time, then, iu
the length of time elapsed from the end of the magnetron pulse to sush
time that the tube will pass the r-f signal with less than a given loss

usually 3 or 6 db,
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In the Keep-Alive various things are nmeasurec,

Interaction Loss was defined earlier in this lecture. The Voltzge

Drop is that voltage necessary to keep the Keep-Alive operating with

a given Keep-Alive Current, The Break-Down Voliazs is the voliage

required to start the Keep-Alive. This may be rwch higher than the

oy

Voltage Drop = particularly if no radio—sctive matericl has vezi nut
into the tube to supply initiating ions. Njte that wle time within
which the tube is expected to fire must be specified for the Braake

Down Voltage since the process is a statistical ornc.

For ATR's certain other neasurcumenta are made,
The "Equivalent Conductance" is the conductance {reciprocal o>f resii-
tance) that the ATR presents when it is fired. The "Tuning Susceptonce",
which is a measure of the accuracy of its tuning, is the imaginary com-
ponent of the equivalent admittance of the tube when firad, The
"High Level VSWR" is a direct measure of how well the ATR pesses the

transmitter pulse,



OPERATION AND DESIGN

Or TR AND ATR TUBES

Lecture No. 5

Solution of TR Equivalent Network By Matrix Algebra

TR DBquivalent Network Redefined:

The material to be presented today will be new, not so
much in subject matter as in form., That is, part of the lecture
will review information in a manner already known to those of you
with electrical engineering degrees., The other part of the lecture

will cover the information from a point of view probably unfamiliar,

The differénce in viewpoint is not entirely a trivial one.
The trend in mathematical development is towards finding a more ef-
ficient form for stating relationships. Generally, in mathematics
a simpler expression aids in the discovery of fundamental properties.
New relations became apparent and problems of added complexity can

be handled.

We are interested in analyzing the behavior of the TR
tube, A common method of analysis is to consider the equivalent circuit
of the TR as a bandpass filter. As explained once or twice before,
this terminology is somewhat anamAlous because in the performance
of that filter there are some very distinct, significant departures
from conventional filter theory. A better designation would be to

call the TR tube a passive linear network.

It would perhaps be well to go through the title,
"passive linear network", and discuss the meaning of each term. Starting

with "network" the work implies a black box from which various
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terminals——in this case two pairs——1lead. To any input there cor-
responds a definite output. The box may or may not be active. In
other words, there may or may not be a signal in the box independent
of input, but the signal that comes out of the box is modified by

that put in.

The term "passive" implies that no signal will go out
of the box unless a signal is put in. The term connotes more than that,
though. It means also that the cnergy out does not exceed the energy
in, regardless of what the input may be or how the input is leaded.

It is possible to design a Class A Amplifier, with or without feed-
back, from which, neglecting d-c, the signal out is both greater
than and proportional to the signal fed in. That circuit is linear,

but not passive,

The linearity qualification means that the signal put

out by the box is proportional to the signal put in.

Assume we have designated one pair of terminals of the net~

work the input, and the other the output. At the imput we have a

o

voltage, E; and a current Iipe At the output, we have Eout and Tout

If we double the input, make it

& I, ' I |
e ‘ out,
2Ein we double the output readings,

in Eout »
2Ei‘n QEoz; giving 2B, and 2I_ . so that, with
ZIout a given load; all quantities are

proportional. The proportionality
constants between them are the various impedances and admittances

of the network.
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Eout/Iout’ which is determined only by the load, and not
at all by the network, is the load

in_. impedance., The reciprocal, Iout/E

out’
Ein Eout 11‘,“ is the load admittance. Similarly,

the input or "driving point" impe-

dance is Ein/Iin’ and its recipro-
cal,the admittance. Note that this

is a function not only of the network, but also of the load impedance.

Two other ratios are also used, Ein/Iout or L _./T,
(which are equal by the so-called "reciprocity theorem") is called

the mutual" or "transfer" impedance. Iin/E I is

out = out/Ein

Qimilarly the nutual or transfer admittance,

Basic Elements of Networks:

In ordinary electrical work the networks with which we
are concerned involve three elements or combinations thereof, inductance,
capacitance and resistance. There are also interactions possible
among the individual eclements. Two inductances which directly inter-
act we call a transformer. Theoretically, the same condition can
be brought about with capacitors but such devices are rarely used,

What, then, is the differenece among the three elements?

For those who have not been introduced to the
exponential way of describing the behavior of the three components, we
will take a quick review at tiis point. If we nut into a circuit an
alternating voltage, we can define that voltage in terms of the maximum

voltage and a sinusoidal time dependecncy.
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E, = Emax cos wt

in

where « is the usual 2nf, f being the frequency and t, the time.
At the output there will be a current which also has a maximum value,
and which can be defined in terms of its maximum value and the same
time dependency, except that the information at the output may be ahead

or behind that of the input. Thus we can say

Tout = Ipax ©°° (ot + ¢f)

When the input Ein has reached its peak, the output Iout may have
either gone by its peak value, or not quite reached it. This difference

in timing is represented by the ¢ of the second definition.

A convenient way of expressing E cos wt is to write it

Jat, %o Jo¥ 45 defined as

as the real part of % E(e e

Jat

e = cos wt + J sin «t

where j = 4/=L.

When we take the real part of ejmt, therefare, we simply

remove the J sin wt. The current I cos (wt + ¢) can be abbreviated in
similar fashion to the real part of % I[;j(mtﬂ{{]%g The convenience of
this terminology is illustrated when it comes to the definition of impedance,
Z, (input, output, or transfer).

7 = voltage . E ejwt _E e-j¢
current I ejmt+¢' I

where the emj¢ =cos § - ] sin 4,
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The impedance, then, has two parts. One, %% cos ¢ % indicates the
proportionality between those parts of the E and the I which do not
have a difference in timing. It is called the "resistive comporent"
and is usually designated by R.

The other part % =j -%— cos o %, is the ratio between
the parts of E and I which have a difference in timing of a quarter
cycle. Leaving off the j, the terms % --IIE cos ¢ % is called the
‘reactive component' and usually designated by X. By combining resistive
and reactive components, we can express the relation between any voltage
and current (assuming linearity) regardless of the ratio of peak values

and the time difference involved.

Likewise, we definé the admittance, Y,

i

current - I e'](wtd) 1

Y = =
voltage E ej(mt) E

a%(cosg{+jsin¢)

The two components, real and imaginary, of admittance are called the

conductance (G = %-' cos ), and the susceptance (B = %:— sin d).

If we examine the frequency deperdency of the effects of
the various elementary circuit components, we find another basic difference-
Resistances are independent of frequency, while the reactance or susceptance
of an inductance or capacitance varies either directly or inversely with the
frequency. We may summarize these properties of tho basic network elements

- by the following table,
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Component of Time Frequency Dependence
Element Complex Expression Relation As Imped., |As Admit.
R Real No change Independent| Independent
L Tmaginary | % 7/L oL -1/l
c Imaginary + T - 1/uC C

(g° = period of driving force)

Elements of TR Tubes:

The elements we work with in TR tubes are a good deal
more complicated than these elementary components, In TR's we use irises,
.vrindows, cones and,in general, elements which can be put in a wave=-
guide. We neced to find relationships for these more complicated
elements, How much of our table can be generalized to apply to them?
The answer is that a good deal can be. By considering varicus subtle
implications of passivity and physical realizability, it can be shown
that the rcal part of any impedance or admittance can always be ex-
pressed as a function of only the even powers of the frequency. The
function may be indeperdent of frequency (n = 0), may be squared, to
the fourth power, inverse squared, etec. Reactance and susceptance,
on the other hand, are functions of odd powers of the frequency.,

real components g Ié g = F(mzn)
imaginary components E 1}3( g = F(wzml)
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Both of these relations arc perfectly general. They apply not only
to any component, but to any linear network. Even if non=-passive, and

at all frequencies,

If we have any kind of an iris in a waveguide which
does not dissipate power, it is necessarily expressible as a function
of an odd power of the frequency. The exponent 2n+l can vary from -oo to
+00, which does not tell us too much about it., However, by suitably
choosing the geometry of the element,
much of the complexity can be eli-
minated. If we study an iris like
the one pictuwed, we find, within

110
7777777 a wide frequency range, that its

susceptance is positive and that its variation is approximately linear
with frequency. IHence, it may be said to be capacitative, It is not
correct to say that it is a shunt capacity, for its behavior is not
exactly the same. DBut it may be considered as one with reasonable

accuracy over reasonable frequency ranges.

If we use an iris such as this one, we find in a
similar manner that, over a wide
band around a given operating

frequency, the only significant

\ Q term in the susceptance is

\

where a2 is a positive constant. The performance of the iris, then,

B2 -a/e

approximately satisifes our definition of inductance,
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Likewise, in writing equations for r-f loads, we can neglect the

frequency dependence entirely, obtaining resistance.

Thus the complicated components of the TR may, over re-
stricted frequency ranges, be used as capscities, inductances and
resistances. The question now is how to czlculate the results of

the combinations of these elements,

General Expreesion for Linear Networks:

We have been considering passive systems. Another
way of stating linearity is that the input voltage nay be writien
as a linear combination of the output voltage and output current.
As

9

Ein = a(w )Eou'b + jb(w)lout
And the input current may be written as a linear combination of

voltage and current outputs.

Iin = jc(m)Eout * d(m)Icut

The factors a, b, ¢, d are functions of frequency, but not of current

or voltage output,

The two equations just given define the network as
linear, Should the network, for example, contain a crystal, the above
equations would not hold, for the input voltage would not be a linear

function of the output.

Let us examine more closely the make-up of the equations,
The a expresses the dependence of the input voltage on the output voltage.
Therefore, it is a pure number and can have any frequency dependance. On'
the bther.hand, the b, stating the relationship between input voltage and
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output current, isa mutual impedance and is bound by the odd and even
functions of w discussed before. The j-factor precedes the b and c because
the systems that we are interested in TR tubes, are essentially lossless,
and lossless components (pure inductances and pure capacitances) are
represented by the imaginary expressions. The relationship b(w) has the

dimensions of resistance, whereas E(“’) has the dimensions of admittance.

Definition of Matrix:

Such equations completely and exactly (exactly, if set
up correctly) describe the behavior of the system, It is pertinent to
ask then, what is the significant information contained in the equa-
tions. We may deal with a variety of outputs. In such circumstances
there will be a corresponding variety of inputs, We wish to know what
in theequations

Eip = 2W)Egy + )Ty

L, = JelB, + dle)T o

is fundamental to the network and indepcendent of everything but the
network, The answer is,of course,-— the constants. Let us put them
in brackets for more convenient examination,

a(w) Jo(w)
jelw) d(w)

The symbology used to write down the constants is known

as a matrix. It is simply a short~hand notation and does nothing
but summarize the equations. The form permits us to see relations

which we might otherwise miss, The form also enables us to perform
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easily operations that would be complicated if the original equations
were handled directly.

The matrix we have just defined is called the "trans-

mission" matrix. It is so called because it telils how the conditions at

Tnput - Output the input are transmitted to the

L O | Passive =01 = output, or vice versa. The order
Linear

Ei o ——0 EO taken is a matter of which is con=

sidered the imput. This matrix
is by no means the only one in use. We have four quantities to
relate =~ input voltage and input current, outout voliage and output
current. Ve may express any two in terms of the other two as linear
equations, abstract the constants and write down the matrix, For
example, if we take the two voltages and express them in terms of the

two currents,

R

3‘1’1:: Src: (voltages expressed in
terms of the currents)

% dFo|

3L I

we have the "impedance" matrix, If we reverse the order of dependency,
i.e., relate the currents in terms of the voltages,

aI aIi

3;’; 37‘*: (currents expressed in

terms of the voltages)
% g
ofi J%

1

we have the "admittance' matrix,
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A matrix of some importance is the so-called "wava'
matrix, It will be remembered that any condition in the transmissilon

1line can be resolved into a forward and a backward wave. The wave

Input Output moving forward {rom the inputbé:
°1 o will at the output set up a re-
ﬁ;{ AC flected wave moving backward, €5

down the line from the output. At both output and input there will be
in general a combination of forward and backward moving waves, It is
possible to derive the reiationship between the waves, and sct up the
matrix which defines the dependency of the forward‘and backward waves

at the input on those at the output,

— —>
d°1 %1
357 .
& &
g1 3
£ *

There are, as a matter of fact, a three-~fold infinity
of matrices that can be set up, but most of them appear to be fairly
useless, Those principally used are the ones we have indicated above.
The impedance matrix is convenient in handling the combination of
networks in series; the admittance matrix, of networks in parallel,

Of major interest from the standpoint of TR tubes are the trans=

mission and wave matrices since these are adapted to the combination
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of networks into a "ladder" structure. The two are equivalent, con-
taining ecxactly the same information, so that we will confine our-

selves to the transmission matrix.

In passing, though, it is worth noting that the wave
matrix is basically related to another matrix used for different
purposes, viz., the "scattering" matrix. The scattering matrix is of
assistance where there are a number of branches olf a wave-guide, and
it is necessary to find out how the power divides among the various
branches, The case of prime interest is that in which the branches each
are connected to a matched load, so that there is no reflection with
which to contend. Under such conditions the scattering matrix is used.
It tells us how the power put into the waveguide scatters among the various
outputs. It is written in terms of the waves, and is a simplified version

of the wave matrix, with the backward wave eliminated,

Matrix Multiplication:

Vie are ready to examine in further detail the convenience
of the transmission matrix. Vhat hanpens when two or more networks are
combined together? Let us say that we have one network., A +to which

E we connect another network B,

E
1l 2
O— O —-{33 At the input terminals of A we have
A B
O < O input voltage and current which we
Il IQ 13

will label El and Il’ At the output
terminals of A we will have output voltage and current E2 and 12, which

also act as input to network B. At the output of network B we have



Lec, No. 5 -13-

voltage E3and current I3°

The equations and corresponding matrix for network A

are, considering E2 and L, as the output voltage and current,
E1=aE2+jb12 a jb
I1 = jc E2 +d 12 Je d

where it is understood that a, b, c, d are functions of w.

Considering E2 and 12 as the input voltage and current

of network B, the equations and corresponding matrix are

Ey = AEy + 3B I A 3B
I, = JCE+DI, 3C D

where A, B, C, D arc functions of w.,

It is evident from inspection of the two sets of equations

that the rclationship between El’ I1 and E,, I

, 3* 73
substitution and algebraic manipulation. A speedier, less tedious

is obtainable by direct

solution is possible by the use of matrices. The cxpression of El, Il in

terms of E3’ I3 is the result of nultiplying together the matrix for
network B,
a b A jB
x
Je d jc D

%

B1eq 4 =51 8 =
I
1 I2 L 13
Output Input
Input of A of A of B Output of B
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The rules for obtaining a matrix product are defined
not from the standpoint of what seems reasbnable to intuition, but solely
from the standpoint of what gives the correct result for the operations
it summarizes. The product of the two matrices will give a third matrix
whose terms are found by the proper combination of the terms of the first
two matrices,

o @ .

b

n,r
!

Fea
.
o
ong

a jb jB al - bC j(aB - bB)
b d § =

je d jC D j(cA + dC) -cB + dD

(network A) (network B) (combination of networks)

The operations sketched above the matrix product are intended mercly as

an aid in following the rules.

The term in the upper left hand corner of the resulting
matrix is obtained by multiplying the term in the upper left hand corner
of the A-matrix by the term in the upper left hand corner of the B-matrix,

(a x A), then adding to this product that obtained by multiplying
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together the term in the upper right hand corner of the A-matrix and the

term in the lower left hand corner of the B-matrix, (jb x 3JC)

(a x A) + (jb x JC) = aA = hC

.Generalizing, each term in the first row of the A -~
matrix, going across from left to right, is multiplied by the corres-
ponding term in the first colum of the B--matrix, going from top to

bottom. The products are then added.

For the second term, the upper right hand of the
resulting matrix, to the product of the upper left hand term in the A —
matrix and the upper right hand temm in the B—-matrix, (a x jB), is added
the product of the upper right hand term in the A—-matrix and the lower

right hand term of the B--matrix, (jb x D),

(a x jB) + (JbxD) = j(aB + bB)
In other words, each term in the first row of the A—matrix, going from
lei"t.to right, is mudtiplied by the corresponding term in the second
colum of the B--matrix, going from top to bottom, and the products are

added,

In like fashicn, to get the lower left hand term of the
combination matrix

(JexA) + (dx3jc) = j(ecA + 4C)
Or, each term in the second row of the first matrix, traveling from
left to right, is multiplied by the corresponding term in the first
colum of the second matrix, going from top to bottom, and the products

added,
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And for the final term
(jc x jB) + (d x D) = =-cB + dD

It is stressed that the rules for combining slements of
the matrices were fitted to the correct answers. It might be observed
that the same is true of the multiplication of ordinary numbers,
However, the procedure was learnad by most of us at an early enough age

so that it now seems intuitive.

We have emphasized this point because matrix multiplica-
tior has some peculiar properties. For example, as we can see immediately,
the answer depends upon the order in which the terms are muliiplied.

We have multiplied the matrix for network A by that for network Be-
i.e., A-matrix x B-matrix. If we reverse the order--i.e., B-matrix

x A-matrix

A JB 3b

JjC D c d

and apply the rule for getting the upper left hand element of the resulting

matrix, we have

(Axa) + (JBx je) = aA - Be

By inspection this answer differs from that obtained for the corresponding
element in the first multiplication. And so on with the other terms.,
Mathematicians label this property by saying that matrix multiplication is
"non-commutative." In other words, a change in the ardev in which the

factors of a product are multiplied results in a change in the answer.

A-matrix x B-matrix # B-matrix x A-matrix
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This property is, of course, necessary for our purposes.
For, if the order of the elements in a network are interchanged, the res-
ponse of the network is certainly changed. Therefore, we could not use for
the solution of networks a symbology whichdid not take into account the
order in which elements appear,

.Application of Matrix Multiplications:

If we have a series of network elements connected together,

and we know the matrix of each element,

I II IIT v ' VI

ol = ozl = fezofl = Gl = vl = rl
IxII, (IxIDII, [(IxIDII]IV, eteo

we can by successive multiplications arrive at the matrix for the total
network. The principal question then is: What can we do with the answer,
now that we've got it? The key formula relates the insertion loss to the

matrix elements. In db, in its most general form, it is:

azy + dz +Xb + cngL) !2
Ly, = 10 log T |
g L
where a, b, ¢, d are the elements of the transmission matrix with which
we have been working a jbl
' je d

Z is the generator impedance, which generally is resistive,
It may, however, be complex,

ZL is the load impedance, which for our purposes is purely
resistive. That is, we are assuming a purely dissipative
load.

The insertion loss is the ratio, in db, of the power delivered

to the load through the network to that that would be delivered were the



IJGCO NOO 5 ' "18"

network removed and the load connected directly to the gensrator output.
If the insertion loss is known, the input standing wave ratio can be cal-
culated. Hence, this formula gives us what we need for comparing a pro-
posed TR structure to the specifications,

We can simplify the formula by utilizing the characteristics
peculiar to our network, the TR tube.

In the first place, the TR being lossless, does not absorb
power, so that the input and output short-circuit and open-circuit impedances
must be purely reactive. If we short-circuit the output, and refer to the
two equations summarized by the transmission matrix, we get, by dividing the

expression for El by that for Il’
2y = a/jc

Since this must be a pure imaginary, if a 1is pure real, c¢ must also be

pure real. For open circuit at the output (E2 = Q)

2, = jb/d

so that again, if b is pure real, d is pure real. From the condition
of short circuit at the input we find that d/jc is pure imaginary.
The condition of open circuit at the input gives us the fact that Jjb/a is
pure imaginary. Thus, if a is real, b, c, and d are also real. We can,
as a matter of fact, choose one element as we like. So we can say that, if a
network is lossless, its matrix elements are real,

Then, since the driving impedance, in addition to the load,
may be assumed purely resistive in our problem, the formula for insertion
loss mav be simplified to

L

2 2
(a2, +dZ ) + (b + ¢2 Z.,)
ap ~ 10 log [- L g B L

2
(Zg + ZL)
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We can simplify the formula further. For TR applications
we can assume that the generator and load impedances are both equal to
the characteristic impedance, Rc, of the line or waveguide. We may then
"normalize" the components. To do this, we divide all impedances, including
b of the matrix, and multiply all admittances, including d of the matrix,

by Rco The normalized values of Z, and Zg, in our case, are then unity,

L

Hence the matrix becomes

jeR a d Je! d

The insertion loss formula then becomes

Ly, = 10 log Ea + )2+ (b + c')ﬂ

This gives us the insertion loss of the TR tube, From L 4p e can cal-
culate the standing wave ratio, which according to the specifications, must

be kept below specified limits over a certain band.

Summary:

We have, then, developed the elements of network theory that
are needed lor the consideration of the low-level behavior of TR tubes., So
far, we have been fairly abstract, dealing with generalized circuit elements
and the mathematical toolg useful in manipulating their interactions.

Next time we shall begin to discuss some of the conclusions
we can draw about TR tubes. Our main objective will be first to consider
what wevant in a TR tube, and the specific elements available to us for

getting what we want. Later we shall discuss what we actually get and why.
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~Applications of Filter Theory to TR Tube Design

Part 1

>

Tn this lecture we shall begin to relate some of £he theory
we have bheen discussing with the actual design rractice. ‘We cannot tie
the two completely tdgéther for the theory as yet is insufficient, Tor
the broad-band tube the theory will tell us readily what the ¢ of each
individual clement shouid be‘to obtain-a given'passband,'but not the
rhysical cesign required to yield a dpecific §. Finding the ¢ in terms
of tubé geometry 1s not an impossibility. DBy applying electromagnetic
theory to a paréicular design, with about two ycars! calculations,'we
would arvive afagxmlUc-of the . The answer most’likely'would not be
what we.waﬁt, 50 we would have to begin again vith a new design,

As & matter of fact, cven the simpler problems of specifying design
in terms of Q are not fcasible in the practical sense. Such a specification
would have to include consideration of the efiect of tolerance and this is
difficult, In perticular,'the'mathematica;“expressions become quite comﬁii—
cated when we cocsider mistuned tubes. Much remains to be done along‘theSe

lines, However, we can set objectives and define what wie would like to have

in 2 TR tube,

asic Types of Resonant Gap Structures:

4

Pasically, there are two types of strictures that are used for the
resoncnt gap elenents: the Ybutterfly" design and the cone-and-iris design,

The "butterily" is a single picce of metal vith cutouts in the central area
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{"““““””‘ surcesting in outline its descriptive
(\ —— Posts
g = name, One post is replaced by a screw,
Muning ; .
SCrew — so that the structure nay be tuned by
o ol ) varying the width of the gap, This
o unit is inserted across the waveguide
~
L~
Putterfly Design to form the resonant gap.
The "butterfly" type is used mostly for larger sizes of wavecuides, as in
such tubes as the 1BS8 and TR=-368.
In the cone-and-iris typc, the bases of two cones are mounted, respec-
tively, at the top and bottom of the waveguide, so that the axes of the cones
/’\Q/ Cone are perpendicular to the waveguide top
i +—Vane
\ AN/ and bottom, Through slots in the walls
Diaphragm-—-" :
Tuning Screw of the waveguide, vanes are inserted in
e QE;? the plane of the cone axes and perpendi-
. O 7 \
t . ! Ty .
! P /ﬁx ' cular to the walls of the waveguide, One
Lﬂ'/’/ ; "'/l -

of the cones is mounted on a diaphragm so

Cone & Iris Design
that again the gap is tunable, This type -

N

e
6]
=

sed nostly feor small sizes of waveguide, or higher Irequency tubes, such

Both desisns are essentially equivalent insofar as clectrical behavior
i covesrred.  Hech hag an iris which narrows the long dimension of the puide,
oyd elenerty (posts or cones) which form a shuni capacity across the g;uideo
From the olestrienl design standpoint, the cone~and-iris str;cture is the
betler ol the twe. Althoush botli the cone and the post have self-inductance,
the shape of the cone minimizes it. The butterfly ty?e, though, is ezsier to

put lozether, and it is easier to short circuit the gap as required for one

st buning rethods,



T b £ =3 = TR & ATR Tubes

Equivalent Cipeuit of Resonant Gaps

let us o tack a bit in fundamental theory to get 2 better understanding

the ~op rerfornance, In the normal mode of propagation down a waveguide,

the electric field is across the guide and
the magnctic field goes around'in loops,
perpendicular to the clectric field, To
establish these loops thcfe_must be current

both on the side walls and top and bottom

of the waveguide, The fect that the
Electric

. Field electric field rocs only across the guide
Rl Magnetic
e Field . # means thet it is difficult to simulate a

series capaciiy. A shunt capacity, however, is simple. Anything which blocks
the wave oo that the electric field has a shorter path will act like a shunt

cupacity ecross the guide., Cones, posts, or simply a vane across the guide

e

will provide shurt capacity.

e

The fact that the currents run on both the top and bottom of the guide
means thet we cen et up elther & shunt or a series inductance. The series

" 5

inductance eloment is not in general usage for TR tubes, though it has been

//// ‘ used on occasion with windows., Shunt
////’// ’/i;//// inductance is readily simulated by a
< A : .
AN e <l vane insertod from the side wall, The
- //r ’ |
l////,fmkw, ;Z i///////’/ vane eflectively inserts inductance be-
k ’ \_\s%

cause it compresses the mgnetic lines,

~ | ////>\——Shunt
~ |

> T
- Inductance  7he Jo0ps we mentioned before must "squeeze®

fo pet through. Hence the main effect is inductive, In the exitreme case, the

1,

vane short-circuits the waveguide, Hence it is in shunt.
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The element may then be represented by a parallel resonant network
shunted across the line, where the cones or posts are the shunt capscity,
and the vanes are the shunt inductance,

The components of this circuit may be

described in terms of two parareters;

R i _:]' - | Rc " P .
¢ ]‘ = resonant frequency and the { which in

this case is doubly loaded. As before, we

write the cheracteristic impedance of

the line as Rc, and place a matched load at the end oi' the line, .

I: the line is lossless and propacating (above "cut—off") the character-
istic impedance is real or resistive. This is why we write the irpcdance as -
Rc rather than as zc° The doubly loaded Q, in terms of the network clements

may be calcilated to be:

Qp, = ':21' Re 4/—%-

The factor //-O/_L' has the dimension of reciprocal ohms, This multiplied by the
ohms cf RC will rcive us & pure number of Q2L° It will be rerenbered from dis-
cussions on loaded ('s, thet the loaded { is the ratio of the power stored to

the power dissiputed or delivered. Where our network is in the niddle of the
line,. thc power that is stored can be talen out oi the circuit cither by
rellection Eack on the in; b or [rom the outpu'., Consejuently, the nctlwork can be
lozded by both Rc'sg Since they are in par-allei, the combination of the two Iic 's

i

is equivalent to 5 P°c°

This says thet the doubly loaced ¢ can be raised in value either by (1)
. increasing the cajacitance, or (2) decreasing the inductance, Capecitance is

increased by bringinz the cones closer together. Inductance is decreased by
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|
I the { is chanred by medifying one clement of the rosornany net~

work and not the other, the frejuency, too, will ve changed, s is ths case
for ordinary resorant networks, The resonaut frequency cif' our cone-~zap cir-

cuit is

Raisingy capscity decreases the freguency, and lowerin- the inductance
increases it., Consequently, when a TR is at the proper resoncnt [reguency
and 1t is ceslired to increase the QZL of one or mere gap elements, zlterationg

arc made both to the capccity ernd to the inductance, First the iris is nade

Y.

simaller, i.e., the vanes are moved in closcr to the corcs, and then the gap is
ﬁunod by diminishing the distance betwecen the cones until the tube is brourht
bach to the desired resonent I'requency,

The dependency of & on C and L ie not lincar, If it is lnown theti a
change by ¢ yiven cmount in L produces s delinite chenge irn §, it does not

follow that ancther chance in L by the

T E gane amount will proéuce anotner change
Yy, | © in { equal to the first, If we plotted

i the doubly loaded ¢ vs the iris opening,

e st S o

we would find that for wide separations
I-is Opening ' ’
in the iris, the ¢ is low, As we decreasad

the amount of iris opening, the ¢ would rise slowly at first,thenraridly as a
critical wvelue 1s epproeched,

iindows s

The behavior of windows as far as { chonges are concerned is similar to

16t described for iris operings in the rescnant -ap circuit. To a first

erproxiration the window structure nay bc_considered as two superimposed irisos,

one contributing shunt capacitance and the other shunt inductance,
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<—ohunt Capacitance
™~ That the window has class in it means

simply that the capacity is parvially

£ilied with a dielectric, The plass

has no apprecieble effect on the induc-

Shunt
-Inductance tanee,
sonart at o, QZL (without glass)

ouppose ue consider {irst the window with no glass., Say that the opening

has a length ¢ and a width d.  Wwithout glass the window hae a certain resonant
frequency and a certain Q’I“ Now if we wish to mzle the window with glass and
[ W)

duplicate the resonant fregquency ard Q21’

RY e W then, theorctically the length ¢ of the
ci?
KA ! ) window remains urchanged, but the width d
L]
dr>d must be increased by some amount to d .,

.r&rm —

Resonant at @ Q?L_(with glass) Just how muchﬁgreater d' must be than d
is something that unfortunztely has to be left teo experiment, We do not know
ww effective the glass is in the window. The effectiveress of the glass de-
Jwrds on ﬁmw rany of - electric lines of force thread through it and how

o

n

ny go alongside it

LR TR FAY o ) U G T 8
rulitiple Dlewment TN Tule

The resciaant sap strvctures and tined windows sre the clements [rvorm which
broadoend TR tubes are constructed. We have previously cone into the reasecns
for bread-handing Thi's, Reenpitulating, briefly they ere to give more flexibilit A
to the system in which the tubes are used, znd to eliminate field tuning opeirua=-
tions, Specilications for broadband TR's usually call for something in the
neirhborhood of a 10 = 12, (sometimes more) passband over which the tube shall
introduce a maximum standing wave ratio of, for example 1.l

If we attempted to produce such a bandpass with a single resonant pap,

the QQL of the gap would have to be somewhere in the neighborhood of 1/,
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Translated in terms of width spacing between cones or posts, it would mean
shat we could not et the capacitive elements close enough, Even if it were
posgible to do so, the leakage would undoubtedly be far too high since the
direct coupling (¢4 measurements lecture) would be excessive, Since the
is inversely proportional to the bandwidth, if we were willing to tolcrate a
%ZL as low as 1, the single element comnstruction would give us a2 bandpass of
2-1/2 te 37 only. For the 1B58 and TR-368 the doubly loaded ('s of the elements
zre probobly in the ncighborhood of 5§ ~ 6, Even this figure is not high enough
for & single resonant gap tube which will protect the system. Just vwhat the
minimum allowable fipgure for a single clomcnf is, we have not yet found oﬁfq.
We have experimented with single gap tubes which had a doubly loaded Q of
approximately 6, They did not give adequate protection,

We must then increase the bandpass somchow without sacrificing protection
to the system, OSuppose we have a line into which we have put some element at

A such that if we feed into the line a signal whose power is Po, the element at

rh, w/h ,,__,1 A will reflect Pr watts, OSuppose a quarier=
‘ , 3 wave down the line from A we insert at
P, : Po(apprOX/I
B A ™™ 3 B another elcment identical to that at A,
Pf*": I?fﬁ If we cen assume that P} is a negli-ible
input output, frection of P, then the input power to

the element at DB is approximetely Ps tous
ﬁhcn the reflectid rower from B is also Pro Fut the power rcflected by B,
when it errives back at A, will have traveled exactly one-half wavelen-~th
further than il it had becn reflected at A, It will be 180° out of jhase
with the reflested power at element A, and, ideally, will cxactly cancel it,

leaving no r:flection in the line. The power has to go someplace, and assuming



Tee, Mo, 6 -8 = TR & ATR Tubes

that toth elements in the line are lossless, the input power can only go to
the output, This carcellation is known as destructive interfercnce, destruc~
tive as fer as reflection is concerned., This is the principle upon which

miltiple element TR's opsrate,

Filter Theory of Multiple Element TR's,

Unfortunately, the principle of cancellation does not lend itself easily
to tube design celculations, With the wide bandwidths compared to the Q's used,
the power input to the second element at frequencies near the edge of the pass~
band is no longer even reasonably approximate to the input of the {irst element,
Furthermore, the ('s may be different so‘that reflections are not the same, and
waves bounce back and forth between elements, The situation may be still further
confused if the distance between eclements is not effectively quarter-wave. This,
then, is the reason for some of the more rcfined analytical methods - specifically
matrix algebrs,

If we consider the multiple element TR in terms of bandpass filter theory,

we can handle the calculations neatly with

~——d — — T
= g feemmmin ey

matrix a2lr~cbra., It will be remembered
A B A R M+BC' AP'+BDY  that any network with input and output

terminals can be described in temms of a

C ) Cs nr CA+DC' CB'+DN!
ratrix, The matrix, an array of four

functions each of which depends on frequency
alone, rclates the input to the output, It will also be recalled that if one
networl: is connected to a second which has another ratrix, then the combination
resultins may be considered as onc big network whose matrix is the product of
the matrices of the two components,
For simple elements, matrices arc uncom, licated, TFor example, an admittance

in shunt to the line is represented
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<
.

It micrht be worthwhile to derive that matrix, We go back to our network

C}:‘ e ML l relations, The input voltage and
/ Yé ,l IO\;; current are respectively Ei and Ii 3
1 2 “ ;0 v

\J.___... f T J_’/ and the output voltage and current E
. and I , The input voltage must e.pal

By = 3+ 01 l !,1 0 (e} | ge
’ ’ ol the output voltz-e indepondent of the

current, Hence, the first equation,
Tne inpat current Jivides between the shunt admittance and the load, and is,
or course, equal to tne sum ol those two carrents, giving us the second equa-
tion. The natrix, then, expressin:- the relation between input and output,
summarizes the relation by ﬁoting the coefficients,

To continue; = series i:pedance in the line becomes
7

WA 12

C 1
end o line, a quarter wavelengzth leng, il overything is normalized,

e Tl e
C -0 0 J

« 0 J 0
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Getting brack to the network of the resomnt gap, we note that we have

/m\:l | two admittances in shunt, say Yl
‘yiw; {YQ_} and Y2, at the same place in the line.
. _t'\i o -
et As usual, we get the matrix represen-
) ; -
El 0 ﬁl ¢ t U tation for the combination of the two
X ¥ @
511 1 §Y2 Yl*YZ 1 admittances, by obtaining the product

of the matrices for the elements.
We find, as we mijht expect, that the admittances add.

For the resonant gap circuit we are interested in, the first admittance

i element is the inductance of the iris.

*1 - D the second, the capacitance of the

cones. We may then replace Yl with

the admittance of the inductance, or -j/wlL; and Y, with jwC. The parallel

2

resonant network in shunt to the line is then conveniently expressed by
1 0
JlaC - 1/0L) 1

Utilizing the fact that w = 1/ #1C, or that o ATIC = 1, we can effec-

bively divide wC by 1, and multiply oL by 1, so that the term

g VIE |

wkL
o

.y _]

If we let a =4C/L and x = (m/wo - wo/w), then the matrix for the resonant

w

-
H(aC =~ 1/wl) = jL e

E

H
| .

‘ele
(o]

g£ap circuit becomes
1 0

Jjax  1f _
It will be notad that when the network is normalized a = 2 Q?La



The fector . is known as the "reduced frequency parameier." It is

approxirotely proportional to the amount in megacycles the network is

offf resonance. Tha advantage of using x is that with it all bandpass

filters msy be converted into low pass or high pass filters, permitting
.

a single theory to cover the different types of filters.

We have examined the network response of the resonant gap by itself

in the line. Suppose now we cone

M /b 2 = Y|
o o o—AMAM-—o sider the overall effect of the
Y & ' gap and the line. If we take a
quarter wavelength of line, follow

o 0 o——0
' it by a shunt admittance of some

kind, ahd then by another quarter wavelength of line, we have a product of

the three matrices equal to

3 of fr il iy off o

It is observed that the result is equivalent to the matrix for a series
element.. In other words, a shunt elemcnt of admittance Y, preceded anad
followed by a quarter wavelength of line, acts as a series element whose
normalized impedance is numerically equal to the normalized admittance of
the original element.

The ordinary'bandpass filter, which we wish to simulate in the TR tube

might have as its input a parallel
JUL“~{} dﬁL'{l resonant circuit, followed by a

E§:~t1f —tl- E% _;%: geries resonant network, then a

T

parallel resonant, etc. It was

pointed out previously that it is

difficult to set up a series capacity in a waveguide operating in the



in the waveguide.

o

c¢cing an effective

refore, ve have to Find some means of produ

=

rasonant circu

[
e
.
Y]
&

inserted in series with the line.

gap tube with tuned windows, its circuit is

S

We see, then, that a handpass

Gap TN Tuned

To do so we utilize the effect we have
uncovered above; tha" of a shunt algmont
preceaed and followed Ly a quarter
wavelength of For our purposes,
agunt parallel resqnant network so
placed is'equivalentvto a series

Hence, if we havo

equivalent to the ordinary band-

l——-—,-

Network - Window ~=

]

in the line spaced a quartpr of a waveleryth

the same?

elements be for Lest results? Do we, Your exarple,

Without going into the Jetails

two, three and

These show the

duﬂed frequency- W&FdﬂPtern

It will be seen that, two
bandoass of one element.

the working band.

unusable.

elements ir

filter can be ottained by ipserting «
What, their, QEGV1J e
want Lo mm.g .
\;: caleulavion,
four idéntical eleme
‘Insertion losses 1.L timeﬁ.nh§ Y
swice the

the line ;ive almosy

Adding a third elemant inareases still further

The humps that, are ,Pttlng nore

represpnt points of hlgh reflectlon, or high Sudﬂdlnp wave ratiog,

of a fourth element raises the hump so high that the tube z¢ it stands

marked in Lhe curves,.



Lav. fio o s Ly o= i & ATR luoes

Thess curves are true for identical elements only. They state that
L0 enouph identical elements aré used in a tube, cancellation of reflection
by destructive interference over the desired bandpass becomes less likely.
There =111l is cancellation, but occurring at such highAfrequencies that
the humps have become too high for practical use.

These curves are kncwn as Tschebbyscheff functions of the second kind.

Thav do not revresent the optimum solution. We shall investigate next time

sone o tha other solutions that should be considered.
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OPERATION AND DESIGN

OF TR AND ATR TUBES

Lecture No. 7

Applications of Filter Theory to TR Tube Design, Part II

In the last two sessions we have been treating the TR tube as
a bandpass filter., It differs from conventional bandpass filter theory,
particularly in regard to the criterion of optimum design chosen., Ordi-
nary filter theory concerns itself with the rejection band. In the TR
tube, the rejection band is of little interest.

The criterion for optimum design in the TR tube that appears
best is that the Q of the elements be as high as possible. This is
reasonable since the stored energy represented by the Q when added to
the incoming energy builds up the voltage across the gap, causing more
rapid breakdown.

We come then to the design of the tube where the design hinges
upon the Q's, Unfortunately, we cannot anticipate by calculations what
the Q of an element will be. We know just that to raise the Q of a
tuned gap we must narrow the gap and, to hold the resonant frequency
constant, narrow the iris, At this stage of the theory, then, actual
determination of the design parameters must be experimental.

Filter Solution By Tschebbyscheff Polynomials:

At the end of the last lecture we showed the bandpass charac-
teristics for tubes composed of what are known as "recurrent structures."

That is, all the elements of a tube have the same value, The curves
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for these structures fall into the general category of Tachebbyscheff
Polynomials or Functions, a name that is referred to frequently in
filter theory.

There are two kinds of Tschebbyscheff Functions, The curves
plotted belong to the second kind, which we will look into now. They
are polynomials in y which can be written

sin n cos " y

U(Y) = oy |
sin cos y

By way of interest we might note the solution of the polynomials for

particular values of n, Whenn =1

Ul-l
When n = 2
U2-2y
Whenn = 3
2
= -1
U, Ly

And the general recursion formula is
U = Uy -0y
To obtain bandpass characteristics of TR tubes with identical
elements, we express the relationship between the theoretical per-
formance of the tube and the mumber of elements in terms of the

voltage transmission function, t,

2

% =1+ (2Qy %) un2 (2 Qp x)

where x is the reduced frequency parameter, (w/coo - mo/a))
and U are the Tschebbyscheff Functions, in this instance expres-

sible in (2 QZL x), instead of the y written above,
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We presented the plots of the polynomials for the above ex-
pression of the voltage transmission function at the end of the lecture
previous to this. Referring again to the family of curves, it is seen
that when three elements are used, even though the bandpass has widened
considerably, it has developed a slight bump. Additional elements
rapidly make the bump more pronounced., In fact, just with four elements,
the SWR for that particular section of the band has exceeded specifica-
tion limits generally set. These bumps are much too serious for the
resultant tubes to be of practical use. We have to seek, then, other
solutions for the TR tube as a bandpass filter.

On a straight optimization basis, over a widé range of appli-
cation, the ideal filter circuit can be written in terms of the
Tschebbyscheff Functions of the first kind, viz

T,(y) = cos (n cos T y)
where the first three polynomials are, respectively,

Tl -y

T, = 2y - 1

Ty = by’ - 3y

and the general recursion formula is

Tal = Ty~ Tpg
In the application of the U o fum‘tions we started off with
the "recurrent structure" design and expressed its performance in
terms of the functions, For the Tn fﬁhptions s however, we do not
know what the design is for the ideal filter circuit., We state that
- we would like to have a design for which the transmission function

is expressible as
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2
1 2 2
I‘i‘i =1+ &7 T (2 Qy x)

where &2 is some quantity, frequently‘cal'.led the "tolerance,"

A plot of the '1‘,n functions will indicate their possible appli-
cation to filter design. When y = 1, the polynomials all go through
either the point +1 or =l1. For values of y between +1 and -1,
the polynomials

of Tn become either +1 or =1 a

+1 given number of times (depending on
/\ /\ the order of n,) That is,; in between
. b the limits of y = 41 and y = -1,
/ \/ the function oscillaﬁes in value between
-1 T= +1land T = =1, This is illustrated

Fig. I in Fig. I by a plot of a T function of
the third order. When we square the
function T, its plot will oscillate
between O and +1 for values of y

=] 1 between +1 and -1, (Fig. II). We

Fig. II set the & such that the performance
is within the power desired. (Fig. III)
Finally, by using QZL as a horizontal

/ i
Aﬁti scale factor, we can adjust the band-
=1

width, So, if we can devise a filter

Fig. I1I which will have the transmission

function as‘ determined by the above

relationship with Tn, the filter performance will be within specifi-
cations, This can be done, but we will not go into more details,
mainly because at the present stage of the tube art, the solution

is not practical,
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Mathematically, the solution employing Tschebbyscheff poly--
nomials of the first kind appears to give, over a wide range, the theo-
retical optimum design. However, when, from the application of these

- polynomials, we specify that an element have a Q of 6,3, or be tuned
to a resonant frequency of O, we cannot, #t the present time construct
to such specifications. Practical design has to take into account
machining and tuning tolerances, Small errors will throw this solution
completely off,

Butterworth Solution:

From the standpoint of the unavoidable tolerances, there is
another solution fvhich appears more desirable. It has various desig-
nations - "Butterworth", "maximally flat", and "semi-infinite slope."
It involves solutions of the transmission function as expressions of
the forms

2
, I%I ‘1+02x2n

where the ¢ is some positive constant. The plot differs from the
previous solutions in that it has no

Attenuation

bumps. The curve rises very slowly
from the origin (or center band), and
is quite flat for some length before
| i °
P cut—off its slope increases at a rapid rate

Fig. IV (Fig., IV) It is the behavior of this
curve which gives rise to the designations, "maximally flat", and
"semi-infinite slope."

The description "maximally flat" is appropriate with reference

to the minimum curvature of the function at the origin. The expression
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for the transmission function in terms of the Butterworth Function is
a polynomial of degree 2n. Every derivative except the 2nth vanishes
at the origin, The curve is "maximally flat,"

It gets the name "semi-infinite slope" from another character-
istic of its plot. If the value of the function is plotted in db vs

the reduced frequency parameter, it

[ ]
'E Cut-of}i will be observed that for points on
’.,%% \ the reduced frequency scale below
g t/ . that corresponding to cutoff, the
Redt_xced Frequency function has a nearly constant value,
Fig. Vv For points above the cutoff, the

insertion loss increases in a way that quick],y approaches a linear
rise (Fig, V). It approximetes to a curve which has a constant value
up to a point, and constant rate of change beyond this point., Such
a curve is called a "semi-~-infinite slope."

It is beyond the scope of this lecture to analyze the passband
of TRis as abproximted by Tschebbyscheff aﬁd Butterworth solutions.
Some of the findings of such analyses are summarized below, However,
it might be of interest to point out that the Butterworth solution is
the limit of the T % function, as the tolerance is reduced to zero.

The type of design criteria chosen for a tube depends upon
such factors as tolerance and errors in tuning, For a one-clement
tube the design criterion is necessarily Butterworth, Likewise, for
a two-element tube, providing the elements are the same, and tuned

to the same frequency.



Lec, No. 7 -7 - TR & ATR Tubes

To obtain the Butterworth design with three elements, the
windows should each have a Q whose value is about one-half that for
the center element.

In a four-element tube, to give a Butterworth response, the
Q's of the windows should be (42 - 1) that of the two center elements,
or approximately .4 of the value of the center elements which should
be identical,

For the five-element tube, the value of the Q's may be re-
ferred to the value of the Q of the center element. Ideally, for Butter-
worth, the first and third gaps should have Q¢s about .8 that of the

middle gap; and the windows, approxi-

mately .3 of that for the second gap.
(Figo VI.) However, most S-element

- 309

-809 1 -809 2309 (3 gap) tubes are made with identi-
Fig. VI ‘ cal internal elements, With this
design, the best that can be done is to make the window Q's about 3/8
the gap Q. This design is not bad. Bumps will occur but they are
not high and the bandwidth is good. Most of our recent designs have
aimed at this structure,

Line Effect on Bandpass:

Thus far we have neglected line effects. We are connecting
the tube elements together by lengths of line that we say are a quarter-
wave long. But, at the edge of the 10-12% band, with which we are con-
cerned, the line is no longer exactly a quarter-wavel:ngth long, The

problem is not trivial; neither, on the other hand, is it too serious,
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For example, in Fig, VII there is plotted the Butterworth so-
Iution for a five-~element tube with a bandpass of approximately 12%.
The dotted curve represcnis theoretical performance of the tube when
line effects are neglected. The solid curve includes line effects,
0ddly enough, the second has a slightly wider bandwidth -~ one of the
few cases where line effects actually widen the band,

The lengths of line comnecting tube elements has introduced
fairly large sized humps into the bandpass curve, However, these can
be compensated for to a great extemt. The lengths of line have a Q of
approxinately -g, which @y be considered as centered in the element.
,If tne Q of each element is reduced in value by subtracting -g-, the re-
sulting bandpass will be very close to that anticipated.

Génerally, the introduction of line effects is not serious
enough to cause much trouble, For this particular tube the humps have
a standing wave ratio of about 1,15, compared with the 1.k, or more,
limit usually specified, The line effect problem, then, is not of too
much significance providing the absolute ultimate is not expected from
the design.

Current Design of TR Tubes:

Our present designs of five eiement TR's are very close to
being Butterworth. However, as mentioned, we make all three gaps iden-
tical and then find the most suitable windows, Fig. VIII shows the
plots for such a tube without windows, and with windows of various Q's,
The Qs of the three center elements are kept constant at L4,l. The

Q's of the windows are varied from O up,
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With no windows it is seen that in the ppssband there is
one hump that peaks at about 1,45 SWR. As the window Q's are increased
in value, the hump gets smaller and slides over somewhat, widening the
usable bandpass. A Q of 1.5 for the windows appears to give optimm
passband, Values of window Q above 1.5 make for rapid increase of
bandwidth, but also for a greatly increased hump within the passband,
In this construction; therefore, it would seem that window Q's
should be roughly 3/8 the Q of the three center elements. Comparison
with the figures for the ideal five-element tube will show that the
present design is not too far off from the Butterworth design.
Determination of Effective Spacing Between Elements:

We have already touched upon the fact that a length of line
in the tube may be a quarter-wavelength physically, but not electrically.
At this point we shall take up a method of determining the electrical
value of the lengths between elements,

In general the equivalent circuit of any element in the wave-
guide is rarely a simple shunt network. Usually it is a complete T-
section, Hence, it may introduce a po-
sitive or negative length of line, so
that what begins as a physical quarter-
wavelength is electrically not exactly

a quarter-wavelength. This conditicn

can lead to mistuning and other complications.
A method of measuring the spacing between elements, which

gave satisfactory results for the 1B58 can be applied generally.
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Three elements are accurately constructed to be as nearly identical

as possible. Their Q's are measured with great accuracy., The elements
are built so that they can be bolted togsther to form a TR tube, This
is obviously not a pumpable tube, but it is one on which cold measure-
ments can be made, The advantage of the tube being demountable is that
each element can be tuned separately before the three sections are
bolted together to obtain the overall passband.

The theory behind this calculation of line lengths goes hack
to the Tschebbyscheff Functions of the first kind. In Fig, IX, by
means of these functions, there is plotted a set of theoretical pass-
bands for a 3-element tube with line spacings between elements of 85°,
88° and 90°. It will be noted that each curve has two bumps, ard a
position of minimum at three different frequencies, It is perfectly
feasible in obtaining the actual passband to measure the positions
of minimum SWR quite accurately. By means of the minimum points and
the Q it is possible to calculate the effective spacing hetween elements,
within 1% accuracy, The answer can be applied as a correction factor
to yleld the physical lengths necessary to give quarter-wave spacing,

With this method, it appears quite feasible to determine the
effective length of line separating the elements to an accixracy of the
order of 1°. As we shall see later, this is sufficiently precise for

our purposes.
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OPERATION AND DESIGN OF TR AND ATR TUBES

Lecture No. 8

Gas Discharges, Part I

Previous lectures on TR and ATR tubes have highlighted mechani~
cal construction of components and network equivalents as they affected
tube performance and characteristics, In thir and the following talk,
the emphasis will be on the fill of tubes -- the breakd own properties
of gas and its interaction with the r-f field -~ the little that is
known and "guessed." Prelininary to a discussion of the actual dis-
charge process we will consider the diffusion of electrons in a gas,
since an understanding of the latter process is important in deter-
mining what the breakdown characteristics will be,

Definition of Diffusion:

Diffusion of electrons or molecules, or of any other such
particles results in & medium from random currents causing a net flow
of the particles out of the volume of the medium. ILet us assume an ideal

case of pas consisting of molecules

et = A

cm or electrons that do not collide, and
— Y - consider one square centimeter of area
\ / within the gas, Particles will be
Fig. 1 flowing in all directions, some passing

through the area and some not. (See Fig, I) We want to calculate how

many actually do go through this segment of unit area. Suﬁpose we con-
sider an even more specialized case in
which all the particles are traveling
'in one direction only. Assuming that

the particles have an average velocity

Fig';_-,‘/z
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V, the number that pass through the segment in one second are contained
in a volume of length v and cross-section equal to the unit area. (See
Fig. 2). If there are n electrons per cubic centimeter, the number of
electrons that go through the segment, or the current * is equal to the
mumber of electrons in one cubic centimeter times the length v or [M»
nv,

However, the electrons do not travel in one direction only; they
go in all directions, If we‘ carried out the above process to take into
‘account non-directional flow, we would find that the average current
passing in one direction is

r-5.
If the density of electrons is constant in space, then equal mumbers of
electrons will flow in both directions and there will be no net flow.

We shall now look at the case where density is not constant,
permitting a net current flow, and where collisions are taken into account,
If the electrons collide with each other, then the number of collisions
made determi.ne how many electrons are able to pass through our unit area,

To evaluate the quantity, we consider a density plot at some point in

the gas. (See Fig. 3.)

n . Pg/l’imf/,elanem;/, et
6.7 Ty . | P (n,)
e
Ny o
i X Distance:
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We let the density of electrons be given on the vertical axis.
Distance, x, traversed by the electrons is indicated on the horizontal
axis. We set up two imaginary boundaries, each a distance € from the
origin, This quantity ¢ we define as the mean free path, or that dis-
tance which an electron travels on the average before it collides with
a gas molecule, Within the region included between the two boundaries,
+ then, is a space that we can say approximates a collision-free area,
We establish the 1 cm2 element on the vertical axis and count the num-
ber of electrons going through it,
The density of electrons on the boundary drawn to the right
of the unit element is Ny and on the boundary to the left, n_g,°
The rumber of electrons which go through the unit area element, coming
from the left boundary will be

Py=n (1)

and the mumber coming from the right boundary

r'2 =n Lv/h (2)
The difference between these two quantities will be the net number
going through the unit area element,

r' =[" 1~ P 2 (3)

We can approximate the density plot by a straight line, la-

beling as n, the intersection of the line with the unit area element.
Then we can write Ny and n.». in terms of n, and the slope of

the density plot.

Y "
Neeg =0y * l% (5)
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Substituting (L) and (5) in (1) and (2), respectively, and solving (3),

we get

The net flow of current depends upon the gradiemt or the slope of the
density curve,

Diffusion Coefficient

The factor preceding the slope of the density curve in (6) is
known as the diffusion coefficient. Its actual value differs from that
arrived at in the current formula because our derivation has been sim-
plified; by assuming that there wereno collisions in the region between
the bourndaries, and that no electrons came from the regions outside the
boundaries, Had we taken these factors into account more carefully,
then we would have arrived at a value for the diffusion coefficient

D =RV/3 (7)

By examining (7) we can relate the dependency of the diffusion
coefficient upon gas pressure, Since L is the mean free path for colli-
sions of electrons with molecules, we can evaluate it qualitatively in
terms of the gas composition. The gas is composed of a mumber of ran-
domly distributed particles, An electron will travel through the gas
for a distance € before it makes a collision and is deflected, If
the pressure is increased, there will be a greater density of molecules,
and consequently, the mean free path will be shorter. 1In other words,
t.hé diffusion coefficiemt varies inversely with the gas pressure

Doc}-
P
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Ambi~polar Diffusion Coefficient

Thus far we have been talking about an idealized diffusion,
free diffusion, The only force on the individual diffusing particles
considered was that of collisions, Since there are positive ions as
well as electrons in a discharge, thcre are mutual eclectric fields -
the electrons move in. the field of the positive ions, and the positive
ions move in the field of the electrons. That alters considerably our
simplified picture, Suppose, initially (at zero time), the distribution
of positive ions and negative electrons

i is that pictured in Fig, L. We will as-
sume that the number or density of posi-~
tive ions is that same as that of the

. electrons, so that the n stands for
Figo L either positive ions or electrons,

Because their densities are equal there is no net space charge field.
At some time later, the electrons and the ions will have flowed away
from the high concentration region, since they will flow in a direction
of lower density. The electrons will flow much faster than the posi-
tive ions. From (7) we see that the diffusion coefficient depends
directly upon velocity. If the electrons and positive ions have equal
energies, the electrons, being much
lighter, must have much greater velocity.

Thus, the electrons will tend to flow

out first. In fact, they will tend very

quickly to form the distribution pictured
Fig, 5 in Fig. 5, while the positive ions have
roughly the same distribution as initially.
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In one portion of the region there is a net positive charge;

in another, a net negative charge, Thus we have two different charges

which tend to attract each other, The electrons try to pull the posi-

tive ions out of the high concentration area, The positive ions try to

pull the electrons back into the area, As a result, when densities are

high enough, the positive jons will not allow the electrons to move

out of the region which they occupy together, This phenomenon occurs

when the density of positive ions becomes greater than 106

or 107
per cubic centimeter., The densities of positive ions and electrons
thus must remain very nearly equal,

This type of diffusion where electrostatic interaction is very
strong is known as ambi-polar diffusion, ambi-polar, because it has
two poles, or two charges with opposite signs. We can define a diffu-

sion coefficient which takes this phenomencn into account., The ambi-

polar diffusion coefficient, D,, is

{8)

where D 4 1s the diffusion coefficient of the positive ions
'{x; is the average energy of the electrons

u, is the average energy of the positive ions.

In an active discharge, where the average energy of electrons
is considerably larger than the average energy of the ions » Da may
become relatively large, By relatively large is meant that the
ambi-polar diffusion coefficiemt may be of the order of one-tenth
the diffusion coefficient of the electrons.
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Although diffusion has slowed down to a great extent over free diffu-
sion, it may still be fairly large,

In the case of a decaying plasma, such as occurs in TR tubes,
the situation immediately arter the r-f ceases, is that pictured in Fig. 5.
One portion of the gas has a net positive charge, another portion, a net
negative charge., A very short time later, of the order of microseconds,
the electrons have cooled down to thermal energies, The average energy

of electrons as well as that of ions is thermal energy (about 1/30 eleé~
u

tron-volt), and the ratio becomes 1. Then the value of the ambi-

u
polar diffusion coefficient * is of the order of magnitude of a thou=

sandth that of the electron diffusion coefficient,
D

D, * To00~ *
v considerably slower than the diffusion during an active discharge.

We have spent quite some time in this lecture on diffusion be-~
cause it is important to the analysis of a-c discharge. But, before
we go directly into the latter topic, we will discuss the d-c break-
down process,

D-C Discharges
Let us consider a discharge tube with an anode and a cathode,

There is a gas pressure between the

= = two plates, (See Fig. 6.) 1In the
absence of an electron in the re-

Fig, 6 gion between the plates tnere will

be no discharge, regardless of the potential applied, short of the
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enormous potential required to literally pull electrons free from the

metal (field emission.) Normally, the discharge will not occur unless
there is one electron initially present some place in the gas.

As a result of natural radioactivity, an electron will enter
the region between the electrodes., The electron will move toward the
anode, On its way it will gain enough energy so that it will disrupt
a neutral molecule on collision, and

- — = =O® |~ get free a new electron. Tuis is an

2 CIC)
(a) (b)

ionization process, electrons
will thus be born. The new electrons
moving toward the anode will produce

7 “O
still more free electrons, and so on.
(d) An avalanche is formed in which there
Fig. 7 may be a very large mmber of electrons,

All the new electrons are collected on the anode, leaving behind in the
region between plates a cloud of positive charges, These positive
charges move toward the cathode. When they reach the cathode there is
a possibility that in drawing off electrons to neutralize themselves
and become neutral molecules again, they will also pull out an extra
electron. If just one new electron is freed by ‘this process, the en-
tire process repeats itself, We have, then, the condition for a sus-
tained discharge.

This type of breakdown depends not only upon the gas, but
also upon the cathode material, since the cathode material will de-
termine how readily extra electrons will be pulled out by positive

ions to maintain the discharge. The interaction of the positive ions
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with the cathode is a necessary and important condition in determining
what the breakdown field will be,

A-C Discharges

The situation in the a~c breakdown differs somewhat from that just
described, Since there is no d-c field there will be no net transport of
electrpna under the action of a field. Actually the mechanism of break-
down of a gas under an a-c field is quite similar to an atomic bomb ex-
plosion, though less spectacular! We could talk about an atomic bomb
and by substituting in the description the appropriate terminology we
would have the explanation of an a-c discharge.

For example, Fig, 8 might represent a lump of uranium, or it
might be an r-f cavity, Letts in-
vestigate its properties first in
terms of a lump of uranium. ILet us

assume that inside there are ten

neutrons bouncing around with a
Fig. 8 certain energy, colliding with ura-
nium atoms, and eventually getting out. Assume that all ten escape,
but in the process of escaping have become involved in nuclear reac-
tions so that nine new neutrons have heen created inside the lump.
By the same procedure, the nine neutrons get out, leaving behind
about eight., The process is repeated until there are no neutrons
remaining within the lump or bomb, This lump of uranium would con-
situte what is known as less than the "critical mass." |
Suppose, however, we make one change ~~ make our mass of

uranium larger. If we increase the diameter by 2, the area is
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increased by L, and the volume by 8, There is now four times the chance
of a neutron escaping. But, since we
have 8 times the volume, there is a re-
latively greater chance of creating a

larger number of neutrons inside. We

Diameter = 2 x Dia, of Fig, 8 start out again with 10 initial neu-
‘ Fig. 9 ' trons which find their way out. 1In
the process the ten have been involved in relatively more muclear reac-
tions and leave behind not 9, but, say, 18 neutrons, The 18 make theif
way out of the bomb and leave behind something like 36 neubfonsc This
process keeps building up until the rate of nuclear reactions becomes
8o large that a vast amount of energy is liberated., When the size of

the bomb is such that the density of neutrons increases rather than
decreases, we have what is known as the "critical mass."

The explanation would hold for an a-c breakdown in a cavity
if instead of neutrons we talk about electrons., Instead of muclear
reactions creating new neutrons we would talk about an electric field
creating new clectrons. For example, if Fig. 8 represented an r-f
cavity in which was fed r-f power resulting in but one field strength
within the cavity, no other r-f field could be produced. By a pro-
cess exactly analogous to muclear reaction in the cavity of Fig. 8,
there would be more electrons escaping than being created, and it
would not be possible to break down the gas. If in a larger cavity,
such as might be represented by Fig. 9, the same electric field is
established, then the gas in the cavity will break down,
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The process by which both clectrons and neutrons escape from

a given volume is, of course, diffusion. The condition of electrons

being released can be complicated by other mechanisms, such as at-

tachment of electrons, but generally diffusion is the prime consider-

ation,

Tonization, Excitation

In discussing diffusion earlier we referred sketchily to ioni-
zation. Let us examine the ionization process more closely. What hap-
pens in an ionization? For one thing, we know that when an electron
with sufficient energy hits a molecule, it liberates a molecular or

atomic electron. We can plot an electron energy scale, as in Fig, 10,

Energy —_— pq
|

Ux___ — p— — = = e e e
|
! 1
|
N
o A O@ 4,
Electrons
Fig, 10

At one point along the scale we establish what we call the excitation

energy, U ; at another point, the ionization energy, U An electron

10

that has an energy of Ui is capable of exciting, but not ionizing, a
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molecule; that is, it merely disturbs the arrangement of electrons,

In the region bounded by energy levels Ux and Ui. an electron can
seriously distort the atom or molecule without ionizing it.

In exciting a molecule the electron expends energy. In fc.he
entire region bounded by Ux and Ui the electron has to fight 'against
losing energy while it is in the process of gaining energy from the
field so that it can reach the level necessary for ionizing,

Assume we have two electrons born with zero energy as a result
of some action, such as radioactivity or the action of the field. To
keep track of our two electrons we will name them (a) and (b). The
two electrons begin a journey up the energy scale. On the way up they
are going to lose energy. They will collide with neutral atoms and
molecules, and in so doing lose energy either by recoil or excitation,
The loss by recoil is brought about simply by the electron hitting an
object of finite mass, and bouncing off,

If the electric field is strong enough to compensate for the
energy losses, the electrons can keep on traveling, Electron (b)
may at some point in the excitation region diffuse out of the volume,
Electron (a) can receive enough energy from the field to keep going
to the ionization region, where it can hit a molecule and be deflected.
In hitting the molecule,; though, it knocks out another electron, which
we can call (c), Here, again, are two electrons, (a) and (c). (c)
now takes the place of (b) which diffused out. Generally, these
electrons have very low energies, so that théy are at the bottom of
the energy scale from where they begin climbing up. Thus there are
two new electrons to repeat the process, and the ionization is sﬁs=

tained. This explanation is the same as previously given in terms
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of an r~f cavity, but more attention has been given to energy require-

ments,

It will be noted that the excitation region is a critical stage

through which an electron has to pass before it can ionize a gas, For

each gas there are several types of excitation possible, These excita-

tion states, found in the excitation range are largely responsible for

the size of the electric field required to break down a gas. We can

depict excitation regions for various gases in an energy level diagram

' such as Fig, 11.
t Helium U;=2ho5 V. < Individual Excitation Stay
|
. Jx=19.8 v. Hydrogen Ui=15 5 Vo
U=0
Figure 11

If we compare the excitation region of helium with that of

hydrogen, we observe, first, that though it takes more energy ini-

tially to excite a helium atom, it requires less additional energy

to ionize the gas,

Also for the case of hydrogen, the region is more

densely populated with excitation states, For the monatomic gases,

such as helium, argon, xenon and krypton, the number of available

excitation states is relatively small, and in a confined region,

For a gas such as hydrogen, there is a comparative galaxy of exci-

tation states in a relatively spacious region, -In other words,



Tec. No, & -1 - TR & ATR Tubes
an electron bent on ionizing helium travels through a fairly short
obstacle course; whereas an electron with the same goal in hydrogen
has a longer, more arduous obstacle course. That explains why hydro-
gen is more difficult to breakdown than helium or argon,

Summary of Gas Breakdown Phenomenon

To review, a new electron must be brought up the energy scale
for every electron which diffuses out. That is, the field must be suf-
ficiently large to make up for excitation, and the compensation must be
' supplied before one electron diffuses out. Then we can get the break-
down as we illustrated in the small and large containers (Figs. 8 and 9.)
© With an effectively large container, electron density builds up at a
nearly exponential rate until the complete breakadownris achieved,

At this point we can define more clearly what we mean by com-
plete breakdown. We recall that, when ambi-polar diffusion is esta-
blished, the field is such that fewer electrons can diffuse out of the
region. Suppose we plot the field against time in an r-f cavity of
some sort, as in Fig, 12, If we start off with a few electrons and

increase the quantity slowly, there

.
g A is no particular reaction on the
..:.’,. field. When we reach very large
g S D densities; ambi-polar diffusion
. sets in and fewer electrons are

Electron Density
lost, and a smaller field is re-

Fig, 12 quired to maintain the discharge
in the region from A to B, The field drops simply because of the

internal impedance of the generator supplying energy., The high
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field cannot be maintained at the level B - C because of the drain on
the generator resulting from the discharge conditions. It drops down
to the level labeled C - D, the "maintaining field." The drop from B
to C signifies what we normally call "breakdown,"

The breakdown occurs when the electron density is of the order
of 106 to 107/cm°3o With such a density, the r-f field strength will
decrease to the maintaining field value, but we must build up a larger
density to get the reflection of the r-f that is required in TR tubes,
The density must build up until the number of electrons per cubic cen-

timeter is about 1011

for S-band, and 10]'2 for X<band, before there is
any appreciable reflection of the r-f by the electrons.
The next lecture will discuss at greater length the interaction

of the r-f field with the plasma,
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Lecture No. 9

Cas Discharges, Part II

In the previous lecture were presented the breakdown properties of
gas for both d-c and a-c conditions, stressing those a-c¢ properties important
in the operation of TR tubes, This discussion will cover the type of inter-
action between an r-f field and plasma, and also the recovery properties of

the plasma,

Wave Propagation in Plasma:

We have in the preceding lecture considered the conditions for ionization
of a2 ras to occur under the action of an r—f field, When the ionization is
sufficiently intense so that the density of positive ions and electrons is
greater than about 105/bm3 the rezion is considered to contain a plasma,

We shall examine some of the properties of this plasma by detcrmining the
characteristics of the current resulting from the r~f field,

Our first step is to find an expression for the current resulting from
an r-f field propagated in space., With a time varying electric ficld we
associate a displacement current whose magnitude is proportional to the time
rate of change of the electric field, and which may exist along with real
conduction current,

Let the electric field strength be exyressed by

E = B, cos wt (1)
where Eo is the magnitude of the clectric field,

w the radiant Irequency of the field,

and t time,
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. We define electric displacement, D, in free space as equal to the
field strength times the dielectric constant of free space, or permittivity,
€o°

D= EOE (2)
The displacement current ID’ is the rate of change of this displacerent

with respect to time, I, is now given by

= - E’o Eo sin ot ()

If electrons are present, they will move in the fieid E and comsiitute

an electric current which we will call Ie“ To obtain the Torrmmula feoio I

e

we can visualize el:cirens “1 ving in
|
|
a rectancular box whose crohﬂ -section
R e
is one square centimeter, Ju
|
v cm. assume, to begin with, that {1 ectrons
are moving in one direction under a d-c field, Let us say that the 4lecnrnns
|
travel along the lonz axis of the box of lensth v, with & velocitﬁ of

The current density equals the number of electroms ' in the box tq es the
charge of the electrons =-e, (The nesative sign is used vc take in{' account
the negative charge of electrons,) Since the number of electrons in the box
is equal to the number of electrons per cubic centimeter, n, <timcy the

length of the box, the current passing through the vox is

I ==DNe == nnve (L)
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Suppose, now, that the electrons arc in the r-f field defined by (1).
By making use of the fundamental rclations of force, mass and velocity, we

2an derive the formia for v

e

Vo= - Ro sin wt (5)

where m is the mass of the electron,
Substituting (5) in (L), we find that the current density due to the
electrons in an r—f field is
I = n e E_sin ot (6)
e maw O

The totel current occurring in the ficld is the sum of the displacement

current and the electron current

I,=I,+1

T D e
= | - +ne |E sin ot
[: % g (7)

Now suprose that the r-f had been propacrated in some dielectric material
such as polystyrene, In that case we would have to account for another
factor--the dielectric constant of the material Ke" The total current in

the dielectric would be

In=-0w <o Ke Eo sin wt (8)

T
_ If we re-arrange (7)

2
IT=-méol;-9—2j—jl E, sin ot (7a)

m
) éb

we sce the similarity between (7a) and (8), In (7a) the cxpression in
breckets is analogous to Ke in (8), and in fact we can call the ex;ression

the dielectric coefficient of the plasma Kp

°

Kp =1« ne? (%)
m mzég
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The plasma acts as a dielectric whose dielectric coefficient Kp is less

than 10

Dielectric Effect on R=F Field:

From what we know about the interaction between dielectrics and wave
propagation we can infer the most important effects of the plasma on r-f,
For example, a rcctangular waveguide of dimensions 1" x 2" has a cut—off
wavelength of 10 cm. That is, the dimensions of this waveguide are too
small to propagate 10 cm waves, But, if we fill the wavepuide with a
dielectric material éuch as polystyrene, for which Ke = 6, the waveguide
appears to be larger electrically, and the 10 cm wavelength is readily propa-
gated dovm the guide°

If, however, we havec a plasma in the waveguide, the elffect will be
opposite to that of polystyrene., Since Kﬁ is less than 1, the dimensions
of the waveguide instead of becoming effectively larger, will become cfiectively
smaller., A waveguide which ordinarily transmits 10 cm wavelengths will, as a

result of the presence of plasma, attemuate 10 cm waves,

Electron Density and R-F Ref{lections

The similarity between the effect oif' a plasme and that of a dielectric
materiai provides one means of nmeasuring electron density. or if we can
measure the effective dielectric constant of a plasma, we can determine the
density of electrons by formula (7a).

The formula for the total current :iven by (7a) also tells us at what
densities to expect a strong interaction between the plasme and the r-f field,
In particular, when K? becomes zero, there is a véry pronounced elfect
between the r-f and the plasma, and the plasma will in general become reflecting,

For, when Kp = 0, a plasma infinite in cxtent will cause total reflecction of
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the r-f, If the density is larger (Kpé 0), then ncarly complete reflection
will occur for a plasma less than infinite in extent,

This particular property of the plasma accounts for thc reflection of
the power incident to the TR tube, In the range of densities with which we are
principally concerned, it is quite different from ordinary mctal-like reflection,
llovever, when n becomes larger by several orders of magnitude, the plasma
reflection takes on the aspects of metal-like reflection,

Taking as a convenient value that density for which Kb = 0, we can
plot density with respect to frequency. The plot demonstrates the fact that

the density at which the strong inter—

o
:;L action between the r-f field and the
é 1 plasma occurs, increases as the square
W —— of the frequency,
Fig. 1

The phenomenon of r-f reflcction from a plasma is evident in the reflection
of radio waves in the ionosphere, If we beam a radio wave directly to the
ionosphere from the surface of the earth,
we will at some time later reccive an

echo, Ii we plot the time elapsed

100 . between the sending and rcceiving of

Fig. 2 signal against the frequency of the
signal transmitted, we will find that fof a certain range of comparatively low
frcquencies the elapsed time corresponds to a distance from the carth's surface
of about 100 kilometers, Beyond the first band of frequencies we will {ind
, that the time elapsed between transmitted signal and received echo increases

with the frequency, until we reach a second band of frequencies [lor which the

time elapsed is constant, corresponding to a distance of about 200 Km, Eeyond
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this group of frequencies, the time increases with the {requency until a
third plateau is reached, etc,

To interpret this curve we assume, first, that up to a certain height
from the surface of the earth there is no reflection from electrons, Then at
some particular height we find an clectron concentration which causes the
reflection of the r-f at relatively low frequencies., If we refer to a plot
of expected reflection of the r-f, such as Iig. 1, we infer that the density
of electrons in the region at 100 Km, is of the order of 105 clectrons per
cubic centimeter. The region at 100 Km, corresponds to the so-called E-layer
of the ionosphere, I we increasc the frejyuency so that the density of
105 electrons pecr cubic centimeter is not effective in reflecting the radio
wave, the r-f penetrates the E-layer and reflects at a somewhat hicher altitude
where larger elcctron densities are encountered., The second region of reflec=
tion corresponds to the F-layer, This is the method used for- getting plots
of the ionospheric leyers, .

The problem of interaction in a TR is due partly to this kind of relflection,
When a keep—-alive current is so large that the electron density is sreat enough
to cause an appreciable chenge in the diclectric constant from that of free
space, then some reflection of the r—f will occur, However, the desired attenua-
tion obscrved in TR's is caused by much laerger densities than are present in

the keep-alive gap before firing,

Plasma Decay:

The build-up of electron densities in an ionized gas results at some
point of the process in estazblishing a plasma region characterized by large
quantities of free positive and negative particles, This condition does not

stay rixed, normally, because electrons are removed from the region by some



Lee, Ko, 9 | -7 = TR & ATR Tubes

means or other, bringing about the decay of the plasma. We can account for
the loss of electrons by the followin: removal mechanisms:

1, loss by diffusion,

2, loss by attachment,

3. 1loss by recombination,
By isolating each mechanism for convenient study we can arrive at three dis-
tinct partial rates of loss which, combined, will give the total rate of loss,

In the absence of all other loss mcchanisms, the rate of loss by diffusion
of electrons between parallel plates would be given in terms of the separation
between the plates, the diffusion coef.icient and the electron density.
In particular we are intercsted in the ambi-polar diffusion coefficient, so
that

Rate of loss by diffusion alone = (n/L)2 D, n

where L is the parallel plate separation, and as before,

Da is the ambi-polar diffusion coefficicnt, while

n is the electron density,

The recombination loss is given by the recombination coefficient A&
times the density squared,

Rate of loss by recombination alone = cln2

Note that the density is squared, we can see this in the following way,
The rate of loss must be proportional to the number.of electrons per cubic
centimetgr, n-, and also to the density of particles (positive ions, n+)
with which the electrons must collide to effect a recorbination, Hence this
rate is proportional to the product n,_n_ Since n, £ n_ in most plasmas

(n 7»105/cm3), the rate of loss is proportional to the square of electron

density
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Attachment loss is relatively easy to visualize, In each collision
between an electron and a molccule therec is a probability that the electron
will be physically caught by the molecule, This probability mey be something
in the order of 1 chance in 10,0003 in which case an electron making 10,000
collisions will, on the average, be attached by a molecule, If the probability
of attachment is called h, and the frequency of collisions )é s, the loss due
to attachment can be written

Rate of loss by attachment alone = h % n,

The rate of removal of electrons by either diffusion or attachment is
linearly dependent upon the density, Thus, if we know the loss rate by cither
mechanism, we can calculate the time required for the plasma region to have
decayed a given moment., As a nmeasure of the dgcay time of a plasma we can
define a time required for the density to deqreése to 1/e, or &oout 1/3 its
valie, ‘The time that it tales for the gas Lo reach this state o recovery
we cancall 7, This decay time is reélly only a figure of merit and will be
only a fraction of the recovery time of the TR tube. The actual recovery time
may be from 5 to 10 times as long, We shall assume that the recovery time T
is five times as great as 7, our figure of merit,

The 7 corresponding to the plasma decay as a result of re¢ombination
is not as simple to calculate since, as was pointed out previoutly, the
recovery rete involves the square of the density, However, [igires will be
given for this recovery time as a function of density, so that “he effect of
all three mechanisms can be examined,

It is cautioned that the values appearing for the various 7's are given
merely for illustrative purposes, They do not take into account the difference
between gases or the more refined features of the theory, cnd are not intended

for use in design censideration,
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The decay time of a gas which is brought about solely by diffusion is
™ = 1/x% D, (10)

vhere the D, indicates that ambi-polar diffusion is the mechanism operating

cn the elsclrons,

Tt will e recallied that the ambi-polar diffusion coefficient D is
much greater {or fast clectrons than for slow electrons, This will give us
“wo possibilities, If i*re assume a 10 mm pressure in a containcr of about
one cubic éem‘t-ime‘b@r, we may calculate values of 1;) for both fast and slow
glectrons,

Immediately after the r—f is turned off the conditions existing in the

plasms correspond to fast electrons, For this case we will find that

7’D £ 10 psec
To designate the recovery time of the tube we may use T with a subscript

appropriate to the mechanism in operation, Then, if the electrons remained

at high energy. we would have
Tp & 50 psec

Within a few microseconds after the r-f is turned off, the electron

energy has ccoled down to that typical of slow electrons, For slow clectrons

vro Tind

‘fD 2 500 psec
and the recovery time of the tube

I, & 2500 usec

If diffusion alone were operative on the gas, we would expcct the recovery

tire of the tube to be about 2500 usec,



Attachment & Recovery Time:

If we consider attachment alone as the mechanism responsible for the
nlagma decay, we may write
7, = 1
A e (11)

Arein we have a choice of fast electrons or slow electrons., Assuming water

vaper and 10 mm pressure, for fast electrons
7‘[’L & 25 psec

For slow electrons

T, & 2.5 psec

However, the situation is somewhat complicated by the fact that the
zleactrons can be described neither as fast nor as slow, At one time many

electrons of many energies exist, The distribution of electrons in energy

? is a curve humped )at some point,
n In the case of an active discharge
' lva — the ma.:d.r;xum might occur at sbout
Energy ggsgrgbution of Electrons 5 volts. The attaciment probability

h 1s dependent on cnergy as well, For example, if we consider water and

plot the attachment probability as a

}t function of energy, the curve would
have a minimum of eattachment probability
! E i '
Fig. 4 5v. at about 5 volts, where most of the

slectrons are found,
During a discharge a relatively large number of fast elcctrons making
collisions will become attached, This is true also of the electrons in the low

enorgy levels, DBut not meny electrons located in the middle encrgy range of
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tha distribution are going to make attaching collisions., The recovery of the
plasgia, then, is dependent not only on the attachment probability, but also
o thre particnlar manner in which the electrons are spread in energy,

If the electrons maintained the spread of energy depicted above, it
we 1d take a lont time before the mejor portion of clectrons were attached
to molecules. Conscquently, the tibe would have a long recovery time,
Fortunetely, electrons can lose cnergy by elastic collisions with ncutral
molccules., <he hich energy peak is characteristic of a hot discharpe, that is,
2 Gischarge with the r=f field imposed upon the gas. When the field is removed,
elcetrons, losing energy by collisions, tend to migrate towards low energy,
vhere the probability is high, and where they will be attached and removed
frem the plasma, This change to the relatively low encrgy range is effected
in a few microseconds., A few more microseconds elapses before the attaching
process is completed. Recovery time can be expected to range from 5 to 10 psec,

The mechanism of attachment is somewhat interesting in its own right,
iet us look a little more closely at it. Normally, when an electron collides
with & neutral atom or mclecule there will be no attachment, since electronically
the neutral atom or molecule is in a balanced state—-does not require further
elactrons to fill its energy complement, Yet there is a rather wide prevalence
of attachment, and it might be interesting to find out uncer what conditions
the mechanism oceurs,

Since we are concerncd primarily with water, we will look intc the con~
ditions involved there for attachment. The attachment of hicher energy elce=—
trons is probably due to ¢ dissociztion of the water in the following type

of reaction:

e + 5.l volts + 0 —=- (H0)”™ + ¥
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The electron on the high energy side of the enerry distribution carries,
say, +5.l volts into the reaction with a water molecule, The result will be
(HO)™, a negzative ion, A positively charged atom of hydrogen can later combine
with the negative ion.

The above explanation will not account for attachment at low electron
cnergies, The latter phenomenon does not seem to be too well understood,

It is believed, though, that the type of reaction occurring at low cnergy
levels is mainly one of condensation of water around a charge, in particular,

a condensation involving two molecules

2H,0+e = (nao);

2

Recorbination and Recovery Time:

Since the rate of removal of electrons by recombination is proportional
to the square of the clectron density, it is difficult to definea 77 in
the mannér apylicable to the diffusion and attachment mechanisms, When densities
are very high, reccmbination is an efficient remover of elcctrons. For example,
if the density is of the order of 1012 we can define a pseudo 1‘R'which for
hydrogen will be something like 0.5 psec., As soon as the density drops to,
11

» however, 7}2 of the gas increases to about 5 psec,

The recombinetion mechanism would secm to be most valuable in the higher

say, 10

frequency tubes, For a comparatively low .requency tube, such as the S-band
TR, to attain rapid recovery it is preferable to reduce the corcentration of
clectrons to well below 1010. But for a 3 cm TR, and tubes of rmch shorter
wavelengths, the method of recombination misht easily be the most useful in
eflecting reduced recovery time, TFor the higher fréquencj tubes we would

want to reduce n to a low value after firing, but not as low as that for

S-band, For we have shown in our qualitative analysis of the dielectric
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coefficient of the plasma that attenuation for a high frequency field occurs
only at densities much higher than necessary for a low frequency field.

Henc2, recombination will be expremely raprid in the range of high densities,

Removal Mechanisms & Pressure:

We can summarize the several mechanisms opcrating to remove electrons

irom a plasma region by the following table of comparisons:

Relstive Differences in Electron Removal Mechanisms

p210mm 3ina volume of 1 cm3

Diffusion Attachment Recombination
Rate of )2 2
Loss %E) D, n h Lz n o n
Recovery - ﬁk%? ;S - <102 &
time of T 7 D, A 1 for n = 10 R 0.5 psec
plasma b Ic

£ 500 psec % 5-10 psec for n = 10]"1 1& = 5,0 psec

troa'es’ | Ty @ 2500 psec | T, 2 25-50 psec | for n = 20% T, 2 2,5 psec
tube for n = 10" 1 & 25 psec

As a general review of these removal mechanisms, the pressurc dependence
scrves to give somewhat of an insight to the problem. In the case of diffusion,
the time involved increases with the pressure. The hicher the pressire, the
longer the time,

For attechment, the greater the pressure. the shorter the recovery time,
In addition, the increased pressure permits more collisions and, consequently,
an accelerated loss of energies so that larger numbers of electrons attain

the range of relatively low encrgies at which the attachment probability is

high.
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In the case of recombination, there is no direct corrvelation bLatwsen the
rate of electron loss and pressure., In general, though, the hicher the

pressure, the faster the recombination,



OPERATION AND DESIGN
OF TR AND ATR TUBES

Lecture No. 10

Tuning Methods and Tuning Errors of TR's

Today, we will consider the problems associated with tuning broad-band
TR tubes. These tubes are made, as we have seen, as a series of four or
five tuned elements properly spaced., The outer two elements are the windows.
These are pretuned and need not concern us. The internal elements, however,
must be tuned after assembly. The problem is to obtain a sufficiently ac-
curate tuning to resonance of these two or three elements after the tube has

been constructed.

The problem is important and no completely satisfactory solution has
been found. For example, we have made a few demountable tubes for experi-
mental purposes, in which each element could be removed for individual
tuning and then replaced. The resultant bandpass was in the neighborhood
of 17% or 18%, half again as large as production models.

There are two methods of tuning in general use:

1. the multiple-frequency method, usually utilizing a triple pippen

and
2. the single frequency, employing short-circuiting.

Multiple-Frequency Tuning :

The first method normally is dependent on the triple pipper. By this
device the reflection coefficients at three frequencies are examined simul-
taneously. The tumable elements are adjusted until all three reflected
waves are brought down below a given limit.

An advantage of this method is that if the three frequencies selacted
are the specified check points, then the tube can be made automatically to
pass those particular points. This expedient is to he used with caution,
however, since the SWR in between the check points examined might quite
conceivably reach very high values.

This latter difficulty would be avoided if we had sweep oscillators to
view the response at all frequencies of the band at one time. This has been
done for the 1B58, at 10 cm. TFor other frequency ranges, however, we do not
have such a device, and reliance must be placed on the triple pipper.
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Although these methods are commonly used, we shall not consider them
further. Unfortunately, no analysis of the possible errors of such methods
has been made. The reason is not that the problems are unimportant, but
simply that they present fundamental difficulties of analysis. We hope
eventually to find some satisfactory approach to the problem. But, until
we do, there is little we could say.

Single-Frequency Tuning:

The second method of tuning tubes involves short-circuiting the elements
and plotting position of minimum at center frequency. If we symbolize the
elements of a tube by crosses (Fig. la), the outside two represent the windows.
These are already tuned to resonance, so we place circles around the midpoints
to indicate the elements are transparent at the frequency chosen. The internal
elements are numbered 1, 2 and 3.

L2
x

Probe

— 13—
pnin X X X X R

n is an integer

Probe
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The No. 1 element is short-circuited as ‘ndicated by the bar through
it (Fig. 1 b). At some point a quarter wavelength plus an integral number
of half wavelengths from the window, the probe measures a position of min-
imum, since the elements are supposed to be a quarter wavelength apart.

The probe is mo.ved a quarter wavelength down the line towards the tube,
The short is removed from No. 1 element and placed in No. 2 element. The |
No. 1 element is adjusted to give a position of minimum reading for the probe.
No. 1 elemnent now is presumably tuned to transparency.

The No. 2 element may then be tuned in similar fashion by short-circuiting
No. 3. Alternatively, the tube may be reversed and the No. 3 element tuned.
Finally, the remaining element is tuned to minimum SWR. If the tube is
properly designed, and if the tuning procedure is performed with exact ac=
curacy, the two short-circuiting procedures, called the 1=2-3 and the 1=3=2
methods, should give identical results.

The problem of either of these methods is to obtain a sufficiently good
short circuit. In the butterfly gap design, there is not too much trouble
in getting a good contact with a short. The cone and iris design presents a

trickier situation since great care must be taken to avoid damaging the cones,

TuninLErrors :

The errors in tuning possible with the use of the short circuit method
may be classified as follows:

1. Reactive short circuit,
2. Residual phase shift,
3. Incorrect spacing,

Lo Ramiom

The fourth type is a "catch-all." The effect of these errors on tuning of

the tube will be discussed for each type in the order given. -
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Reactive Short-Circuit:

If in the short circuiting method of tuning, the position of the ef-
fective electrical short does not coincide with the position of mechanical
shart, the displacement from the physical center of the gap may be described
as a reactive short circuit. The short may be effectively near, instead of
at the physical shorting device, but still may be sufficient to block prac-
tically all the power. At least that part which does leak through may be
neglected. Thus we can say that there is no resistive loss in the element,

or that it is a purely reactive circuit.

B X X X &
1 2 3
Fig, 2 a
Probe
A, D A
2z rl—T
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The short may be effectively displaced either in front of or behind
the physical shorting device, Assume, for this discussion that it appears
behind as in Fig. 2a (at y instead of at x),

The first consideration is how does this apparcnt shift affect the tuning
of the tube, At first glance there ﬁould seem to be a considerable effect since
the basis of the method is the quarter-wave separation of the elements so that
the short circuit on one appears as an open circuit - infinite shunting impedances -
on the other, However, on closer inspection, we find that a reactive short-cir-
cuit has no effect on the designs in use, The original reference point was set
by the position of minimum when No. 1 was shorted., The probe then will be on
odd nmumber quarter wavelengths from y (end not x), If the No, 2 eiement be-
haves exactly as the No. 1 element, its short will appear not at x!' but at y*
(Fig. 2c), and the distance between the twe positions of cffective short will
be a quarter wave, So that after the probe has becen shifted a quarter wave,
and the No., 1 element is adjusted until the probe acain indicetes a minimum,
this latter rcading will occur at the point where the element being adjusted
is cxzctly transpazrent--in other words, when it is in theoretical tune,

The above explanation would hold as well for the position of the short
appearing electrically on the other side of the physical short,

We see, then, that the reactive short circuit has no effect on the
tuning of the tube,

Residual Phase Shift:

If upon retuning the shorted element, it effectively expands or contracts
sore amount, the crror in tuning that results from this change we can call

"residual phase shift "
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Suppose we consider a black box containing a passband network. (Fig. 3)
There are two characteristics of interest with

f respect to the bandpass perfarmance of that box.

o~
N -

One is the attenuation, and the other, the phase
shift. The phase shift is related principally to
what happens to the attenuation far from the pass-

band and, in particular, as to how symmetrical it
Fig. 3 is on both sides of the passband. Since waveguide
is quite unsymmetrical, having a cutoff at one end, any element in the wave-
guide almost necessarily has a phase shift at any frequency at which it does

not have attenuation,

We are interested in what effect the phase shift has on the tuning.
Assume that when all of the internal elements of a tube are shorted they ap-
pear to be equally spaced a dis-
% >< X tance ¢ apart. (Fig. L4 a) Then we
R a | ’ might find when the tube is being
e 7 e €

tuned that the first element seems

to have expanded (or contracted).

—-M*— gt £ = We can say that effectively a piece
Fig. lb A TX X has been inserted in the line be-
| _ tween the first two elements.

Suppose in the procedure we find
that the next element behaves as

2
"‘iﬁ"’ -—1:‘:‘;_ -"ZA" though it had expanded, too. An

Fig. he additional piece is then effectively
inserted between the first and secomd
L {+z¢——-‘ elements. In this manner, as we

successively tune down the line of
the tube, we find that the elements

Fig. ld become spaced an electrical distance
apart that is greater than the physi-
H——fr-:ﬂ-"l‘* Lr2¢ -"I cal spacing.

Let us say that the shart circuit of the first element appears physically
at x, In the process of tuning the tube it appears to have shifted to yo
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(Fig. Lb) If we call the distance betwcen the two positions 2¢, then all
the other elements cffectively have been moved 2¢ from the first, and the
first element itself appears to have been displaced g,

In tuning the second element we note that it bechaves in the same fashion
as the first, It, too, then is effectively displaced a single g, while there
is another section 2¢ long apparently added to the electrical length between
it and the succeeding clements, (Fig. Lc)

Then, if we checlk the spacing between the electrical short for the
first element and that for the second, we find that it is no longer ¢ vut
£ + 26, (Fig. Le) This will hold for the other spacings, We find that all
the clements are displaced by the same amount 2¢4. (Fig, Ld)

llad we considered the condition of the elements contracting 2¢ we would
find thet the spacing between elements changed clectricalyirom £ to £ - 24,

The residual phase shift then would throw the tube out of tune since the
electrical spacing between elements changecd with retuning., The error, however,
is rcadily compensated by changing the lcngth of the line betwcen clements,
All that is necessary is to make the clectrical distance between the tuned

elements equal to the guided quarter wavelength

26 A g/h
‘Thus, in the case of cxpansion (£ + 2¢), the initial distance betwesn elements
is shortened physicelly by 24. In the case of contraction (£ - 24), the

initiel distance is increased by adding a scetion equal to 28, If the design

is modified in this way, ideal tuning can - theoretically - be achicwved.

Incorrcet Spacing:

Suppose we have a tube for which any residual phase shift has been
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compensated, And in tuning this tube we have so chosen the point of reference
(Fig. 2) that any reactive element of the short circuit has been automatically

L‘__ % . di‘”"'ﬂ cancelled, But, in the mechanical construce
tion an error was made in the spacing be-
j:><:§b tween elements, so that the short circuit
e @ -—-—--1 appearing behind the element is a distance
Fig. S not equal to a quarter wavelength, (Fig. 5)

We can evaluate the consequences of this error by calculating the admittance
to which each element will be tuned., The admittance of the element at center
frequency is a measure of the degree to which it is mistuned,

The matrix of the shunt admittance (normalizecd) of the clement is

1 O
ﬁj h. If the electrical distance between elements is 8, the ratrix of
b 1

the scction of the line between the elements is

cos © J sin €

Jjsin @ cos 8

The short circuit has no voltage anu can have any {inite current., Its column
0
matrix is

1
The admittance of the circuit in Fig, 5 is the product of these three matrices

1 0 cos @ Jein © 0 jsine

Jb 1 j 8in & cos @ 1 cos © ~b sin 6
The input impedance, then, of the circuit is

Z, = gin ©
in cos @ ~b sin ©

We tune the element to an open circuit, or nale Zin = 00, Then,

Jj sin @ - B
cos @ -~ b sin €
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or
cos 8 ~bsin® =0

so that b = cot ©

In other words, at center band the first elemcnt we have tuned has an admittance
equal to cot 8, If the spacing is correct, and & = 900, then b is tuned to
zcro admittance = ideal tuning,

By this method we can {ind the acmittance values of the other elements,

Assumc that we use the 1, 2, 3, msthod of tuning a {ive-element tube., We

will find that the zdmittance of the
j>x<§ eot. & :><id b, :><i second element (b2) is equal to 2 cot 9.

ff+.._- 9———;+1r— 9-——aﬁ+ The third element is tuncd to unity SWR,

by= 2 cob @ 5. ¢ To obtain thie, it must be tuned to

b3 = cot 8, the same as the first,
We have then expressed the susceptance of each internal element in terms
of the electrical spacing between elements,
Jcot ® J2cote J cote
We can consider the effect on the bandpass
0 -—44-&—- e

when this spacing is not 900,

Fig. 7
When the bandpass of the three internal elements alone is plotted, there

seems to be little effect resulting from incorrect spacing, In Fig, 8,

curve A is the bandpass for three clements spaced 90° apart. Curve B is the
bandpass of the tube with no windows and spacin; betwecn clements of 80° or
about 107 short. The differcnce is small. DBut when windows tuned exactly

to center frequency are placed on the tube, the passband is definitely affcected
adversely, as shown by curve C, which should be compared with the dotted curve

for 90° spacing. The effect of an error in spacing is seen to be quite serious,
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Random Errors

In this category we may place all errors that cannot be classified under
any of the three types treated above, Since, hawever, this has too broad a
scope to be handled, we shall inquire into the most probable types of such
errors., Let us, then, assume a chance error is made in tuning the first
element. Another small random error is perhaps made in the second, After
the final stage is reached the first two elements can be retuned, il necessary,
to give a2 flat SWR around the center of the band, Since the most accurate
adjustment in the procedure is that of making the passband flat around the
center frequency, we will restrict the random error classification to cases
which do involve a low SWR at center band,

Then, looking into the tube at the center frequency, the normalized

co:ductance is unity, and the normalized susceptance is zero, We can label
. 2 A the admittances at center band of the

% >< >< >< Bxg three elerents respectively bl’ lo;2 and
bl b2 b3

Fig. 9 by. (Fig. 9) The condition that the

normalized conductance, thc rcal part of the admittence, (normalized resise

tance) equal 1, can be found to be that
b2b3 = b1b2
The condition that the reactance is zero can also be found:

bl+b3-b2-b1b2b3

The first cordition is satisfied cither when b2 = 0, ¢r when b1 = b3

-]

‘o2 = 0 corresponds to the Ne, 2 element being on tune, If that is the case,

from the condition for zero reactance

b. = ~h,

P
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This relationship of the admittances corresponds to the No, 2 element being
tuncé to center {reguency, the No, 1 element tuned above (or below) center
{requency a certain amount, and the No, 3 element tuned below _.(or above)
center Irequency by this same amount, It amounts in effect to a stagger-
tuned condition,
On the other hand, if
b, # 0

then, for retched conductance we rmst have

b, =b

3
Putting this into the reactive condition,

1

b, = 2P

2 —_—
1+ bl
If b, is small, b, may be approximted

b23= 2b1

The last oxpression can be translated in terms of the comparative tuning
of the elements, If the lio, 1 element is tuned high, the No., 3 element will
be tuned equally high, and the center element will be tuned twice as high,

This tuning error is quite similar to the ef.'ect obtained with incorrect
spacing betweean elements,

The first random error (stagger-tuned effect) rapidly becomes disastrous
to the passband of the tube., In Fig, 10 the theoretical passband of a tube
without windows, intermal elerments tuned accurately, is plotted as curve A,

If the first and third elements of the tube are mistuned by 1/2f,, the bandpass
of the three elements deteriorates to curve B, where the outside edges are

rising rapidly., When windows are placed on the tube (curve C), deterioretion
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STAGGER TUNED

A: 3 elements, accurately tuned
Bt 3 elements, 1°° & 3™ nistuned by ¢ 3 %
C: Tube B with windows added

Dotted Curve: Tube A with windows added
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Fig. 10
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of the bandpass is still pronounced, (Cf, thc dotted curve showing the band-
pass including windows if accurately tuncd,)

From this analysis of passband characteristics it is scen that 1/2¢
is about the meximum that can be tolerated by way of stagger mistuning,

The other type of mistuning due to random errors affected the indivi-
dual elements in a fashion resembling the effect obtained by incorrect spacing,
In the random error case, however, the spacing has not changed electrically,

In Fig. 11 the dotted curve shows the theoretical passband obteinable from a
tube without windows, and with the first and third elements mistuned about

1%, the second 2%, From the point of view of the amount of attemustion within
the bandpess, the curve is passable, But it is badly asymmetrical. When
windows are placed on this tube, the asymmetry of attenuation characteristic
bocomes worse as shown in the solid curve, The amount of mistuning represented
in this plot, then, is about the amount that can be tolerzted.

With either type of random mistning 1/2% is approxiritely the maximum
that can be tolerated. Not only is this a small tolerance, but also it is
very nearly the probeble minimum experimental error., These tubes are being
tuned by shifts of the position of minimum, and so arec dependent upon the
accuracy with which the minimum is set. It is doubtful that the position of
minimm can be set more accurately than 1/2%.

Comparative Summary of Tunings Errors:

Reactive Short Circuit: The electrical short of each element appears

either in front of, or behind the shorting device, but any effect on the
bandpass characteristics is automatically eliminated by the fact that the

initial position of minimum is referrcd to the electricel short of the first
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element, Elements remain electrically s paced a quarter wavelength apart,
If the shift in short location does not effectively disappear with tuning of

the tube, the reactive short circuit is classifiable as residual phase shift,

Residual Phase Shift: The position of short in the element appears to

charge electrically as a result of phase shift. The per.'ormance of the element
resembles an expansion or contraction, If the elements appear to be expanding
(the electrical position of short displaced further from the probe) it is
equivalent to adding to the line between elemcnts a section electrically equal
tc the rhase shi. t. If the elemcnts appear to be contracting, the end rcsult
is that a section qual to the phase shiit is subtractec from the line, The
error is easily compensated for by shortening or lenzsthenin:z the spacing be-

tween elements,

Incorrect Spacing:s If an error has been made in electrical spacing which

is not cormpensated for by cither of the above errors, as much as 107 off does '
not disturb the bandpass characteristics until the windows are placed on the
tube. Spacing between clements not equal to a guarter wavelength results in

the susceptance of the middle element being twice that of the outer elements,

Random Errors: Difficulties, such as forcign matter on the contacts

which prevent the physical short from being a good electrical short, introduce
random errors, The only random errors considered are those which occur in
tubes with passband flat at center frequency, Two forms are possible: a
sta-ger-tuned effcct; and & condition in which the admittance of the center
element is twice that of the outer two, The maximun random error that can be
tolerated before the tube is thrown Ladly off tune is in the orcer of magnitude

of 1/25,



CPERATION ANLD DESIGN

OF TR AND ATR TUBES

Lecture No, 11

Test Equipment and Technigues, Pt. I

In this and the following meeting there will be discussed the testing
techniques and test equipment used on TR and ATR tubes. They are given to
present an idea of the purposc behind the various tests, the kind of equip-
ment employed and the limits of the accuracy that can be expected with the
equipment,

It was believed that, in the short period allotted, the most informa-
tion could be conveyed if the first session were conducted on a lecture
basis, and the second session were a round-table discussion in which questions
on test procedure could be answered at lencth,

This lecture will be split into two topics: ATR tubes, and TR tubes,
Before going into these it would be well to inquire into the gereral purpose

of testing.

Functions of Tests:

As far as the Test Group is ccncerned, there are basically three func-
tions that it has to fulfill:

l, Obtoin operating characteristics of a tube,

2. Act as a control on production,

3. Obtain informelion to aid design and development,

The first lunction gives the necessary informetion to the buyer of the
tube, The test results tell the equipment and design engincer what the per—
formance of a particular TR or ATR is going to be in the system for which

it is intended.
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The rate of production of the tube is dependent on test results. If
the test results show a good tube, production can continue at a rapid rate,
If they indicate tube performance is questionable, then production is slowed
down and processinz is performed with caution, If tests show poor performance,
then the time has come to gei into the processing and locate the trouble,

The third function of testing is important from the standpoint of the
design and development section, Irom the infancy of the tube, through its
adolescence, until the ﬁilot run and production, tests indicate to tﬁe design

engineer the status of the design and clectrical performance of the tube,

ATR Functions & Tuning:

Prior to describing the various tests performed on ATR tubes we will
review the definition of the ATR, It will be recalled that an ATR is a device
employed to decouple effectively the transmitter from the receiver during the
reccive cycle of the radar system, aad present a good match to the magnetron
durinz the transmit period, It offers zcro impedance to high level and infinite
impedance to low level signals, theorecticzlly.,

The ATR tube consists ol a cavity, et onc end oif which is a low—; window,
resonant at center {requency, Inside the tube is a flexible baffle. (Fig. 1)

The baffle is moved in an up or

Tuning
R?;gzggz 3 < Baffle dovm direction to tune the cavity

Transmitter Line to resonance, After the tube is

tuned, it is filled with =as at low
Fig. 1 pressure, When high power hits the
window, the gas ionizes and the tube effectively presents a low impedance to

the signal in the transmitter line,

When low power of the proper Irejuency reaches the tube, the ATR cavity
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resonates and sets up a large reflection towards the source, su that very
little signal can pass by the tube down the transmitter line, Actually, the
tuning of the tube is a matter of adjustinc the baffle ntil the minimum
signal is transmitted past the tube at low power, at which time the SWR is a

maximum, (Fig. 2)

—
}

L.0. \\{r\\/r_’ S;Z Crystal Load

Fig. 2
ATR Tuning Bench Schematic

The low-level source signal is supplied by a local oscillator in the line, A
crystal load indicates the amount of signal traveling down the line past the

tube,

ATR Production Tests:

Before the tubes are given the various electrical production tests after
£illing, they are subjected to tempcrature cycles from —LOO to 100° C., to check
their &bility to withstand severe weather and operating conditions,

The essential production tests arc the measurement of susceptance, arc
loss end firing time,

The equivalent normalized susccptance test is one of the most important

tests given an ATR, It essentiglly tells how well a tube is tuned by measuring
the phase of the standing-wave, Normally, each ATR is tested at least twice,
once just after tuning before filling, and once after filling, plating and
polishing, The tests after filling check whether or not the baffle has been
detuned (moved) during the filling process, or whether the tube has otherwise

been detuned by plating, polishing, or careless treatment.,
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The setup (Fig., 3) for measuring the phase of the standing wave consists
of & local oscillator to supply the signal, a roving tuner (standing-wave
detector) with an Ames or other type of dial rauge to read position of minimum,

a reversible seat for the AR and a matched load,

Dial
Gauge

Reversible Seat

Matched
ATR Ik""‘ Load

SN
Detec

I
Lco.ﬂ *: ) ’]

0 Fig. 3

A "gtandard" ATR is put'in the tube seat. The probe of the standing-
wavce detector is moved along the line to locate a position of minimum in
the standing wave set up by the tube., The tube seat is reversed, and the
position of minimum reading is repeated, The average of the two readings
is taken as the position of minimum for the standard tube (at A in Fig, 3),
and the dial gauge is set to zero for this position,

The tube which is to be tested is then inserted in the reversible scat
and the probe roved along the line to locate the minirum point of standing
wave with the seat in both forward and reversc positions, The deflection
from zcro on the dial in each casc is noted, and the average of the two
readings is usced to determine B for comperison with the standard tube,
The travel from A +to B in thousandths is translated int: susceptance
by means of a prepared chart on which the phase difference in thousandths

has been calibrated into equivalent normalized susceptance,
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Arc Loss & Firing Time are tested in a high power setup such as diagrammed

in Fig. L.
‘ ® ) Linear
Bolometer Jul_____‘Amplifier

=
Direc, Power
Coupler Monitor
Mag- Direc. Wazgr
netron Coupler Sand Load
Fig. L

The magnetron power output is measured by means of the calibrated water
load, or thermistor bead mounted on a dircctional coupler. A durmy tube is
placed in the ATR seat, Then the power from the megretron is adjusted until
the amount of power in the section of line holding the ATR seat is equal to
the pdwer specified for this test of the tube, The power going past the
dummy ATR reaches the bolometer in which change of energy is indicated by the
linear amplifier. When the tube under test is placed in the seat, the drop in
indicated power is the arc loss of the tube, /

The check on firing time is a matter of noting that the tube ionizes
within 10 scconds after the power is turned on, or after the tube is inserted
under power, GCcnerally, when tubes are a lon; time in firing, they later be-

come leakers,

AIR Design & Type Approval Tests:

It is not always possible to draw a sharp distinction between design
and type approval tests. Depending upon the individual specifications
written for a particular tube, the same type tests may be "design" for one

tube and "type approval' for another,
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The equivalent normalized conductance is one of the important design

tests., It is measured in a low power setup such as Fig, 5.

@ Amplifier
(X)
l
S-W
Detector
Calibrated
variable PV SN

Atten- ave- L ATR

L. 0. uator meter W ad
Fig. 5

Signal is provided by a local oscillator. The load may be a matched attenuator
load or a matched crystal load,

The setup essentially measures the megnitude of the standing wave,
Usually the standing-wave-ratio is too high to be measured accurately on
the amplifier in series with the standing-wave detector, Instead, the db
difference between minimum and maximum of the standing wave is converted into
conductance, |

It is possible, but not advisable, to measure the value of the SWR
directly on an instrument such as a Galvanomcter, The noise of vibrationm,
making precision reading difi:icult, and the relatively long period of the
instrument, proldnging the test, discourages this practice,

Other design checks given the tubes are "drop" and "glass strain" tests,
These essentially are physical tests, The various electrical characteristics
are measurcd before and after these tests to checl: the mechanical stability
of the tube.

Iype Approval Tests are those tests required by the Services on a certain

number of tubes before acceptance for purchase, Among these tests usually
are those for vibration, high-level VSWR, loaded-i. Sometimes Life Tests

are in this category,
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The vibration test is a matter of putting the tube into a machine

vibrating at a certain frequency, and subjecting the ATR to a certain number
of G's to determine whether or not the tube will go out of tune, or have
particles vibrating freely inside, In other words, it is another physical
characteristic check, beforc and after which certain electrical characteristics
are measured,

The high level VSWR measurement will indicate whether or not the ATR

under firing conditions will set up so great a mismatch that the mzgnetron
is pulled off frequency, or otherwise operates poorly. The high level VSWR
may be performed in one of the followihg two methods:

1, Under actual ionization conditions at high power,

2. With simulated ionization condition at low power,

The high power setup is shown in Fig, 6a,

Amp.
-¢-Tonized
___ATR____1
— SW Water
Mag Detect
netron Load
Fig. 6a

High Level VSWR Test

The load must present a very cood match to the line, of the order of less
than 1,05, The magnctron output is turned up to the required power as
measured by the load, The ATR fires and the SWR looking into the tube is
measured on the amplifier, Usually, however, the tube is operated at such
high powers that there is too much noise on the amplifier to permit ease'
of reading., The simulated ionization condition at low power is more fre-

quently employed,
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The low power test bench is shown in Tig. 6b,

LOOG

Amp.
‘ AT older fill
W S
ave- Atten- Load
Meter uvator Detector

Fig. éb
Simulated High Level VSWR Test

A special ATR tube is inserted in the tube mount. This special tube has a
solder ill completely covering the internal side of the glass window so
that the tube appears to be ionized, The load in this setup, too, must
present a very good match to the line, of the order of less than 1,05,
The standing-wave ratio looking into the tube is measured on the amplifier,

The loaded Q measurement, which usually is a type approval test, is
indicative of the bandpass, This test is generally performed in a low level
setup, The standing wave reflected by the ATR is measured at three frequencies;
at center frequency, and two other frequencies, one on each side of center,
usually at * ,5%. These readings give the change in tune, or the change in
susceptance with respect to freguency, which, when substituted in formulae,
give the loaded Q,

The formulas for calculating the various characteristics can be found on
the test specifications,

Other tests, which are sometimes type approval tests, are life test
(generally a 1000 hour period of operation) and life test end point,

Tubes are checked at the end of the specified time to determine whether or

not they have gone out of tune, or beyond the limits speeified,
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Temperature cycle life test generally is the temperature cycle test

repeated 50 times, Electrical characteristics are measured apain after this
test,

These ATR tests are obviously all quite helpful to the equipment designer,
and in this discussion we have attempted to make them self-explanatory,

The preceding descriptions of tests define the ATR from the standpoint
of the testing engincer, The TR tests will be prescented from the viewpoint
of their significance to the equipment design engineer. We are interested
principally in discussing broad band TR's since they require a greater
number of tests. Generally, there are nine tests required for a broad band
TR, whereas only {'ive are necessary f{or a narrow band TR,

The tests are made at two power levels, low and high, and are here

grouped under these classii‘ica’éions.

Major Low Level Measurements, TR Tubes:

1, VSWR, The voltage standing wave ratio plot indicates the bandpass
of the TR, That is, the equipment designer will know how much of a band the
unit can cover with negligible loss under low level or recciving condition of
the radar system,

2. K=A Voltece Drop. This test and the following (interaction) are

concerned with the kcep—-alive lead and the bchavior of the gap in which the
keep—-alive has been inserted. The voltagc measured is the drop that occurs

in the gap when the lLeep-alive is fired, This potential has to be taken into
account by the designer of the K-A circuit, The normal K-A circuit is designed
with a 700 ohm input. We try to keep the voltage drop within the range of
250-300 V, Specifications allow a range in values of 150 V, Tmat is, for

some types the voltcge drop is from 250 - LOO V.3 for other tubes, 225-375 V.
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3. Insertion Loss is that loss of r-f signal due to the tube con-

struction alone.

4. Interaction. Interaction measures the loss of r-f signal resulting

from the fired condition of the gap in which the keep-alive is placed.

Insertion loss is measured first. Then the keep-alive is fired
and the difference between the second loss and the insertion loss is that

due to ignition of the K-A gap, or interaction.

5. Firing Time measures the length of time required to fire the K-A
gap. The normal limit is five seconds. Firing time is a function of the gas
fill in the tube., It is a parameter to be considered in designing the circuit

which delays turning the magnetron on until the TR switch has fired.

The above are the major low level measurements made on TR tubes. For
the narrow band TR there is also included a type approval test, (loaded Q),
which indicates the btandwidth of the tube.

High level measurements are of the order of LO W. average, (LO Kw., peak),
as compared to the few milliwatts in low level. The foilawing are the major

high level tests.

Major High Level Measurements, TR Tubes:

6. leuakage Power is one of the primary measurements. The radar system

is designed around the ability of the TR to hold off transmitted power. That
power which passes through the TR at high level (or during the transmitting
cycle) is the leakage. The functioning of the crystal mixer is dependent on
the hold-off power of the TR.

The leakage power of a TR is composed of two parts, called "spike"
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and "flat", The idealized pulse is shown in Fig, 7, where the duration of

the spike is comparatively short with

Spike
Flat respect to the flat, This is pretty
much the picture of the 1eakage pulse
1 of a narrow band TR, so that the flat
15 psec |~
‘ 1 psec poaer is of major importance in narrow
Fig. 7 Idealized Leakage Pulse band TR tubes,

The shape of the pulse in a broadband tube (See Fig. 8) differs consider-
ably from that of the narrow band TR, The spike energy is of longer duration
for this tube and of more complicated

Spike
Flat structure, The radar system design en-
cineer, however, is intcrested not so
1 psec mich in the shape of the pulse as in
Fig. 8 the amount of spike enerpy leaking

Leakage Pulse, Broad Band TR Tube throuzh the TR tube,
A spike energy of .9 erg can be disastrous to the crystal, whercas a flat power
in the neighborhocd of 1C0 mw, is relatively easy for the crystal to tzke,
Because of the more complicated pzttern of the pulse there is at present
no completely accurate method of evaluating the spike. Usually, power measure-
ments are made at 1 psec. and at .5 psec pulse widths, These two readings are
~ corbined in formulas to give values that are called "spike energy" and "flat
power" more for convenient comparison than because they actuilly are the
evaluation of those components.
For the spike cnergy, Ws’ in ergs

W =W - AW
s



Lec, No, 11 =12 - TR & ATR Tubes

where Wl is the power in ergs at 1 psec,

AW is the difference in ergs between the two readings
Atp is the difference in the pulse widths

For flat power, P

£ usually in milliwatts,

t. AP
Po= D ___
At Da
p
where tp is the full pulse width, tuken as 1 psec,
P is the difference between the power at 1 psec. and that at .5 psec.
Du is the duty cycle of the measuring pulse, generally ,001-

Atp is the difference between the two pulse widths

By referring to Fig, 7 it is cvident that for the narrow band TR the
forrmlas are sifficiently accurate Ifor spike energy end flat power, It is
seen from Fig, 8 thet the formulas can yield but a crude approximation of
the component values of the 1eakage pulse in a broad band TR, However, the
formlas provide some means of measuring the leakage power and are useful
until a better method is devised,

Specifications limit the values of spike energy and flat power as ob-
tained by the above formulas. Usually, the maximum {lat power allowable
is of the order of 30 mw., while the maximum ellowable for spike energy is
<2 ergs,

7. The Position of Short test measures the distance back from the

entrance flange of the TR et which the -as plasma e=ffects a short to the line,
The position of this effective short is of importance to the system design

engineer, especially if he is using & rat race or balanced duplexer,
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where spacing of the tubes is critical, If two TR's are put in a rat race,
whose position of short vary considerably, the mismatch will be magnified,

and cause trouble in performance of the system.

The position of short is measured by a relative method., The test
engineer tries to simulate the actual condition of the TR operating in a

duplexer system.

TR Tube
S-W
Detector Amp.
. irec—
Vag- Series £4.onal Load
netron T Gounler
TR
NS [

4
v \ \
\ 1 !

Wl ‘_,44ngsition of gas plasma

Position of metal short

Fig. 9
Measurement of Position of Short
To simulate the conditions of the duplexer system in which the TR is
to operate, a series T is used to transmit power from a high level source to
the TR tube. (See Fig. 9) The magnetron supplies high level power, firing
the TR tube, which reflects a very large standing wave down the line of the
side branch of the series T. The roving probe of the standing-wave detector
picks up the reflected signal and transmits it to the amplifier, where the
dip in the meter needle indicates a minimum of the standing wave. The dip
is generally so sharp that it is not possible to read accurately on the meter.
Two readings are usually taken, one on either side of the minimum, and the
mean of the two readings is taken as the position of minimum. This is compared
with the position of minimum in the line found previously with a standard metal
shorting plate substituted for the TR tube. The distance "d" between the two
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minima is the actual distance of the gas plasma from the entrance flange of
the tube.

The position of short measurement is somewhat inaccurate, primarily
because it is made at relatively high power, When high power is amployed the
probe dgpth in the linec 1ust be kept comparatively shallow to avoid burning out
the boloneter,

8, Arc loss readings are taken at a relatively high power - L W,,
average, L kw,, peak, The arc loss is that amount of transmitted signal used
up to create the arc of a fired TR,

9. Recovery Time is the time necessary for a tube to change from an

ionized state after firing to a de~ionized state-=i,e,, the return of the
tube to the condition in which it can be fired, The mcchanisms of recovery
time have been set forth in Lectures 8 and 9, It is sufficient to say here
that the recovery time measurement is a critical one,

Recovery time is important to the systems desipgn engineer since
it tells him the minimum range of the radar system, A L jisec recovery limits
the short range ofbthe system to 600 yards, Anything closer can not be seen

by the systen,

Special Test Equipment:

The preceding particulers cover rather briefly the various tests run on
a broad-band TR tube, Some of “the eg:ipment used may be unfemiliar, A brief
descriptive swmary of the more unusual units is in order,

Triple Pipper. Onc of the unique pieces of cquipment utilized is the

panoramic impedance bridge, less formelly lnown as the "triple pipper." (sce
Fig, 10) This testing unit has been referred to in the previous lectures,

especially that on tuning TR tubes, It is an invaluable «id in obtaining
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bandpass characteristics of four-element TR's. As defined before, this
impedance bridge essentially is a device which reads the SWR of the TR

tube at three frequencies simultaneocusly, The triple pipper utilizes
principles basic to the industry, Of these the well-known heterodyne and
the crystal mixer theory have been thoroughly covered in electronic liter-
ature, Vith the employment of the lagic T (which has been discussed in an
carlier lecture), it is possible to view on a2 CRT screen the tube SVT. char-
acteristic at the three frequencies being checked, .

The systen is composed of three component groups: r—f sources, the
bridge element and a cetector-indicator, Referring to the network connections
of the lagic T in Fig, 10, it will be noted (reczlling the theory) that the
c=w signal entering the arm of the T through the coupling network, will split
equally between the two side-arms (which are shown going respectively to "Ref,
Match" and "TR Tube.") MNo power will go through the arm which connects via
the coupling netﬁork to the crystal mixer., On the other hand, one-half of any
energy reflected back from the TR tube will.go through the ocutlet to the detec-
tor-indicator section, The "Ref, Match" balances the bridge lookin: back from
the TR tube,

The triple pipper system employs six oscillators, three frequency- modu-
lated, and three, c=w, lormelly, the recciver signals are f-m, the source c-w,
Bach source oscilletor is &t a different ircguenc;, and for each source oscillator
there is a correspondin: receiver oscillator, The three source sirmals are
transimitted to thé TR tube and reflected back nmodiiied by the attenuation
characteristic oi’ the tube at cach frequency, They travel out of the lagic T
to the detecctor-indicator networks, At the sane time, thc f-m signals are

introduced into the detector-indicator networks. The tuningy of each of the
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set of paired-off f-m and c-w oscillators is such that at some time in the
nodulc tion scéle.the irequency difference between cach pair is equal to the
i-r at which the receiver will pick up si:nels, These differcnt fre.uencies
very with time, Thus i-f pulses are generated and video output pulses result,
The pulses appear on the screcn of the CRT as thre: pips., The amplitude of
cach 7ip is a function of the test tube's SWR for the r-f source Ircquency of
that pip,

There arc other t;pes of multi-frequency bridges, such as the pulse
modulated impedance bridge, and the mechanically modulated bridges which
rely on fairly accurate switching of tubes. None of these bridges are
absolutely accurate since there are errors inhercnt in the lapic T ;onstruc-
tion, in the directivity of the directional couplers, and also in termination,
They all are, however, extremely convehient devices, since they cive the SWR
at more than one frequency at a time,

An extension of this multifrequency impedance bridge, mentioned in the
lecture on tuning, is the sweep oscillator which covers the entire band
simuitaneously, instead of just at three irequencies, The lagic T, ageain,
is the bridge element., Low frequency-modulation is employed, which depends
prim:rily on the reflector voltage of the single oscillator in the unit,

A veriable motor operating et a rultiple of 60 cycles sweeps the reflector
voltage and the external cavity plunger, producing on the oscilloscope screcn
a pattern of' the entire band, This sweep oscillator has been developed only
for S band to date,

Power measurement bridges in gencral use include either a thermistor
bead or a barretter mount,

The Thermistor Cridce is akin to the Vheatstone Bridge., In the fourth

arn of the Thermistor Bridge is the thermistor Lead which is composed of two
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strands of platinum wire Leaded with a semi-conducting dielectric (mancanese
oxide, fine green copper and a few other alloys) and encascd in ;lass. Average
power is measured as a function of the resistive change in the bead with the
application of r-f, R~I' power cntering the bridge raises the bead's temperature,
which varies its resistance,

The Barretter Mount has a thin strand of platinum wire instead of the

beading., This typc of bridge works on the same principle, the difference be-
tween thc barretter mount and the thermistor bead being that the former has
a positive tempcrature coefficient of resistance, and the latter, a negative,
The barretter type is more semsitive and accuratc at low power levels, The

thermistor bead type is more usceful at high levels of power,

Typical Test DBench Setups:

The Low Level Berch Kit (See Fig, 11) normally includes an oscillator

end attenuator, The attenuator is generally helpful in SWR measurement, and

is used for padding, A wavereter determines the freguency of the oscillator,
In addition to the oscillator tube mount, there is a standing-wave detector
end a load which can be of various types. The oscillator is driven with a
power supply of Type 1VH=7 which has a built~in moduletion section, The signal
from the standing-wave détector roes into an zudio amplifier of Type TAA-16,
Both power supply and amplifier were originally designed by Radiation Lab,

The 1i-h Level Dench Kit (See Fig, 12,) includes a mz metron, a scries T,

e TR mount, a directicnal coupler, and a load, The directional coupler traonsmits
signal to a power monitor. The loed is a water or sand load, or samc type which

is able to handlec the increased power,

Accuracy of Tests:

The accuracy of the answers in all of the oregoin- tests is dependent on
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the accuracy of the operator combined with the accuracy of the equipment ine
volved, There are variqus crrors in the diflerent types of equipment, not
obvious to the naked eye, Ihe additive effcet of all the errors can provide
scrne wild answers.

Kost of the measurements tend to depend on one.of two basic phenomena:
power or SR, The fundamental pieces of equipment include a standing-wave
detector, f~-m paraphernalia, and power measuring devices such as a thermistor,
Since the thermistor bead changes resistance witi: temperature, it is obviously
affected by thermal chances in ambient temperature of the surroundings., There
should also be taken into account the bridge sensitivity, that is, the jnaccura=—
cies in the other clements used to pick up the power, As a result of these
errors, power measJrements are not «pt to be better than + 2 pwatts, That
can rean an error of as much as .05 erg in spile energy ifor certain ap. lications,

In the standing=wave ratio neasurements we have, however, a different
proposition, The SWR is at a low lcvel, and we arc not concerned with chances
in terperatures affecting the various measurcrents, ‘ie are interested in probe
depths, If the probe is in too far, the probe itself sets up standing weves,
And if the rrobe is too far out of the waveguide, the slcove itself acts more
or less as a resonant circuit, changing the S\ R. Corbined with this difficulty
is the error introduced by deviation from the square law as introcuced by the
system~-crystal and a:plifier tOgeiher, Square law losses arc a function of
crystal construction and the departure from linearity of the amplifier, The
correction factor oi readings on test equipment has been in the neighborhood
of 1,7-1.,8, and sometimes up to 2,3, 2.4, as compared to the theoretical factor
of 2,0, Normally, ve try to stay within the range 1.,85-2,1, and most of our

equipment at the present time does that,
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Test Department Covera-e in Power and Bands:

At the present time the Test Department can handle tests for wavelength
ranges from 10 cm down to .8 em, and power rances from milliwatts up to
me~awatts, pecak,

Equipment is available for various bands, The 10 cm band can be handled
with 2K28 oscillators at low power, and the LJ- marnetron series at high power,
(L3, LJ32, LILS, ote.) '

Tests in the C-band can not yet be mede at megawatt power, W.th the
QK233 magnetron, recently added to the equipment, it is possible to obtain
3C0 Kw., peak,

In the X-band, where most of the worl is dore in testing, there is
considerable rarge of frequency and power, For low levels, there is the
velocity modulated oscillator, 723, 2125 Pierce-Shepterd Type, In the medium
pover range there are the 2JL42 and 2J51 type magnetrons, operating in the
neichborhood of 50 W,, average, 50 Kw., peak, There are also the L,J50 and
LJ78 series, operating at 25C W., average, 250 Kw., peak,

For the K~band,the 1.2 cm region, the department is able to cover only
up to medium power. In this vicinity, the region 1,5 - 1.8 cm is called the
K

A
The K1 -band is relatively new, used by the Government primarily lor weather

<band, The small region around .8 cm wavelengths is lnown as the Kl ~band,

experimentations,
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CPERATION ARD DESICN

OF TR AID ATRE TUBES

Lecture No, 12

Testing Techniques & Equipment, Pt. II

During the last session we considered the wvarious tests performed on
TR and ATR tubes, This session will be devoted to answering questions on
test procedures or equipment,

To tegin the discussion we first present one of the star .performers of
the Test Department-——the C-band test kit. This test kit, operating at low
level power in the region of 5300 lic., measures such tubes as the TR=361,

TR-331 and ATR-=332,

Components of C-Band Test Kit: (Sce Photograph)

The oscillator is a Sperry klystron, type 2KL3, or 2K39., A sguzre wavz
modulated r-f signal is fed into the waveguide by mearns of a waveguide transi-
tion, that is, a small antenna, This antenna is a dipole which radiates into
the waveguide with very low transfer of impedance,

The attenuator section following is a resistance card type, veriable
from O to LO db, or thereabouts. It is a Sperry type flap attemuator, The
resistance card travels in an arc across the guide. It presents a reasonable
match to the line, of the order of 1,5, and is fairly linear up to about 30 db,

The ncext seclion is the wavemeter., It is a resonant cavity type which
is tuned by changing its dimensions, It obtains energy from the main line by
meané of aperture coupling to the main line,

Behind the wavemcter is a crystal pickup for feeding wavemeter signal
to the amplifier, for reasuring frequency,

Following the wavemeter in the main line is the standing~weve detector
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section, This section consists of a probe traveling in & slotted section
to extract small portions of energy of the standing wave. The cnergy is
then fed to the crystal (crystal holder is visible) and thence to the
amplifier for which a scale has been provided to indicate directly the
standing wave ratio,

An adaptor section follows the standing-wave detector section, since the
latter has @ flange joint and TR's must generally be measured between two
choke joints.,

The TR tube is inserted betwecn the adaptor section and a metched load,
The load on this lit is durez, Durez and resistance cards are most satis-
Tactory for low level nmeasurements., Durez is -avored here because it seems
to be more adaptable t. machine work, The disadvantage of resistance cards
is that the resistance coating cracks and peels along the edge. For high
level measurements, water and sand loads are used. For such power measurcments
as insertion loss and interaction, a crystal load is employed,

On top of the kit is set the keep-alive supply (rot shown in photograph)
to provide voltage for the TR keep—alive in the measurement of interaction at

low level,

Frequency Setting & VSWR Determination of Line:

Q: What is the procedure for determining the VSWR of the line

alone, so that the accuracy of measurements on the tube is known?

We can answer that juestion by going through the process of setting up
the line, prior to the insertion of the tube,

In most specifications for measuring a TR, it is réqnired that the line
itsclf have a VSIR less than or equal to 1.05, The mcthod for checking this
characteristic of the kit is the szme for practically all the types of guide

in use--S-band, X-band, K-band, etc.
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The filaments of the various tubes (power supply tubes, oscillator,
amplifier) and hirh voltages are switched on, After & warming up period
of about one mimute, a sguare wave is applied to the reflector of the
oscillator, This provides a square wave modulated signal in the line,

Now that we have the signal we need to find out what its frequency is,
and what the SWR is in the line, We begin by determining the peak of the
oscillator mode in which we wish to operate, From the three or four possible
modes of operation, we normaily choose the mode at the high end to obtain
the maximum power, The amplifier is adjusted until the signal picked up by
the crystal detector deflects the scale on the amplifier panel., The sipgnal
does not have to be large, It can be between 2 and 3 on the amplifier scale,
Having obtained this indication of signal on the scale, we adjust the reflector
voltage until the oscillator encrgy is peaked (as noted on the amplifier scale)
and then adjust the square wave amplitude until a maximum deflection is reached
on the scale, This operation has pezked the signal into the line,

The next step is to adjust the probe pick-up until it is matched to the
sienal in the main line., The probe section contains a variable piece of coaxial
waveguide which changes impedance with changing position in the probe channel,
The probe is moved along the channel until it reaches a point at which the
needle swings radically high, The probe position that gives maximum swing is
the position of maximum impedance match, In other words, the condition at»which
the maximum amount of power is obtained from the detector,

Once the detector has been set for maximum pover, the amplifier is switched
over to the channel in which the wavemeter is located. The wavemeter control
is veried until the needle of the amplifier rises in scale position, The
waveneter on the C~band kit is a transmission type with a crystal behind it,

The ;ower absorbed into the cavity encrgizes the crystal, ziving an increase
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in power., At the pealr of the needle rise, the wavemeter scale is read and
converted into frequency by means of a calibrated chart.

If this {requency is not the desired one, the oscillator must be retuned
and the entire frequency measurement repeated, after switching the amplifier
back to the detector, The oscillator is reset in the direction it seems
necessary; the reflector voltage and modulating square wave are re-acjusted,
Again the line is matched all the way through, and the frequency remeasured
on the wavencter. The entire process is repeated until the frcquency specified
is obtained,

When the oscilletor is on the proper {requency and the detector is peaked
for moxirmm power pickup, then the load is coupled directly to the waveguide,
Gonerally, the load is coupled onto the linc with the adaptor section omitted.
The choke joint of the load is bolted onto the [lange joint of the detector
section, The standing-wave detector
probe is moved along the channel until

the ncedle on the amplilier meter reaches

Min. Deflectio a point closest to the 1,0 on the scale,

flax. Deflection
Coarse and fine controls of the amplifier

are varied until the nccdle reads 10 on
the low scale, or 1.0 on the high scale. This is the point that the Test Dept,
calls the maximum, Although it is generally considered the minirmm of the
standing wave ratio, the Test Dept. refers to it as meximum, meanin: the maximum
swing of the ncedle or raximum pick-up. The probe is then moved along the
channel in one direction or another, with thc rest of the system held constant,
The shifting position of the rrobe will be coincident with a change in reading
of the necdle, the latter traveling from 1,0 to the higher numbers on the scale,
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back to 1.0, etc, The highest number the needle reaches, which, say, is

1.15, is the standing wave ratio of the line and load,

Locating Source of Error in Setup:

Q: Suppose that the SWR of the line is greater than the
limit specified, how do you locate the source of trouble and bring

the SWR down to the required ratio?

In measuring the SWR of the line, we are reading the power reflected from
the load, The loads we use in our equipment usually have SWR's of the order
of 1,02, and in scme cases are as low as 1,005, Sometimes we do get readings
of loads which run as high as 1,15, 1.2, 1,25, and even higher, Therc are
various possible causes for such high readings.

The first step, in locating the trouble, is to determine whether the load
itself is setting up this high standing wave. The simplest means of checking
this is to fix the probe detector position at some arbitrary point in the
channel, and then move the load back and forth in the waveguide, If the SWR
chances radicelly with the shifting of the load, then the load itself is at
fault, It is possible sometimes to shift the position of a slightly mismetched
load until it presents a good match to the line at a ziven frequency. This
practice is not an apyrroved one, We prefer to meke broadband loads, recasonably
flat across the bind., By broad band is meant at least a 105 bandpass, so that
at any frequency in this 10 bandpass, a shift in location of the load results
in a SWR deviation of not more than .01,

However, let us assume that the load is not responsible for the line
SWR reading of 1,15, That is, changing the location of the load does not
affect the SWE reading one way or another., The next point of investigation,

then, is the oscillator.
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There are a number of ways in which the oscillator can be responsible
for a high SWR of the line., One of the fundamental difficulties is that the
oscillator may not be operating at peak, The response of the oscillator may
Oscillator Response be viewed on an oscilloscope, A

normal good pulse is a clean square

wave, If fringing of the square wave

good pulse is evident, then the oscillator is not
directly on peak operation., The fringe

condition is cleared by adjusting either

operation nét at peak the amplitude of the modulating square

wave, or the level of the reflector

voltage., When two distinct bars are

indication of modiness apparent in the oscillator response,
it is a partial condition of modiness,
The oscillator response and that of other components rreceding the standing-
wave detector in the line, will have no direct eifect on the SWR of the line,
which is a measure of energy reflected from the load, since no enecrgy from
components preceding the probe will reflect beyond the probe, However, a poor
oscillator-—operating off peak, or oif mode, or in two modes=-will result in
a peculiar standing wave in the line, and hence a troublesome SR, This is a
natiral consequence of a distorted signal, picked up by the probe, being
considerably amplilied by the crystal,
If the oscillator is checked and eliminated as the cause of trouble,
there remains possible the error due to faulty contact. In certain cases,

error due to faulty contact has been investi-ated rather rigorously, particularly
at X-band, It has been foind that the best possible joint is a butt joint
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flange-to-flange connection, with both flan:es absolutely flat, That means
lapped surfaces, However, it is not always advisable toc evote machine
capacity to lapping surfaces. The next best coupling is a choke-{lange
connection, The choke consists of a kind of series branched waveguide,

one~half wavelength long, broken

K

into two equal lengths, (See figure

(/!

N
—.-.p&/h

e inset,) The short at ¢ reflects

%

T

minimum impedance at the gap between

> = i the two sections of main line being
‘ E ')f coupled., [lectrical contact is broken
NN f at b, a low cui'rent, high voltage
Choke-Flange Coupling point. The minimum impedance, or

high current point is at a, Thus, although the mechanical gap at point a
may be something of the order of ,030", elcctrical contact is established
between the two sections .of the main line,

After consideration of faulty contact, we have more or less taken care
of most sources of error that give high readings of the SWR. This leaves to
be considered the operator of the equipment. In the last analysis the accuracy
of measurcments obteinable on a piece of equipment is dependent on the ability
of the opecrator to use the equipment., The finest equipment in the laboratory
operated by some person who cannot use it will yield the incorrect answer 50%

of the time,

Probe Depth and SWR Error:

Q: Won't the insertion of the probe be a ccntributing cause

of error?

Yes. The insertion of the yrobe beyond a certain depth in the channel
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can adversely affect he measured Site That, however, is more or less a
functicn of vhe opers tor, He can tell whether or not he reads the wrong

SWR by adjusting the orobe level, If decreasing the depth of the probe in

the channel decreases the VSWR reading, the larger reading is likely to be

a result of the probe setting up its own SWR., In this connection, it is

fairly obvious that, if the surfaces involved in the travel of the probe are
not flat, so that the carriage of the probe zcross the 1ength of the slotted
section is not even, there will be a variation in probe depth which will give
excessive deviations in 8WR. Once a condition is reached where two consecutive
readings at the same point agree with each other., it is fairly safe to assume

that the probe is not setting up enough SWR to interfere with the mecasurements,

Variations from Square Law Uperation:

Q¢ How much error can be contributed by a crystal whose

response devietes from that expected by squere law?

The accuracy of the measurement being dependent on the response of the
crystal and amplifier together, we calibrate the output of the combination
to get a correction factor. There is a formula for this correction factor
which can be referred to for actusl usage, To get an idec of the amount of
error conbtribated by the crystal, let us assume that the VSWE measured is
1.1. Say that the response of the detector unit is 1.8, as compared to the
expected 2,0 of straight square law. Then the measured VSWR will differ
from the actual value by something like *,03, If the detector unit response
is 2.2 as compared to the expected 2,0, the deviation Irom the actual quan-
tity will be of the order of %,05, Altho&gh the magnitude of deviation of
the measured {rom the actual SWR is rreater for departures from square law at
the high end of 2,0, the percentage difference is about the same, since a plot

on log paper of such differences is linear,
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Q: How can you tell whether the error in the readings is due

to a faulty crystal or to some other difficulty in the setup?

We are not considering now a change from 1,05 to 1,07 which micht easily
be a result of normal square law response., Assuming, instead, that the change
in the VSWR is from the. normal operating characteristic of 1,05 to 1,2 or 1.3,
there is no quick diagnosis for the trouble, Where there is a marked change
in VSWR, the only sure method of locating the source of maximum error is that
outlined previously-— the step by step checking and correcting, where necessary,
of components, starting with the load, If the load, the oscillator, etc,, are
operating satisfactorily, and thec detector section appears to be in order, then,
the rnext step is to check the square law characteristic of the crystal, if nothing

clse appears to be responsible for the confused answer,

End Effect, Slotted Section:

@: In measuring the VSWR over a bandpass, as the wavelcngth
gets longer, how can you tell when the reading is being modified by
the end effect of the slotted section?

The end effect, as it is usually understood, is evidenced by that change
on the amplifier scale (increasing or decreas‘ing) which bears no relation to
the actual SWR, and which occurs when the probe approaches a terminus of the
slot. If the slot is a full wavelength in electrical length, it is possible
to determine whether end effect enters
O into the reading., Two maxima (a and a')—

or two minima--can be compared., A

a ! noticeable difference in values between

corresponding points of the standing

wave values indicates the the reflection
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from the slot end is contributing to the SWR. If the electrical lecngth of
the slot is too short to yermit comparison betwecn two maximum or two minimum
points, there is no way of determining whether end effect is causing inaccuracy
of measurements, |

It is not a sinplc matter to get away from end effect entirely. A cer—
tain amount of it has been eliminated by insulating the probe holder from
the waveguicde slot. It is advisable in making measurements to keep as far from
the end of the slot as possible, It is observed, though, that some measurements,
such as the po_sit.ion of minimum of ATR tubes, are best made at locations nearest
the tube. Common sense dictetes the distarce from the end of the slot,

Therc have been standing wave detector units made which eliminate the
cnd effect fringe. Instead of a probe an iris couples energy from the slotted
channel to the detector. One such type is designed expressly for high power,
Fo detatsor In it the iris is a part of a branch

sliding iris guide set in & "cover plate" or top

contact
/\J:: ; CE X / :Z portion of the waveguide, which slides
—LZ (]% // // N back and forth ecross the main body of
/ / the waveguide, The slot has two pairs of bends

to bring it up to the level of the "cover plaute"., The length of each portion of the

slot that is at an acute angle to the cover plate by virtue of these bends is made
A !h to minimize reflection at the bends,

Another type of slot (which mzy be used for low power measurements, also)
is stepped at each end, The narrowed
portions of. the slot formed by the steps

‘ | is a quarter wavelength long. Thus the
| contacting component of the detector is

always a minimum of a quarter wavelength
from each terminal,
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Q: Does the end effect alter the position only, or the value,

toc, of maxima and minima?

The end effect changes the value as well as the position of minirmum and
maximum, When the probe arrives at the end of the slot, the SWR value read
will change, On one end it will be hich, on the other end, low, The slots
arc made sufficiently long (a2t least two full zuided wavelengths) to minimize

this difficulty,

Q: Why couldn't the slots be made longer and 2 mechanical stop
inserted to prevent the probe from entering the region where fringing

would occur?

That kind of arrangement is used on the S~band detector., It is not too
practical for general usage Liecause the mechanical problem of avoiding torque
enters the picture for lines longer than two wavelengths, It does not tcke
too much pressure to "squecze" the elongated slot and make it into a line
stretcher,

It can, however, be Cone and has bLeen done at a cost of excessive veight,
For a special purpose a section four wavelengths long has been made in the

industry, It weipghs about 200 lbs,



OPERATION AND DESIGN OF TR AND ATR TUBES

Lecture No., 13

General Aspects of TR Design

The various discussions of tube performance giving insight
into the properties of the tube as a bandpass filter, the gas fill
considerations and the type of tests made, have by now given a fair-
1y defixii'bive analysis of the TR and ATR tube. In this presentation
we shall look at the tube from a slightly different angle to show the
general trend of, or the procedure followed in, the preliminary de-
sign and cost considerations required for bidding on a contract.

Initiation of Tube Request

let us suppose that some company, or some branch of the Ser-
vices, or one of the laboratories associated with a Service Group,
wishes to procure a TR tube, We!ll pick on the Naval Research Labo-
ratory. Say that they have become interested in a radar system to
operate at 15,000 Mc, For their radar set they want to use the modern
type of duplexing, That more or less automatically means that they
want a broad band TR box, We?ll follow this tube through the stages
fram the bid proposal to the cost estimate.

The Naval Research ILaboratory writes up the requirements for
constructing this particular radar system, There will be a number of
tube components; system components and equipment components necessary.
They submit their requests to the Bureau of Shipments, from where they
are issued by the Contracting Office in the form of bid proposals,

Bid praposa;l.s for tube components are semt to tube mamfacturers, for

indicating systems, to mamfacturers of them, etc. The proposal
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for the TR tube, drawn up in legal form, and liberally sprinkled with
the legal terminology of whereasis, whereby's, states that what is
wanted is a 15,000 Mc, broad band TR tube (12% bandpass) with inser-
tion loss held to a practical minimum, the VSWR to be as small as possi-
ble, the tube to withstand 100 Kw, power, to operate at a duty cycle of
o001, 1 psec pulse, and to be used with a 1N26 crystal, The proposal
asks the manufacturer interested in bidding for the contract how he is
going to make the tube, how long it is going to take for delivery and
how much money he is going to charge, |

The contract to be awarded may be in one of several forms: cost-
plus-a~fixed-fee, fixed-price, fixed-price-negotiable, Most of the con-
tracts that we get from the Navy are cost-plus-a-fixed-fee —- that is, to
the cost of producing and delivering the items & fee of 7-1/2% is al-
lowed for profit. |

The bid comes in through the Sales Dept, Several copies are
made for internal circulation, The copy going to the Englneering De-
partment contains pertinent specifications, It is then up to the
Engineering Department to tell how it is proposed to construct the
tube, and estimate how long it would take to complete development.
A cost analysis is made, The information is collected and returned
in the prescribed form as an answer to the bid proposal. The Navy,
pleased with our planned design, and impressed with our speed and
economy, awards us the handsome contract, and we are in business.
Simple, enough? Let!s first look into the work involved in the proposed
design,
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Structural Considerations of Envelope

in proposing a design, or setting np a development pfogx'am, the
first thing that we have to decide is what the tube is going to look like.
Since it is a broad band tube we would expect it to be made of waveguide,
with normal mounting flanges to mate properly to those in use in the sys-
tem. If no flanges are specified, we can be fairly arbitrary as to the
provision for coupling the tube into the systen.

It will be recalled that the TR tubes are effectively bandpass
filters set in waveguide, We have to chocse the waveguids, Various
groups of people have gone to some trouble to tabulate possible wave-
guide sizes in terms of frequency coverage, Frequency coverage is de-
termined primarily by the cutoff frequency and the frequency at which
other modes than the fundamental may interfere, Each condition can be
represented in terms of simple formulae. The type of propagation with

which we will be concerned is cutoff., We generally choose rectangular

waveguide, and operate with the direction
| T '
? of the E field running up and down, with

PR one variation in directivity down the

length of the puide and none in the

e '

b~dimension, This is known variously

] 1 as the TE,,, TE,, or TEy, mode.

From the published information on rectangular waveguide sizes
vs frequency coverage, we choose one with dimensions .622" x ,311" x
~00". The OLO" wall thickness is not critical but we'll keep it
anyway. A rectangular guide of the internal dimensions given is capa-

ble of propagating frequencies ranging from 12,400 Mc. to 18,000 Mc.
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wWelre quite fortunate , 8o far, since we are practically at mid-band.
Sometimes in selecting a waveguide size we find that our frequency of
operation is up near one end or the other of the range of propagation.
Then we have the headache, complicated by other considerations, of de-
ciding which of two sizes would be less bad. So far, however, we're
doing all right, and we'll go on to the next step,

Here we are very much concerned with the type of material in
which we can obtain the waveguide. We find ocurselves pretty high up
in frequency, so that i_t might be pleasant to make the tube body of
90% silver ——pleasant from the standpoint of conductivity and appear-
ance, But we!d better find out how big the tube is going to be.

There might be so much silver involved that the cost would be disagree-
able, Let'!s say that silver is an attractive thought, but wetd better
look around for other metals,

One of the most likely metals, meeting requirements of rigidity
and absence of contaminants, is 90/10 bronze, If we find it made in
the size we want, it will be an excellent choice., If it is not avail-
able and we have to go to something like commercial brasé, of which
there are many varieties, we have a contamination worry, In the pro-
cess of brazing commercial ‘brass we run the danger of contaminating
our .furnaces with zinc and other umlcme metals which will cause
much sorrow and havoc when we process parts of magnetrons and other
» Zinicky tubes through these furnaces,

Not possessing a multitude of furnaces, we are somewhat skep-
tical about working with brass. If we have to use brass, there is
a trick which will help out. The tube with the ‘necessary jigs and
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Pixtures is placed inside a box small enough to go through the furnace,
and processing is completed in this fashion. It has been used rather
effectively by others in the field, but we have tended to shy away

from this expedient since there is danger of leaks in the box.

We could make the body of steel if manufacturers happened to be
drawing steel this size, It is an off size, though, so that there would
be little likelihood of obtaining it. It just so happens (to make things
easier for us) tha"o we can get 90/10 bronze in this particular size,

We are ready, then, to go ahead with the design.

Next we decide how long the tube body is to be, This involves
knowing the mmﬁer of elements necessary for the bandpass we need, Some
knowledge of general filter considerations in waveguides is required,
The Rad. Lab, series is very useful in finding this information, "Mi-
crowave Duplexers," Vol. 14 of the series, edited by Smllin and Mont-
gomery, has many formulae for the power loss in the tube, In general,
the loss is expressed as a logarithmic function

Loss = log,, F(b,&, xg)

where b is the susceptance of the tube elements

and £ is the distance between the elements.

and A, the zuided wavelength,

This formula predicts the bandpass plot, which will have a number of
bumps in it, depending on the mmber of elements used. The methods

foi- solving bandpass filters in terhxs of the susceptance of the elements
employed and the mmber of elements, has already been indicated in
previous lectures., After we go through the calculations, we find
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that what we want is a tube with two gap structures. The susceptance

of each gap is twice that of each win-

log © dow., The elements are spaced a quarter
/2 b b b/? guided wavelength apart. We could if
& o e wished put in a third susceptance.
—=1 i g/h»-—— That is, have a triple-gap tube, But

the four element tube will pr.obably
give us the bandspread we need at 15,000 Mc,
Contimuing from this point, we determine the length of the tube.
We find a formula which will tell us how long the guided wavelength is.
This formula is in terms of the cutoff wavelei;gbh, Ays and the wavelength
in free space, A

o
)\0

A =
g 1~ (A

The wavelength in free space is readily obtainable from the familiar re-

lationship among the. terms frequency (£), wavelength (xo) and velocity
of light (e), (}\o = ¢/f) Since c = 2,998 x 1010 cm/sec, and £ = 15 x
109 CoPoBoy 7‘0 is approximately 2 cm,
For the value of the cutoff wavelength, we haﬁ its relation
to the dimensions of the guide
A = 2 ab
° A(ma)® + (mb)°
where m is the mmber of variations of the field along the up and

down direction (a to a) t the guide,and n is the muber of varia-

tions along the wide dimension (J). Utilizing the knowledge that we

have the TEOI mode, we can substitute O for m, and 1 for n, This
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redusas the exprassion for h_ %o 2a, ory (2 x .01 x 2.8L) en.  Bow,

substituting the 7alues of )‘o and ‘)‘.c in the forma for 7.3‘., we £ind
that one puide wavelengbh ot 15,000 ¥c, is approcimetely 2.8 o
Do tube is Lo be made of thrze quarbter guided wavelengbths, so thay
the length wiil te

Ao (34)(2.6) £ 2 eme
The tube is slightly less than 2 cm. long, and the spacing bebtween =le-
mente is slightly over .65 cm.

In dssigning the tube for actual construction we would make oux
caloulations less approximate. Rven so more exact evalvaliors of the
formilae .wi'.ll not necessarily give the proper tube iengbh for hest band
spread, for we have to take into accouni fiirging. Frirging is the
. geneval heading we use to cover a few offects on bandpass that we con'h
know too much about. Into this classification w2 tess such things as
the interaction existing betwesn the various intzrnal rosonant elenents,
and the di..scontinui'tis_s in the guide sides, Thke Lringing phenomenan
tends to throw the ca.‘i.ct.zla*bions of'f somewhat. Usuelly the effect zan
be neglected; but il the handpass is seriously narrowed ny fringingy Lhe
spacing between the e.lements may be impreved with whe use of correction
factors available in papers published in the company.

liesonant. Gap Configuration

We know where to place the resonant elements in the tube body.
Tt i¢ time now to decide what the elerants will look alile., All we have
decided about them'so far is that the susceptance of the windows will
be one-half that of the gaps., It will be more convenient to discuss
these elements in terms of ’c.he doubly loaded ), rather than their sus-

ceptance, DBy definition we have
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where ® is the frequency of operation

and w,, o, ocour waere the tobal susesptance B = I

L

Bearing in mind this definition of the doubly loaded Q, we find,
through the use of the Rad.. Lab. books, or obher convenient publications,
that if our gap ('s vary between L and 5, and the window Qs are cf the
order of 2, we will obtain a good bandpass structure when the elements
are spaced a quarter guided wavelength apart,

Our problem at this stage is to {firnd scome form or construction
of the resomant elements which will yield a QZL between I} and 5. Most
likely we will try for a pair of elements with QQL of L, another pair
with QZL of 5, and probably one in between., L rescnamt gap or iris cut
in diaphragm or baffle is the standarc methed of providing resonance ab
these hi.gh firequencies, The catch is that we don’t know too much aboub
calculating the thesoreticzl performance of any one iris iype,

An iris being merely an opening in a baffle, so shapad as to
transmilt erergy of a givén frequency, one of the earlies® apertures
was a simple rectangular slct, The capacitance resulting from the length

of this opening is rathér high, giving

toc large a doubly loaded Q. To keep

- the gap small without sacrificing the

doubly loaded (O, the rectangular shape
of the ovening was changed into that
of a dumbbell, where the length of the

<::::::::::) I capacitative opening is small, and the

circular holes provide inductance,
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The capacitance of this pattern is still on the high side, however, for

the low value of Q?L needed, and the leakage energy far in excess of

the limit specified, The gap had to be narrowed still further, yet

at the same time the capacitance de-

creased, This was effected by narrow-

ing to points the portions providing

— capacitance. S8ince the gap spacing
is critical and has to be controlled to tens of thousandths, and even

to hundreds of thousandths, it wes

found advisable to make at least ons

menber of the capacitive circuit com-

ponents movable, This brought about

the adjustable threaded cone or post,

Once you consider cones and posts, you have more variations
available in the geometry of the resonant element. The capacitive
unit need no longer be mechanically a part of the bhaffle. Also straight
line surfaces can be set in the guide to provide inductance., Thus we
have the separate cone and straight baffle combinations,

Of the various possible combinations; let us narrow the choice

down to one -of three most commonly employed

Vel
\ | A
1 2 3
X-Band C-Band S-Band
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Type 1 is used at X-Band =-e.2., the 1B63A, It has hollow
truncated cones.

Type 2 we see used in most C-Band tubes, Note the TR361 and
TR331. The cones are pointed and solid, except for the one in which the
keep-alive is inserted,

Type 3 is employed at S-Band,

A deciding factor in choosing one of the three types is toler-
ance requirements. The higher the frequency, the more important toler-
ances become, lLet’s take up Type 3, We look back at our experience'
with this type at 3000 Mc., We recall that we had quite a bit of trouble
there, and we can be fairly certain that these troubles will be amplified
at least by a factor of 5 at 15,000 Mc, We turn our attention to the
other two types.

Say that we can make the straight plates that form the baffle,
and locate them properly in the tube body. We then have to select one
' of the two cone types. Suppose we become intrigued with the truncated
cone, To make hollow cones with cut-off ends we have to have a complete
set of about 18 special drawing dies, The 1B63A cones are 200" high
and have a 36° taper., The cones we will need for our tube will have
to be something like ,150" high, so that we cammot utilize the dies
already on hand for X-Band. We would have to take into account for
the bid request whether or not we could set up someone to make the
drawing dies, and, if we get the contract, whether or not the expense
of the drawings would be allowed, Assuming that the expense will not

be allowed, we are left with the second type.
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Our next problem is to find the dimensions of the parts. We
can go back to the susceptances and find out how dimension variations
affect susceptance. Knowing what susceptance we want , we can arrive
at approximate values for the size of the structure. | The results, how-
ever, are apt to be no less approximate than those ohtained by scaling
from a tube that has already been developed, We might take the tube
at X-Pand, for example, and reproduce the cones on a smaller scale, cutting
them down by the ratio of the wavelengths.
Direct scaling is a practical short cut in design that is effective
when the ratio of the guide dimensions is the same both for the tube to be

made and the tube used as a model., If we decide to copy the cone-baffle
| configuration of the 1B63A, we note

\ / that its internal guide dimensions
E& are in the ratio of 9/4. Since the
waveguide inside the dimensions of

- 26

1B63A (3.33 cm) the 15,000 Y¥c, tube are in the ratio
of 2/1, we would remark that direct scaling does not seem advisable, If
we wanted to design a Kl TR tube, observing ‘that the inside dimensions
of the tube body are ,1L0 x ,280, we could scale directly from the 15,000
Mc tube, as soon as the latter was campleted and working correctly.
Suppose for the 15,000 Mc, tube we try to scale from the
1B63A, anyway, It is possible that the end results will not be too
far off from that required, We can begin by getting the iris opening.
The baffle width of the 1B63A tube is 262", To estimate the baffle
width of the 15,000 Mc. tube, we multiply this dimension of the tube
set up as the model, by the ratio of the wavelengths. The wavelength
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of the 1R63A is 3.33 em; that of the tubs urder 3sign, 2 cm. Thus the
width we want is about (2/3.33)(.262"). With th's dimension and the in-
ternal width of the guide, we have fixed the iri~ opening.

We'll copy the 36° taper of the cones making them solid pointed
instead of hollow truncated, That gives us suff cient information to de-
termine the cone geometry., We want four solid cones, and we'llmake them
of OFHC copper to eliminate conductivity worries. In one of the cones
we’ll drill a hole for keep-alive lead insertion, One cone in each reso-
nant circuit is to be ad justable, so we will provide a tuner assembly for

‘ it, consisting of a diaphragm at the

5 / 002", 003" base of the cone and a tuning screw
—£:: or plug inserted through an axial hole

(]
»°
drilled from the base. The design
MJ \\--~—-

can be checked by someore in the plant
~ skilled in the mechanical aspects, who
will be able to tell whether it is feasible, or will suggest improveme:nts.

Assembly of Resonant Elements:

Now that we have the tentative design of the resonant elements,
we can consider how we are going to place them in the tube body. After
wetve cut the waveguide the calculated length, we usually slot the body
at the points determined by the electrical spacings calculated. Through
these slots we slide the baffles. Similarly, through properiy located
openings in the wide dimension of the waveguide we can insert the cones.

Clearance is going to be one of our worries, It is desirable

that the fit of the baffles in the guide be as close as can be tolerated,
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We couid make the bhaffle height. greater

than .311" and score the guide, but

u L i |
I that is likely to get us into trouble,
—
“ As a matter of fact, we may already

n iy i l be in trouble because a tolerance of

+,005" may have to be combined with

the .311". We can overcome that obstacle by assuming that we can obtain
the waveguide with a tolerance of *.002", and that we can buy or make the
| baffles to fit satisfactorily into the muide, We then can slide the baf-
fles in so that they are reasonably straight, and anchor them to the body
by some means. When we have assembled two goneabaffle structures in the
body, we can place the tube on a test bench and obtain a VSWR plot, From
this plot we determine the resonant frequency for a given gap separation.

Since the spike energy is, among other things, a function of
the square of the gap spacing, we would like to maintain the separation
between cone points to ¢ small value. From owr experience with other
tubes, or from published tabular informaticn, we guess that what we
want is a gap spacing between cones of .002" to 003", We might
find as a result of the unorthodox scaling that the resonant frequency
is obtained with too large a 'gapc. Then we would have to correct the
iris opening.

If initially we soft soldered the baffle plates into the
waveguide, we can unsolder them and readjust the baffle spacing, If
we had cut the slots too deep for the iris opening we need, and then
pulled the plates out, the gap left would be a good spot for leakage,
What we would probably have to do is cut several depths of slots s and
keep adjusting the iris width until the cone-gap separation was what

we wanted. Then we would make a VSWR vs frequency plot and calculate
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take that acg a feirly gocd shbart ang coneider tre ne @ step in nssembly.

VWindow Desi Lil

s

mtting windows on the tube iz a delicate arndertaking requiring

fine techniques %o avold cracks and hubbles ia ke g 388 and poor seals.

We usually combine a kovar frame with glass and choc e the latter to
give the best seal to' kovar and the least r-f loss, Glass for windows
falls into three princinal categories, 70L, 7052 anc 707, After check-
ing the dielectric prorerties we sslect 707 glass be ;ause it has the
best r-f properties f‘c»r: our purpose, and a% the sam¢ time we hcpe we
have not made for ourselves too much of a sealinz p: >blem, |

We méy seal. the glass to oxidizéd kovar, or, with new tech-
niques, to unoxidized lovar. The former haz been used more by us, The
sealing process may be effected either by r-f or by furnace techniques.
Where the window is relatively small, the r-{ technique is necéssary,,

Having decicded oa the componernt parbs we turn our attention

to the propertions, The size of the frame or kovar blank is fixed by
' b

_ the dimensions of the wavepguide, since
preer s ] ’

J._ § the window is to terminate ths tube
. i 391
__;_ a body, Thus it would have to be at
i
. R leagt 622 + 2(.0L0) by 311 + 2{.0L40O)
for best fit, Locating the window on
[ » ~ 1] the tule body will no® concerrn us toc

muzh at thie point. We could easily
enough put ¢ rectangular flange on

thz body in such a way that supporting

surfaces are provided for the window.
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of operation. We can wks use of an exyiriszal formila to cet apprc»};:;,m
rmately the a' and b? dixer sinns of the opening. This formila relates

the a? and b* of the windcr with e 2 and » of the hlark Zn terms of ) o°
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The a? value cin be Yguassed! fairly well vy the fact that
a Q2L of the Qrder of 2 is to be the finmal result, Here, again, know-
ledge gained fron earlier developments is drawn upon. We can examine
the window of the 1BS3iL whare the Q is lc?” and the window of the X~7109
where the @ is 2‘,1 ani esh mete what Sractisn of the waveguide each window
is. On the same basic we -an estizate or cinose the 21 as being of “he
order of 070", The L¢ th:n will come out to be of the order of . 300",
An opening of tiese dimensions will give proper rescnance
if the diaphragm is very tiin., 3u® th: thiskness of the glass will
change the charav‘:teri:%i.ic Lapedancoe o-i‘. the opening and, hence, its
resonant wevelenzth, Thers zre formulsz available in handbooks for
correcting the opening arg. for cCeternining the epproxdimate glass
thickness to give a geod ratch. We will find that ,020" is about
the right thickness.
We would check the performanze of this preliminary design
and probably dis:zover it s a nocr mabeh, There are two moasures we
take to correct the impedance, We may grind down the thickness of the

gless and we may decrezse the iris size, The latter is conveniently

accomplished by removing the oxide from the kovar, pminting strips
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of the glass along the boundaries with silver oxide paste and firing
the window at a reasonable temperature. This forms metallic strips
that diminish the rectangular opening to the size suitable for resc-
nance with the glass thickness chosen. Finer tuning is accomplished
by grinding down the thickness,

Mechanical performance is then checked by various tests,
After our window has passed the vibration, crack-cycling and other tests
of mechanical strength, we are faced with the problem of anchoring the
window to the tube; We would prefer hard soldering, because then more
can be done in the way of high temperature processing to remove contami-
nants, Techniques of hard soldering on a production basis have not as
yet been perfected, however; and this problem should be kept in mind
when estimating developments costs,

Leakage Power Controls

In addition to the resonant element designs for the bandpass,
we have to give some thought to the protection afforded the receiver
crystal at high power levels. Assuming that we maintain the .002" -
~003" gap, we must put in a gas fill to counteract the high spike
energy obtained with low=Q gaps. If the crystal burns out when 1/3 erg
is applied to it, then we have to keep the spike to a maximm of .l erg.
We need an easily ionizable gas, such as argon, But at the same time,
we aim for a rapid recovery time, so that we have to sacrifice some of
the protection by ad&ing water vapor to the gas fill, Investigation
has for a long time been, and currently still is, in process to find
an element or mixture which will give reasonable recovery time and

adequate crystal protection.
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Meanwhile, prior experience has taught us that an argon-
water vapor fill of about 10-12 mm pressure Hg is a good starting point.
We can experiment with the percemtages and the total pressure of the com-
bination until the tube performance is satisfactory,

Also we have to put in the tube the keep-alive lead that we'lve
" been hinting about all along., Even with the very low Q's, the resonant
build-up across the gap is not sufficient to establish a firing condition
soon enough to block r-f energy from the crystal. With the keep-alive
lead we always have one of the gaps "idling." A comparatively small in-
crease in r-f voltage on the tube will fire the gap more rapidly,

Estimate of Development Costs

We have generally blueprinted the plans for developing the
tube. The only item remaining to consider is the cost of the develo;;meﬁtc
For this tube we can guess that the advisory services of a
Sr. Engineer will be needed for from 3 to 6 months, The Sr. Engineer
steers the Jr, Engineer, who may often be a new employee, onto the right
track, a path often found the hard way. The Jr. Engineer will have to
take care of life tests, or use testing time in the Test Department.
A technician’s time, as well; will be needed. And some estimate should
be made of the cost of engineering paper work,

To complete this discussion we can give some sample figures,

If we charge
1/3 year for Sr. Engineer, say, $2,000,00
1 year for Jr, Engineer, say 3,500,00
Technician time 1,000.00

then, engineering labor costs $6,500,00
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To engireering lavor costes add 1506 o rhead, abous $5,000
for material and a 7-1/2% fee for profit, and ve iave fairly good in-
sight into the cost and extent in time of develo .ng the TR tube.

It shquld be.kept in mind that if the :omiract is fixed-
price, amounts spent on developmemnt over thet es.imated will he paid
for out of our own pockets. If the contract is :!ost-plus-a-fixed-fee,
it sometimes is possible to get more nmoney tc cciplete development
but the fixed fee remains fixed, cutting the per:entage profit, So,
even on the so-called "safe" contracts, a risk i: involved, That this
risk shall be taken with full awareness and as ¢ matter of definite

consistent policy, is one of the most important  iobs of engineering

managenent .



OPERATION AND DESIGN OF TR AND ATR TUBES

Tecture No. 1

Some Background Notes on Radar Systems

To conclude this series of lectures, which has focussed
on various features of the TR and ATR tubes, we consider the sys-
tems for which the switch tubes were developed. A brief’survey of
the early history and developments in radar, in addition to an indi-
cation of current trends in the field will be given,

Origins of Radar

Observations of the reflections of radio waves from objects
directed attention to the principles of radar both here and in England
in the early part of this century. The reflection phenomehon was
mainly of academic interest until scientists used a radio-pulse echo
technique to measure ionospheric heights in 1925, Within the next
ten years, individuals in various countries independently noted that
echoes could be received from objects smaller in extent than the iono-
sphere.

The notes and observations of the principles evolved into
the notion of detecting aircraft and ships at about the same time
in America, England, France and Germany., By 1935 development of radar
as a practical working system was underway in Eﬁglando Being pressed
by the urgency of immediate defense needs, the British had radar
systems in production at the start of the war. A system of early
warning radars ringed the coast of England in time for the shooting
part of the war, America proceeded slowly in early experimentings,
but accelerated the pace of development after it became directly

involved in the fracas,
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Advent of Pulsed Microwave Radar

The early warning radar systems operated at frequencies
of from 100 Mc., to 600 Mc, This band was used because it was the
highest frequency range permitted by the limited techniques of tube
construction, commnications circuitry and associated propagation
methods. The equipment engineered to perform detecticn was tremendous
in size and cost. From thiz point of view alone adventure into higher
frequencies for extending the function of radar systems would naturally
be tempting to engineers knowing that size of components varied in-
versely with the frequency. A greater incentive for exploring possi-~
bility of the frequencies above u-h-f was the desire for accurately
determining directich,; logically added to the need for finding the
range of an object, This implies the necessity of focussing the
energy propagated into sharp beams, The width of the beam depends
upon the ratio of the antenna dimensions to the wavelength of the
energy radiated., Given an antenna of fixed size, the beam width
varies directly with the wavelength, |

The greatest push toward expanding radar developments was
given by the arrival of the improved magnetron., The magnetron had
been a laboratory plaything in the early 20is of this century. :
When British scientists in 1940 produced the cavity magnetron as a
source of high power microwave pulses; it provided the impetus into
microwave research and brought into view innumerable refinements
and extensions of radar functionings, in addition to the portabi-

lity feature,
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The microwave region for radar purposes ranges from 1000 Mc.
up. The lower frequency or upper wavelength limit being set by the
size of an antenna practical for the size of the airplane. The upper
frequency or lower wavelength limit is set by the propagation charac-
teristics of microwaves and the atmospheric conditions surrounding
our earth, Microwaves are not reflected from the ionosphere, there-
fore limiting detection of targets to ranges within line of sight,
During the enthusiastic and successful conquests of the higher
frequencies for diverse applications, systems were developed and built
to operate at K-band around 244,000 Mc., creating a new high in compact-
ness and definition of information presented, One of the saddest
discoveries, though, after these sets were put in operation, was the
phenomenon of absorption of this wave energy by water vapor, hampering
target search on this band in moist atmospheres., Rain or fog washed
out the picture on the indicator., To get beyond the water absorption
point research was pushed to the shorter wavelengths - = the xlwband
(35,000 Mc.) More recently, in an effort to keep K-band definition
and completely avoid moisture-absorption, the trend is to the lower
frequency side of K-band, or K,, about 16,000 Me.

Radar Range Limitations

In regard to range coverage of radars an interesting limita-
tions is a blind region caused by reflection of waves from the sur-
face of the earth or sea, This is neatly illustrated by ~‘c,he trick
played on a group making an evaluation test of early warning defenses,
Thirty planes were used in the test., They were flown in towerd the

defense system in three groups, The first group flew in ai an alti-



Lec. No. 1l -l = TR & ATR Tubes
tude of 30,000 feet and were detected about 120 miles distance from
site, They were theoretically conquered. The second group flew to
the objective at an altitude of about 10,000 feet., They were picked
up on the radar system at something like LO or 50 miles away and theo-
retically conquered, The third group, however, flew in at about 150
feet abcve sea level, The first warning the radar operator got of
this group was seeing them overhead,

The absence of signal in the last case resulted from inter-
ference due to reflection from the earth. If we consider an antenna

on a tower, beaming signal at an object, we note that the energy reaches

the object by two paths, one directly,

( the other, by reflection, or effect-
ively, from an image antenna, (Fig. I)
The returning echo energy is thus

T TTTTTT 777
v 7 composed of two signals, with a

i Fig. I
phase difference that might cause

disturbing interference, depending on distance and altitude of the

object. The extent of interference is readily seen by noting the
effect on the radiation pattern
of the antenna, The contour of

the directive antenna's coverage,

without a ground plane,which is that of
Fip. II
Fig. II, becomes the lobe structure
of Fig, ITI. The elevation angle

from the ground of the lobe is

\N\x

— ’S inversely proportional to the dis~
levation '
a}gle tance between the antenna and its

Fig. III
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image, If this distance is measured in terms of the wavelengbh of
propagation, it can be seen that shorter wavelengths of propagation
will bring the lowest lobe closer to the reflecting surface, allowing
coverage at lower altitudes., That principle is one of the reasons
for shifting warning radars to higher frequencies., A diagram of field

strength may be made to taike into account

Target

1 p) ’ - /l - -
- ! the curvature of the earth, as in Fig, IV
% ﬁ:‘P ’l ¥ 9
! which indicates possitle radar coverage
<
ST T F 7 in terms of azimuth and range.

Range in miles
Since microwaves are neither reflected
Fig. IV

from the ionosphere to the extent ob-
served at frequencies below 30 lic., nor spread around the curvature
of the earth by the diffraction peculiar to lower frequencies, their
coverage is more closely limited to line-of-sight range. There is,
however, a special condition of the atmosphere which will permit range
beyond the horizon, known as the duct effect; on which investigation
is currently in process.,

This duct action is due to a temperature gradient which can
produce a rapidly changing index of fefraction, Over a relatively
smooth sea, where the duct action is more prevalent, the layer of
air in contact with the surface of water is very nearly saturated
with water vapor, The layer of air above is not. That is, the
continual evaporation of water vapor from the sea is diffused into
the region of air above the sea, This would mean a vertical gradient

of water vapor concentration, heaviest at the surface of the water

and diminishing with respect to height above the surface, Over land,
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warm masses of air radiating heat from the earth at night, may cause
to be formed a thin layer of cold (dense) air just above the surface.
Again, there is a vertical gradient, the refractive index decreasing
rapidly with distance from the ground.

A sufficiently sharp change in the index of refraction will
bend rays making an angle of incidence greater than a critical angle
for total reflection; sc that they
A et v e T T

» follow the curvature of the earth,

o a3 " «o (3
- Y vo o "‘"wo,"‘ e,
" v

°
« o

The distance from the surface at

which this bending occurs is the

Fig. v top of the duct, which, together
with the surface, form a kind“of waveguide in which waves are trapped
and transmitted around the earth for umusual distances beyond line-
of-light. (See Fig, V.) As far as has been observed, t he duct action
usually is confined to the microwave region. For, similar to metal
wéveguides, ducts have a cut-off frequency which apparently is a
function of the height of the duct and the steepness of the refractive
index within the duct region. The height of the ducts ranges from a
few tens of feet to a few hundreds of feet.

Categories of Radar Systems

Radar systems may be c'lassified by function and by size,
The primary functions of radar, in its current stage, are search,
fire control and navigation, Other usages have come into existence
with the need for counter measures against the enemy; and still fur-
ther applications are being found to satisfy the exiggncies of

modern expanding navigation. The microwave bands have been allocated
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in accordance with the most satisfactory power fulfillment of the
varicus functional requirements, but there is no rigid demarcation
between bands, principally due to size consideration. |

The desirability of moving systems with ease to tle area of
operation soon brought into prominence the engincering of i1ovable
urite. Generally, units that can be moved are (1) either ortabie
with handles, (2) or transportable, truck borne, (3) airborne or
(4) shipborne, In a system destined to be portable, weight is a
prime factor. To get maximum performance for the limited eight
allowable, it is a natural course to go tc a wavelengih shorter than
used for a permanent land system of the same function. Thus, the
overlapping of allocations is readily understandable; whers a band
ordinarily used for fire control may be used for search as well.

The following table indicates ths general trend of emplcyment
of the various bands for radar purposes:

Frequency Available Approxircate

Band in Mc. Power Range in Miles Usual Function

L 1,000 10 Megawatts 350 Early werning, search

S 3,000 About 1 Megawatt 200 " " "

¢ 5,800  About 350 Kw, 8o Seurch

X 10,000  250--300 Watts 100 Fire control,some search
Ky 16,000  Current experimental for narigation

X 24,600  Up to 100 W, 5 High de’inition navi-

gation (timited by
center zbsorption),
and weather tracking

35,000 Abtout 50 Kw, i5 Weather tracking
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Range is determined by frequency and such other factors as
power output, antenna gain, and receiver sensitivity. The range fi-
gures given are on the basis of the heights above ground obtained
with aircraft,

Radar Courtermeasures

The principles of radar were known td the enemy as well as
to the Allies. As a matter of fact, the enemy early warning system
in the vicinity of 500 Mc, was exceedingly effective, The northern
coast of Europe was quite thoroughly covered with the systems, It
i became necessary to devise means of gettingz through the screen safe.lyo
Radar countermeasures were developed to " jam" enemy equipment,

An extremely effective method for disturbing and confusing
reception on radar indicators consisted of transmitting random noise
at the operating frequency of the equipment to be jammed. One such
Jarming system developed as part of the program at Radio Research
Laboratory was built around a specially designed oscillator tube,
the resnatron, The resnatron is a tetrode, operated as a Class C
oscillator, in the freguency range 3L0-525 lc., and czpable of deli-
vering up to 60 Kw. continuous power at high efficiencies. A noisy
gas tube provides source noise, which is amplified to modulate the
transmitter with 5 Kw. of random noise,

One of the importamt factors in designing the tubs was that
it b: demountable for field use. Interestingly enough, mebility of
the entire system was achieved by housing the components of the units
in ten trucks and a trailer. The assembled resnatron tube weighed

in the neighborhood of 250 1lbs, Two resnaircn oscillaiors could be



Lec, No, 1k -9~ TR 7 ATR Tubes
operated sinmltamoﬁslyo Two others were standing-by for immediate
use, At the first installation in Southern England, the antenna de-
sign had not been completed and a temporary antenna was rigged up,
This was a huge horn made of chicken wire, and about a quarter-mile
long. The permanent antenmna was designed for truck mounting, Two
accampanied each installation, one tor the 460-625 Mc. operation, the
other for 340-520 Mc, operation. The performance of the system was
so effective that the enemy became furiously busy with changing the
frequency of their warning radars, As fast as the frequency of warn-
ing systems Wa8 changed, the frequency of the jamming sysiem was
changed, For about a year there was an energetic game of hide-and-
seek,

A rudimentary technique of Jjamming radar systems utilized
"window"® . These were pieces of aluminum or tin foil cut to be half-
wave dipoles, Bales of them were thrown out of planes to mask by a
cloud of noise the information about the plane returned to a radar
| system, When "window" was
falling dowrward, the "grass" or

noise level (Fig. VI) of the radar

noise level Ywindow" effect

scope went wild, making it almost
Fig. VI
impossible to detect a target.
During heavy air raids, several tons of "window" were thrown down-
ward. One of the amusing results was that Ardenne Forest in Belgium,
which is largely evergreen, the day after a raid was turned into a

forest of predecorated Christmas trees,
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F-M Radar

Although the major portion of work done on radar involved
systems using pulse techniques, it should be noted that echo signals
are obtainable when transmitted signals are other than pulsed. The
pulse technique was heavily favored since it provides the simplest
method of measuring elapsed time between transmitted and received
signal, and, hence, distance between receiver and target., For dis-
tinguishing between two or more targets, and obtaining maximum in-
formation at high rates; the pulse technique is superior to other
techniques, But, since echoes camnot be received until transmitted
pulses end, there is a definite minimum on the range of the system,
Where requirements call for working down to zero range, and the rapid
rate of collecting information is of secondary importance, c-w radar
systems can be used successfully. The radio altimeter is a good il-
lustration of this case, where only one target, the earth, is of
interest, and the rate of information needed about it per second
is relatively low,

There are a number of c-w systems in use for variocus pur-
poses, The radio altimeter utilizes the f-m technique of range de-
termination, The transmitter operates contimously and is frequency-
. modulated, Briefly, range of the target is computed by measuring
the frequency of returned signal and comparing it with the known
variations with time of the transmitter.

Another application of f-m radar is the tail-warning de-
vice. This is a system placed in the tail of an airplane to keep

the pilot informed as to whether or not somebody is behind him,
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Refinements in Radar

The urgency of developing radar systems as aids Lo warfare
accelerated the investigation of possible improvements, The rate of
developments was so rapid that radar became one of the fastest grow-
ing engineering industries ever known. It would not be possible
within the scope of this lecture to note the various types of systems
constructed and put into use, Of prime importance, perhaps, are those
which were worked on to increase the range coverage of the system, and
to simplify the inmterpretation of information received. The airplane
early served as an expedient for adding to the range. Many systems
were found for presenting more exact information, among thecse the
PPI, the various methods for azimuth determination (such as lobe or
beam switching) and the clutter elimination contrivancés.

One of the height finding methods made practical use of the
lobe pattern resulting from interference of direct \am reflected
waves, (See Fig, IV), When a target lies well within the coverage
pattern, the detection of such a target depends upon its altitude
as well as its range, If the target is a plane approaching the radar
at a constant altitude, the echo from the plane will vanish; reappear,
vanish, etc. as it crosses the lobe pattern, The interference pattern
can be calibrated with a target plane at various heights so that range
and altitude of a ﬁarget is given by the mammer in which it fits into
the lobe pattern, Each such installation has to be calibrated, but
the results are well worth the effort. lThis method of control was
the forerunner of the more accurate tracking of aircraft by ground
control of approach (GCA), currently being discussed for ccntrolling
traffic at airports,
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Moving-Target Indication
In ground installations where the primary function is ob-

taining information on airplanes, a major nuisance is the echo in-
formation returned from fixed landmarks., The radar displey becomes
cluttered with signals from nearby mountains, stationary structures,
etc., which are of no interest to the operator. To present on the
display solely that which is of value, the moving-target indicator
(MrI) is so constructed as to select only moving targets. For this
purpose the response of the system to moving‘targets differs from
the response to fixed targets., The Doppler effect, or shift in
frequency, or change in phase, resulting from reflection from a moving
object, is taken advantage of in differentiating between the fixed
and mobile, By means of a delay system and the subtraction of one
sweep from its succeeding sweep, echoes of fixed frequency response
are cancelled, The radar display, then, is relatively cleah for a
clear picture of such targets that are moving with respect to the
radar installation,

A further application is the detection of convoys traveling
on the road in darkness, The MIT is installed in aircraft to improve
coverage, Compensation is made for the motion of the antenna and the
speed of flight to cancel out the effect of stationary objects on
the ground, moving with respect to the aircraft. In this mammer
early detection is possible of trucks moving down the hi'glmays at
night,
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Radar Relay
One of the means of extending coverage of radar systems was

the development of relay links, Considering the line-of-sight limi-
tations resulting from the earthis curvatura, it would seem that a
target would have to be at an umusually high altitude normally to

be detected at 350 miles from an L-band system, The unusu:l range
is more readily obtainable, though, by transmitting information from
one site to another. Taking adavantage of the greater line-of-sight
conditions, or extended horizon,
realized from aircrafi, a relay
link is set up between airborne
systems and the surface installa-
Fig. VII tions, (Fig. VII) Information
collected by the airborne system is relayed to the surface-installed
vsystem by a specially developed transmission system, In this manner

better air and sea coverage is obtained,

Recent Trends

The various refinements to the radar systems. have steadily
multiplied the applications possible. There is a great deal of li-
terature published on the numerous applications found for radar
since the early warning systems were first put into operation., A
few of these we have noted briefly above, All the questions, how-
ever, have not yet been answered; all the problems not yet solved.
As a matter of interest, we will outline briefly some of the more

recent programs to show the trends in development,
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Search Receivers

Under development in the countermeasures divisions are
automatic search receivers. The radar system, controlled by a motor
device, will investigate a given band. Whenever it picks up a signal
of another radar system, it stops scanning ard gives warning, by such
means as the ringing of a bell. The operator by using auxiliary equip-
ment can discover a large amount of information about the radar system
such as the detected system's pulse length and p.r.f.,and the speed
of the antenna‘’s rotation.

Also under development are instantaneous all-band search

receivers, One type is a waveguide prism which works very much on

A0
e jo the principle of an optical prism.
(%3

c That is, several bands of frequency

can he fed into the waveguicde and
(L (L*(L (L separated by the prism effect. In-

Separate Detectors ‘

Fig. VIII formation received at cne frequency

v band is channeled to the proper detector-receiver system. (I'ig. VIII)
Thus, a large mumber of frequencies can be monitored without the
need for mamual or automatic tuning. However, the number ol bands
that can be covered is limited by the waveguide.

Correlation

Improvements brought about by technical skills, though,
are nct the sole hope of future developments. In recent years there
has been a re-examination of the basic problem of the transmission
of information, especially in the presence of noise, Investigations

are being made into fundamental problems such as: what is the best
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method of transmitting information; how long does it t.ake to transfer
a given amount of information; and what can be done to separate the
information from noise. These problems can be more clearly defined
when they are related to familiar factors, For example, the trans-
mission or gathering of information is dependent on time., The amount
of signal transmitted and the amount detected in noise are related to
the bandwidth of the system.

The approach of the more recent information theory differs
from the earlier in that it combines many phenomena previcusly not
treated, Included in communication theory are such subjects, formerly
considered unrelated, as thermodynamics and statistics. Certain prin-
ciples of statistics are being adapted in interesting fashion ard
will be touched upon here as they bear on the subject.

An important notion in statistics is that of correlation,
Correlation is a method of comparing two or more items to find how
they agree, Signals used in radar are functions of time, One par-
ticular type of correlation is known as autocorrelation. inspection
of the term leads us to expect a method of relating some class of
items with itself; and that is exactly what is done to clarify the
presentation of a piece of information., Over a period of 4ime many
return signals can be received from the same object. Ve can take
one signal and compare it with itself at some later periocd of time,

The comparison method consists in. sampling the signal and
the signal delayed, multiplying them, and taking an average.

Theoretically, it would take a great deal of time to perform this
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averaging. Actually, the time of taking the average can be limited
and still permit 2 fairly good approximaticn of the signal,

There are two time factors introcduced in the compearison
method: the amount of time delay between signals to be compared and
the amount of time taken to perform the averaging process. These will
be considered as they enter into results obtained with two types of
signal -~ periodic and random.

If a signal is more or less pericdic, it is found that the

autocorrelation value is sometimes large and sometimes small. As

the delay is increased it will be

Correlation

" found that the autocorrelztion at
=1
E first is large in value, then de-
creases to a small value, increases
Delay
Fig. IX to a large value, etc, In other words,

the autocorrelation value of a periodic signal is itself rearly

periodic. (See Fig. IX.)

Now, suppose that the autocorrelation of a random signal,

such as noise is made, For a very

£
(o]
‘ﬂ 3 S =Y
E g small delay there is an appreciable
~
g ] correlation since the bandwidth is
O
o 3 re 3 .
Delay limited. With increase in delay,
Fig. X the value of autocorrelation de-

creases, (Fig, X)
Let us consider the signal as it is being received by

the system, where it shows up as a composite of both noise and signal,
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The autocorrelation of the combined signal will be a :ombiiztion of
the signal with signal; correlation of noise with noise; and finally,
signal with noise. The latter two follow the curve in Fig. . So
that as the delay is increased, the autocorrelation values obtained
for comparison of noise with noise and for signal with noise conti-
nually decreases, Therefore, if there is enough time to porlorm the
autocorrelation process so that a'relatively large delay can be intro-
duced between signals being éompared, it becomes possible tc detect
the signal in the noise, that is, improve the S/N ratio.

There is another fundamental consideration in the provblem
. of improving the S/N ratio. The question arises whether naximum use
is mede of the information being received, A definite store of facts
is on hand about the signal transmitted, ard quite a bit of informa-
tion which has not becn used is known about the echo signal. The
idea is to devise a system for utilizing this information. If,
instead of comparing the echo signal with itself; the returning
signal were compared with known information, such as the transmitted
pulse, the correlation might prove of considerable aid in detecting
signal amid noise clutter, This type of correlation s kpown as
"cross=correlation."

For example, with a pulsed radar system, a transaitted
pulse will at a certain time later, if there is a target, return
as a reflected pulse, The transmitted puls: already contains some
valuable information, so that if it is compared with the received
pulse, the S/N ratio resulting is better even than thet obbtained

with autocorrelation of the received signal.
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We can illustrate this principle by a simplified system such

as diagrarmed in Fig. XI. At the same time that a pulse is sent out

T from the transmitter to the target,
! xmtr. 1= HY = | nevr. a transmitter pulse is fed through
{ L a delay unit and reaches %the receiver
simltaneously with the returned echo
Delay signal, The improvement in eliminating
Fig. XI

noise is considerable. If the delay
system is fixed in time, then the cross-correlation will work only for
a fixed range. But the delay box can be made variable to cover in-
formation gathered at various points within the range of the radar
system. |

Cross=correlation is more promising in results and would
probably be simpler than autocorrelation.

There are then, many types of radar systems that have been
used for different applications, Others are being or will be developed,
Each type demands its own "tailor-made" components, including TR's and,
sometimes, ATR!s, Sometimes these requirements overlap., Nore often
they do not. Consequently, not only are there now many different
TR's and ATR!'s, but we may expect that other types will be required
in the future. Thesec new types, it is sale to predict, will fully
reflect our expanding experience in their ability to handle higher
frequencies, vgreater power, wider or flatter bands, or other pecu-
liar specifications, The design and develspment of these tubes

will continue to demand the utmost in ingemiity and ability.
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As a final recommendation, therefore, we shall simply
suggest the contimied maintenance of a large inventory of aspirin
tablets,



