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This invention relates to microwave amplifying ap-
paratus. Its primary objects are to provide a type of
microwave amplifier having the following characteristics:

(a) Ability to handle very high power;

(b) Wide bandwidth, comparable to that of traveling-
wave tubes;

(c) High gain;

(d) High stability;

(e) Efficiencies approaching the maximum possible effi-
ciency of klystron amplifiers;

(f) Ready coupling to and matching against input and
output circuits of conventional type;

(g) High cathode efficiencies;

(h) Compactness.

The characteristic feature of the present invention is
a means for transferring energy between microwave cir-
cuits and an electron stream, in either direction; i.e.,
to velocity-modulate a stream of electrons through ener-
gy supplied by an input circuit and thereafter to demodu-
late the stream, transferring its energy to an output cir-
cuit. In present-day microwave practice there are sev-
eral methods of doing this that differ widely as to their
effective interaction ability or ability to velocity-modu-
late an electron stream by a given amount of radio fre-
quency input power, the bandwidth they are capable of
handling and the power that they can handle. The cir-
cuits that have been so used in the past may be tabu-
lated and classified as follows:
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is very narrow. Circuit No. 6, as used in the distributed
klystron has low impedance and short time of interaction
with any individual group of electrons in the beam, so
that its effective interaction ability is very low.

The term “power handling ability” has two implica-
tions. It refers not only to the ability of the circuit to
transmit large amounts of R.F. power without overheat-
ing or breakdown, but also in the possible magnitude of
the D.C. beam current and hence to the power that can
actually be developed.

The interacting circuit of the present invention is of
relatively low impedance, deriving its effectiveness by in-
creasing the time of interaction between the input radio
frequency energy and the electrons of the beam, thus
having properties in common with the traveling-wave
tube. In contradistinction to such tubes of the conven-
tional type, however, it is capable of handling electron
beams of high density and large cross-section, being the
equal in this respect to circuit No. 6, the nonresonant
gap.

The present invention can best be understood by first
considering the known functioning of the interaction
units in a distributed traveling-wave klystron employing
a nonresonant gap, this device having been described in
an article entitled “The Duplex Traveling Wave Klys-
tron,” by T. G. Mihran, Proceedings of the IRE, vol-
ume 40, No. 3, March 1952. In this device, the bunch-
er and catcher units are substantially identical, so that a
single description will suffice for both. Input power is

‘introduced into a rectangular waveguide, which is slot-

ted longitudinally in the plane of its maximum electric
field to form a passage through which a sheet beam of
electrons is projected. In order to obtain maximum
bunching effect, the waveguides are preferably of the
ridged type, the slot being formed through the ridge.
This concentrates the electric field in the gap formed be-
tween the ridge and the opposite side of the guide, into
distance so short in comparison to the time required by
any group of electrons to traverse it that little change of
field intensity occurs during their transit.

Considering a given amount of input power, Py, the

No. Type of eircuit Effective inter- Bandwidth Power handling
action ability ability

Resonant cavity.. . Very good. Very narrow. High.

elix. v Good. Very broad. Low.
Interdigital Yine_._.. ..o .~ do Narrow_.... Fairly high.
Dise loaded eoax. ... _|7"°°" A0 e Fairly broad..... . Do.
Disc loaded round guide (TMp). .. Very good.._.__. Very narrow..__| High. .
Nonresonant gap.. ..o ... Very poor..._.. Very broad...... Very high.

ability of a circuit to interact with an electron
beam to act as either a “buncher” or a “catcher” circuit
depends, primarily, on two factors; first, the intensity of
the fields which it can establish io velocity-modulate an
electron beam passing through it, and, second, the time
during which electrons are subjected to the fields corre-
sponding to a given epoch of the cycle of the modulating
wave. To produce a strong electric feld requires that
the circuit have a high impedance and this usually means
that it is resonant and therefore narrow-band. Thus cir-
cuit No. 1, listed above, a resonant cavity such as is
used in the usual type of klystron tubes, has a very high
impedance at resonance and ‘hence is a very effective
buncher. Circuits 2 through 4 are non-resonant and
have low impedance, but because the radio frequency
field follows or tracks the beam as it passes through the
device the interaction time is high, and such circuits are
used in traveling-wave tubes. Circuit 5 is similarly used
but since it depends upon Tesonance, its waveband, too,
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voliage available across the gap to modulate the beam is,
under these circumstances,

V8= PiZO

where Z, is the impedance of the waveguide. .
The lines used are nonresonant, and because Zy is
therefore small the  effective modulating voltage V, is
also small.- As the wave travels down the guide, how-
ever, it modulates successive portions of the electron
Stream as it passes. - The catcher guide is spaced from
the buncher guide fo form a drift-space between the two
and permit some bunching of the electrons. The bunched
electrons entering the catcher guide initiate a wave in it
which travels along the catcher guide at the same rate
as the waves and the consequent modulation of the
stream travel along the bimcher guide. Therefore, al-
though both the bunching and the collection are relative-
ly inefficient, the wave builds up linearly in the catcher
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_guide. It comes out that there is very small tendency
to initiate waves traveling in the reverse direction.

Because of the low impedance of both guides and the
consequent low effective velocity-modulating voltage in
the device thus described it must be several feet in length
in order to achieve even unity gain.. This accounts for
the designation of the interaction ability of gaps of this
type as “very poor.”

In -accordance with the present invention the inter-
action units are each formed, not of a single waveguide,
but of a plurality of superposed waveguides, longitudinally
slotted, with the slots in alinement to form a transverse
passage through the entire assembly parallel to the electric
field and in the position of its maximum intensity along
the guide. As in the case of the traveling-wave klystron
each of the waveguides may be thé ridged type. Con-
sidering first the buncher, all of these waveguides are fed
from a common input transmission line and preferably
the stacked waveguides are formed by separate septa sub-

dividing a wavegnide, of very much the same overall pro- -

portions-as the input line, into a plurality of thin or flat
subguides. The ridges may be formed by depending lips
from each side of each of the longitudinal slots, similar
lips being formed depending from one side of the main
guide so that each subguide is substantially identical, elec-
trically, to the others. The radio frequency input power
divides equally between the subguides. Means are pro-
vided, however, for delaying the waves propagated through
the subguides by different amounts and means are also
provided for directing a sheet flow of electrons through
the passage formed by the slots. The delays in the suc-
cessive subguides traversed by the electrons are so.pro-
portioned as to make them substantially equal to the elec-
tron’s transit time from gap to gap. Any group of elec-
trons therefore.is subjected to a field of the same phase
and 1ntens1ty in each subguide it traverses, Such suc-
cessively increasing delays in the subguides can be
achieved by loading successively longer sections of the
subguides; preferably by filling these sections with dielec-
tric material.

If, now, n subguides are provided, the voltage in each
of the lines is

The same electrons, however, are operated upon # times
in traversing the gaps. Effectively, therefore, the voltage
acting upon the electrons is

_nV,_
Vn

The circuit is therefore Vn times as effective as a
buncher as is a single line.

The catcher line is substantially a duplicate of the
buncher, except for the fact that phase delaying sections
are mtroduced into the subguides in reverse order; ie.,
the subguide first traversed by the beam is loaded to in-
troduce the greatest delay and the succeeding subguides
introduce progressively smaller delays, so that the waves
thus transmitted into an output line are brought back into
phase.

The buicher and catcher interaction circuits are recipro-

cal, -and.the overall effectiveness of the device is propor-
tional to the product of the buncher and catcher efficien-
cies.” Since both are \/n times as efficient as a single
distliouted-gap line, the overall device has n times the
gain of a single-gap line.

In a complete tube the buncher and catcher waveguides
are spaced apart to provide a drift space between them
and means are provided to focus the beam to confine it
within the transverse passage formed by the slots. Pref-
erably, also, the subguides are provided with energy-ab-

sorbing loads in the ends opposite to. their connections to.
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the input and output transmission lines respectively, to
prevent any resonances owing to reflected waves.

All of the above, in addition to certain other theoreti-
cal considerations a.Ild features of advantage, will be de-
veloped more fully in the detailed description which fol-
lows of certain preferred embodiments of the invention,
this_description being illustrated by the accompanying
drawings wherein:

Fig. 1 is a semi-schematic, longitudinal, sectional view
of a high power amplifier tube embodying the present in-
vention, complste except for focusing means;

Fig, 2'is a transverse sectional view of the tube of Fig.1,
showing also the arrangement of focusing magnets;

Fig. 3 'is a plan view of one form of catcher guide, in-
dlcaung a tapered slot arrangement for progressively vary-
ing the coupling- of the subguides to the electron beam
in order to obtain an additional current buildup within
the tube after maximum theoretical voitage build-up has
been attained.

The tube illustrated in Figs, 1 and 2 comprises an evacu-
ated metal housing 1 comprising a number of vertically -

superposed elongated sections, each of generally rectangu-
lar form in cross-section. Of these sections, the lowest
in the figure is a cathode section 3 wherein the sheet elec-
tron beam is developed. Immediately above the cathode
section the envelope narrows to a neck 5§ for accommo-
dating the poles of a focusing magnet 7 (not shown in
Fig. 1), immediately above which the envelope again
widens to form the input or buncher waveguide 9. Above
this, the envelope narrows to form a drift space 1% and
then broadens again to form the shell of the cutput or
catcher waveguide 13.. A second set of focusing magnéts
7 encloses the catcher waveguide 13. Surmounting the
whole is a flanged collector-anode 15:

Within the section 3 there is mounted an elongated strip
cathode 17 upon a similarly elongated heater element 13.
As the tube Hustrated is intended to operate wiih its an-
ode and housing grounded, the cathode and heater are
mounted on insulated struts 2i. The electron emitting
surface of the cathode is slightly comncave to focus the
electrons into the neck 5. Flanking the cathode are a
pair of focusing electrodes 23 to assist in this function.

The sheet-like flow of electrons developed by this cath-
ode structure, after passing through the body of the device,
is collected upon the collector anode 15, which preferably
is provided with a V-shaped groove 25 to increase the
effective area upon which the beam strikes and thuo de-
crease local heating:

It will be recognized that the beam-forming elements
thus far described conform generally to klystron practice
except for the sheet form of the beam developed.  They
can take other forms than those shown and -while they
are necessary elements of a complete device they are not
considered to be novel, per se, the truly characteristic
features of the invention being the comstruction of the
buncher and catcher circuits enclosed within sections 9
and 13 of the tube.

The buncher circuit ¢ conforms in dimension to a con-
ventional rectangular waveguide adapted to propagate
waves in accordance with the dominant TE;; mode. This
section of waveguide couples ic an input line 27, of the
same general conﬁgurqnon through a window 29, sealed

to the envelope in order to maintain the vacuum within

it, in accordance with accepied practice.

Extending through the wavegnide formed by the section
¢ are a plurality of septa; thin metal sheets extending
horizontally across and Iongxtudmally of the main guoide.
Since these sepia are normal to the electric field estab-
lished within the guide by the TE;; mode and are very
thin they have only a very small effect upon tie effective
impedance looking into the guide, and hence cause negli-
gible reflection. In order to minimize even the small
effect that they introduce their ends are stepped, as shown.,
The lowest septum, 31, starts some distance inward from
the window 29, the next higher septum, 33, starts some-
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what nearer the window while the uppermost, 35; begins
only a short distance back from the window.

There is a close analogy between the septa and the taps
on a voltage divider; one-fourth of the total electric field
across the guide is intercepted by each and since the im-
pedance looking into the guide as a whole is substantially
unchanged by the presence of the septa’ it follows that
the input power divides equally between the four sub-
guides formed within the main guide by the septa.

A short distance beyond the end of the septa forming
the subguides, the latter are loaded by blocks of di-
electric, forming a delay-line section within each sub-
guide. The length of the loading sections depends upon
the potential difference between the anode and cathode of
the tube. By the time the beam electrons have entered
the neck portion 5 of the tube they have obtained sub-
stantially their ultimate velocity and, in the absence of
radio frequency energy in the buncher and catcher wave-
guides, are traveling in a substantially equipotential
space -at constant velocity which is proportional to the
square reot of the cathode-ancde voltage. The length
of the dielectric loading-block 37 is not too important,
since it is introduced primarily for structural Teasons
and electrically could be omitted. . Block 39 is suffi-
ciently longer than block 37 to delay waves propogated
through it by an additional interval equal to that re-
quired for electrons, traveling at the designed velocity,
to traverse a distance equal to the separation between
the lower wall of the guide § and septum 31, while
blocks 41 and 43 are increased in length by equal in-
crements.  Preferably both ends of each of the blocks
are tapered, to form gradual transitions between the
loaded and unloaded sections of the subguide.

A slotted section of the subguides starts a short dis-
tance beyond the end of the loading-blocks. A simple
slot 45 is formed in the surface of the main guide 9.
Each of the septa, however, is provided with a lip 47
depending from side of the slot, which nearly closes
the: space between it and the next lower surface, and a
similar lip 49 depends from the slot in the upper wall
of the main guide 9. Jointly these lips form an open
ridge down the center of each guide, and the electric
field of waves propagating through the guides in con-
centrated in the gap between this ridge and the next lower
surface. .= The impedance of the ridged guide differs
materially from the unridged portions of the subguide
of which. it forms a part, and the lips 49 and 47 are
therefore tapered, as shown, to form a matching transi-
tional section through which the waves enter the ridged
portion. The ends of all of the slots are also tapered
for the same reason.

At the output end of the device the lips are similarly
tapered to provide a smooth termination to a.final sec-
tion, wherein there are disposed loading-blocks 51 of
resistive material, matched to the impedance .of the
guide, to absorb the energy - transmitted through it
and prevent reflections that would upset the traveling-
wave characteristics within the guide and create stand-
ing wave patterns that would upset its intended opera-
tion,

The catcher guide of section 13, beyond the drift space
11 substantially duplicates the elements in the buncher,
but is turned end-for-end with correspending elements
located at opposite ends of the tube. Accordingly, the
elements in the caicher guide are designated by the
same reference characters as those in the buncher but
distingnished by accents.. As viewed in Fig. 1, the pri-
mary difference lies in the disposition of the loading
elements 37’ to 43, these being in inverted order, the
element 37’, giving the least delay, being located in the
upper -subguide instead of the lower cne. Except for
this inversion of location theloading blocks in the
catcher guide are preferably identical to those in the
buncher guide. Because of the symmetry of construc-
tion the phase velocity of waves propagated through
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the guides is substantially identical, The successive sub-
guides through which the electron flow passes receive
their energy from the beam in succession, the waves in
each successive subguide being delayed by an interval
equal to the transit time of the electrons from one guide
to the next. By postulate, therefore, any. “bunch” of
electrons entering the catcher “sees” the same phase of
the waves propagated through each successive guide.
In the catcher section the waves of the lowest sub-
guide are advanced in space ahead of those in the cne
next above it and so on successively. The loading sec-
tions delay the emergent waves by equal increments,
bringing them back into phase as they emerge into the
section that couples them to the outgoing line 27,

As has been shown in the article in the “Proceedings
of the IRE” cited above, the voltage wave in the catcher
guide builds up lineraly to a maximum value equal to
the D.C. voltage of the beam.

In practice it has proved very difficult to achieve more
than unity voltage gain in a single-gap tube. In a four-
gap tube the voltage gain can be made practically the
theoretical four times as great as the single gap device,
which is equivalent to a power gain of 12 db. The gain
of power goes up substantially as the square of the num-
ber of subguides in the collector and catcher. The lim-
itation of the number of subguides used is structural
and mechanical and ‘not theoretical; although four sub-
guide lines are here shown this number has been chosen
only as one convenient for illustration.

There are various secondary effects in the operation
of a tube of this character (such, for example, as the
effect of beam loading of the waveguide) that complicate
the operation in comparison with the simple mathemati-
cal and theoretical picture here given. These effects
are of the same nature as those effective in any ampli-
fier using the klystron principle and do not materially
affect the overall comparison of the present invention
with its predecessor devices.

Although the tube described has in common with the
traveling-wave tube the fact that its effectiveness depends
upon increasing the time wherein the interaction between
an electron beam and a modulating voltage are effective,
by means of a distribution in space, it does not suffer from
the difficulties ‘inherent in the traveling-wave tube due
to the possibility of backward-wave action. Coupling
between the input and output is wholly by means of the
electron beam and in the direction of its flow. Hence
the device is inherently stable, although it can, of course,
be made to develop oscillations by feeding back energy
from the output to the input externally of the tube.

The wvoltage build-up in a tube of this character yields
only one-half of the ‘maximum possible cavity-type
klystron efficiency and to obtain higher efficiency other
means. must be employed, i.e., a build-up of current
after maximum voltage has been attained. One method
of obtaining additional efficiency and power, up to an
approach to the meximum achievable value, is by pro-
gressively decreasing the impedance of the subguides in
the direction in which the waves therein are propagated.
This can be done by a progressive flattening of the guide °
beyond the build-up section, or, what is substantially
equivalent, the progressive narrowing of the gaps be-
tween the depending lips at the edges of the slots; i.e.,
effectively increasing the height of the ridge in the ridged
guide. Another way of accomplishing an equivalent re-
sult is by progressively decreasing the coupling between
the waveguides and the electron stream. This can be
done by tapering the slots (in the collector guide only)
as shown in Fig. 3. This fisure shows a top view of
the catcher guide. The linear build-up section A is pro-
vided at the input end, at the left of the figure. Beyond
this linear section the slot widens gradually for a distance
considerably greater in length than the build-up section,
following which, beyond the end of the cathode stream,
the slot is reverse-tapered to form a tranmsition section
into the main waveguide.
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Various other means of obtaining a current build-up,
following the voltage build-up, are possible but that
shown is at present considered to be the simplest to
construct.

As was shown in the equation given above for the
voltage effective in modulating the beam, this voltage
is proportional to the square root of the impedance of
the individual waveguides across which the electric fields
are developed. The impedance is, of course, reduced by
ridging the guides, correspondingly reducing the avail-
able modulating voltage. The length of the gaps is
chosen in accordance with standard klystron practice to
yield gap transit angles in the neighborhood of 90°. 'If
a single gap were to be used, as in the traveling-wave
klystron, the same gap angle would be used. In a
ridged waveguide the impedance for small gaps betwees
the ridge and the opposite face is substantially independ-
ent of the height of the guide. Therefore, with equal
gaps the impedance of the individual guides may be
made very nearly equal to that of an undivided guide
and the full advantage of the divided guide obtained.

What may. not be-very apparent is that the subguide
construction may make the use of ridged guides unneces-
sary. For example, if the transit time of the electrons
across the emtire buncher (or catcher) is equal to one
full period of the operating frequency, the transit time
across each of the subguides will be one-fourth cycle.
Accordingly, the beam in traversing the entire stack of
guides is effectively subjected to substantially the full
voltage available across the main input guide, instead of
a lower voltage due to the reduced impedance in a ridged
guide. Whether or not the guides are to be ridged is
therefore a question that depends to a large degree upon
the beam velocity and operating frequency.

It should be apparent that the reciprocity theorem holds
as between the buncher and the collector and that there-
fore the same factors. that control the efficacy of the guide
in modulating the beam are also effective in the catcher in
demodulating it. There is no theoretical reason for limit-
ing the number of subguides in either buncher or catcher
to four, the limit being established by constructional fac-
tors rather than theoretical ones.

While the use of subguides in a single casing is the most
convenient arrangement, it should be evident that the
same principles can be embodied by the use of separate
individual ‘guides, spaced apart in the same general man-
ner as the gaps are spaced in the embodiment shown.
Such an arrangement would have little advantage, since
it would lead to both more bulky apparatus and more
difficult focusing. Hence in general it would not be
employed unless there were some reason, not immedi-
ately evident, for using it, but in theory it would not
differ from that specifically illustrated.

One of the factors entering into the operation of the
“present invention, as it does into all tubes employing the
klystron principle, is beam-transmission efficiency. Any
electrons striking the elements within the tube prior to
traversal of the catcher gaps are wasted and serve to gen-
erate heat without contributing to the ouiput power. A
sheet beam, aithough it could be focused in various ways,
presents a number of special preblems. The most eco-
nomical method of accomplishing the focusing is that re-
ferred to briefly in the first part of the present detaile
description, i.e., magnets encompassing the buncher and
catcher respectively. The magnets 7 are of horse-shoe
croSs-sectiQn and of a length at least equal to and prefer-
ably slightly greater than the length of the slots form-
ing the transverse passage through the respective wave-
guides. The disposition of these magnets will be at once
apparent from the drawing of Fig. 2; it should be pointed
out ‘however, that where the poles of the two sets of
magnets are adjacent to each other in the recess formed
by the drift space between the buncher and catcher guides,
like poles must be side-by-side in order to establish mag-
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_ 8 o
netic fields of the desired shape. This is indicated by the
letters “N” and “S” on the poles shown.

- A very great advantage of the present structure over
the distributed klystron lies in its compactness and con-
sequent ease of construction and overall practicability.
It is known that even to attain unity gain in a single-gap
device requires that it be many feet in length (at S band).
Discussion of tube “efficiencies” ordinarily neglect the
power expended in heating the cathode but this power- is
1ot in fact negligible. The reduction in length of a tube
by a factor of n reduces the power expended in such
heating to 1/n. The savings in material, floor space and
weight resulting from the invention should be obvious.

The various features and modifications that have been
discussed above can be combined in numercus permuta-
tions and combinations and for certain parts of the de-
vice numerous equivalents are available. The form of
tubes specifically illustrated and described in detail are
therefore not intended to limit the scope of the present
invention, all ‘intended limitations being specifically set
forth in the following claims.

I claim:

1. In a microwave amplifier tube, means for coupling

a spatially distributed electron beam to a transmission
line comprising a plurality of parallel rectangular ridged
wave guides mounted in superposed position with re-
spect to the direction of the electric fields of waves propa-
gated therethrough, the centers of the ridges of said wave-
guides having corresponding longitudinal slots therein pro-
viding a transverse passage substantially parallel to the
direction of said electric fields through said waveguides,
means for directing a flow of electrons through said pas-
sages distributed substantially throughout the length of
said slots, a transmission line connected with all of said
waveguides, and means interposed between said transmis-
sion line and the slotted portions of said waveguides for
delaying the phases of waves propagated through- said
means for intervals substantially equal to the transit-
times of electrons of said flow between the electric fields
in successive ones of said waveguides.

2. A microwave amplifier tube comprising a first plu-
rality of superposed rectangular waveguides and a second
plurality of superposed waveguides spaced therefrom and

parallel thereto, all of said waveguides having longi- -

tudinal ridges and longitudinal central slots formed in
said ridges alined to form a continuocus transverse pas-
sage therethrough parallel with the electric fields within

said ‘waveguides, an input line coupled with said first -

plurality of waveguides, aii output line coupled with said
second plurality of waveguides, means for directing an
electron flow transversely through said passage and dis-
tributed along the slots forming it, said electron flow
traversing said first and second pluralities of waveguides
successively, means for delaying waves entering said first

5 plurality of waveguides from said input line by incre-

ments increasing progressively in the order in which said
waveguides are traversed by said electron flow, and means
for delaying waves entering said output line from said
second plurality of waveguides by increments increasing
progressively in inverse order to that in which the wave-
guides of said second plurality are traversed by said elec-
tron flow. :

3. A microwave amplifier tube comprising input and
output rectangular waveguides mounted in spaced parallel
relationship with the wider surfaces thereof opposed, each

of said waveguides being provided with longitudinally

extending septa subdividing it into a plurality of sub-
guides, each of said guides and septa having correspond-
ing longitudinal slots therein to form a transverse passage

therethrough, one wall of each of said waveguides and

each of said septa being provided with depending l.ips on
each side to the slots formed therein, the lips on said one
wall of each waveguide extending into the interior of that

. waveguide, means for directing a flow of electrons ex-
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tending throughout substantially the entire length of said
slots through said passage to traverse said input wave-
guide and said output waveguide successively, an input
transmission line connected to one end of said input wave-
guide, an output transmission line connected to the op-
posite end of said output waveguide, loading means inter-
posed ‘in the subguides of said input waveguide to delay
waves propagated through said subguides toward said
slots by different amounts increasing progressively toward
said output waveguide, and loading means interposed in
the subguides of said output waveguide for delaying
waves propagated therethrough by different amounts de-
creasing progressively away from said input waveguide

10

10

to bring waves received by said output transmission line
back into phase.
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