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ABSTRACT

Ihe purpose of this program is to investlgate methods for improving
the bandwidth capabilities of high-power klystron amplifiers. The objec-
tive is a 1 db bandwidth improvement of atl least fifty percent over the
current ctate of the art. Purticulsr cmphasis is being pluced on the
study of extended-interaction resonators, aud the possible optimization
or these rcsonators through the wse of mode overlapping.

In thie report, the results of the initial investigation into ihe
effects of mode overlapping in extended-interaction resonators is presented,
During the first four-month reporting period, this investigation has been
primarily concerned with the influcnce of a number of different parameters
on the interasction impedance, bandwidth, and frequency resmonse of the
resonators. The parameters of particular interest are: the coupling
between the two cavities, the degree of externsl loading and the location
of the external load, the beam synchronization parameter, and the relative
frequencies of the two cavities. The initial analysis has been restricted
to two-gap resonators.,

It ic shown theoretically tha+t the bandwidth of extended-interaction
resonators can be increased through the use of mode overlapping. Compariscns
with the bandwidths of other types of resomators at a given maximum im-
pedance level show that a two-gap extended-interaction resonator with mode
overlapping can have a 1 db bandwidth advantage of approximately three to
one over & two-gap,single-mode,extended-interaciion resonstor, and close to
four to one over a conventional single-gap cavity. The bandwidth of a two-

gap,single-section-filter loaded resonator is about the same as that of the

two-gap, mode-overlapping resonator at a given impedsnce level.
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ABSTRACT (Continued)

Three different lumped-¢lement equlvalent clreuiis were considered
1o represent coupled-cavity rescnators. These circuits are compared with
experimental cases and with each other. It is concluded that the most
practical circeuit to use is one in which the coupling bLetween the cavities

is represented by a single shunt circult element.
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FORIEWORD

This document is a report of the work performed on Contract DA 28-043
AMC-0215T7(E) during the Tirst four-month period,

The program is being carried out in the High Power Microwave Tube
laboratory. The principal engincers are Erling Lien, who is scrving as
project leader, and Darrell Robinson,

Sponscrship and direction of the program arc from the U.S. Army
Electronics Command, Fort Monmouth, New Jersey. The assigned Army Project

Engincer is Park Richmond.

v

et i o < A B 1A




TABRLE OF CONTENTS

Title PuEe v e iaiiinvcatenerarossscrncanconnes ety
ADEUIECL v en v nrner et iaeonnrtoroannessseninanaansonnotncasrananon
Foreword ... ... it St e

Lict of Figures ..o.eiv ettt inienaanennas P

INTRODUCTION .vveveennnn ettt eere e e P ..
A PUYPOSC 4 veraeertnsassstoraenssesanstsserssacranses e

B. Progress ...ovivennn Creeraeeea cee i re e eaianeccns

THO-GAP EXTENDED- INTERACTION RESONATORS WITH MODE OVERLAPPING

A, Introduction .c.vevvivenn.. Craeriecarita ettt ey
B. Equivalcat Circult svvvvevrernensorenns  ecerrcteeaeae
C. Modes of the Undriven Rosonator c.oieieivinsecersaraecas
D. Frequency Response of the Driven Resongtor (...... e
E. Bandwidth Comparisons Between Differcnt

Rosonator TyPeS vevevrerarorssrssasseasosrsesosanscsans venn

TNVESTIGATION OF TRO ADDITIONAL EQUIVALENT CIRCUITS TO
REPRESENT COUPLED-CAVITY RESONATORS +..vvvcversevannannrons

A, Introduction ..ceiiieiiiaiisrosororertrserrrsavesenenve
B. First Equivalent Circuit ........... teresaae e ..
1. Modes of the Lossless Circult covevieevininaaens
2. R,/Q of the Circuit ..oveiviiiiniarernnenenn. .
3. Comparison with Experimental Cascs ....... eaanas
c, Second Equivalent Circuit ........ cetecerieeenent e
1. Modes of the Lossless Cirecult ......c.ciiieviaans
2, Rsh/Q of the CIrcuit ..veieeirsercenssnrasnonnass

3. Comparison with Experimental Ceses ........cccvns

41
L1
42
LYy
45
N7
54
56
57
58

PO e e




TABLE OF CONTENTS (Contimued)

TNVESTIGATION O TWO ADDITIONAT, rQUIVALENT CIRCUITS T0O
REPRESENT COUPIED.CAVITY RESONATORS (Coniinuecd)...,

------

D. Conclusions ceviverecriarrveescoaronoons cerienan sereaes 59

CONCLUSIONS AND FUTURE TTANS ...vnvnn.. e 05

Ar I0UrOo0UC i ON v ettt ee s s arasansanerasnnsssencnerenens 65
B. Conclusions ...... Ce et triteitae ey Crerenas G5

C.  TULUZE PlONS vuvnvvnsnrorensenrrreanearoneennsns v 66

REFERENCES «v.vvvivs e T 68

GLOSSARY OF SIMBOLS teivrevrererensannnarneeans ettt ciene e 70

APTENDIX --

I -~ Derivation of the Bssic Equations Used in the
Analysis of Two-Gap Extended-Interaction Resomgtors ... I - 1

« DISTRIBUTION ILIST

vi




LIST OI' FIGURES

Fig. 1 Tnductively-coupled, iwo-gap resonntor equivalent cireuit ... G

Iig. 2 RF gop voltage vectors in a two-gap resonator as a funclion
oi the coupling purameicr Q. Vl is used for a refereuce ... 9

Fig. 3 R gap volilnge vectors in a two-gnp resoustor as o function
of the loaded Q of the sccond cavity ......... s vreeese 10

Fig. 4 RF gop voltage vectors iu o two-gap resonnlor. The loaded
cavily is tuncd 1ow cvevevevneeans Ch et e e B

Fig., 9 RI gap vollage vectors in s two-gap resonator. The loaded
cavity is tuned high ........ e Ctereeraeeaas T 1

Tig. 6 Power response of a lwo-gap driven resonator for different :
values of the coupling parameter & The real part of the t
interaction impedance is proporiional {o the power ...o.oovvn. 18

Fig. 7 Power responsc of the two-gap driven resonator for three
different valucs of the beam synchronization paramcter ...... &0

Fig. & RF gap voltage and Crive current vectors in the resonator

of Fig. 6. @ = 0.13, o/ = 0.9L veovvviiiniiniiii ., 22
: H
Fig. 9 RF gap voltage and drive current vectors in the resonator i
of Fig, 6. @ = 0.13, w/ml = 0.00 L i i i it e sieaeees 23
Fig. 10 RF gap voltage and drive current vectors in the resonator
of Fig. 6. @=0.13, 0/ay = 0.975 +ovviviiiiiiiniaiinnn, ..o2l
Fig., 11 RF gap voltage and drive current vectors in the resonator
of Fig. 6, except cavity #; loaded. The power response is
the samc as shown in Fig. 6. &= 0.13, w/w,, = 0.91 ...... .. 25

Tig., 12 RIFF gop voltage and drive current vectors in the resonator
of ¥ig. 6, except cavity #1 loaded. @ = 0.13, u/aj = 0.9% ,, 26

Fig. 13 RF gap voliage and drive current vectors in the resonator
of Fig. 6, except cavity #1 loaded. & = 0.13, a/aﬁ = 0,975 . 27

Fig. 14 Power responsc of the driven two.gap resonator showing
the effect of tuning the loaded cavity low while the
other parsmeters arc held constant ........... ceeienrrasesees 29

Fig. 15 Power responsc of the two-gap driven resonmator with the
louaded covity tuned low and the beam synchronization
parameler adjusted for equal power outpul in the two
modes. vy, = 0.98, 92(at wl) S 55 TP cerenes 30

vii




Fig.

Fig.

‘a
e
C2

g,
Fig.

Mg,

Fig.

Fig.

Fig.

16

18

19

LIST OF FIGURES (Continuo@)

Tower recponse of the two-gap driven resoustor. The beaw
synehronization has been adjusted sc Gy = « 1 ol 1be lewer
frequency mode, und the looded cavity has been tuned i1ow Lo
vicld equal power outpul In the two modes .. 31

RI' gap voltage and drive currenl vectors in the resonator

of Fig. 16, w/w, = 0.88 ..

RF gap voltoage and drive current veetors in ihe resonator

RF gap vollage aud drive current veetors in ilic resounator
of Fig. 16. w/w] R s L G L

Two-gap resonator cquivaient circuit with resonunt coupling . k43
Typical two-gap cxtended-interaction 1¢sonator c..evvevevesss  HO

Values of oyp/wy and (Rgl/Q)y predicted Ly the circuit of
Fig, 20 as a Tunction of {lic two coupling paramcters
W/ o and LS Ll e Y4

A recond {wo-gap resonotor equivalent circuit with
resonant couDling v v iratareatrcatas ettt ccrerrsanenens DD

Predicted power responscs of a driven itwo-gap resonator as
given by two different circuits. The mode separstiion in the
lossless case is the same in both circuits co.viivvienreecs.s 062

A second comparison beiween the resonator power responscs
predicted by the two diffcrent circuits. The values of

wl/ws and LS/Ll have been changed, but the mode separaticn

in the lossless ca~e is still the same as in Fig. 24 .. ...... 63

/] . . ee. 32
3
of Fig. 16. u)/(nl=0.915.............‘.............v........ 33 o

AL

[Py

g b+

viii




E

TTROTUCTION
A o

PILT‘ROSC

The purposce of this progrsam 1s to investigatce methods for
improving the bandwidth capabilities of high-power klystron ampli-
ficis, The objeetive is a 1 db bandwldilh Iwprovement of et leact
Tifty percent over the current state of 1he art., This i5 to be
achieved without undue degradation of gain or efficicucy and without
sacrificing stability. Particuler ecmphasis is belng placed on the
study of cxtendcd-inleraction resonators, and tlie possible opti-
mization of these resonstors tlhwough the use of wode overlapping.

The investigation is being carried out theoretically with ihe
aid of cquivalent circuits and mathematica models, and experimentally
to the extent of performing cold-test measurcments on the resonators.
Where applirable, resonator parameters are chosen to be consistent
with a design example of g 5 megawatt peak-power klystron, Specific
design goals and tentalive parameters chosen for this example

klystron are listed below.

Frequency 5.5 GHz

Gain 35 db

Bandwidth (1db) 4%

Output power SMw

Efficiency 35%

Beam Voltage 140 kv

Beam Current 105 A

Perveance 2.0 x 10~6
-1-




Beam currunt density 24 Amps/cme
Normelized beam redius, vb 0.54 red.
Brillouin focusing field 1200 gauss

Normalized tunnel radlus, & O.T77 rad.

1

Normalized inceraction gap
length fied 1.2 rad.

Progress

Most of the work on this contract during the first reporting
perlod was simed at studying the effects of mode overlapping in
two-gap extended-interaction resonators. One objective of this
study was to arrive at general design criteria for optimizing the
resonators, and to determine quantitatively the combinetions of
paramcters which would yield the most beneficial effects cf mode
overlapping in both buncher and ocutput resonators. The initial
quantitative study of these parameter combinations was concerned
mainly with resonators which would be suitable for use in the output
stage of a broadband klystron. Detailed study of resonators for use
in the buncher section will be carried out auring the next period.

Also included in the investigation during this first period was
@ comparison of three different lumped-element circuits to represent
the resonator. The purpose of the comparison was to determine which
circuit was best from the standpoint of vredicting the resonator
interaction impedance as a function of frequency.

Detalls of the progress for this period are presented in the

sectlons following.,




TWO-GAP EXTENDED- INTERACTION RESONATORS WITH MODE OVERLAPPING

Introduction

It has long been ‘e feeling among engincers involved with thc
design of broadbsnd klystrons that the performance of this type of
klystron could be improved through the use of extended-interaction
resonators. This feeling is based on the advantages offered by these
resonstors, some of which are: (1) the resonator Rsh/Q can be hlgher
than in & single-gap cavity; (2) the power density within an output
resonator can be lower than that in a single-gap cavity by a factor
of ng, where n is the number of gaps; (3) an extended-interaction
output resonator can produce a higher depree of electronAbunching
and therefore higher efficieucy; and (4) it is possible +to abtain
lower values of beam-loaded @ in the extended-interaction resonator.
The Tirst three items above are important in the output stage of a
klystron. The first and fourth items are advantageous in the
buncher section,

The characteristics and theoretical performance of extended-
intersction resonators in high-power broadband klystrons were
studied extensively in a prévious contractl. In thet investigation,
the extended-interaction resonators considered were rastricted to
single-mode resonators, wherein only one mode was excited at o Time.
It was shown that operation in the 5 mode is generally to be pre-
ferred in both the buncher and output sections at the megawatt-pesk-
power level chosen for the study. It was also shown that when the
two resonator modes werc separated sufficiently to assure single-

mode operation, the m-mode Rsh/Q of a two-gap resonator was
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substantially less than twice the RSh/Q. of the individual single-gap
cavitics. This was one of the primary factors influencing the results
which led tc the conclusion that single-gap cavitics seem to be the best
choice for the buncher section of high power broadband klystrous.

it was also obscrved that this lalter conclusion might not hold if
the modes were allowed to overlap in the extended-interaction buncher
resonators. In this case, the resonators would be operated in more than
one mode over the band, with the operation blending smoothly from one
mode to another. By so doing, it seemed reasonsble to expect that a
higher intersction impedance over a greater bandwidth might be achieved
in the individusal resonators. ©Such a result would aliso be beneficial in
an output resonator.

It is one of the primary goals of this contract to study extended-
interaction resonators with mode overlapping. -Mach of the work during
this first period was concerned with finding the interaction impedasnce of
such resonators. The investigation initislly is belng restricted to
resonators with two gaps. There are two reasons for this restriction.
First, from the standpoint of both the theoretical snalysis and the
contemplation of futurc ccld tecting and construztion of these resonstors,

v seems most reasonable to start with the simplest case. If it is'deemed
useful, the investigation can be extended to resonators with more gaps
later, Second, by restricting the number of gaps tc iwo, the possibili-
ties of instability are minimilzed.

The analysis leading to the results reported in this section was
based on the equivalent circuit described in Part B, below. The equations

vsed 1n the analysis, and their derivation, are discussed in Appendix I.

i




Many of the calculatlons were performed with the aild of digital
computers. Some guldelines for choosing the resonator parameters to
be used in the canputer calculatlions were obtsined {rom an approxi-
mate analysis, in which the cquations werc simplified enough to be
solved without the aid of a computer. Some help in the seiection of
parsmeters was also obtained from the thesis of Berte. Most of the
resonators studied during this first period had one cavity loaded to
a low Q value, such as would be the case in a resonstor to be used in

the output stage of a broadband klystron,

Equivalent Circuit

The lumped-element egquivalent circuit being used to represent
two-gap extended-interaction resonators is shown in Fig. 1. The
resistance shown in each cavity includes any external loading of
that cavity as well as resistive losses in the cavity walls. The
coupling between the two cavities is represented by a single element,
the shunt inductance LO. This circuit is very attractive both
because of its simplicity and also because it similates very well
the general behavior of the two mode frequencies as a function of
the coupling that exists in.&n actual inductively-coupled backward-
wave resonator. In both this model and the actusl resonator, the
n-mode Irequency decreases with increasing coupling while the 2x-mode
frequenc,~ is practically unsffected. The value of the coupling
inductance Lo can easily be related to the actusl coupling in a cold
test resonator from e knowledge of the frequencies of the two modes

in the resonator before it 1s coupled to any external lcad. In the




CAV/TY #1 CAV/TY # 2

Fig. 1 - Inductively-coupled two-gap resonator cquivalent circuilt
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lossless case with idenlical cavitles,

f' B
2 1+ oa (1)

:4"5

where

(2)

Two other lumped-clement circuits, in which the coupling slots
between cavities are represcnted by shunt resonant circuits, were
also considered. They arce discussed and comparced with the circuit

of Fig. 1 in the following section.

Modes of the Undriven Resonaior

A great deal of insight into what happens in a resonator when
the modes overlap can be gained by studying the properties of the
modes in an undriven resonator (no rf excitation by the beam). As
described in Appendix I, these modes may be found by solving for the

complex frequency roots of Eq. (1-311):

K|= 0 ' (3)

where |[K|is the determinant of the circait impedance matrix. The

overall Q of the resonator in each mode may be found froum these

3

complex roots by use of the relation

Q= (%)

ik

wvhere w and o are the real and imeginary parts of the complex frequency,

respectively. The relative amplitudes and phase augles of the rf

-7




gap voltuges in ecach mode may be found by solving Eq. (I-37) at the
complex frequencies of the modes.

A picture of the gap vollages at the modes of one resonator is
chown in Fleg. 2. Here the second cesvity is loaded to a Q of 9, while
the first cavity is unloaded. (Q2 refers to the losded Q of the
seccond cavity bafore ii is coupled {0 the first cavity.) The graph
illustrates the change in V2 relative to Vl in the two modes when
the coupling paramecter & is variled. Vl is arbitrarily chosen to be
equal to 1 + JO in both modes, (It is convenienl to choose Vl for
reference since the induced current in the first gep will be chosen
for reference in the cases where the resonator is driven.)

It is seen that tor large values of & the high frequency mode
approaches a pure 2rx mode (V2 in phasec with Vl) and the low fre- |

quency mode approaches a x mode (V2 and V. n radians out of phase).

1

- As & decreases and the modes overlap more, both modes become dls-
torted. However, the voltage vectors V2 in the two modes do remain
approximately symmetrically located with respect to the imeginary

axis.

Figure 3 shows the gap voltage plcture for this ssme resonator

when the coupling is held constant et @ = 0.1, but the loading of

the second cavity 1s changed. Here 1t i1s seen that the modes are

nearly pure for high values of QE’ but that they become more dis-
torted as Q2 is decrecased.

These two figures indicate what one would intuitively expect to
observe: that the degree of mode overlapping is a tunction of both

. the coupling between the cavities (frequency separation between the

8-




f v, HiGH- FREQUENCY MODE

\ v, Low-FREQUENCY AMODE

Q,=5.0
YQ,=C
=10
3,210

Flg. 2 - RF gap voltapge vectors in & two-gap resonator ss a function
of the coupling paremeter Q. Vl is used for a reference,
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A=0,/
//C»‘FO
V=100
62‘/.0

| Vo, HIGH-FREQUENCY MODE

L
\ Vo, LOW- FREQUENCY MODE

Fig. 3 - RF gap voltage vectors ~  a two-gap resonstor as a function
of the loaded Q of the second cavity.
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two modes) and the loading of the re¢sonator. For example, one would
expeet that for the modes Lo overlap in a high-Q resonator, they.
would have to be closely spaced in frequency. A detailed compurison
of 1he voltage vectors In TFigs., 2 and 3, iaking into sccount the
values of both the coupling poramecter @ and the @ of the loaded
cavity in each casc, oven suggesis that the degree of mode overluppiliyg
is determined Ly the product & Q. This is approximately true, but en
examination of all of the clements of the intersction impedance
expression shows that it is not exactly truec.

The gap voltage diagrams in these two Tigures also give some
informatlion aboul the relative Q values of the overall resonator in
the two modes. In this casc, where the second cavity is loaded but .
the voltage on the first gap is used for roference, the mode with the
lowest magnitude of V2 will have the highest Q. {(This can be seen by
imagining what the picture would look like if Vg, the voltage in the
loaded cavity, were used for reference, and by thinking of the
definition of Q in terms of sto ed energy and power loss.) When
the megnitude of VC is the same in both modes, the Q's of the two

2

modes will be nearly equal when the frequency sepsration between

them is small. (This will not be true for a large frequency differ-
ence between the modes because the losding of the second cavity
varies with frequency.) It is seen that the Q's of the two modes
are approximately equal when the amount of mode overlapping is
moderate. However, for a large degree of overlapping the Q of one
mode dominates, in this case the lower frequency mode.

In the resonator of Figs., 2 and 3, the capacitances and

~11-




inductunces (and therefore also the unloaded resonant frequencics)
of the two cavitics were assumed o be cqual. Figs. & and 5 show
what happens to the gup voltages when thie losded cevity Is detuned
by chonging 1ts inductunce (gap capncitances still equal). The retio
of the unlouded resconant frequencics of the two Individusl cavitices
is speclficd by the purameier Yo = ab/ai. The plaise of VQ in ecach of
the two modes is changed only slighily, but the magnitude of V2 is
changed considerably. When the loaded cavity is tuned low, the Q of
the low freguency mode decreasces and the @ of the high frequency
mode increuses. The opposite is truc if the loaded cavity 1s tuned
high.

The mode Trequencics and caleulated Q's corresponding to the

cases shown in Figs. 2-5 are listed iu Table I.

Frequency Response of the Driven Resonator

The mode voltage dlagrams presented above provide a good overall
picture of what hsppens in the undriven resonator. However, they do

not show what the continuous frequency response of the resonator wili

be when it is driven by a modulated besm. This response was found

by calculating the power output from the rescnator (power delivered
o the load of the loaded cavity) &s a function of frequency for
specified rf drive currents. The interaction impedance of the
resonator was also determined from this information. As described in

Appendix I, the interaction impedance has been defined in terms of the

output power and the rf drive current:

Re Z, = %’- {(5)
A

-12-
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|V, , HIGH-FREQUENCY MODE

Y vy, LOWFREQENCY MODE

i | ImV

P ) 1 I R

~.2 -0 -8 =6 -4 =2

b, =0.94
X =0,/3
[+ Q= 5.0
-4 Yfa,=0
12 - 2
=/,
- (O
...8
-. 6
- 4 Vy,
2
’ V ReV
n | ] T 1T
2 4 6 8 LO L2
-2
.._'4

Fig. L - RF gap voliuge vectors in a two-gap resonator. The

louded cavity is tuned low.
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bV, HIGH - FREQUENCY MODE

\\; ,LOW-FREQUENCY MODE

?ﬂl==/;CJ¢5
=013 ImV 44
04?(=:C) 1.2 V.
— L 2
ﬂz"f/b; .0
Qz = 5,0 .8
-, 6 //
vz - 4
\\
-, 2
AN
\/ ReV
f ! T T T 1 1 T |
-1,0 '8 "6 "4 '.2 .2 4 6 .8 /.O /.2 /'4‘
-2
L-, 4

Fig. 5 - RF gap voltage vectors in a two-gap resonator., The
loaded cavity 1s tuned high.
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High Frequency Mode | Low Frequency Mode]
o Q2 Yo Freq. Freq.
at o m/wi Q a/ai <
.09 5 1.0 .960 6.9 .96 21.4
1 5 1.0 <960 7.8 949 15.6
0.13 5 1.0 975 9.6 .912 11.7
0.2 5 1.0 .985 9.8 .856 12.0
0.5 5 1.0 994 9.9 .710 14,2
1.0 5 1.0 .996 10.0 579 17.3
0.1 10 1.0 .993 19.8 .919 22,1
0.1 20 1.0 .998 39.9 .91k 43.9
1 50 1.0 1,000 100 .913 110
0.1 100 1.0 1,009 200 .913 219
0.13 5 .94 .961 22.5 .87l 6.8
.13 5 1.06 1.019 6.8 .918 23.7
TABLE I

Frequencies and Q's of the modes of the undriven resonastor

-15-




where P is the power dissipated in the lwd, and A is the amplitude
of the rf current induced in the first gap.

When specifying the rf excitation of the resonstor, we have
chosen to use the induced current in the first gap as a reference.

So Il is given by

I, =A (6)

where A 1s real, The most general expression for the current induced

in the second gup is
I, =8, Ae'"2 (7

" The computer program which is used to calculate the power cutput
from the resonator assumes that Il and 12 occur simultaneously in
time, whereas in an actusl klystron the second gap is excited later
in time than the first gap. The phase angle 62 is used to simulate
the phase change of both the rf beam current and the gap voltages
which takes place during the transit time of the beam between the
first and second gaps in the actual situation, Since this transit
time is normslly small compared with one period of plasms oscillation,
but is an appreciable fraction of the periocd of the rf drive fre-
quency, the maguitude of 92 will be approximately equal to the

normelized distance between the resonator gaps. In order to simulate

a later time phase for 12’ 82 mst be negative. Thus,
6, ~ - B.P (8)

where p is the spacing between the two gap centers and Be is the

~16-




usual propagation factor assoclated with the dc beam velocity. It

should be ncted thut gt a constant beam voltege,
function of frequency. This has been teken into account in the
caloewlations.

92 will also be affected by changes in the average electron
velocity due to the energy exchange between the beam and the resonator
in the flrst gap. Changes in the amplitude of the rf beam current
which accompany the modulation or demndulstion of the beem iu the
first gap can be simulated by adjusting the coefficient 8, to be
greater than or less than unity. However, these effects of the beam
modulastion within the first gap were ignored initislly in order to
simplify the calculstions and to obtain & general picture of the
behavior of the driven resonator without having to specify particular
beam and gap parameters.

. The response of one resonator when driven by the beam is shown
in Fig. 6, where the output power is plotted as a function of normel-
ized frequency (normalized to the unlosmded resonant frequency of the
first cavity). Curves are shown for a number of different values of
the coupling parsmeter &. The synchronization between the beam and

the circuit (62) has been fixed at a value that yields approximstely

equal output power in the two modes when @ = 0.13. The two cavities

of the resonator are assumed to be equal, except that the second
cavity has been loaded to & @ of 5 while the first cavity remains
unloaded. The values listed for the current amplitude factor A and
the Rsh/Q of the first cavity were chosen arbitrarily. The choice

- of these values does not affect the shape of the curves but only their

-17-
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[V

amplitude (P is proportionsl to the product of (Rsh/Q)l and A?).

The change in the recponee of the resonator as @ is varled is
consistent with what would be expected from a study of Fig. 2 and
Table I. Ac @ decreases, the frequency separation between the two
modes also decreases. Murthermore, as Q approaches the lowest value ‘
shown (.09) the two wodes not only become very close in frequency,
but the Q of the lower mode increases rapidly. Also, for the higher
values of ¢ in Fig. 6, one would expect that the beam should be
synchronized approximately halfway between the two modes (82 ~ - 1.5 n),
but that the higher frequency mode should be favored slightly since it
has a slightly lower Q. This expectation is verified since in the

case shown, 6

= - 1.54 nt at the center of the resonator response

(w ~ .94 wl).

M bttt e A S S At TR Y A

The figure also illustrates how the bandwidth cf the resonator
changes as @ varies. The 1 db bandwidth, for example, increases as
O increases until the power cutput at the center of the response is
1 db below the peak power output. Beyond this, the power at the
center of the response becomes a smaller fraction of the pesk power
and the 1 db bandwidth drops suddenly to a lower value, To take

meximum advantage of the possible bandwidth increase, the beam

synchronization should be adjusted until there 1s equal power output
at the two mecdes,

The effect of synchronization changes on the response of this
same resonator is shown iu Fig. 7, where ¢ and the other pasrameters
are held constant while 62 is varied., It can be seen that the
symmetry of the response is a fairly sensitive function of the bheam
synchronlzation,
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It is Informative to look at the gap valtage distribution in the
co arc plotted in Figs. 8, 9 and
10 at the frequencies of the two modes, and also at a frequency

halfwsy between, for thc case vhere @ = 0,13 and 62 (at wl) is -1.635 n.
In these plots I, (which is purely real) 1s used as a phase refercnce,
The phase of 12 1s shown at each frequency. The amplitudes of Il and
I2 are equal and are presented 1n arbltrary units on these plots.

The two gap-voltage magnitudes are seen to be approximately equal
at the three frequencies spanning the resonator response, This is
important wherever uniformity of power dissipation within the resonator
is of concern, as it would be if the resonator were to be used in the
output stage of a high-average-power klystrou. The figure &lsc shows
that the two gap voltages are spproximately in phase with the respective
induced gap currents, This indicates that there is power transfer from
the beam to the resonstor in both gaps.

It should be pointed out thet the power response of the rescnator
{power output as a Pfunction of frequency) would be unchanged if the
first cavity were loaded to the Q of five instead of the second cavity.
However, the gap voltage distribution would be drastically altered.
This is illustrated in Figs. 11, 12, and 13, where the gap voltages
are plotted st the ssme three frequencies as in the previous three
figures, but with the first cavity loaded. Here the magnitudes of Vl
and V2 are quite unequal at all three frequencies. Furthermore, the
phase of Vl has changed considerably. Vl is nearly 90O out of phase
with Il near the two edges of the resonator response and is approxi-

-mately 180O out of phase with I, at the center of the response. Thus

1
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Fig. 8 - RF pnp voltare and drive current vectors in the
resonator of Fig., 6, «a = 0,13, a)/wl = 0.91.




R

ImV hexiod

W, =0.94 g Y%,20, Q,=5.0
v, I, «=0.43 ¥,=/3,71.0
S, (atw)=-/635m
v( [/ ReV
| I 1 T | S T
“4O 8 <6 -4 =2 2 4 .6 8 10 l2x0°
-, 2
_.'4
Fig, § -« RF aap volbupe and drive current vectors in the resonator

of Fig. ¥, @ = 0.13, a)/ml = 0.9h.
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Fig, 10 - RF pap voltarc and drive current vectors in the
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Fip. 11 - RF gap vceltapge and drive current vectors in the resonstor of
Fip. 6, except cavity #1 loaded. 'The power responsc is the
same as shown in Fig. 6. & = 0.13, o.)/ml, = 0.91,
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Fig. 12 - RF pgap voltage and drive current vectors in the
resomator of Fip. 6, except cavity #1 loaded.
o= 0,13, (,L)/(,ul = 0.Glk,
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Fig., 13 - RF gap voltuee and drive current vectors in tne
resonator of Fi~. ¢, exco t cavity #1 lcaded.

o= 0.13, a)/wl = 0.975.
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there would be very little power transifer between the beam and the
resonator iu the filrst gap near the response edges, and a transfer of
power from the resonator to the beam at the response center.

The relative voltage magnitudes and phase relationships between
voltages and currents that exist in Figs. 8, 9, and 10 {cavity #2
loaded) can also be obtained when the Tirst cavlty is loaded if 92 is
changed to epproximatelv -ﬂ/2. However, in this instance the gap-to-
gep spacing is so short (Bep ~ /) that there would not he sufficient
room for the wall between cavities in some cases,

When the loaded cavity of the resonator is detuned, the power
response is affected as shown in Fig. 14. Here the second cavity is
tuned low by increasing its inductance. The two gap capacltances are
still assumed to be equal, The change in the Q's of the two modes is
quite evident 1n this picture., In order to restore the condition of
equal power output at the two modes, the beam synchronization must
favor the mcde with the lower Q (in this case, the lower frequency
mode) .

Figure 15 shows the resonator response for the case where
ab/ai = 0.98 and the synchronization has been properly adjusted.
Figure 16 illustrates the response for the case where Yy = 0.93 and
82 at ®y is equal to -1,lhx (82 A~ =t 8t @ = .8&»1). This latter case
represenis nearly the extreme of favoring the lower freguency mode
(nominally the r mode). The gap voltage distribution corresponding to
the response of Fig. 16 is shown in Figs. 17, 18, and 15.

A comparison of the 1 db bandwidths represented in Figs. 15, 16,

and the y, = 1.0 case of Fig. 14 shows that the bandwidth varies from
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Fig. 17 - RF pavp voltage and drive current vectors in the
resonator of Fig. 16. cn/wl = 0,88,
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Fig. 18 - RF gap voltage and drive curreunt vectors in the
resonator of Fig. 16. a)/ml = 0.915.
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Fig. 19 - RF gap voltage wnd drive currcnt vectors in the
resonator of Fig. 1. u)/(n1 = 0.945.




12.1 percent for Yo = 1.0 to 12,6 percent for Yo = 0.93. This
indicates that there 1ls no large bandwidth increase to Le gained by
detuning one of the cavitics. However, the fact that the resonator
can be shorter when the loaded cavity is tuncd low (Bep ~ n in Fig. 16
while B p = 1.6 n in Fig. 14) might be advantageous. (The shorter
resonator might have a more favorable cavity geometry and thercfore

& highor (Rsh/Q)l than the longer resonator.)

The information contained in Figs. 14, 15, and 16 poinis out the
fact that the beam synchronization must be clianged when one cavity is
detuned., However, this also suggests the possibility of compeﬁsating
for the change in thc beam synchronization which accompanies a change
in the operating beam voltage by tuning one of the resonator cavities.

It 1s realized that the 12 percent 1 db bandwidth predicted in
the flgures presented above Goes not meet the 14 percent objective of
this contract. However, the purpose of presenting these curves 1Is to
show the general behavior of the resonator with changes in the psram-
eters, and not necessarily what is required to achieve the full 1Y
percent bandwidth. A comparison of the mode overlapplng resonator

with other resonator iypes is presented badow,

Bandwidth Comparisons Between Different Resonator Types

* It was demonstrated above that the bandwidth of a two-gap
resonstor can be increased by employing wmode overlapring and proper-
1y choosing the resonator and beam parameters. But in order to fairly
evaluate the merits of any pa—-ticular type of resonator, its bandwidth
capabllities must be compared with other resounator types at a constant

Impedance level.




The impedance and bandwidth of single-mode 1esonators can be
deduced from il valuce of @ and R ’Q measured et the mode of
interest. Al the resonant frequency of the mode, the impedance,
both real and at a meximum, is given by

,Rsh

(Re Z)me = \”Q*) qQ ()

Let the 3 db baudwidil of the reconator be defined ia terms of
the rrequencies at which the real part of the impedance is one half
{the maximm value (total impedance magnitude down by a factor of
l/VEB. Similarly, let the 1 &b bandwidth be defined in terms of the
frequencics at which the real part of the impedance is 80 percent of

the maximum value. The 3 db and 1 db bandwidtihs are then relsted to the

Q by
AL 1
- == (10}
(f )3 @ @

and
Af 1
&L = = (11)
(f ]1 a9

In resonators where the modes are not distinctly separated,
such as in filter-loaded resonators or extended-interaction resonators
operating with mode overlapping, the concepts of Rsh/Q and Q are not
directly applicable. In these cases, the interaction impedence is
best determined by direct measurement, However, at the time of the
writing of this report, no cold tests had been performed on mode-
overlapping resonators similar to the ones being reported on theoreti-

cally. Therefore for the purposes of the couparison being made in this

~36-




section, the lmpedance as predicted by the equivelent cdreait will be
used.

It should be noled that there ia som ambipulty Involved in the
usc of the circult of Fig. 1 when predicting the impednnee of recona-
tors with overlapping modes. The amblgulty arises in connecection with
the fact that this circult predicts a higher Rsh/Q for the © mode than
for the 2 mode when the gap capacitance 1s assumed {o be independent
of frequency. This is contrary to experimental observation in an
inductively-coupled backward-wave resonator. However, no serious
problem is raised when using this circuit in the analysis of single-
mode resonators, where the modes are separate and distinct. In tlus
case the clrcuit caspacitance can be defined in terms of the experi-
mentally measwred freguency and Rsh/Q of the mode of interest (see
Ea. I-23). But when trying to predict the intersction impedance of

a resonator wilth mode overlapping, it was not immedistely clesr which

mode to use to define the equivalent gap cepacitance. If the
capacitance is defined in terms of the n—modevRSh/Q, the predicted

impedance over the entire resonator bandwiéth will be less than if

- e m o wre o 1
tance valuc is

Y oy 4
iiie capaci

o3

ased con the 2x-mode th/Q, even though the
-

cperation of the resonator includes both modes, blending smoothly
from one to the other.

Because of this uncertainty, other equivalent circuits were

studied in an effort to find one which would feirily accurately pre-

/
sh'

function of the mode separation. Two circuits were considered in

t

dict the experimentally observed change in the n-mode R ., /Q a5 &

deteil. A discussion of these circuits and a comparison of them with
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the circult of Fig. 1 are presented in the followl |, section. The
conclusion reached there 1s that<the circuit of Fig. 1 should be used,
and that the gap capaicitance valués should be defined in terms of the
Rsh/Q and resonant frequency of the individual cavities (the two
cavities before they arc loaded or coupled to each other). This is
what was done in the calculations of the response curves 1 -esented in
this section.

For an example case of a resonator with mode overlapping, choose
the curve with vy, = 1.0 in Fig. 14, (It should be noted that the
power is down only 0.5 db at the center of the response, so this case
represents less than the maximum 1 db bandwidth availsble for Q2 = 5.)
The value sssumed for (Rsh/Q)l was 100 whereas previous c¢old-test
measurements have shown that a value of 110 is reasonable to assume
for a single-gap cavity% Taking this into account (P is proportional
to Rsh/Q)l in Fig. 14) and calculating the real part of the inter-
action impedance from Eq. {5), we find that the maximum value of
Re 2, is approximately 1850 ohms.

Using this value of impedance as a reference, Table IT shoss e
comparison between the 1 db and 3 db bandwidihks of three dlfferent
1. pes of resonators. The values of Rsh/Q assumed for the two single-
mode resonators were based on previous coid test measurementsh’ﬁ.

The values of § shown wer: calculated using Eq. (9).

Even allowing for some erxror in the predicted ingy =~ -ce level,
it is seen that the use of mode overlapping in the two-gap resonator
offers & substential increase in the resonator bandwidth st s given

impedance level, The tandwidth advantage over the two-gap single-mode

-38-
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resonator is approximately three to one, and close to four to one uver
the single-gap cavity. These bandwidth advantage figures are consist-
ent with those predicted by Bert?

There is one other type of resonstor that should be compared i
with the mode-overlapping resonator, end that is the filter-loaded é
resonator, We have no data presently available on the two types of
resonators where they are designed for equal bandwidth. However, the
maximum value of Re ZC predicted for one filter-loaded two-gap
resonator with a 15 percent 1 db bandwidth was approximately 1300
ohms§ Thus the impedance level of this type of resonetor is com-
parable to that of the two-gap resonator with mode overlapping. If
it is assumed that the maximum impedance is inversely proportionsl to
the bandwidth, the mode-overlapping resonator would have a slightly

higher impedance at a given bandwidth.
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INVESTIGATION OF TWO ADDITIONAL EQUIVALENT CIRCUITS
TO REPRESENT COUFLED - CAVITY RESONATORS

Introduction

The equivaleni circuit chosen to represent two-gap extended-
interaction resonators for the analysis presented in the preceding
section was shown in Fig. 1. This circuit was described briefly in
the previous section. Il was pointed out that the clrcuit simulated
very well the general behavior of the two resonator mode freguencies
as a function of the coupling between the two cavities. It was also
mentioned that the circuit did not properly predict the m-mode Rsh/Q
of the resonator. 1In fact, the predicted r-mode Rsh/Q is higher than
the 2x-mode Rsh/Q (when the gap capacitances are assumed to be in-
dependent of frequency) whereas the opposite is true in the experimen-
tal case, This led {0 an uncertainty in how to choose the equivalent
gap capacitances when using the circuit to predict the interaction
impedance of resonators with overlapping mocdes. We therefore felt
that a different equivalent circuit should be used, one which would
quite accurately predict not only the resonator modes, but also the
Rsh/Q of the resonator in the two modes.

The principal reason why the n-mode Rsh/Q is lower than the
2x-mode Rsh/Q in an inductively-coupled mlltiple-cavity resonator is
that a portion of the electromagnetic energy in the resonator is
stored in the slots at the x mode. Of this cnergy, the electric
energy (energy in the electric field) is of primary interest in a

klystron resonator since the beam is modulated by the axial component

-4~




of the electrlc field. The Rsh/Q is therefore normally defined in
terms of the rf gap voltege and electric stored energy. 1% ~~viva-
lent circuit of Fig. 1 does not simulate the lowered mw-mode Rsh/Q
because the coupling inductance L, aoes not store any energy in
electric fields. The search for a more adequate equivalent circuit
was therefore dircctod towards cireuits in which the coupling circuit
does store electric energy and also retains its inductive nature,

Two circuits were investigated in detall. The circuit equations
of both were solved for the frequencies of the characteristic modes
in the cases where the two resonator cavities were assumed to be
identical and lossless. Expressions were also derived for the
Rsh/Q of the circuits at the two modes of the main passband. Theo-
retical values of the n-mode Rsh/Q were then compared with cold-test
results, The cold-test resonators used for the comparisons were
high-Q resonators, which closely epproximeted the lossless condition

assumed in the theoretical calculations.

First Equivalent Circult

The simplest modification that can be mede to the circuit of
Fig. 1 in order to 'simulate the electric energy storage in the
coupling slots of an actual resonator 1s shown in Fig. 20. The
coupling circuit has been made resonant by adding a capacitor in
parallel with the coupling inductance. (A series resonsnt circuit
could also have been used, but the parallel circuit better ropresents

the actual coupling slots.) The capacitor stores electric energy

while the coupling circuit still appears inductive as long as its

_Le-
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Fig. 20 ~ Two-gap resonator equivalent circuit with
resonant counling.
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resonant frequency 1s higher than the operating frequency, This

equivalent circuit is essentially the same as the circuits used by

1\
Chodorow7 and AllenE to repres~mt slot-coupled structlures.

1.

Modes of the Lossless Clrcuit

The modes of the circuit of Fig. 20 were found for the
particular case where the two resonator cavities are assumed to

be identicsl and lossless, This was done by setting L1 = L?’

Cl = CE’ Rl = R2 = 0, and applying Kirchhoff's laws to the

circuit. The resulting equations were then solved for the
frequencies at which the circulating currents il’ iQ’ and iS

are non zero when the two induced currents Il and 12 are zero,

This process ylelds three modes, At one of these modes; the

currents il and i? are equal in both magnitude and phase. Its

fiequency 1is

1 .
B = = (12)
a r-——Ll c, l

where o) is the resonant frequency of the lossless and uncoupled

first cavity of the resonator.

At the other two modes of the circuit, i. and 12 are equal

1
in magnitude but 180 degrees out of phase. One of these modes

is at the frequency given by

- 1

4y




The frequency of the third mode, which could be denoted by
®,» cen be found from Fg. (13) by replacing the plus sign in
front of the radicsl in the denomlnator by a minus sign. Note

b 1

The two-gap cold-test resonators chosen for the ccmparisons

that @, 1s less than w, and ®, is greater than @, .

with this circult were similar to the resonator depicted in

Fig. 21. The observed 2nx-mode frequencies were all approxlmately
the same as the frequency of the uncoupled cavities of the
rasonator, which agrees closely with the 2gx-mode frequency given
by Eq. (12). The measured operating sm-mode freguency of each
resonator was les: than the 2n-mode frequency. Thus the
freguency Wy, corresponds to the observed nm-mode frequency.

Rsh/Q of the Cirecuit

There are a number of different ways to define both the Q
and the shunt resistance of a circuit such as the one in Fig. 20.
We have chosen to use definitiong in terms of stored energy,
power loss, and effective voltage. Using these definiticns, the

9

genereal expression for Rsh/Q - an be written

£

“sh

< = (14)

m(‘
%|1v

We have defined the effective voltage V of the circuit

to be

Vg‘ (15)

5o
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The electric stored encrgy is given by
It 2 2 2 (16)
U=5[C V,+C, Vo +C v,

Using Egs. (1h), (15), and (16), the Rsh/Q of the cireuit
of Fig. 20 (with lossless, identical cavities) was evaluated at

the two fregquencies w = ub and u% = . The results are
a 2% by

R R
sh . sh -
(T)en - 2("?)1 (1)

(7] . (s

5T = (18)
2(_£) 3

w L

1
EE 1+ e T N
®
fd 5 j

[4V]
- b1

=

T

where (Rsh/Q)l is the Rsh/Q of the uncoupled first cavity. It

is related to the resonant frequeuncy and capacltance of this
cavity by

R
sh 1
) -

When comparing the predictions of an equivalent circuit

with measured values from a physical resonator, it is necessary
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to correctly choose the circult parameters to properly simulate
the real case. The values of the cevity inductance and capaci-
tance to use (e.g., Ll and Cl) can be determined from measure-
ments of the resonant frequency and Rsh/Q of the wncoupled cavity
by using Egs. (12) and (19). The value of cavity resistance to
use (e.g., Rl) for a lossy or loaded cavity can be determined
from the measured Q of the cavity. When using the clrcuit of
Fig. 1, the value of LO to use for the coupled~cavity resonator
can be found from measurcd values of the frequencies of the two
modes in the resonator before it is coupled to any external load
(see Eq. (1) ). When using the circult of Fig. 20, two param-
eters are required to completely specify the degree of coupling
between the two cavities. We have chosen these parameters to be
the slot resonant frequency g and the slot inductance Ls' It
is convenient to normalize these parameters to the frequency and
inductance of the uncoupled first cavity. Thus the sctual
coupling parsmeters used in the calculations were wsﬁbl and
Ls/Ll' The criterie used for the selection of the numerical
values of these parsmeters assumed in the calculations are
described below.

The resonant frequency of a coupling slot is related to the
slot dimensions. In tl: case of a long, narrow siot, the
resonant frequency will be quite close to the frequency at which
the slot is one~half wavelength long. In terms of the dimensions

shown in Fig. 21, .
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f = S (20)
s 2 (RO + 2r)

where ¢ is the velocity of light expressed in the same units of
Jength as R and r, and 6 is given in radians. If R and r are
glven in inches and 6 in degrees, Eq. (20) can be rewritten:

p 5.99

S ~ ._E_)
Rarg) tor

GHz (21)

Scott and Wanselow'> have found that Fqs. (20) and (21)
predict a frequency which is too low when the slot width (Er)
is not small compared to the slot length. They have reported
an empirical formula for finding the frequency of slots like
the ones shown in Fig. 21 when the& are used in structures

similar to the one shown in the figure., Their formula is

£ ~ 5'905

R

5 =~ Ty o \1 +' (—l-§~6)2 GHz (22)
57.3 e
where R and r are specified in inches, end 6 is given in degrees.
The coefficlent o is & functlon of the 2x-mode freyuency, or
very nearly the freguency fl’ in our cese. It has a value of
approximately 2.1 at 3350 MHz and 1,2 at 7100 MHz, which are
the two frequencies of interest to us here.
Once the slot frequency fs has been calculated from the
slot dimensions, 1t is divided by the messured value of the

cavity frequency f. to give the parameter ag/wi.

1
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The cther coupling paremeter, Ls/Ll, is not 50 readily
rom the reconator dimensions. The value of the
inductance LS comld be found from a kunowledge of the slot
resonanf {reguency snd the ratio Ls/cs' This Jatter raticv may
in turn be related 1o the wave sdmittance of the slol regarded

- an :
lo’ll’lh. However, it is not entirely f

as a transmission line
clear how to relate the valuc of LS computed in this way to the
value of Ll calculated from the measuvred frequency and Rsh/Q of §"
the uncoupled cavity of the recsonator. It is possible that the i
correct valuc of LS to use could be determined from the ratio l
LS/Cs obtained from a direct measurement of the Rsh/Q of the
slot, However, no attempt has been made to measure either the
Rsh/Q or the resonant freguency of the slots, Furthermore,
there would still be scme doubt as to whether the value of LS
was correct since the position within the slot where its Rsh/Q
was measured would have to be chosen arbitrarily.

Because of the uncertainty mentioned gbove in how to

directly determine the correct value of LS/Ll corresponding to

& given physical resonator, the value of <this parameter actually

used 1n the comparison with experimental cases was chosen as
follows. The theoretical slot resonant frequency was computed
from elther Eq. (21) or Eq. (22), and then Ls/Ll was adjusted
until.a%/aﬁvas calculsted from Fg. (13) was the same or nearly

the same as the valve of f./fg_ in the experimental resonator
n L=}

under comparison. The predicted (Rsh/Q)Jr was then computed

from Eq. (iB8) and compared with the measured value of (Rsh/Q)ﬂ'
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Curves showing the variation of the theoretical valuea of
&%/wl and (Rsh/Q)jt 85 a function of the parvrelcrs ui/ms and
Ls/Ll are plotied in Fig. 22. The value assumed for (Rs.h/Q)1
in this figure 1s 100 ohms. It should be noted that the
experimentally observed values of (Rsh/Q)21T arc approximately
twice the Rsh/Q of the uncoupled cavitics (in the case of

identical cavities), which agrees with Eq. (17).

B
{

The cold-tesl resonalors chosen for the theory-experiment :

comparison are two which were reported on in refercnces 4 and 5. ?

The measured w-mode Rsh/Q of these resonutors as u funciion of

the freguency scperation between the two medes wu presented in .

Fig. 24 of reference 4 and Fig. 8 of rcference 5.

The numerical results of the comparison are listed in

Table III. The value assumed for (Rsh/Q)l in the theoretical

calculations was the value measured for the uncoupled cavities

of each resonator. These values werc 115 ohms for the first

resonator (first three cases in Table III) and 108 olms for the

second resonator (last three cases in Table III). It can be

seen tha® the predicted values of (Rsh/Q)Jt arc within 10 percent

of the measured values in four out of the six cases where the

slot frequency was taken to be the frequency where the slot is

one-half wavelength long (fs calculated from Eq. (21)). The

difference between the predicted and messured values is much

greater than this in five of the six cases where the slot

frequency was calculated from Eq. (22). This is rather sur-

prising since one would expect the predicted results to be
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Fig. 22 - Values of wﬁ/ml and (R”h/Q)rt predicted by the
circuit of Fig. 20 as a function of the two

coupling psremcters ml/a)s and Ls/Ll'
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better when the slot frequency is determined from the more
accurate cquation, which presumbly 1s E3. (22). However, an
cxaminatlon of Fig. 22 doev show that the slot resonant
frequency mast be quite low, near fl when LS/Ll is small or

even less than fl if LS/Ll is larg2, in order for the yx-mode
Rsh/Q to be subslontielly less than twice (Rsh/Q)l, as is
obscrved experimentally. Whether this is an indication thai
the circuit of Fig. 20 docs not adequately represeat the
physical resonator or instesd that Eq. (P2) is nol u good
approximation in our case, or both, is nol knowu. In order to
answer the question, it would be necessary to measure the slot

frequency and possibly also the slot inductance Ls’ This has

not been donc as yet.

Second Equivalent Circuit

A method for establishing lumped-element cquivalent circuits

which correspond closely to the actual geometrical configuration of

3,1k
microwave structures has been described by CurnOwla’ . Using his

techniques, the resonator of Fig. 21 would be rcpresented in the
lossless case by the circuit depicted in Fig. 23, The cavity
inductance is split into two purts in recognition of the fact that
only a fraction k of the circulating current in the cavity is inter-
cepted by the coupling slots. For example, the path of the current
in the first cavity which is intercepted by the slots is represented
by the inductance Ll/k, and the remainder of this cavity is repre-

sented by the inductance Ll/(l-k).

-54-




iﬁ
X
X
'\
N
\__
=
[]
=]
JE—

14 2
L,k L,k |
CAVITY # [ CAV/ITY # 2

Fig., 23 - A second two-pap resonator equivalent circuit with
resonant coupling.
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Curnowlh hus shown that this equivalent circult is more succcsy-
ful than the clrcuit of kig. 20 1in predicting the dispersion dingran
of the loug-slot structure, which is basically similar to the cold-
test resonslors we are conccrhed with here. It also represents guite
well the variaticon of the Pierce impedsuce of this structurolau a
funciion of the phasc shifl per scction. For these rcacons, and also
beeause 1t more closely represcnts the geometry of the physicul
rceonator, it was hoped that this circuit would predict the experimen-
tally obscived behavior of the s-mode Rsh/Q even more accurately than
did the previous circuit,

1. Modes of the Lossless Circuit

The chuaructeristic modes of the circuit shown in Fig. 23
were solved for using the same procedure as described for the
previous cirecuit (Fig. 20). Kirchhoff's laws were applied to
the circuit, and the resulting equations were sclved for the

fregquencies where 1 12, and iS are non zero when the two

l’

induced gasp currents I, and I. are zcro, The two cavities of

1 2

the resonator were assumed to be identical (Cl = C, and Ll = L2).

2
This circuit also has three characteristic modes. As beTore,

the two currents il and 12 are 1n phase and equal in magnitude

at onc of the modes. This mode, which corresponds to the

observed 2n mode of the cold-test resonator, is at the frequency

z (

23) ’
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At the other two modes, 11 and 19 . re equal in magnitude

but 180 cut nast, Oue of these lwo wodes is luwer

Am v -~
wav v GERIEds Tl Ol

in freguency thun dﬁ and thercfore corresponds to the measured

x modce of the cold-test resonator. Iis frequency is

S
I, 1/2
o [1 + 2k ——) (1-11)]
R - !
“1 9 L\ |2 L (0)7]2 o) |2 L
1+ 21&(#‘ +($-} + {1 + 2L ii} +((—D— } - h(a—l [1 + 2k L‘S)(l'ki
L “1 si 1 S 5 1

(ak)

Note thot Eq. (24) reduces to Eg, (13) when k is unitly, as
it should since the circuit of Fig. 23 becomcs the circuit of
Fig. 20 when k = 1.

The fregquency mC of the other nx mode can be found from
Eq. (24) by replacing the plus sign in front of the radical in
the denominator by a wminus sign.

2. Rsh/Q of the Circuit

The Rsh/Q of this circuit was defined the same as in the
case of the previous circuit. The cxpressions for the circuit
Rsh/Q at the two modes of the resonator were found by cvaluat-

ing Eqs. (14), (15), and (16) at the two frequencies w, =y

and oy, = a% given above., The results g =

R R
(‘%h)zn = 2(‘32)1 (25)
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(R~h e (Hsh/Q)l ;
Qe T ® 2L A S] (26)
2| — [ (1-X)~~] -1 ‘
w ®) LJ ny :
1+ ~ By, et
(L\1 W \e (D‘It o 54
\ ol P a;}

where, as before, (th/q)l is the Rsh/Q of the uncoupled cavity

of the resonctor, and is still related to w, and C1 by Eq. (19).

1
Eq. (26) reduces to Eq. (18) when k is unity.

Comparison with Expcerimental Cases

The R“h/Q predictions of this cireuit were also compured
o
with the measured values licted in Teble III. As before, the

slot frequencics used in the computation of o and then (Rsh/Q)n

were calculsted from both Eq. (21) and Eq. (22). Initially, the
value of the factor k used in each casc was teken to be the
actual circumferential fraction of the wall between the cavities
that was taken up by the caupling slols. As was dune with the
previous circuit, the parameter LS/Ll was adjusted until the
calculated value of “ﬁ/¢i agreed with the experimental vclue of
%J%m.T%eﬂwmvﬁwlnmw%l%#Qw%'malwmmmdam
comparced with the cold-test values,

In every instance, 1lie predicted value of (Rsh/Q)ﬂ was much
too high and in many cases was greater than fBSh/Q)eﬂ, which is

contrary to experiment. In order for the theoretical n-mode
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Rsh/Q given by {thils clreuit to be rersonubly close to the

cxperimental volues, k would have to be assumed considerably

larger than tlie actual geometrical value., Ty is dif{icult to

conceive of a physicenl reason wly this should be true. Decause

of the Inck of success 1nltially cncountercd with this cireuid,

the investigntion into Its properiics was terminasted.
Conclusiong

The equivalent circuit which should be sclected for the
theoretical anulysis of extendcd-intersction resonators with mode
overlapping is the onc which is the simplest and yet adequately
represents the physicsl resonators. The cireuit of Fig. 1 is the
simplest of the three described in this report, aud its single shunt
coupling inductancc docs simulatle very well the behavior of the
frequencics of the two resoualor modes as a function of the ccupling
between the two cavitics., However, as observed previously, this
circuit predicts a higher value of the x-mode Rsh/Q than the 2x-mode
Rsh/Q’ which is contrary to experiment. This lcads to en uncertainty
in how to relate the circuit capacitance values to measured quantitics
in an actusl resonetor if the circuit is to correcily predici the
magnitude of the resorator internction impedunce.

The two cquivelent circuits shown in Mg, 20 und Yig. 23 are

more complex than the previous elreult, but they do predict (R'“h/Q)J(

10 be lower than (R }/Q)“ In certadn cuses, A compurlsou between
ah « 10
1these two clreults ond mensured values rom cold-test resonators

indicutes that the ol eyttt of Fip, 79 comes cloneslt Lo simlating the

! G-




experimental R01/Q values. However, a finel Jjudgement on how well

¢lther circuit could represent an actual resonator cannot be made at

L]
£ ARt R

this time becsuce it is not clear how to relate all of the coupling

&
1

parameters of these two clreuits to physical slot dimensions or to
quantities which can Le measured in c¢o0ld test. If this could be

done, onc of thesc two circuits would probably be the best choice for
resonator synthesis (predicling the individual cavity and c.oupling

slot parameters required to acaieve a given overall resonator clectrical
characteristic) since they more caspletely describe the coupling slot
parsmeters than does the circuwdt of Fig; 1, Bul the circult of Fig. 2
is s1ill the most efficiont circuit to use for the general prediction

of the overall resonator behavior as a function of the frequency
sepuration between the two modes, becsuse the other two circuits

require & more deteiled specification of the slot parameters than is

necessary for this type of analysis.

The questica still remains as to whether the capscitances of
this circuit should be lefined in terms of parameters messured at the
n-mode frequency or the 2x-mode frequency when the modes overlap.

This will best be determined from cold-test measurements of the

resonator interaction impedance. Since this cold-test data is not
now avuilable, some insight into the answer to this question was
gained by computing the interaction impedance of the cirecujt of Fig.

20 in the driven case and comparing the results with a similar case

[PPSR S —

computed from the circult of Fig., 1. The circuit of Fig. 20 was

chosen to be the "standard of comparison' because it does predict the

measured relationship hetween the x-mode Rgh/Q and the Zx-mode
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Rsh/Q fairly well in some cases, and it was the best clreuit avail-
able to us from 1his standpolnt.

The circuitl parameters assumed Tor the calculation were selected
30 the results could be meaningT™lly compared with the curve of Fig.

14 for which Yy = 1.0. {The impedance represented by this latter
curve was calculrted from the circuit of Fig. 1, and the circuit
capacitances were based on resonator parsmeters assumed to be
measured al the freguency of the uncoupled cavities, which is very
nearly the 2x-mode frequency.) The coupling parameters ws/wl and
Ls/Ll were chosen to give the same frequency separation between the
two modes in the lossless case as in the lossless circult of Fig. 1
with ¢ = 0.13 and Yo = 1.0, The second cavity was then assumed to be
loaded to a Q of five and the interaction impedance was computed from
Eq. (I-29), as before.

There are a large number of combinations of ws/wl and Ls/Ll which
will give the desired mode separation in the lossless case. The
computed power output (proportionsl to the real part of the interaction
impedance) for two of these combinations is shown in Figs. 24 and 25.
he synchronization between the beam and the circuit {specified by
62) was adjusted in each case to yield approximately equal impedances&
in the two modes, The values of 62 differ slightly from that assumed
in the curve of Fig. 14, which is plotted as the dashed curve for
direct comparison.

The important information to be gathered from these two figures
is that in both instances the magnitude of the impedance predicted

by the circuilt of Fig. 20 1s very close to the magnitude of the
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impedance predicted by the clrcuit of Fig. 1, when the capacitances
of this latter circult were assumed to be based on the velue of

R ./Q). measured at w We have therefore concluded that the circuit
sh' 1

1
capacitances in Fig. 1 should be defined in teims of the measured
Rsh/Q of the individusl uncoupled cavities. It is reccognized that
hefore this circuit can Le used with complete confidence, its
predicticons of the interaction impedance of two-gap extended-inter-
action resonators with mode overlapping will have to be compared with
meésured values of this impedance, Cold-test technigues which will

allow us to perform these messurements will be developed during the

next reporting period.
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CONCLUSIONS AND FUTURE FLANS

Introduction

Throughout the preceding seetions of this report, conclusions
have been drawn from the resulls presented. The most significant of
thesce conclusions are reiterated in this scction and the proposed

direcction of future work is described.

The charuacterisiic properties of two-gep extended-interaction
resonators operating under conditions of mode overlapping have been
studied. The most practical resonator model for the analysis is s
lumped-element equivalent circult in which the coupling between the
two cavities is represented by s single circuit element,

Computer programs were developed for the calculation of the
charscteristic modcs and the frequency response of the resonators.
The influence of the following parsmeters on the general frequency
response of the resonators was established: the coupling between the
two cavities, the degree of loading end location of the externsl '

load, the beam synchronization parameter, and the relative frequency

of the two cavities.

The results shos that resonstors with mode overlapping can be
used for increasing the bandwidth of klystrons. TFor an interaction
impedance in the region of 1800 ohms, the 1 db bandwidth predicted
for a two-gap extended-in
is approximately a factor three larger than for a two-gap extended-

interaction single-mode resonator. The bandwidth advantage over the
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single-gap cavity is approximately four to one. The bandwidih is
about th. samc gs for ithe siructurally more complex two~gap single-
section~-1ilter loaded resonator. However, the frequency responsc of
the resonator with mode overlapping shows a larger sensitivity to the

beam voltage than single-mode rescnstors.

Future Plans

The study of extended-interaction resonators with mode over-
lapping will continue during the uext revorting period. In order to
provide the necessary tools for further evaluation of the rescnators,
ney analytical as well as cold-test methods wmust be developed,

A small-signal computer program will be developed for calculating
the amplitude and phase response of buncher systews using extended-
interaction resonators with mode overlspping. This program will be
used for finding the design criteria for buncher systems.

The most straightforward approach to the buncher synthesis is to
design each individual buncher resonator wlth full bandwidth coverage
(except for the penultimste resonator sysiem which must be tuned
outside the frequency band). The relatively high interaction impedance
which can be expected from resonators with mode overlapping indicates
that this approach is feasible and will be tried first, 'The expected
small-signal gein per stage is in the region of 10 db.

The development of a large-signal computer program for the finml
evalustion of ocutput resonators will be started. This program will
be capable of simulating and accounting for the remodulation of the

beam in the output resonator.
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The development of measurement techniques for resonators with
mode overlapping will be comple{ed. This is necessary for the cold-
test evalusiion of both buncher and cutput resconators. The first
step in this work is to cstablish exactly what information cen he
obiained from standard impcdance measuvementis where the resonator is
excited in the lcad port. The evaluation of buncher rescnators by

cold test will be started.
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GLOSSARY OF SYMBOLS

Drift tube inner radius

Amplitude coefficient of the current 12
Amplitude of the currcent Il
Beam radius

Velocity of light

Fquivalent gap capacliances

Coupling capnacitunce in the cirvcuits of Fig. 20 and Fig. 23
Capucitive reactance matrix, defined by Eq. (l-h)
Interaction gep length

Normalized capacitence matrix, defined by Eg. (I-21)
Coupling slot resonunt frequency

n-mode froquency

2r-mode frequency

Circulating cavity currents, defined in Fig. 1

Circulating current in the coupling circuits
(Fig. 20 and Fig. 23)

Circulating cavity current vector
Induced gap currents, defined in Tig. 1
Induced gap current vector

Vo1

The fraction of +*he circulating cavity current which is
intercepted by the coupling slots in a coupled-cavity
resonator

TImpedance matrix, defined by kg. (I-5)

Coupling inductance in the circuiv of Fig. 1
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Fquivalent cavity inductsnces
Coupling inductance in the circuits of Tig. 20 and Fig. 23
Normalized impedance mairix, defined Ly Eq. (1-22)

Spacing belween the centers of the gaps 1n an
cxtended-interaction resonstor

Average poyer, or real pari of T

Complex power

Total loaded Q-velurs of the cavitles of v two-gap
resonator, measured bLefore the two cavities arc coupled
togoether

Coupling slot end radius (Fig. 21)

Mean coupling slot radius (Fig, 21)

Equivalent cavity serics resistances

Cavity shunt resisiancc

Cavity charoctleristic fmpedance quality factor

DC bean veloceity

Stored cnergy

Effective rf resonatof voltage

RF gap voltage vector

RF gap vcltages, defined in Fig., 1

Reactancc of the coupling inductance Ib

Serics cavity impedances, dcfined by Eq. (I-7) snd
Eq. (I-11)

Elements of the circuyit impedance matrix‘gc

Resonatoer irteraction impedance

Circuit impedance matrix, defined by Zg. (I-15)
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R

o o

Wye Qs W,

¢
Un

Coupli parameter assoclated with the circult of Fig. 1
(¢ =L /1;)

LZ/Ll

Propagation foctor assoclated with the dc beam veloclty

(B, = w/u)

Normalized spacing between the centers of the -~os in an
extended-interaction resonator

ap/y
Coupling slot angle, defined in Fig. 21
Phase cf 12 relative to Il

Imaginary part of the complex frequency ' (except in
Eq. (23), where o is an empirical correction factor)

Angular frequency {real part of ')
Complex angular frequency

Angular resonant frequencies of the two resonator cavities
before they are coupled together

Angular freguencies of the three charscteristic modes of
the circuits of Fig. 20 and Fig. 23, in the lossless case

Angular frequency of the nth mode
Coupling slot angular resonant frequency

Angular n-mode frequency

Angular 2x-mode frequency
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APFENDIX I

DERIVATION OF THE BASIC EQUATIONS USED IN T .E ANALYSIS OF

TWO--GAP EXTENDED-INTERACTION RESONATORS

CIRCUIT TMFEDANCE MATRIX

The lumped-clement equivalent circuit used to represent two-gap
extended-interaction resonators is shown in Fig. 1, page 6. Applying

Kirchhoff's lews to the circuit and writing the resulting equations

in matrix form, we obtain




r. + ) 7 b |
(Zl Zo 7 "%
[ ~4g? (Z2 + Zo)

]

(1-5}

Zo is the reactance of the coupling inductance, and Z, and 2., are

1 2

the series impedaunces of the first and second cavities, respectively:

Z, = Jab (1-6)
=R - .
Zy = R+ Jfaly - = o (1-7)
or |
Tl \ 1
= ' F L (1)1 l_! N
where
2 1
Cl)l = L—lCI (1-9)
aad ) !
w.L
_ 11
Sl (1-10)
similarly
A
s 2 1
Z, = Jul, |1 -f = - Jw—g (I-11)




It 1s easy to show that the gap voltage vector V is related to
the two current vectors and ‘the gap capacitance matrix through the

equation
v=c(1-31) (1-12)

vhere

z=t ‘ (1-13)

Combining Eas (I-1) and (I-12), we obtain:

v=¢l-gK ol (1-14)

We have defined the circuit impedance ma,trixz,‘C to be

Z,=8-CKC (1-15)
which ylelds *he relaticnship
U2, 1 (1-26)

It is useful to write the expression for z@ in a slightly
different form by using the parameters of cavity #1 as a reference,

Using @, and L, for reference in Egq {I-11), Z, becomes

o O 5 [/
2 = oy Bl - @) - i g (1-17)
where
L
2




and

@, i’
\12 = 5— (1"19)
1
With Z, given by Bg (1'17)’-§c can be expressed as
o a
R I .
Bom -2t ) DY (1-20)
1
where
D= ijl g, (1-21)
and ?
M= -J—l--~ K (1-22) ‘
2 Jl
In an ordinary R-L-C circuit, such as we sre using to represent
cavity #1 or cavity #2 in Fig. 1, the ratio of the equivslent shunt
resistance to the circuit Q (Rsh/Q) can be expressed as the reciprocal

i)

PR}

ol the product of the ecircuit cepacitance and resonant frequency.
Tn order to relate the capacitances in our equivalent circuit to a
particular two-gap resonator operating in some given mode, we have

chosen to define the capacitances C, and 02 in terms of the measured

1
Rsh/Q of the resonator at the given mode and the mode frequency. So,

for example,

R
1 sh ‘
EI = 0 (75-)1 (1-23)




where wn 1s the angular frequency of the mode of interest. In the

mosi common case where the rescnator gaps are identical, (Rsth)l

. is teken to he one half the measured Rsh/Q of the oversll resonator

for that mode.

J—

Substituting Eq (I-23) into Eq (I-20), the finsl expression for

the circuit imredance matrix becomes

R w 2
sh n ! -1
7 - 3(==Dy. Blp 4 (2 1.0}
Z, = J(Q)lmp+(w) DM~ D (I.24)
B. Resonator Interaction Impedance

We have chosen to define the intersction impedance of the

resongtor in terms of the power delivered to the resonator for s

specified current excitation of the resonator, The complex power

dellvered to the resonator is given by

~ ¥
P=35V]I 1-25)

noj—

where ¥ is the transpose of the column vector V, the asterisk
indicates complex conjugate, and the bar over the P is used to
indicate thet the power as defined here is complex.

Using the induced current in the first gap as a reference, the

most general expression for the current vector l‘is

'.Iv:. = A J 0,.\ (1-26)
LIQ_! L &26 c-l




U e

The voltage vector is related to the circuit impedance matrix

and the current vector by

[mzll 212 rIl

YJ = EC .-IV = (I-?{)
[221 Zop [12

Substituting Egs (I-26) and (I-27) into Eq (I-25), and
recognizing that Z21 = 212 since ithe resonator is passive, the

expression for the complex power becomes

el
1
x>

2 - )
: >
By, *+ ey By, + 28, Ty, cos 6 (1-28)

noj

The resonator interaction impedance 1s defined to be

(1-29)

S0

2

Zc = le + 8, 222 + 2a, 212 cos 6, (1-30)

The power dissipated in the resonator and its associated

external load is Just the real part of the complex power. That is,

2

o=

Re Z (1-31)

1 & ¥
P=§R6(V£)= o

N

Frequencies and Q's of the Characteristic Resonator Modes

The characteristic mode frequencies of the resonator are




defined to be the frequencles for which the voltage vector Vis
non zero wvhen there is no external excitation of the resonator

(I=0). When I =0, Egs (I-1) and (I-12) become

Ki=0 (1-32)

and
V=-01 (1-33)

Barring the cases where either the frequency or the circuit
capacitances are infinite, Eq (I-33) shows that for V to be non zero,
1 must be non zero. With that being true, Eq (I-32) is satisfied

only if the determinent of the K matrix is zero
\g‘ =0 (1-34)

Only in the lossless case can this last equation be satisfied
at real frequencies. In the cases with loss, the characteristic

modes are found by solving for the complex frequencies
' =w+Jo (T-35)

which are the roots of Eq (T-34).
The @ of each mode of the undriven resonator can be found from

the complex frequency corresponding to that mode. The Q is given

by3

o
Q=5 (T-36)




Gap Voltuges at the Modes of the Undriven Resonator

Combining Egs (I-1) and (I-12) when I = O yields the equation

K¢l y=0 (1-37)

This equation can be used to find the phase and amplitude of V2
relative to V. at the modes of the undriven resonator by evaluating

1
1t at the complex frequency roots of Eq (T-3U4).
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