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EVAL UATI ON

wide Frc.iuencv Diversity has long been recognized as a most effective

eleCtronic counter measure technique. However , tile cost of acquisition

~~~~ maintenance of two separate radar systems has been a large deter-

mining factor in its app lication . If the Wide Frequency Diversity concept

could be embodied in a single radar system , its t a c t i c a l  advan t age  cou ld

be realizes! at minima l increase in these costs. This program endeavored to

prove feasibilit y of a key component in such a system , the final amplifier

tube. Through the eff rt expended herein , it has been determined that •

the multiband klysiruu concept is sound and presently efforts are being

made at the construction of an advanced developmen t model.

JOSEPH P .  POL N1 ASZ L K i—’
P r o~ c c t  E n g i n e e r
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I. INTRODUCTION

Frequency diversity is held to be an effective ploy against

electronics countermeasures . The only viable use of wide range frequency

diversity with existing equipment Is the employment of two or more separate

radars opera t in,g In widely different frequency bands . This solution , however ,

may be prohibitive in terms of size , weight , complexity, and cost . The

present study effort aims at the ultimate development of a single linear beam

microwave device capable of high power pulse operation in two widely separated

frequency bands , so that a single radar using the tube will enjoy the
advantage cf wide range frequency diversity.

The experimental tube has the following parameters as goals:

4.1 .5. 1 Gain 40 dB

4.1.5.2 Power , Peak 3 MW
4 . 1 . 5 .3  Bandwidth  i O % in each band
4.1 .5.4 Band Centers 3.3 and 5.65 0Hz

4.1 .5.5 Efficiency 40%

‘4.1.5 .6 Power , Average 8 kW

~4.1 .5.7 Pulse Width 10 l~sec

Preliminary efforts in the study of multimode cavities concentrated on

t~e properties of the box cavity main (1— 1) mode and the higher frequency 1— 3

mode . The latter has been used in klystron test oscillators in the past

because of the wide tuning ranges possible. While a klystron could undoubt—

edly be designed to operate in both of these modes , it would , of’ necessity, be
a narrow-band device because of’ the relatively low Rsh/Q and modest coupling

factor H in the 1—3 mode . The figure of merit M
2
(R/Q) for the mode would be

very low by comparison to that of the cavities of an alternate approach , the

interspersed cavity arrangement .

I

• I • ‘  -.

~iiiI.. . • • • —.-‘—--—-——-— • 
~~~~~~~

‘- -‘
~ 

‘ 
~~~~~~~~~~~~~ 

-
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I I .  DUAL MODE BROADBAND KLYST R ON

Dual mode broadband microwave tubes have been designed to operate at
widely different power levels. In some instances both pulsed and CW operat ion

nave been achI~.ved in a single device , though over the same operating band.

In the present study one is concerned with pulse operation at a multimegawatt

peak power level but over two rather widely separated frequency bands , cen—

tered specifically on 3.3 and on 5.65 0Hz.

Figure 1 illustrates the status of a study of the configuration of a dual

mode broadband klystron of this type . S-band and C—band resonant cavities are

interspersed in the arrangement. Drift tunnel size is dictated by C—band re—

~u ir e m en t s .  S—band c a v i t i e s  among C—band c av i t i e s  must not have modes corn—

pe tmn ~ ‘it C—band fundamental frequencies. The illustration gives detail only

so far as resonant c a v i t y  center—to—center distances and cav i ty  he ights  are

-or.cerned. It is a working drawing to see that 3—band and C—band cavity

spacings are compatible in the interspersed arrar~ ement .

According to computer results discussed in a later section , S—band reso-

nant cavity spacings should yield reasonable klystron performance over close

to a ten percent bandwidth. C—band computer results indicate relatively

marginal performance over approximately a f i ve percent bandwidth. Further

work w i l l  be necessary in the  C—band design in any hardware program following

the present effort . An a d d i t i o n a l  C—band resonant cav i ty  wi l l  probably  be

necessary . The center—to—center spacing between S-band cavities S—3 and S—4

may have to be increased somewhat to accommodate the additional C—band cavity ,

and some further S—band adjustments may be required to obtain design optimi-

zation . The S—band problem involved in all this is not viewed with concern .

Both S—band and C—band input circuits considered so far make use of

coupled—cavity systems in the interest of’ wide bandwidth . Similar coupled—

cavity output c i rcui ts  have also been considered . These coupled—cavity ar-

rangements have one cavity coupled to the electron beam at the interaction

3
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gap, with an additional cavity coupled in as a series filter in the microwave
transmission line . There may be advantages in the use of ElK type output
system cavities, in which both of the coupled cavities have interaction gaps
coupled to the electron beam. It is proposed that consideration be given this
possibility before hardware implementation is considered .
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111. RE SONANT CAVITY COLD TE ST WORK

Resonant cavity cold test work had the objectives of determining basic

dimensions leading to freedom from mode lntert’t’renco up In f requency th rough

the second h ar m o n i c  • relat I ye ease of’ t Uri Ing , i5 ’ct ’p t  ab l e  R sh /Q  va lu es , and

electron be am—t 0— c ay  it  y cou p l i n g  fac t  or ’s l e a d i n g  t o opt .  imum or near o p t i m u m

val ues o f H ’ l H : ~h ~~) .  R ’x — sh a p e l r e s on an t  c i v i t  i o n  wore chosen for st udy be-
ca use they t une r e l i t  i v e l y  O 1 5 I ’ y l u s t  h e ’o iu s e  they p rov i de  one a d d i t i o n a l

dimension over cylindri ca l c a viti e s for shtt ’t ln g  possibte interfering modes .

in it ii ly it h id been planned t o p er fo rm resonant oav it.y cold tests at

both S—band and C—b ind . S—b and was deemed t lie more import ant because It was

necessary to ivo :d mode m t  t ’r t ’er ence not only in the second harmonic region in

these cavitie s , but t i n e  in the interve ning C-b ind frequency region . it. was

also felt th at much  of t i c  S - hi nd  work w o u l d  ho appli cab le to C—hand through

scaling t .cc i n l q ue s .  In m y  e v e n t  , C— b ind work was de fe r red  r epea t ed ly  in

favor of ot her et ’t’ort  s . it will be necessary I o per for m some C—band oo~
tests b ’t O t C  1nui ~ Iw .it t ’ ini ~ I O I ~1t ’ I i t  a t  m c i i  C a I I  he ~O i i O h I t ’ I e ( t .

A. ~-BANL~ ~~~~~~~~

- 

~‘igure ~
‘ i l l  tint t ’ i t . e ’S t he dimens ions of (‘xpi’r imenta I S—band i’av i t  Ics

Dr i f t  tunne l  diameter (0. ~1b” ‘t was di c( at od by C — h a n d  cons idera t  ions .  Most of

the test ing was accompi i stied wit h 0. h Ot )  I it ch dri ft tube interact ion gaps ,

though cons iderable  s tudy went into s’aV i t  y S — C A , wh ich employed t hr ee di f—

ferent. gap sizes • 0. hOD , 0. ~h0 • and 0 . h OD inc hes. Pr 1 ft t ube  t i p s  a l lowed  a

0.0 15 inch wide  f l it a l l  around , a d i men s i o n  n ot  shown in t he ill ust r at  I out

Figur e shows the f i r s t  th r ee  ex p e r i m en t  i i  c a v i t  ies .  C a v i t y  S— S ’ was

• l a t e r  m o d i f i e d  to become c av i t y  S— ,~A , t r i O  t new c a v i t y  S — I A  was assembled .

The sampl ing probes shown were l a t er  ch . mr i g e d  t o  e l i m i n a t e  responses a s so c iat e d

w i t h  the  m e a su r in g  : iy s t  em , r at  her t han w i t h  t he cay i t  los .  The f i na l  samp i log

probe design used loops of ab out  1/ 1( 0 h x 1 / 1 tO li inch cross sect Ion . The

I - • . - ~
.. - -~~~ —
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Figure 2. Dimens ions of Experimental S-Band Cavities
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excitation loop had a miniature 3 dB pad connecting right at the cavity inner

wa i l , while the detection loop had a miniature crystal detector connecting

right at the inner cavity wall. Once the nature of the various modes had been

determined by probing cavity ends , side walls , and into the drift tube gap,

the loop probes were p e r m a n e n t l y  mounted at the opposing end walls. This left

the d r i f t ,  tunnel  region free for inser t ion of a sma l l  qua r t z  rod to measure

Rsh,’Q. The perturbing quartz rod was centered by means of plastic centering

plugs at the outside drift tube ends.

n .  S-BEiND CAVITY MODES

Figur e ~ is a diagram exp l a in ing  p r i n c i p a l box c a v i t y  mode types up in

frequency and through and beyond the second harmonic. Five mode types are

shown . Three of these may be detected as degenerate modes. For example , when

c a v i t y  l eng th  L is not g r e a t l y  d i f f e r ent from cavity width W , the same type

mode may be supported along two different axes , normal to each other , with

each component mode having a somewhat different frequency. Thus , the

so-called 1-~ mode has a counterpart  i den t i f i ed  as the 3— 1 mode.

The numbers 1—1 , 1- .2, and 1—3 identify the number of rf variations across

t h e  w i d t h  W and along the length  L respec t ive ly  for the mode in question . RF

v a r i a t i o n s  along cav i ty  length L are coincident  wi th  the number of half—guide

wavelengths , the actua l length being modified by tuning effects at the inter-

action gap. The nature of the various modes is discussed in the following

sections .

1. MaIn (1-1)~~~~~

The ma in  mode has a strong ax ia l  ~ f ie ld  across the interact ion gap
and is , of course , the mode wi th  which electron beam in teract ion is desired .

It ex is t s  as a half guide wavelength resonance , actual cavity length L being

t’oreshortened by capacitance at the gap. Highest Rsh/Q may be realized In

thi s mode for a large interaction gap and with width W and length L close 
to9
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the same size. Cavity height also effects Rsh/Q , smaller heights giving lower

values.  Mode frequency is a func tion of’ all dimensions . Tuning is frequently
achieved by use of a movable wall. Freassembly frequency adjustments may be

made by use of interaction gap size changes.

2. 1-2 Mode

The 1—2 mode has weak axial ~ f ields across the Interaction gap. H
With symmetrical cavity designs , one would expect weak coupling to the mode .

The ~ f iel ds are , in addition , of opposite sense from one side of’ the inter—
action gap to the other. Howev er , any asymmetry of resonan t cav ity shape or I
of electron beam centering wi th in  the d r i f t  tunnel may resul t  in enhanced mode
coupling .

The 1—2 mode exists as the two ha lf  guide wavelength resonance.

Actual cavity length is modif ied by tuning ef fec ts  at the interact ion gap . In
this case , ~ f ields are weak at the gap,  whi le  H fields are stronger . Hence ,

tuning is said to be “ induct ive ” , and e f fec t ive  cav i ty  length is increased
somewhat . The resonant condition is close to that for which the cavity is a

gu ide wav elength , A g, long. Figure 5 is a comparison of observed 1—2 mode

frequency in one of the cavities with calculated guide wavelength , A g. Actual

cavity length L is somewhat longer at a given frequency than A g, though the

d i f f e r ence  is not large .

The 1—2 mode frequency tunes rapidly with cavity length L and with

cavi ty  width  W but responds only slightly to cavity height H or to interaction
gap size G.
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3. 1-3 Mod~

The 1—3 mode has a relatively strong ~ field across the interaction

gap and typically exhibits an Rsh/Q of about half that of the main mode . The

mode exists as the three half guide wavelength resonance. Actua l cavity

length Is foreshortened by capacitance at the interaction gap. Figure is a

comparison of observed 1-3 mode frequency in one of the cavities with calcu-

lated three half guide wavelengths , 1.5 \g. At a given frequency of reso-

nance , actual cavity length L is substantially shorter than calculated length.

The topmost curve of the graph shows percentage foreshortening of the calcula-

ted length , 1.5 \g, to obtain actua l cavity length I.. at a given frequency.

The percentage is plotted against actual cavity length L. For a near box— P.

shaped cavity, a typical drift tube interaction gap, then , would be expected

to  for eshor ten tne cavity resonator by about 10%. The 1-~ mode frequency

tunes rapidly with cav ity length L and with cavity width W . It also tunes

with int eract ion ~ap s l . e  C. But it responds only slightly to cavity height

H.

~ . T~ft Tv ~ e Mode

The TEM “type ” mode is so identified because It is similar to the

f i r s t  coaxial  mode . If one imagines a short coaxial  l ine  w i t h  a shorting

plane at each end , a strong resonance exists  for which  the  coaxia l  l ine is one

half wave leng th  long . The ~ field is strong at the center of the c a v i t y

across or transverse in a l l  d i rec t ions  between the center post and the  outer
wall. In the klystron cylindrical resonator , cavity height H is identified

with the half wavelength dimension . The presence of the in terac t ion  gap C

moves the T~ 1 type mode frequency higher . If  the gap ~ ~s made larger and

larger , finally becoming equal to cavity height. H, the mode becomes the

“pillbox ” TM01 mode at a much higher frequency. Over the possible range of

interaction gap sizes in the usual klystron resonator TEM type mode frequency

tun ing  is not large . C a v i t y  height  H is the principal frequency-determining

pa rameter .
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In t he  box—shaped  ~1vst ron ~-e~~ona~ or - cav it l eng th  L has .i m o d er a t e

effect on T~~ t y p e  mode f r e~lu e n c v ,  though cavit y he igh t  H has t h e  d o m i n a n t

e f f e c t .  The TEM t yp e  node u s u a l ly  e x h I b i t s  a r e l a t i v e l y  h i g h  ~ response , and

~t is p robab ly  the most t r o u b l e s o me  c o m p e t i n g  mode to he dealt w i t h  In kly-

stron resonator- Jes i~~n .  The lx 131 ~‘o~ po n e n t  of ~ f~ e 1d shows f i e l d  reversal

in crossing the  i n t e r a c t i o n  gap .  For this reason , i t  Is sometimes necessary

~ot only to sh i r t  the  mode f r e q u e ncy  out of the  second ha rmonic  region , but

also t o  i n t roduce  some form of l o a d i n g  to lower’ the resonator’ ~ of the mode to

prevent self os cilla t i o n .

~
‘ . ~~~~~ ivi e Mode

The T~~1 1 
“type ” node is so i d e nt  I f i e d  beca us e  it is s i m i l a r  to  the

second c o a x i a l  mode . if one i rnag  ines  a short  c o a x i a l  11:10 w t h a shorting

p1 ane  it each end , as w i t h  t he TEM t vpe mode , .i st r on g resonance  exists at a

h i g h er  frequency for this node is well . The E f i e  l~1 is st  rong it  t h e  c e n t e r

of the cavity across or r nsverse frc:~, one s i d e  of t he cut  or w.i i i  t c the

ot her- . The presence of the  cen t e r  post does not  have a major  e f fe ct  on mode

-~-4 u ~~~’v.  if i t  we re t o  he removed , the  node wo u ld  become the  “ p ’~l lhox ”
c a v i t y  

~~~~ 
mode at a somewhat h igh er -  f re . i u c n ’ v .  Some s l i g h t  t u n i n g  occurs

w i t h  i n t e r a c t  ion gap si:.e ~ over  t he  range of v a lu e s used in t y p i c a l  k l y s t  non

re sona tor s ; hu t , a ga i n , c a v i t y  h e i g h t  H is the princip al frequency—determining

pa rame te r .  In t h e  box—shaped klystron r e s on at o r  c a v i t y  ‘L e n g t h  L has mod—

or a t e  e f f e c t  on TE 11 
type  mode f r e q u e n c y ,  t h ou g h  c a vit y height H has the domi—

n.nit effect -

t~. ftig~er Freauencv Modes

The present s t u d y  has included modes u p t o  t~. O CHz in t’r o ’_ lu e n o y .  in

prov i ng out C — h a n d  cavit ies it will he necessary to s t u d y  modes up t o  about 1. ’

‘ _ H~ in order to check cut  p oss ib le  second harm onic  mode compet i t  ion .  Modes

exist , of course , in gr e~~t e r  and gr e at e r  pro fus ion  as one moves to h i gh e r  and

I -~ 

~~~ - - ~
. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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__ 
~~~~-—

~~~~~~ 
.
~~~~~
-

.~gher f r e q u e n c i e s .  In most cases it is not pr of i t abl e to s tudy  modes much

above tne aec~ nd narm on~~- frequency region . Except for the introduction of’

loading , for  instan..~~, there is l ittle that can be accomplished with a third

rii rmon i .~ ~crnpe t ing :nu Ie in i b r i :~db and microwave tube . At tempts  to sh i f t  the

frequency of such a mode Wi l l almost always result in undesirable changes in

t c  r~Jr ~ impc rtlnt second nar rnon ic  f r e qu e n cy  region . In a few cases where

tnini harmonic diffi ~~t ies  have been expe r i enced , mode loading has been

employed as a correction .

C. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H

F~ g’u re:; 7 tnrcugh 12 show mo le distribution graphs obtained in testing

The r e s o n at or  .~~ v i t i e s  snuwn in Figure 1 . Figures 7 and 8 show data obtained

in ir~.t~ al t~.s’.s , in ~r.i~~h c a v i t y  he ight H was 1 .0 i n c h .  The s i g n i f i c a n t

~~~~~~ in t n es e  ~-~r i ~~ns is the  presence of transverse modes, TEM and TE 11

~v pes , -,-Ji thi n the S-i i ri second rarrnonic frequency region . It was estimated

~r om the tun ~ -c-~ b in i - i o r  of these modes and from other  data available on
s i m i i a r  c y l i nd r i c a l  c a v i t y  rncdes that a reduction of cavity height H to 0 .900

sn : f ~ the t r a n s ver s e  modes upwards just above the S—band second
n o r m o nic  oand  li mit i t  7 .0  ~H z .  The change proved to do just  tha t , as shown

in Fi~ u:’ 8 , ~n~ ch ~ iv ~-s data for cav ity S— lA.

~ i n i l 1 r  results upro obtained with cavity S—2A . This cavity had a wider

cavity wil th ~~~. Tests were conducted for th ree  d i f f e r e n t  interaction gap G

sizes; 0.60C , 0.550, in.-t 0.500 inches. These data are shown in Figures 9, 10 ,

and 11 .

The object of tri o mode distribution measurements was to obtain indication

of c a v i t y  dimensions likely to lead to freedom from mode competition in

reg ions covering both C—band fundamental and S—band second harmonic

frequencies . An additional object of tne measurements was to determine Rsh/Q

values concomitant with cavities of these dimensions. As is usually the case ,
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the attainment of one objective frequently involved some sacrifice with re-

spect to the other. For example , reduction in cavity height H to shift the

transverse modes upwards in frequency was accompanied by some reduction in

Rsh/Q .

The mode distribution data gave indication of reasonable resonator H

designs for cavities at high and at mldband frequencies , as w i l l  be shown

later. The indicated possible design for t h e  low f r e q u e n c y  c a v i t y ,  No. 2 in

the proposed S—band design , however , left something to be desired . Both the

Rsh/Q and the electron beam to cavity coupling factor were somewhat low ,

leading to a relatively low figure of mer i t , (M 2 R s h / Q . )  It appears that further

S—band mode distribution cold test work should be undertaken in connection

with ca v i t y  No. 2 i t  hardwaii ’ imp lemon I at  ion  i s  c o n s i d e r e d .  This is d Is—

*u s s ~~a l in more  dot . i I  1 i n  .1 later sect i on -

D . RshJQ Measurements

An RshJQ measurement may be made by observing the change in frequency of •

a mode when a small diameter low loss dielectric rod perturbation is intro—

duced along the axis of the drift tunnel and across the interaction gap of a

resonant cavity. A solution is sought to the expression

12
Rsh/Q 1. 11 1 5 x 10 ~ x I ( d l a )

(e - l ) b 2 fo ’

a drift tunnel radius

rod dielectric constant

b dielectric rod radius

Af frequency shift

fo unperturbed frequency

I(d/a)~ function of (d/a), see Figure 13

d interaction gap length

_ _ _ _ _ _ _  
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For a given set of physical parameters it is a simple matter to program the
Rsh!Q computation on a programmable hand calculator . In a representative

program one would first enter the unperturbed frequency , then the perturbed

frequency. The program would contain information as to cavity dimensions and

physical properties of the dielectric rod , and Rsh/Q would be computed and

displayed .

Such a program was used during S—band cavity mode distribution tests to

obtain Rsh/Q values applicable to the particular cavity dimensions employed ii~
each test . Figure 111 shows data obtained with cavity S—2A during tests with

the three different interaction gap G sizes. Data points are plotted with

respect to cavity length L. The frequency increases for shorter cavity

lengths , though not indicated on the graph . Figure 15 shows similar data

plotted with respect to resonant frequency.

Several tests were made on cavity S— 2A for a fixed cavity length L of’

L800 inches with gap G sizes from 0 .3  to 0.6 inch.  It was desired to deter-

mine mode distribution , main mode frequency, and Rsh/Q over the range of gap

sizes. The data is shown in Figure 16.

- 25. Figure of 1-len t. ii Rsh/Q

It is not Rsh/Q alone that determines the merit of a particular

cavity design. The value of this parameter multiplied by the square of the

coupling factor M is the real measure of worth. While Rsh/Q grows larger wit-h

increasing interaction gap G size, M decreases . The opt imum val ue of gap size

G is ordinar ily somewhere near 1 .5 radians. A really accurate determination

requires a great deal of’ experimental data , but a useful approximation may be

obtained for guidance through equivalent circuit teehniques

With data available as to cavity resonant frequency , tuning vs gap

size, Rsh/Q , an d cou pling factor M for a par ticular case , one may assume that

25
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a change in gap size  represents  only a change in capacity and t hat an appro-

priate change in inductance must be employed to maintain resonant frequency

cons tan t - 0n~ ~i i s , for example

I and R 
h

If one now reduces gap size , in cre as ing  gap capac i tance  by ~~~ t hen

1 - C 
1 

and L~ L 1

R s h -  ~ , the n , must be changed ac-cording to

o.

rhe f a c tor  by which Rsh is changed may he determined from knowledge ot~ reso—

nant f r equency  tun i ng vs gap size . For e x a m p l e , in the case above , i f  on i

the gap size is changed , c h a n g i n g  capacit .y but leaving Induct ance  constant ,

hen one has

~
I

: vfc~~ i /~~~~ -I- -~~~

*
1 J__* 

~/ ~

the factor  changing  Rshi ~ for the new gap size is , therefore , merel y t he r at  ic

of the new frequency to the original frequency .

Figure 17 illustrate s the exercise for an S—h and c a v i t y  r e sonan t

frequency of ~~ t~ ’ t3H z . M has been calculated and p lo t ted  as a t unct ion ot~ gap

size G t’or ap p r o p r i a t e  e l e c t r o n  beam conditions . Hsh Q is known t’o~- 1 gap

siz e ~ of 0 . 1100 inc-h from Figure ii’ . Main mode f requen cy vs gap si:.e rni~- a lso

be t ake n from t h i s  graph . The so-cal led  “co r rec t ed”  R sh ~ and the f i gu re  of

m e r i t , M~ Rsh -~~ ha ve been ca lcula ted  and p lo t t ed  as a f u n c t i o n  of gap s t .~t’ ~ in

- I
_____________ - A - ~~~~~~~~~~~~~~~ —— . - ~~- - -

~~~~~~ -
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accordance with the preceding argument. The optimum gap size 0 in this case

is close to 0i400 inch , equivalent to about 1.3 radians.

The principal weakness in the  equiva len t  c i rcui t  t rea tment  is that a

so—called change in inductance involves modification c~f cavity volume , with

likely alteration of Hsn/Q from this cause . In other words , it is an over-

simplification to take resonator capacitance as existing solely at the inter—

action gap.

b. .5-BanAl Cav ity Designs

The S—band cold test data may lead directly to suitab e resonant

c— iv ity designs in some cases. Or the data may be used to give indication of

possible design solutions at cavity box dimensions not directly explored by

test . Figure 18 is ari example of’ the latter case , in which resonant cavity

data is extrapolated to determine a possible design solution for cavities at

or very near 3 .3  0Hz. The solution sought , of course , is one giving freedom - -

from mode competition with C—band fundamental and S—band second harmonic

frequency regions and , at the same time , giving acceptable values of Rsh/Q and

figure of merit M2(R/Q). In this case known values of cavity length L, 1—2

mode frequency, and 1—3 mode frequency are plotted against cavity drift tube

gap size 3. The 1—2 mode increases in frequency with both reduced gap size 0

and reduced cavity length L. The 1—3 mode decreases in frequency with reduced

gap size 3 but increases in frequency with reduced cavity length L. The solu-

tion sought in this instance is one in which the 1—2 mode is just above the

C—band fundamental frequency region but below the S—band second harmonic fre-

quency region , while the 1—3 mode is just above the S—band second harmonic

frequency region . The extrapolation suggests a possible solution for a gap

size G of about 0.370 inch . This would be a starting point for fur ther  cold

tests to make certain of mode frequencie~ and other data . Changes in cavity

length L , gap size 0, and/or cavity width W would be employed to optimize

cavity design in the new dimensional region .
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Direct applic ation of’ data and procedures of this nature h Ive 114 - 4 -n

employed to obtain tent-I l ivt- so lu t ions for S—ban d cavity s t r u l -t urt -a . The

table below shows t h e  results for- a typical cavity disposition .

Cavity Frequency Width Length Height Gap

No. 3Hz Rsh/Q M
2(R/Q) W” L” H”

1 , ~,6 — 3 . ~0 H7 108 2.200 2.3140 0.900 0. -~(O

2 ~.1 T 112  6~ 2.200 3.150 0.900 0.600

11 3. 14( 1 -7 111 2. 200 L800 0.900 0. ~3O

5 1. bO 114 3 107 2 . 200 1 . 800 0.900 0. 1100

The Rsh/Q and figure of mer i t.  M 2 ( R / Q )  for cav i ty  No.  2 ar e  low and may be im—

proved through further cold test work. This cavity i~ the lowest frequency

cavity required . An experimental cavity of substant Liil y wider width W , for 
- 

-

example , may lead to a more desirable solut ion .
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1V . COMPUTER WORK

Heavy dependence is placed on computer results as a guide in klystron

de s1~ n. Six different computer programs were used in the present study effort ,

and a great many klystron configurations were considered The total bulk of

large signal computer results , for example , is a stack of 11 x 15 inch computer

paper sneets some 28 inches high. Most of these data represent solutions not

useful for klystron design , though often indicating desirable directions for

fur -thor study. Some indicate reasonable klystron designs. All of the computer

data is preserved for possible reference in any hardware Implement ation. The

s ix  p roglain is Int ~n t  I oiit-d a Fe I o il  OwS •

k~ o~ram x J ~i~r~~~~ Qj~t.a. Comuui~~i~ Charact~ risU..i~

KD~ Mathematics I~leotron beam parameters , interaction gap

coupflng factors , etc.

UBW Gain— Bandwidth Small—signal gain—bandwidth , multi-frequeno ’ ,

s ing le  cavity structures , engineerin g

estimates

CPLCV Olin—Bandwidth Small—signal gain—bandwidth , mu lti—frequency ,

coupled— cavity structures , sophist ic-ated

solut- ions

OBLC V l.a rge —~~ 1 gria I Power out put and of’ f 101 CUO V , si ngle ( reqAL4 ’ n c- v

d I ~t inot- at epp I rig

TCAV Large— signal Power c - li t put m d  off ic - i eric -v , s tr ig le f r eq ue n cy

t ime :~tepping

I) IC Out put- Syst em impe l ma - -e vs frequency , synt bes t zes oh irac I or—

1st 105

KDC makes rap-id c-a i c - u  l i t  ions g L v  i~n+~ p~-rt m e r i t  ‘0 ~~‘t ron be m m oli r act  e r i s t los ,

triter -~c- t ton gap coup Ii rig f t  I on - , mn~1 c-I 114- F 1 , 1  I t on - gt ye n  set c-f input param—

et  era  - These d a t a  m m v  t h , ’n he I l O e l  i r ~ f u r l  ti  , I L A  ~t t on s  in 1 her comp u t e r

prc-gr -tma -

_ ;  I

- 

- 

- - - - - -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -

OBW is a r e l a ti ve ly  s imple  s rn a i l — s l g n a l - i . ~m tn —b an - 1wi d t .h  program g i v i n g
reasonable engineer ini~ e s t i m a te s  for t h e  Input . p aramete rs  employed . it  is

arranged t c -  handle single cavity resonant s t ruc tu re s  along the e l e c t r o n  beam ,

tho ugh c o u p l e d — c a v i t y  approx ima t ions  may sometimes be c -hI iined through simu lat ic-n

by use of ’ mod i f ied input  parameters .

CPLC V is a sophisticated small-signal gain—bandwidth program giv ing r e l a-

t i v e l y  ac~~I i n - i t e  n-eault s for parameters describing coupled — cavity i n p u t ~~iri ~ or

o u t p u t  c i r c u i t  a , and other single cavity resonant structur-e s , a long the ele ct ron

beam .

DB LCV m d  T CAV make large— signal c o m p u t a t i o n s  at a s i ng l e  g i v e n  frequency

for a specified rf d r ive  power.  Hence , I t  is necessary in the  use of’ e i t h e r

program to make repea ted  n-uns it~ d i f f e r e n t-  rf d r ive  power levels  t o  d e t e r m i n e

in d i c a t e d  s a t u r a t ion c h a r a c t er i st  ics. Moreover , for a broadband k ly s t ron  i t  I s

f u r t h e r  necessary  t o  repeat computer  runs of’ t h i s  n a t u r e  for each f r equency  of

m t  ereat . in e a r l y  work , t Y P i c - a l l y  t .hree f r e q u e nc i e s  ire at ud led , nie mn - l I lni edges

and at band cent en ’ . Late r , is a f i n a l design so lu t ion  is approached , f i v e  fre-
quencies - ir e  o ft e n  considered .

DBLCV is -i distance stepping program . HF t ime and phase changes are do-

p endent  v - m r table s - d ot m n -c a long t he ax is the i n d e p e n d en t  v a r i a b l e .  One c - v c -  I c

c-f n-f is examined , w i t h  the assumption t h i t a1 I o ther  cyc les  are  ide a l  ic - i l -

i~ leo t ron r ’ever s-i I Is riot pt ’rmi tt. ed - The program is rapid and r e l i t  i v  el y in —

expens ive  t o  115, .

r CA v is -a I t ine - ‘ 1 e pp  I t1 ~~ j 1r c - g t - . A n l  - t~1ectro n p o s i t i o n  along the m x is is 1 he

dt -p ’ ’ t i - ~~- r i A  v u I - i - m l ’ 0 - . in c I he ItiIc - p ,-TIlc - nt v m ,-mal Ile . Points a l o n g  t lie ax i s  c - on—
s m t t r t -l must ‘~~t l i i  t -nc -omp1 sc- more t han on~~— h i 1 f wavelength . I-~lect r o n  i ’ i ’v t ’ ’ s m l is

pt - n -mitt ~- t .  The pr- c-grim IS I - I r g t ’n - m d  more c-omp Ii c - a t  ed t han DBL CV , I i ken  con—

a tdt -r~m hl y 11 rig - -c to run , and is more exp e f l s tv e  I o 1154 -

:1

~~~~~— __a_~~~
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DTC w i l l  synthesize  ou tpu t  system parameters from a des ired impedance vs
frequency character ist ic  used as input . The user may then j udge if these param-
ete rs are realizable in practice. Alternately the program will compute output

system impedance for input parameters Rsh/Q, frequency and Q of beam—coupled

cavity, frequency and Q of series coupled filter cavity, and cavity-to—cavity

iris coupling factor .

Figures 19 and 20 show CPLCV small—signal gain computations for S—band and

C-band . Figures 21 and 22 are examples of plots of’ Output system impedance vs

frequency for the two bands. A representative set of DBLCV computations for

S—band saturation characteristics gave the following results:

CFLCV Case 1538 . Output No. 66

Frequency Gain po

0Hz dR MW

3 .1 11 -2) 11 .0

~~ _ ~O c— . $ 112

-2)

Similar  da l i  is shown for C— h in d in g r a p h i c - a l  form in Figure 2~~.

The saturation d a t . m  for ‘Sc-h c - i s o  i n d i c a t e  I-he d i f f i c u l t y  of a c h i e v i n g
un i form performance -ic -r oss t h e  frequency band . This is a t t r i b u t e d  to the choice
of frequency for t h e  penu lt  unit I ’ c a v i t y .  As b a n d w i d t h  becomes w i d e r , i t is more
and more 21ff ic -u lt to at t . i  i t ;  un i fo rm e f f ic i e n c y  - The effect of’ .m single pen—

ulti:r It o c a v i t y ,  t u ned i n d u c t i v e l y  t o  i p o in t  above t he  h i g h  frequency end of the

:16
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I
band , tends to be minimal over the low frequency portion of the band . Improve-

men t may be possible through the use of’ two “penult imate ” cavities. While there

may be only one “next to the last” cav ity in a mechan ical sense , yet two cavities

may be positioned close to the output cavity and tuned inductively as penultimate

cav it ies , one to improve efficiency over the high frequency portion of’ the band ,

the other to improve efficiency over the low frequency portion . This suggestion

will be studied with respect to improvement in C—band performance at 5.5 GHz .

Moreover , it may be a useful ploy at S—band as well , where some difficulty has

been experienced in maintaining good performance at low frequencies .

It is to be remembered that computer results can only present guidance in

klystron design procedures , real tube models must be used to determine actua l

performance. The practicable large signal computer programs presently available

employ rigid discs of’ uniform charge to represent the electron beam . These move

as non—scalloping units along the axis of’ the mathematical klystron. Radial

motion is not permitted . By way of comparison , the actual electron beam usually

shows moderately large variation in charge density from axis to outer beam

diameter , and the outer diameter is not sharply defined . Beam velocity varies

from axis to outer beam diameter , and radial motion does occur. Some degree of

scalloping is always present .

12
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V . BEAM STiCK EX PERIMENT

The beam stick experiment was set up to attempt , in turn , narrow band

xlystron operation in two different cavity modes; the main ( 1 — 1 )  mode and the 1-3

mode . Three—halves wavelengtt-i waveguide resonators have been used in local or

test oscillator circuits in the past 1 because the 1—3 mode provides excellent

tuning . Two to one frequency ranges may be covered . So it was known that

~clystron operation in the 1—3 mode is feasible .

Tne Va rian 3KM3000LA Iclystron makes use of a “beam stick” arrangement , the

resonant cavities being external  box— sri aped s t ructures , each designed to separate
into nalves and to clamp around tne in teract ion gap region . Vacuum is provided

by a cylindrical ceramic sleeve around each of the three interaction gaps . This

Klystron was selected for use in ti-ie experiment because of availability . It

appeared that slight modifications of the resonant cavity boxes would permit cold

test study of the modes. As it turned out , it was also necessary to modify and

reprocess the basic beam stick structure .

Figure 211 shows the resonant frequency of main (1-1) and 1—3 modes vs tuner

dial reading . Figure 25 snows Rsri/Q vs frequency for the main (1— 1) mode. Three

series of Rsh/Q measurements were made of the 1-3 mode , each with a different

interaction gap configuration . it proved necessary to make use of a centered

interaction gap to realize an acceptable Rsh/Q in the 1— 3 mode. Figure 26 shows
ciata for the tnree tests. Since the standard beam stick used in the 3KM3000LM

~<lystron mates use of two offset interaction gaps , it was necessary to disassem-

ble and reoperate the structure . A preliminary computer check with the GBW

program indicated 112 db small—signal gain in the main (1—1) mode and 29 dB

small—signal gain in the 1-3 mode with the centered gap arrangement . Figure 27

~iieich , Or dung , Krauss , S~oinik; “Microwave Theory and Techniques” , pp 1187— 1188,
Van Nostrand , 1953
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shows an opened box cavity and a ceramic—enclosed interaction region. Figure 28

shows drift tubes used in the stan dard offset  interact ion gap arran gemen t at the
left and a set of modified centered interaction gap drift tubes at the right.

In test t he ex per imen tal k lystron showed somewhat lower than norma l ca thode
emission despite extensive aging. Saturated power output in the main (1— 1) mode

was 1 .68 kW , as opposed to the specified 2.0 kW minimum saturated power output

for the 3KM3000LM klystron . The device was synchronously tuned in a higher

frequency mode , as indicated by resonance responses. Small probes and crystal

detectors were used for this purpose . However , klystron performance in this mode
was poor. Power ou tput was too low to be measured with norma l production wa ter

load techniques , and coaxial output couplers in the correct size were not avail-

able . Further , dou bt ex isted as to the mode to wh ich the klyst ron was tuned . It

was felt that frequency calibrations established earlier in individual cavity

bench cold testing might not be applicable in the real tube. If it were the 1— 2

instead of the 1—3 mode , power output should have been low . At the time , it waa

decid ed t ha t cold tests should be performed using the modified beam stick and the
box cavities to determine the mode to which the tube was adjusted. This could

not be accomplished at the test socket at the time because of the pressure of

production schedules.

The beam stick experiment , though interest ing , has little bear ing on the

main objectives of the study program , regardless of the outcome . The Rsh/Q ’s

measured in all tests on 1-3 mode responses have been much too low for practi-

cable use of this mode in a broadband microwave tube design .
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V I.  CONCLU SIONS

The present study indicates that a reasonable interspersed S—band and C-band

cavity broadband multiband klystron is feasible. Current computer results for

the individual bands suggest a 10% operating band at S—band and approximately a

5% operating band at C—band . Separate inputs and outputs would be employed. A

m icrowave waveguide cou p l ing un it ex tern al to the tube would be used to di rect
the rf out puts of the two bandwidths down a single waveguide transmission line to

the anter na . There would be two rf driver chains , each connecte d to the appro—

priate rf input terminal. RF frequency diversity and rf drive switching would be

accomplished at low signal level at a common point in the system .

50



r - 
-—-

VII. RECOMMENDATIONS

A single radar having wide—range multiband frequency diversity could be

designed using separate S—band and C—band linear beam devices . For two—band

operation there would be two tubes. The rf output systems would be combined

through use of a microwave waveguide coupling unit , as previously described . Two

rf input driver chains would also be employed , as ment ioned ear lier. Each of the
tubes would use a gridded gun , and the appropriate device would be switched on

with each rf drive pulse . The advantage derived from this approach would be

design optimization at each frequency band and use of the widest possible band—

width in each dev ice. For example , the C—band Twystror~~ amplifier VA—913 is

capable of 11 MW peak power output over close to a 10% operating bandwidth .

Present day broadband C—band klystrons are capable of but half this bandwidth .

Five percent is the projected C—band bandwidth for the multiband broadband
klystron under consideration . Early study of the possibility of employing the

C— band Twystron output circuit in the interspersed arrangement in order to

achieve the wide bandwidth capability of the amplifier were discouraging because

of the length of the TWT circuit and the necessity for a short sever spacing , the

distance between the previous klystron input circuit cavity and the beginning of’

the Twystron NT output circuit .

The VA—9 13, then , would be an excellent candidate for C—band coverage in the

suggested two—tube radar , needing only the addition of a gridded electron gun in

place of the present cathode—pulsed electron gun . At S—band a number of choices

exist , but a VA~~1Z( 5 type Twystron amplifier would probably be the best selection .

A num ber of these devices are manufactured in small production quantities today .

While capable of wide bandwidths , frequency coverage in each case has generally
been limited to about 6% in response to customer requirements. Ten percent

should certainly be attainable at S—band . Again , the new S—band device would

require a gridded electron gun .

Use of two separate devices , as descr ibed , would seem to requ ire the use of
gridded guns in the dev ices for ease in pulse power input switching . Possibly
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this may be viewed as objectionable from the point of view of’ device reliability.

Alternately,  mod—anode electron gun structures might be practicable , though the

operating pulse width (10 usec) is rather short for this type design . t4od—anode

electron guns are ordinarily used in linear beam tubes operating at substantially

longer pulse widths , i.e., -100 ~sec , where slow rise and fall t imes occas ioned

by modulator capacitance are not of particular concern . To the disadvantage of

the electron gun grid or mod—anode requirement may be added the need for an

additional electromagnet and power supplies , additional heater supply, add it ional
powe r consume d , and ultimate logistic problems in field use when two different

devices must be stocked .

The multiband broadband kl:,rstron approach may employ any electron gun con-

figuration desired . Probably the simplest and most reliable design would make

use of common cathode pulsing . In ultimate field use , a single device would be

stocked , as opposed to two needed in the previous case. In small to moderate

quantities , that is in lots of two to about thirty, the cost of the new device is

not likely to be less than the cost of separate pairs of S—band and C—band tubes

in the same quantities.

With regard to specific recommendations , the following is offered :

1 . If the primary goal is to realize maximum technical capability in the

radar , the two tube radar design should be explored . Existing

broadband devices and/or modifications of them should be considered .

2. If the main goal concerns device logistics and simplicity in radar

design , still with a reasonably high level of technical capability in

the operational radar , then the multiband broadband klystron design

should proceed apace .
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