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Introduction 

In 1972 this author together with L.U. Albers performed an extensive para- 
metric investigation of the extraction of energy in output gaps of klystron 
amplifiers, using our own 3-0 computer programs. Due to complexity of the 
program which used a hydrodynamic, axially and radially deformable disk-ring 
model and the resulting long computing time we limited our investigation, 
Ref. 1 ,  to the output gap, by far the most important and difficult part of 
the klystron interaction. As inputs best results from independent studies 
at G.E. by T. ~ihran, Ref, 2 and at Varian, Ref. 3, by E. Lien were used to 
initiate the starting conditions for the electrons and the RF voltage using 
our program. Although this method of computation is less exact than process- 
ing the entire klystron interaction in 3-Dimensions we verified that, for a 
confined flow focused beam throughout the penultimate cavity, radial velocities 
remain very small and the beam is highly laminar. It was, therefore, con- 
cluded that possible errors resulting from treating only the output cavity 
in 3-D would remain small, 

Discussion of Results 

We proceed now with the discussion of the computer results. Fiqure 1 shows 
the cross-section of the ring model used in computations and the degree of 
complexity and care applied to compute accurately the radial and axial defor- 
mation of the rings and the space charge forces. The price paid for this 
effort - the computing time - was felt to be justified for the one time veri- 
f ic'ation. Figure 2 shows typical axial and radial space charge functions. 
In agreement wlth basic theory the radial functions obey Gausss law inside the 
beam and the axial space charge force is zero at the tunnel wall P=a. 

Eff lciency 

Let us now turn to the discussion of computed efficbencies. Figure 3 shows a 
plot of efficiency versus f3eea for two bunching levels, i l =  1.81lo andil= 1.6410 
B = 2.5XBBR and 0.5uperveance. The voltage swingsclare 9.10, 9.05, and 9.0, 
respectively, The 1.81,10bunching is characterized by a very compact bunch 
wlth a small velocity spread and absence of a typical antibunch d'lsk since the 
rnaximumaelocity past the output gap is only 9.14~~. As can be seen from the 
plots, the efficiency seems to decrease linearly wlth increasing f3,a with a 
slope of approximately 2.5 percent points efficiency loss for each 0.1 radian 
increase in Bea. Note thatb/a , f 3 e  and 2.1 were held constant and only a 
was permitted to increase. Thus at large Bg values the aspect ratio x/a is 
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small ;  the RF f i e l d s  penetrate deeper i n t o  the tunnels than i n  cases o f  narrow 
tunnels, We observed tha t  many disks were caught i n  the  long f r inges  and ex- 
perienced a post-accelerat ion when the RF f i e l d  reverses i t s  phase. This phase 
reversal  i s  a l so  responsible f o r  the increase i n  cur ren t  in te rcept ion  t h a t  i s  
marked i n  percentage points, s ince the  rad ia  RF f i e l d s  ac t i on  changes from 
converging i n t o  diverging. Cainputations a t  r e  not continued due t o  a 
rap id  increase i n  in te rcept ion  t o  impract ica 

The above f ind ing ,o f  increasivg 1 r i t h  decreasing B.Q i.s confirmed by a 
number o f  new experimental resul  s i n  h igh-e f f i c iency  k lys t rons  and TWT designs, 
mainly a t  Varian ( 3 ) ,  b u t  i t  seems t o  disagree w i t h  t he  estimates o f  Mihran ( b ) ,  
and the  very e a r l y  f i n d i n g  by Cut le r  (5).  It should be remembered t h a t  Mihran's 
conclusions were based on the behavior o f  r i g i d  d isks and d i d  not  t r e a t  the  
energy ex t rac t ion ,  wh i l e  Cu t l e r ' s  experiments w i t h  h e l i c a l  s t ruc tures  cannot be 
considered representat ive o f  a s o l i d  wa l l  tunnel and a d i sc re te  gap w i t h  regard 
t o  RF and space-charge f i e l d s .  The author knows tha t  the  constant bunching 
leve l  assumed f o r  computing the  s t r a i g h t  l i nes  o f  Figure 3 cannot be s t r i c t l y  
rea l i zed  i n  p r a c t i c a l  designs. The value 0.5 i s  probably as small as 
can be rea l  ized a t  h igh  frequencies and f u r t h e r  decrease i n  would on ly  
increase the demands upon the focusing f i e l d s  t o  excessive levels.  

A physical  explanation f o r  the behavior presented i n  Fiqure 3 was recent ly  found 
by researchers a t  Varian, notably E. Lien, who showed t h a t  a favorable conver- 
s ion  o f  second harmonic bunching i n t o  fundamental bunching takes place a t  small 
v a l u e s P 4 .  

Another important se lec t ion  c r i t e r i a  f o r  h igh e f f i c i e n c y  designs is the  choice 
o f  perveance which, i n  turn,  i s  a measure o f  space charge forces i n  the  beam. 
Large space charge increases the  degree o f  the v e l o c i t y  spread i n  beams o f  a l l  
tube types and a l so  decreases t h e  e f f i c i e n c y  of depressed co l lec tors .  I f  we 
again assume constant bunching, then Figure 4 demonstrates c l e a r l y  the  destruc- 
t i v e  e f f e c t s  o f  increasing perveance on the  e lec t ron i c  e f f i c i e n c y  o f  the 
output gap. Note a l so  the increase o f  in tercept ions.  On the  other  hand, t o  
achieve h igh o v e r a l l  e f f i c iency ,  the  c i r c u i t  efficiency.')rx must be as h igh  as 
poss ib le  which requires la rger  values of perveances. Thus, a comprmise I s  
required. This author suggested a value around 0.25 f b p e r v .  as most reasonable 
select ion.  

S t i l l  another se lec t i on  must be made concerning the length o f  the  output gap. 
The r e s u l t s  are p l o t t e d  i n  Fiqure 5 w i t h  go, the  output gap length i n  radius, 
as parameter and the output  vo l tage 6( out  as abscissa . Fortunately, w l t h l n  
a range o f  e0 = 20Oto 40°. 7 remains i nsens i t i ve  t o  gap length. 

Parametric Optimizat ion o f  the Output Gap Performance 

I f  one assumes, as we d i d  throughout t h i s  paper, t ha t  the  q u a l i t y  and magnitude 
o f  the bunching used i n  t h i s  study was very c lose t o  a p r a c t i c a l  optimum, then 
it should be possib le t o  perform a parametr ic computer opTimization o f  t he  
e l e c t r o n i c  k l ys t ron  e f f  ic iency. Note t h a t  the,value o f  &#/Z, = 1.89 obtained 
by E. L ien  i s  c lose t o  the theo re t i ca l  l i m i t  b ' p r a  =a and t h a t  t h i s  design 
resu l ted  i n  a very compact bunch and absence of a t y p i c a l  antibunch d i s k  since 



the maximum velocity past the output gap was only 1.44 Uo . With this justifi- 
cation we proceed to discuss Fiqure 6 which is the most important result of 
this study, 

Figure 6 is a summary of some of our cmputations executed for disk distribution 
and klystron design parameters as supplied by Mihran frm General Electric and 
Lien from Varian. Our results are plotted with sol id and dotted 1 ines as 
versus phase. Available for comparison were results published by Mihran et al. 
(2) and by Varian /3), both wi!h oneydimen:ional programs.. The top circle 
indicates an 83 percent value as computed by Lien (3), (and private communication) 
who measured 75 percent with 2 percent RF interception and the triangle, an 82 
percent value as computed by Mihran et al. (2) Note that both inve'stigators 
used almost identical bunching levels with, however, different p,@.values of 
0.485 and 0.75, respective1 y. Disregarding at f i rst intercept ion (which cannot 
be computed with one-dimensional models) it is seen from Figure 6 that Lien's 
number is about 3 percent and Mihranls about 10 percent points higher than our 
result (which indicates 6 percent current interception at? = 0.806). The 
strong dependence of? on 9, is evident. A more sensible evaluation is 
possible if not only meas LP red and computed efficiencies but also interceptions 
are compared. Turning now to Table I which summarizes measured (by Lien) and 
computed (author's program) results, excellent agreement in efficiencies is 
evident. ~ t d  = 1.08 the agreement in interception is also very good and be- 
comes less good with decreasingdwhere measurements indicate some residual 
interception while our program indicates none. 

It is believed that this difference is more due to the llnonidealll features of 
tubes than to program errors. Also, the level of interception in Lien's klystron 
was very small to begin with. 

A comparison between Mihran's measurements of /7 = 0.62 with our cmputations 
was not pos ible because Mihran's measurements were carried out at a perveance 
of O.72~10-~ instead of 0.5x10-~ and disk distribution for the higher perveance 
was not available. 

In computing the above cases the correct field distribution between the tunnel 
'tips, as discussed in Ref. 6, was used. The detai 1 is illustrated in Figure 7., 
case ( C )  where the ratio of the E, field at the tunnel tips to that in a middle 
of the 33; at r=a was approximately 2.5. Using the correct, actual field and 
not the uniform one is important for the trajections of slow electrons moving 
close to r=a. 

Conclusions 

A very accurate mathematical model and computer program for the computation of 
electronic interaction, electron trajectories, interceptions, and efficiency was 
developed for the output cavity of a klystron amplifier. It is concluded that 
one-dimensional programs yield efficiencies that are approximately 10 percent 
points too high at r)l levels >0.7. It has been confirmed that 
a few percent interception, is possible and that 
6 percent "ideal11 interception. With the 
collector, overall efficiencies of 80-85 percent seem possible. A very important 
c ~ n ~ l ~ s i o n  is the result that 2 increases 1 inearly with decreasingpa, at least 
in the range 0.44 &eh 1 .C). Another important conclusion is tha eff icieocy 
increases initially with interceptions. ~ t 7 3 0 . 7  transverse velocities of many 
rings are comparable to axial components and exit angles up to 30' were observed. 



Mult i -Staqe Depressed Co l l ec to r s  

The combinat ion o f  LeRC developed Mul t i -Stage depressed Co l l ec to r s  (MDC) and 
Spent Beam Refocusing Schemes has l ed  t o  demonstrat ion o f  h ighes t  c o l l e c t o r  
and o v e r a l l  e f f i c i e n c y  when app l i ed  t o  'TWT1s w i t h  moderate e l e c t r o n i c  e f f i c i e n c i e s  
( re C 25%) , Ref. 7. MDC e f f i c i e n c i e s  i n  excess o f  97% were measured on dc 
beams o f  med i um perveance (0.5 ,& perv)  and more than 85% MDC e f f i c i e n c y  on 
spent beams w i t h  20% e l e c t r o n i c  e f f i c i e n c y .  This author  developed simple re-  

- l a t i o n s  f o r  p r e d i c t i n g  t he  MDC 'and t h e  ovePal 1 e f f  iciency,'l) o v ,  f o r  TWT's i n  
Ref. ( 8 ) :  - 

(P in t ,  Psol designate, r espec t i ve l y ,  t he  in te rcep ted  and so leno id  power). 

These r e l a t i o n s  may be der ived,  Ref. (8 ) ,  from a  more bas ic  r e l a t i o n  der ived 
by t h i s  author,also i n  Ref. (81, f o r  t h e  smal lest  (normal ized) energy o f  an 
e l e c t r o n  i n  t he  spent beam o f  a  h e l i c a l  TWT: 

The f a c t o r  f ( k p e r v )  i s  a  s imple f u n c t i o n  o f  t he  perveance ranging from I 

f ( o ) =  1.26 t o  f ( 2 )  = 0.8 f o r  h e l i c a l  TWT1s. i t  assumes d i f f e r e n t  ( from those 
quoted above) bu t  as y e t  unknown v a l u e s f o r  coupled c a v i t y  TWT1s and k l ys t r ons .  
Re la t i on  (3 )  ho lds a l s o  below s a t u r a t i o n  and does n o t  con ta i n  any smal l  s i gna l  
q u a n t i t i e s .  Were f (  P p e r v )  known f o r  k l y s t r ons  i t  could be then app l ied  t o  
eqs. (1)  and (2 ) .  

Dur ing the  e a r l i e r  days o f  our  c o l l e c t o r  work a t  LeRC we d i d  some c o l l e c t o r  
work i n  con junc t ion  w i t h  k l y s t r ons  o f  microperv .75 a t  C-Band and 0.5 a t  Ku 
band and 7 2 40%. Highest then achieved so l  l e c t o r  e f f i c i e n c i e s  were 
approximat l y  65% r e s u l t i n g  i n  o v e r a l l  e f f i c i e n c i e s  o f  about o n l y  50% due t o  
i n t e r c e p t i o n  and poor c i r c u i t  e f f i c i e n c i e s  ( less  than 90%). A k l y s t r o n  w i t h  
80% e l e c t r o n i c  e f f i c i e n c y  has a  very unfavorable v e l o c i t y  spresdthat w i l l  
make t h e  design o f  a  MDC even more d i f f i c u l t  because o f  t h e  presence o f  
m a j o r i t y  o f  r i n g s  a t  t h e  ou tpu t  whose v e l o c i t i e s  a r e Q 0 . 2 k .  This author  doubts 
t h a t  a  MDC e f f i c i e n c y  o f  more than 50% could be p r a c t i c a l i y  r ea l i zed .  This  



f a c t  p l us  t he  presence o f  i n t e r c e p t i o n ,  c i r c u i t  losses ( r c k  SG 0.95)) t h e  
so leno id  power and a complex power supply a re  l i k e l y  t o  l i m i t  t he  e f f e c t i v e  
RF ou tpu t  e f f i c i e n c y  t o  below 85%. 

Cathodes 

Cathode performance and cathode l i f e  are t he  main l i m i t i n g  f a c t o r s  t o  t h e  
r e l i a b i l i t y  and long l i f e  o f  microwave a m p l i f i e r s .  The Microwave A m p l i f i e r  
Group a t  LeRC was and i s ,  f o r  t h i s  reason, engaged and committed t o  t e s t i n g  
and ana lyz ing  highL performance' impre'gnated' tungsten m a t r i x  cathodes s i nce  
1971. F i gu re  A shows t h e  r e s u l t s  of  long 1 i f e  t es t s ,  c a r r i e d  ou t  i n  r e a l  
tubes a t  a dens i t y  o f  2 ~ / c m ~  on a l a rge  number o f  samples. A t  2 ~ / c m ~ t h e  
standard P h i l i p s  B-cathode has a use fu l  l i f e  o f  about 40,000 hours. The 
M cathode, t h e  most promis ing and i n t e r e s t i n g  y f  t h e  m a t r i x  type cathodes, 
i s  expected t o  per form f o r  8-10 years a t  2A/cm j u d g i n g  from t h e  recorded 
performance t o  date. Since t h e  SPS k l y s t r o n  would r e q u i r e  a cathode load ing  
dens i t y  o f  o n l y  1 o r  less  ~ / c m ~ ,  commensurate w i t h  a tPUe cathode temperature 
o f  about 980°c, an educated guess would lead us t o  an est imated 1 i f e  o f  
perhaps 20 years. Actual  t e s t  r e s u l t s  o f  t h i s  d u r a t i o n  a re ,  o f  course, n o t  
ava i  l a b l e  a t  a1 1 and g rea t  cau t i on  must be exerc ised  i n  making p r e d i c t i o n s  
f o r  system l i f e  exceeding 15 years.  
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(b) 
Fig. 1. (a) Effect of source ring on reference ring. (b) Typical over- 

lapping and deformation of disks 12 and 13. Crosses and circles 
indicate centers of rings. Position -4 is prior and position -2 
past the output gap. 
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Fig. 5. Efficiency versus output voltage a = $ / ~ , ~  with output gap 
angle 00 as parameter; phase adjusted for highest efficiency. 
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Fig.6 Internal conversion efficiency computed with authors pro- 
g~ am for General Electric and Varian high-efficiency designs. 

Fig.7. Electric fields for three differentlyshaped tunnel tips. (a) 
Constant field (Eo=constant at r = a ) :  blunt tips and relatively 
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TABLE I 

COMPARISOS BETITEES ~ ~ E . ~ S C R E D  EFFICIESCIES 
. ~ S D  INTERCEPTIOSS FOR A YARIAS DESIGS 

it = 1.81 I,: &.a =0.485; rperv =O.j 

hleasured (Lien) .Authors' Computed 
CI 4 perc~nt  4 percent 






