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PREFACE

This t h e s i s  d e s c r ib e s  th e  work which was done 

by th e  a u th o r  i n  th e  R esearch  L a b o ra to r ie s  o f  The 

G enera l E l e c t r i c  Co., L t d . ,  Wembley, on th e  development 

of n e g a t iv e - g r id  va lves  f o r  w avelengths below 1 m e tre .  

Free p u b l i c a t i o n  o f  the  r e s u l t s  was no t a llow ed d u r in g  

th e  war and th e  w r i t in g  of th e  t h e s i s  was d e lay ed  u n t i l  

most of th e  work had appeared  in  t e c h n ic a l  jo u rn a ls «  

Much o f  th e  s u b je c t  m a t te r  of th e  t h e s i s  i s  now w e ll  

known as i t  was used e x te n s iv e ly  d u r in g  th e  war b u t  

i t  w i l l  be seen  from th e  d a te s  of  th e  e a r l i e r  p a p e rs  

and p a t e n t  s p e c i f i c a t i o n s  t h a t  th e  a u th o r 1s o r i g i n a l  

work was done between 1936 and 1942*

The t h e s i s  i s  d iv id e d  in to  fo u r  main p a r t s  -  

I  H i s t o r i c a l  I n t r o d u c t io n ,  I I  O s c i l l a t o r s ,  I I I  

A m p lif ie rs  and IV U. II. F. E l e c t r o n ic s .

P r a c t i c a l l y  a l l  th e  main advances i n  n e g a t iv e  

g r id  v a lv es  were ach ieved  by developm ents on th e  

c i r c u i t  s i d e .  By e l im in a t in g  th e  u n c o n t r o l l a b le  

so u rces  of coup ling  which were p re s e n t  i n  c o n v e n t io n a l  

va lv es  and c i r c u i t s ,  and by making v a lv es  i n t e g r a l  

p a r t s  o f  th e  c i r c u i t s ,  th e  10 c e n t im e tre  t r i o d e  was



was u l t i m a t e l y  ac h iev e d . In  a d d i t io n ,  th e  r e s e a rc h e s  

produced p r a c t i c a l l y  a l l  of th e  t r i o d e  g e n e ra to r s  which 

were used  d u r in g  th e  war in  d ec im e tre  wave r a d a r  

t r a n s m i t t e r s .  Peak powers of 200 kw a t  50 cm and 

30 kw a t  25 cm were o b ta in e d .

T h e o r e t i c a l  i n v e s t i g a t i o n s  were made on th e  

fundam ental p r i n c i p l e s  o f  t r i o d e  o s c i l l a t o r  c i r c u i t s  

w i th  p a r t i c u l a r  r e f e r e n c e  to  th e  new ty p e s  o f  v a lv e s  

and c i r c u i t s .  As a r e s u l t  of t h i s ,  th e  d ec im e tre  

wave c i r c u i t s  a re  b e t t e r  u n d ers to o d  th a n  many 

a rrangem en ts  u s in g  c o n v e n tio n a l  va lves  a t  lo n g e r  

w ave leng ths .

These c i r c u i t  developm ents a re  d e a l t  w ith  in  

P a r t s  I I  and I I I .

For n e g a t iv e  g r id  o p e ra t io n  th e  e f f e c t s  o f  th e  

e l e c t r o n  i n e r t i a  a r e  u s u a l ly  ha rm fu l. I t  i s  shown 

in  P a r t  IV t h a t  th e se  e f f e c t s  impose a fundam ental 

l i m i t a t i o n  on t h i s  mode o f  o p e ra t io n  and t h a t  th e  

p r e s e n t  w avelength  l i m i t  around 10 cm. i s  n o t  l i k e l y  

t o  be ex tended  much f u r t h e r .  The a u th o r 1 a i n v e s t i g 

a t io n s  i n t o  e l e c t r o n  i n e r t i a  e f f e c t s  were aimed, in  th e  

f i r s t  p l a c e ? a t  g a in in g  an u n d e rs ta n d in g  o f  t h e i r
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t h e i r  n a tu re  and?se c o n d ly f a t  e s t a b l i s h in g  d a ta  w hich  

cou ld  be u sed  in  v a lv e  d esig n *

A l l  th e  work d e sc r ib e d  in  t h i s  t h e s i s ,  w ith  

th e  e x c e p t io n  o f  th o s e  item s w h ich  are c l e a r l y  

in d ic a te d  in  th e  t e x t ,  was c a r r ie d  out by th e  author*  

In  th e  developm ent o f  th e  new v a lv e s  u se  was made 

o f  m ech a n ics , g la s s  b low ers and d e s ig n e r s ,  fo r  th e  

m ech an ica l d e t a i l s  o f  th e  c o n s tr u c t io n *  The b a s ic  

p r in c ip le s  o f  th e  v a lv e s  and c i r c u i t s  were e n t i r e l y  

th e  r e s p o n s i b i l i t y  o f  th e  author*

The p h otograp h  in  P ig * l  shows some o f  th e

v a lv e s  •

The author* s p u b lish e d  p ap ers are  g iv e n  as  

A ppendices to  th e  t h e s i s *  One o f  t h e s e ,  A ppendix H, 

i s  a j o in t  paper w ith  M essrs* B e l l ,  James and Warren, 

c o lle a g u e s  o f  th e  author when he was w ith  th e  G eneral 

E le c t r i c  Go* Much o f  the m a te r ia l  d e sc r ib e d  in  th a t  

paper was n o t th e  au th or*s r e s p o n s i b i l i t y  but i t  i s  

in c lu d e d  a s i t  supplem ents th e  work o f  th e  t h e s i s *

I t  a ls o  d e s c r ib e s  some o f  th e  l a t e r  d evelop m en ts on 

common g r id  t r io d e s  and i t  g iv e s  f u l l  c o n s t r u c t io n a l  

d e t a i l s  o f  some o f  th e  v a lv e s*  The a u th o r* s own
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own work has been published in  h is  own name and i t  i s  

given in  the other appendices*
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P A R T  O N E

H is to r ic a l In trodu ction



1* HISTORICAL INTRODUCTION

S in c e  th e  e a r l i e s t  days o f  th erm io n ic  v a lv e s  

c o n s id e r a b le  e f f o r t  has b een  d ev o ted  t o  e x te n d in g  th e  

range o f  o p e r a tio n  t o  h ig h er  fr e q u e n c ie s#  In  th e  

e a r ly  n in e te e n  t h i r t i e s  r a p id  p r o g r e ss  was made, m ain ly  

in  A m erica, w ith  n e g a t iv e  g r id  v a lv e s #  When th e  

p r e se n t  work s t a r t e d  in  1936 many p e o p le  t  h ou gh t th a t  

th e  c o n v e n tio n a l t r io d e  o s c i l l a t o r  had n e a r ly  reach ed  

i t s  l im it #  At th a t  tim e th e  * A corn1 t r io d e  ( R e f . l* ) ,  

g iv in g  a few  m i l l iw a t t s  o f  output a t  a w a v e len g th  o f  

35 cmf r e p r e se n te d  the l im i t  o f  perform ance# The 

•d oor-k n ob 1 c o n s tr u c t io n  o f  Samuel (R e f# 2 # ) was 

cap ab le  o f  g iv in g  a w att or two o f  power a t  45 cm# 

and th e  DET 12 ty p e  (R e f# 3 # ) , w hich had a l s o  o r ig in a te d  

in  th e  U*S*A#5 was u sed  down t o  1 m etre w a v e len g th  w ith  

about 10 w a tts  o f  u s e f u l  output# W ith h ig h  v o lta g e  

p u ls e  m od u la tion  a p a ir  o f  d oor-k n ob s gave a peak  

power o f  500 w a tts  a t  50 cm#

Two main l im i t a t io n s  t o  perform ance were 

r ec o g n ise d #  These were e l e c t r o n ic  and c i r c u i t  

l im i t a t io n s #
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The tim e o f  f l i g h t  o f  the e le c t r o n s  betw een  th e  

e le c t r o d e s  became an a p p r e c ia b le  f r a c t io n  o f  th e  

a lt e r n a t in g  p e r io d  when th e  freq u en cy  was s u f f i c i e n t l y  

h ig h . This in v o lv e d  a phase d isp la ce m en t betw een th e  

e le c t r o n  cu r re n t in  th e  v a lv e  and th e  e le c t r o d e  

v o lta g e s ,a n d  u p se t th e  normal low  freq u en cy  v a lv e -  

c i r c u i t  r e la t io n s h ip s *

A ls o ,  th e  in t e r - e le c t r o d e  c a p a c ita n c e s  and 

th e  in d u c ta n c es  o f  th e  e le c tr o d e  le a d s  s e t  a l im i t  to  

th e  maximum frequency* As th e  e x te r n a l c i r c u i t  was 

red uced  t o  r a i s e  th e  o p e r a tin g  frequency^ a g r e a te r  

p r o p o r tio n  o f  th e  o s c i l l a t o r y  c i r c u i t  was in s id e  th e  

v a lv e  and a l im i t  was reach ed  when no e x te r n a l  c i r c u i t  

was l e f t .

In  a d d it io n  to  th e s e  two fa c to r s  th e r e  w ^nealso  

th e  in c r e a se d  r e s i s t i v e  and d i e l e c t r i c  l o s s e s  o f  th e  

v a lv e  and c i r c u i t  m a te r ia ls  a t  th e  h ig h er  fr e q u e n c ie s*  

In  order t o  red u ce the e f f e c t s  o f  th e  e le c t r o n  

t r a n s i t  tim e th e  c le a r a n c e s  b etw een  th e  e le c t r o d e s  were  

reduced* (The u se  o f  h ig h er  v o lta g e s  was no r e a l  

s o lu t io n  as th e y  in v o lv e d  e x c e s s iv e  heat d i s s ip a t io n ) *



U n fo r tu n a te ly  the r e d u c tio n  in  c le a r a n c e s  r e s u l t e d  in  

in c r e a se d  in t e r - e le c t r o d e  c a p a c ita n c e s  and to  o f f s e t  

t h i s  th e  a rea  o f  th e  e le c t r o d e s  was red u ced . In  

a d d it io n  th e  o v e r a l l  s i z e  o f  th e  v a lv e s  was red uced  

t o  cu t down th e  in d u cta n ce  o f  th e  le a d s*  These were 

th e  methods s u c c e s s f u l l y  employed in  th e  a co rn s and 

door-knobs* The v a lv e s  were d i f f i c u l t  t o  make and 

th e  s i z e  and c o n s tr u c t io n  im posed se v e r e  l im i t a t io n s  

on power output* In  th e  acorn  and th e  DET 12 th e  

l im i t  o f  o s c i l l a t i o n  was determ in ed  by th e  c ir c u i t *

In  th e  door-knob th e r e  was s t i l l  some e x te r n a l  

c i r c u i t  a v a i la b le  when o s c i l l a t i o n  c e a s e d , but i t  

was n o t known w hether t r a n s i t  tim e e f f e c t s  or c i r c u i t  

l o s s e s  were th e  ca u se  o f  f a i lu r e *

I t  was a t  t h i s  s ta g e  in  1936 th a t  th e  author  

s t a r t e d  on a l in e  o f  work w hich e lim in a te d  t o  a la r g e  

e x te n t  th e  c i r c u i t  l im i t a t io n *  The ad ven t o f  radar  

w ith  p u lse d  m od u la tion  p e r m itted  h ig h  v o lta g e s  w ith o u t  

e x c e s s iv e  d is s ip a t io n ^ a n d  so  th e  t r a n s i t  tim e  

l im i t a t io n  was overcome, a t  l e a s t  fo r  th a t  a p p lic a t io n *  

As a r e s u l t  t r io d e s  g iv in g  peak pow ers p er  v a lv e  o f
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o f  100 kw a t  50 cm* and 15 kw a t  25  cm* were r e a l is e d *  

At th e  same tim e th e  im proved c i r c u i t s  en a b led  v a lv e s  

t o  be u sed  on co n tin u o u s o p e r a tio n  r ig h t  up t o  th e  

t r a n s i t  tim e l im i t a t io n ,  w hich proved  t o  be a t  h ig h er  

fr e q u e n c ie s  th an  was o r ig i n a l l y  b e lie v e d *  And so  

th e  10 cm* t r io d e  fo r  0*W* o p e r a tio n  was ach ieved *

I t  would appear a g a in  th a t  a l im i t  has been  

reach ed  fo r  t h i s  typ e o f  v a lv e  and th e r e  seem s t o  be 

more j u s t i f i c a t i o n  fo r  t h i s  c o n c lu s io n  now th a n  th e r e  

was in  1936*



O s c i l la t o r s
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2 .  CIRCUITS FOR TRIODH OSCILLATORS

2 .1  THE HARTLEY AHD COLPITTS CIRCUITS AT VERY 
HI OH FREQUENCIES

B efore  d e s c r ib in g  th e  new tech n iq u e  em ployed  

in  v a lv e s  and c i r c u i t s  a t  V .H .F . , i t  i s  w orth  c o n s id e r in g  

the types o f  c i r c u i t  commonly u sed  w ith  t r io d e  o s c i l l a t o r s  

in  th e  n in e te e n  t h i r t i e s  and some o f  th e  r e a so n s  fo r  

t h e ir  fa i lu r e #  V ers io n s o f  th e  H a r tle y  and C o lp it t s  

o s c i l l a t o r s  were b o th  used# P ig # 2 . shows th e  

e s s e n t i a l  Radio Frequency p o r t io n s  o f  a H a r tle y  

o s c i l l a t o r  as u sed  a t  low  fr e q u e n c ie s#  The cath ode  

i s  ea rth ed  and th e  o s c i l l a t o r y  c i r c u i t  i s  con n ected  

betw een  th e  anode and th e  gr id #  A ta p p in g  p o in t  on 

th e  In du ctan ce i s  jo in e d  to  th e  ca th od e  and th e  

e x c i t a t io n  o f  th e  o s c i l l a t o r  i s  a d ju s te d  by m oving  

th e  ta p p in g  p o in t  a lo n g  th e  in d u ctan ce#  F ig # 3 .  shows 

the L .F . C o lp it t s  c ir c u i t #  In  t h i s  c a se  th e  r a t i o  o f  

C1 ®2 c o n tr o ls  th e  e x c i t a t i o n .

At h ig h er  fr e q u e n c ie s  accou n t must be ta k en  o f  

th e  v a lv e  c a p a c ita n c e s , th e  e le c t r o d e  le a d  in d u c ta n c e s  

and s tr a y  c a p a c ita n c e s .  The s in p le  c i r c u i t  o f  F ig # 2 .  

th en  ta k e s  th e  form  shown in  F ig .4 #  The p o r t io n



p o r t io n  in s id e  th e  d o tte d  l i n e s  r e p r e s e n ts  th e  

c o n tr ib u t io n  o f  th e  va lve*  The cath ode may no lo n g er  

be con n ected  d i r e c t l y  t o  e a r th  on accou n t o f  th e  

in d u ctan ce  o f  i t s  le a d , and now th e  c a p a c ita n c e s  o f  th e  

e le c t r o d e s  t o  e a r th , &ge  and Cfle must be in c lu d ed *

In  a d d it io n  th e  c a p a c ita n c e s  t o  e a r th  o f  th e  o s c i l l a t o r y
1 1c i r c u i t  are  r e p r e se n te d  by C and C a e # T his  

c i r c u i t  i s  e x tr em e ly  co m p lica ted  and y e t ,  as shown, i t  

i s  s im p ler  th an  th e  a c tu a l  o s c i l l a t o r s  th a t  were 

fr e q u e n t ly  used* I t  i s  n o t s u r p r is in g  th a t  th e  

b eh av iou r  o f  su ch  a c i r c u i t  was u n p r e d ic ta b le  and 

fr e q u e n t ly  s tr a n g e  e x p e d ie n ts  were adopted  t o  improve 

p erform an ce. Chokes were o f t e n  in s e r t e d  betw een  th e  

cathode and e a r th , and f in e  ad ju stm en t o f  t h e i r  s i z e  

would som etim es a f f e c t  th e  o s c i l l a t o r  c o n s id e r a b ly *  

A g a in ,th e  attachm ent o f  a m e t a l l i c  ff la g »  t o  one or 

o th er  end o f  the tun ed  c i r c u i t  made, on o c c a s io n , a 

g r e a t  d i f f e r e n c e  to  the o p e r a t io n .

The in d u cta n ce  o f  th e  cath od e le a d ,  w h ich  

p r e v e n ts  the cathode from  b e in g  e a r th e d , i s  one o f  

th e  main cau ses o f  th e  c o m p lic a t io n  o f  P i g .4 .  I f  

i t  were red uced  t o  zero  th e n  most o f  th e  e a r th



e a r th  c a p a c ita n c e s  cou ld  be lunped w ith  th e  i n t e r 

e le c tr o d e  c a p a c ita n c e s  and th e  c i r c u i t  would be much 

s im p lif ie d *  There i s ,  how ever, a fundam ental 

l im i t a t io n  t o  e l im in a t io n  o f  th e  cathode le a d  in d u ctan ce*  

The cathode must o p era te  a t  a tem perature o f  700°C or 

more, bu t th e  le a d  th rou gh  th e  g la s s  en velop e  must n ot  

ex ceed  about 200°C* To m a in ta in  t h i s  tem p erature  

drop th e r e  must be a p p r e c ia b le  le n g t h  o f  lead *

The c i r c u i t s  o f  P ig s*  2 and 3 have ea rth ed  

cath od es but th e y  w i l l  work e q u a lly  w e l l  w ith  any o th er  

p o in t  o f  th e  sy stem  a t  e a r th  p o t e n t ia l»  How, th e r e  

i s  no fundam ental l im i t a t io n  t o  th e  r e d u c tio n  o f  th e  

anode or g r id  lead s,, and m ost o f  th e  modern t r io d e  

o s c i l l a t o r s  have ea r th ed  anodes or ea r th e d  g r id s  w ith  

l i t t l e  or no in d u cta n ce  betw een  th e  r e le v a n t  e le c tr o d e  

and earth *



F ig * 5* T riod e w ith  tr a n sm is s io n  l i n e  c ir c u it *



2 . i i *  THE OSCILLATORS CIRCUIT*

At th e  h ig h e s t  fr e q u e n c ie s  th e  o s c i l l a t o r y  

c ir c u i t  u sed  in  o s c i l l a t o r s  w ith  a c o r n s , d oor-k n ob s, e t  

u s u a l ly  com prised a sh o rt le n g th  o f  p a r a l l e l  w ire  

tr a n sm iss io n  l in e  a c tin g  as th e  in d u ctan ce  and tuned  

to  reson an ce by th e  in t e r - e le c t r o d e  c a p a c ita n ce s*  I f  

s tr a y  c a p a c ita n ce s  be n e g le c te d  th en  th e  c i r c u i t  may 

be drawn as shown in  F ig * 5 * , where 0 r e p r e se n ts  th e  

v a lv e  c a p a c ita n c e s yand th e  tr a n sm iss io n  l i n e  o f  le n g th  

X i s  sh o rt c ir c u it e d  a t th e  end rem ote from  th e  

v a lv e  by th e  la r g e  condenser C^* At reson an ce  th e  

rea c ta n ce  o f  G i s  eq u a l t o  th e  in d u c t iv e  r e a c ta n c e  o f  

th e  l in e  and

- 1 -  =  7  + a7T-C
6oC  °  "T"*

where o> *= 2%£ r= an gu lar  freq u en cy  

s= w ave len g th  

and Z0 s  c h a r a c t e r i s t i c  impedance o f  th e  l i n e .

T his eq u ation  may be w r it te n  as



Fig»6« O s c i l l a to r y  C i rc u i ts  fo r  a Wavelength

of 90 cm. w ith  E1029 and DET12.
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For a given wavelength i t  i s  d esira b le  to  have 

as large an external c ir c u it  a s p o ss ib le . The only  

quantity which may be varied  i s  ZQ and i t  can be seen  

that the lower the value of Z0;th8 greater  th e  len gth  

of the external c ir c u it ,  and, th e re fo r e , the shorter the  

minimum wavelength fo r  a given  v a lv e . In  Appendix B 

t h is  fa cto r  i s  considered in  d e ta i l  and in  one case i t  

was found th a t , fo r  a p a r ticu la r  va lve w ith a given  

length  of external c ir c u it ,  changing ZQ from 200 ohms 

to  60 ohms reduced the wavelength o f operation  from 

85 to  52 cm.

The most convenient method o f ach iev in g  low ZQ 

i s  to  use a concentric l in e .  I f  f u l l  advantage i s  to  

be gained then  the e lectro d e  lea d s must a lso  form part 

of the l in e .  I f  the e lec tro d es  them selves are 

c y lin d r ic a l then they too may be in te g r a l p a rts  o f the  

l in e .  The great advantage to  be gained from t h is  

arrangement can be seen from F ig .S . which shows two

67T to 5C/o x
 0 )



two tr io d e s  and th e ir  o s o il la to r y  c ir c u it s  fo r  a wave

len gth  o f 90 cm. On the r ig h t i s  a DET 12 with a 

short c ir c u it in g  s tr ip  of copper between the anode and 

grid  term in als. On the l e f t  i s  an E1029 w ith the same 

e lectro d e  s iz e s  and capacitances as the DET 12 but with  

the anode and grid  and th e ir  lea d s  as in te g r a l p a r ts  of  

a concentric l in e .  The anode lead  i s  formed by e igh t  

w ires in  a c ir cu la r  se a l w ith a concentric grid  lea d . 

The c h a r a c te r is t ic  impedance o f the l in e  in  t h is  oase 

i s  about 60 ohms.

Even though the anode and grid  e lec tro d es  and 

th e ir  lead s form smooth continuous p arts of the l in e  a 

f u l l  quarter wavelength c ir c u it  i s  never obtained.

The anode-cathode and grid-cathode cap acitan ces are in  

s e r ie s  across the end of the l in e  and have a shortening  

e f f e c t .  I t  i s  th erefore  important to  keep the  

c h a r a c te r is t ic  impedance low i f  the maximum frequency 

of operation i s  to  be obtained. In some cases i t  

i s  p o ss ib le  to  operate with -|^0  ̂ grea ter  l in e  

len g th s sin ce th ese  g ive the same reactance but i t  i s  

necessary in  th ese cases to  take step s to  ensure that 

the valve does not o s o i l la t e  on a lower frequency



frequency corresponding to  wavelength c ir c u it  

(see  S e c t .3 , i i£ ) .

The con d ition  of low c h a r a c te r is t ic  impedance 

may seem to  c o n f l ic t  with the need fo r  minimum lo s s e s  

in  the resonator. However, the in c id e n ta l lo s s e s ,  

e le c tr o n ic  and otherw ise, in  the va lve are u su a lly  

greater than the r e s is t iv e  lo s s e s  in  the resonator. 

Loss of output a r is in g  from low ch a r a o te r is t ic  

impedance has never been d etected . Sotae c ir c u it s  

have been used with an impedance as low as 10 ohms.

A fter the author had sta r ted  on the above work 

he learned that Mouromtseff and Noble had described  in  

1932 a water cooled  va lve with the anode and grid  

e lec tro d es  b u ilt  in to  a con centric  transm ission  l in e  

(R ef.4 ). This work had been done a t a wavelength o f  

3 metres but nothing furth er seemed to  come of i t ,  

probably because the s ig n if ic a n c e  of the value o f the  

c h a r a c te r is t ic  impedance was m issed.



C O O L I N G  F I N S

: D A M P I N G  
■ R E S I S T O R O U T P U T

G R I D  L E A X

P ig »7» Gommon-anode 5arthed«»anode O s c i l l a to r

as used  w ith  th e  Mi crop-up and i t s  fa m ily  •
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2 . 1 i i .  THE 'MICROPUP«

The E102S v a lv e  was d i f f i c u l t  t o  make on accou nt  

o f  th e  e ig h t  w ire r in g  s e a l  w ith  th e  c o n c e n tr ic  g r id  le a d .  

In  a d d it io n  th e re  were s t i l l  some 2 t o  3 cm. o f  le a d  

le n g th  betw een th e  e le c tr o d e s  and th e  e x te r n a l  

co n n ectio n s to  them . The d e s i r a b i l i t y  o f  having e i t h e r  

th e  anode or g r id  a t  e a r th  p o t e n t ia l  was e s t a b l i s h e d  in  

S e c t io n  2 , i  and t h i s  was a c h iev e d  p r a c t i c a l l y  in  th e  

E1046 or ^ ic r o p u p 1 as i t  was u s u a l ly  c a l l e d .  (The 

developm ent o f w ater c o o le d  v a lv e s  proceed ed  from  th e  

sm a ll to  th e  la r g e  u n t i l  th e  p r o c ess  was r e v e r se d  in  

the GAT 15 which was d es ig n ed  in  th e  e a r ly  t h i r t i e s  

fo r  h igh er  fr e q u e n c ie s . This v a lv e  was known as th e  

fPup». When th e  E1046 was e v o lv e d  i t  had a c e r ta in  

fa m ily  resem blance to  th e  w ater c o o le d  v a lv e s .  As 

i t  was so  sm all i t  was c h r is te n e d  th e  *Micropup1) •

The E1046 i s  shown in  th e  photograp h  in  P i g . l  

and in  th e  c i r c u i t  in  P ig .  7 . I t  has an e x te r n a l  

copper anode in  th e  form o f  a c y lin d e r  w ith  th e  ends 

fe a th e r -e d g e d  and s l i g h t l y  f la r e d  fo r  th e  g la s s  t o  m eta l 

s e a l .  The d iam eter  o f  th e  c y lin d e r  i s  1 .5  cm. The 

g r id  i s  a c y l in d r ic a l  s p i r a l  o f  molybdenum w ire  and has



has a d iam eter  o f  5 ram* The cathode i s  a c y l in d r ic a l  

s p ir a l  o f  th o r ia te d  tu n g ste n  w ire  w ith  a c e n tr a l  

su p p ortin g  w ire w hich a ls o  s e r v e s  as one o f  th e  su p p ly -  

lea d s*  The cathode d iam eter  i s  3 mm* The g r id  i s  

mounted on th e  end o f  a 4 mm* tu n g ste n  rod  w hich  a l s o  

se r v e s  a s  th e  g r id  lead *  The cathode le a d s ,  two 

tu n g ste n  w ir e s ,  are tak en  th rou gh  th e  en velop e  a t  th e  

o p p o s ite  end from th e  g r id  lead * C ooling f i n s  are  

so ld e r e d  to  th e  anode and fo r c e d  a i r  i s  blown th rou gh  

th e se  f i n s  t o  in c r e a se  th e  heat h an d lin g  c a p a c ity *

The end f i n s  are a l s o  used  f o r  th e  co n n e c tio n  o f  th e  

ou ter  conductor o f  th e  c o n c e n tr ic  l i n e  c i r c u i t  ( s e e  

P ig * 7 * ) •

The E1046 was f i r s t  produced in  1939 and was 

im m ed iately  in  demand fo r  u se  in  N aval Radar Gunnery a t  

50 cm* w avelen gth  and fo r  A ir c r a ft  Radar a t  150 cm* 

w avelength* Peak ou tp u ts o f  5 and 10 kw p er  p a ir  o f  

v a lv e s  were o b ta in ed  a t  th e  r e s p e c t iv e  w avelen gth s*

For th e  a ir c r a f t  a p p l ic a t io n  th e  d e s ig n  was su b seq u en t

l y  m o d ified  to  th e  VT90 in  which lo n g e r  g la s s  le n g th s  

were u sed  t o  in c r e a se  th e  v o lta g e  f l a s h  over a t  h ig h  

a l t i t u d e s •



P ig * 8 # S e c t io n a l  View o f  th e  NT99 T riode



The Navy u r g a i t ly  r eq u ire d  g r e a te r  output a t  

50 cm* w avelength* By e x p lo i t in g  th e  p r in c ip le  

e s ta b lis h e d  in  S e c t io n  2 , i i  t h i s  was a ch iev ed  by 

in c r e a s in g  th e  r a d ia l  d im ension s o f th e  B1046, thu s  

in c r e a s in g  th e  e le c tr o d e  s u r fa c e  areas*  The a c t iv e  

le n g th  rem ained co n sta n t*  In  order to  r e t a in  adequ ate  

e x te r n a l c i r c u i t  th e  c h a r a c t e r i s t i c  inp ed ance o f  th e  

lea d s  and c i r c u i t  was a p p r o p r ia te ly  reduced* S e v e r a l  

v a lv e s  s im ila r  to  th e  E1046 were d ev e lo p ed  in  t h i s  way 

cu lm in atin g  In th e  NT99, which produced 200 kw per  

p a ir  a t  a w avelen gth  o f  50 cm* I t  was a ls o  u sed  by 

th e  R#A*F» fo r  radar a t 50 cm* (R ef* 5 and 6 )*

The NT99 i s  shown in  P igs*  1 and 8 * I t  has an 

in d ir e c t ly  h ea ted  o x id e  c o a te d  ca th od e  and th e  g r id
7 n

le a d  i s  a copper ’th im ble*  o f  ^  d iam eter*  The 

c y lin d e r  a tta ch ed  to  th e  c o o lin g  f i n s  i s  fo r  making 

co n n ectio n  t o  th e  e x te r n a l c ir c u it *

The NT93, an oth er  member o f  th e  s e r i e s ,  i s  a l s o  

shown in  P ig * l*

In  t h i s  s e r i e s  th e  c le a r a n c e  betw een th e  ca th od e  

and th e  g r id  i s  o f  th e  order o f  1 mm* The c le a r a n c e  

in  th e  acorn  i s  0 * 1  mm*, th e  door-knob 0 * 2  mm* and th e
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th e  DET12 limn# S in c e  m ain ta in in g  th e  g r id  cath ode  

c le a ra n ce  ia  one o f  th e  major problem s in  U#H#P# v a lv e s ,  

i t  can be se en  th a t  th e  advances in  perform ance were 

a ch iev ed  w ith ou t making undue demands on th e  v a lv e  

m anufacturer# The micropup s e r i e s  was p u t in t o  la r g e  

s c a le  p ro d u ctio n  b o th  in  t h i s  country  and in  Am erica  

u s in g  u n s k i l le d  fem a le  lab ou r throughout#

The E1046 and i t s  v a r ia n ts  were r e q u ir e d  m ain ly  

fo r  radar* On con tin u ou s wave o p e r a tio n  th e  

perform ance dropped o f f  r a p id ly  a t  w ave len g th s below  

1  m etre on account o f  e le c tr o n  t r a n s i t  tim e  l im i t a t io n s  

and th e  minimum w a v e len g th  o f  th e  E1046 was 75 cm#

With a v iew  t o  o b ta in in g  in p roved  perform ance a t  

sh o r te r  w avelen gth s a one th ir d  s c a l e  model o f  E1046 

was co n stru cted #  A l l  th e  l in e a r  d im en sion s were  

reduced by a fa c to r  o f  th r e e  in  v a lv e  ty p e  E1130 ( s e e  

P ig # l# )*  The p r in c ip le s  o f  s c a l e  m o d e llin g  a r e  

d is c u s s e d  in  d e t a i l  in  Appendix B and i t  i s  shown th e r e  

th a t  th e  minimum w ave len g th  i s  red uced  by th e  s c a l e  

fa c to r #  This was confirm ed by th e  E1130 w hich cea sed  

to  o s c i l l a t e  a t  a w ave len g th  o f  25 cm# and gave an  

output o f  a few  w a tts  a t 30 cm# on C#W# o p era tio n #



2 2 .

The tec h n iq u e  fo r  in c r e a s in g  output th a t  was 

used w ith  th e  E1046 was a ls o  a p p lie d  t o  th e  E 1130.

The CV55 ( s e e  F i g . l )  had th e  same lo n g it u d in a l  

dim en sion s but th e  r a d ia l  d im en sion s were in c r e a se d  

t h r e e - f o ld  and th e  s p i r a l  th o r ia t e d  tu n g ste n  ca th od e  

was r e p la c e d  by a c y l in d r ic a l  o x id e  co a ted  ca th o d e .

The 0V55 was u sed  in  th e  Army GR Radar 

equipment a t  a w ave len g th  o f  25 cm. and a peak output 

o f  30 kw per p a ir  was o b ta in e d . ( R e f .5 ) .  I t  was a l s o  

u sed  by th e  author and h is  group in  a number o f  

t r a n sm itte r s  f o r  Radio Counter M easures on w ave len g th s  

from 40 t o  1 0 0  cm. On C.W. o p e r a tio n  a s in g le  v a lv e  

g iv e s  an output o f 30 W. a t  50 cm. and 15 W. a t  40 cm. 

M u ltiv a lv e  c i r c u i t s  w ere d ev e lo p ed  ( s e e  S e c t io n  4 ) 

g iv in g  over 100 W. a t 50 cm.
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2 . i i i , a *  THE BASIC MICROPUP CIRCUIT*

Most o f th e  radar o s c i l l a t o r s  were o f  th e  p u sh  

p u l l  type* However, th e  u n d ersta n d in g  o f  th e  

p r in c ip le s  o f  o p e r a tio n  i s  s im p l i f ie d  by c o n s id e r in g  

s i n g le  v a lv e  c i r c u i t s  f i r s t #  The b a s ic  arrangem ent 

fo r  t h e s e  E a r th e d 1 anode o s c i l l a t o r s  i s  shown in  

P ig # 7 # As d e sc r ib e d  b e fo r e ,  th e  anode and g r id

e le c tr o d e s  and le a d s  form  in t e g r a l  p a r ts  o f a 

c o n c e n tr ic  l i n e  c ir c u i t #  The anode, b e in g  con n ected  

t o  th e  ou ter  conductor i s  a t  e a r th  p o t e n t ia l#  This 

r e a l ly  means t h a t ,  s in c e  th e  h ig h  freq u en cy  f i e l d  i s  

co n fin ed  t o  th e  in s id e  o f  th e  o u ter  con d u ctor , th e  

o u ts id e  o f  th a t  conductor may be c o n s id er ed  t o  be a t  

e a r th  p o te n t ia l#  Between th e  ca th od e and e a r th ,  

i# e#  th e  anode, th e r e  i s  an o th er  c o n c e n tr ic  l i n e  

w hich may be 1 tu n e d 1 by adju stm ent o f  th e  p o s i t i o n  o f  

th e  sh o r t in g  b r id g e  a t  th e  end rem ote from th e  v a lv e#  

One s id e  o f  th e  cath ode i s  con n ected  t o  th e  in n er  

conductor o f  t h i s  l i n e  and th e  o th er  s id e  i s  tak en  

th rou gh  th e  in s id e  o f  th e  in n er  conductor w ith  

s u i t a b le  D*C* in s u la t io n #  Sometimes a c a p a c ito r



c a p a c ito r  i s  con n ected  a c r o ss  th e  two ca th od e  le a d s  t o  

keep them a t th e  same p o te n t ia l#  C ir c u it s  have a l s o  

been used  w ith  se p a r a te  l i n e  c i r c u i t s  fo r  th e  two 

cathode lea d s#  The s l i g h t  ad van tage o f  t h i s  arran ge

ment a t th e  h igh er  fr e q u e n c ie s  i s  o f f s e t  by th e  

co m p lica tio n  o f  an e x tra  l i n e  c i r c u i t  t o  b e  tuned*

The damping r e s i s t o r  shown in  P ig * 7 i s  u sed  

to  p reven t o s c i l l a t i o n  ta k in g  p la c e  round th e  e x te r n a l  

g r id -c a th o d e  c o n n e c tio n s#  D*C# in s u la t io n  betw een  

th e  anode and th e  o th er  two e le c tr o d e s  i s  p rov id ed  

by c a p a c ito r s . w ith  mica I n s u la t io n  betw een t h e  anode  

c o o lin g  f i n s  and th e  ou ter  con d u ctors o f  th e  two l in e s #  

I t  w i l l  be se en  th a t  th e  anode, in  a d d it io n  

to  b e in g  th e  earth ed  e le c t r o d e ,  i s  a l s o  t h e  e le c tr o d e  

which i s  common t o  th e  two c ir c u i t s #  Such an 

arrangem ent i s  c a l l e d  a common-an ode earth ed -an od e  

o s c i l la t o r #  The s ig n i f i c a n c e  o f  t h i s  d e s c r ip t io n  i s  

d is c u s s e d  in  S e c t io n  3#
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2 , i v .  THE 10 CM. TBIODE.

The main fe a tu r e  o f  t h e  micropup and i t s  

d e r iv a t iv e s  i s  th e  in te g r a t io n  o f  th e  anode and g r id  

w ith  th e  o s c i l l a t o r y  c i r c u i t .  I f  th e  arrangem ent in  

P i g .7 i s  examined i t  w i l l  be se en  th a t  th e  cath od e and 

i t s  le a d s  do n o t f i t  In to  th e  c ir c u i t  in  th e  same 

n a tu r a l manner. The s p ir a l  f i la m e n t  and i t s  two  

le a d s  are  n ot p a r t ic u la r ly  d e s ir a b le  couponents o f  a 

U .H .F. c i r c u i t .  Those v a lv e s  w ith  an in d ir e c t ly  

h eated  o x id e  co a ted  cath od e a r e  r a th e r  b e t t e r  in  t h i s  

r e s p e c t  but th e r e  i s  s t i l l  th e  problem  o f  th e  h ea ter  

le a d s  (on e o f  t h e s e  i s  u s u a l ly  jo in e d  in t e r n a l ly  to  

th e  c a th o d e ) .

As a fu r th e r  s te p  tow ards a c h ie v in g  th e  id e a l  

v a lv e - c ir c u i t  in te g r a t io n  th e  E1274 was d e v e lo p ed .

This i s  shown in  P ig s .  1 and 9 .  The anode, g r id  and 

cath od e e le c tr o d e s  a r e  f ix e d  t o  th e  ends o f  th r e e  

c o n c e n tr ic  copper tu b e s , in s u la te d  from each  o th er  

by g la s s  s e a l s .  The e le c tr o d e s  a r e  v i r t u a l l y  

c o n tin u a tio n s  o f  th e  copper tu b e s . Between th e  

o x id e  co a ted  ca th od e and i t s  copper tu b e  th e r e  i s  a 

sh o r t le n g th  o f  nichrom e tu b e  t o  c o n serv e  h e a t in g  pow er.
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One s id e  o f  th e  h ea ter  i s  connected  in t e r n a l ly  t o  th e  

cathode* The o th er  h ea ter  le a d  i s  a w ire  co m p lete ly  

e n c lo se d  by th e  cathode and i t s  le a d , and so i s  r ig h t  

o u ts id e  th e  h ig h -freq u en cy  f i e ld *  Further m echan ical 

d e t a i l s  o f t h i s  v a lv e  are g iv en  In Appendix D*

The c i r c u i t  fo r  v a lv e  E1274 i s  shown in  F ig *10* 

There a re  fo u r  c o n c e n tr ic  tu b es w hich a re  a tta c h e d  to  

th e  anode, g r id ,  cathode and h ea ter  lea d s*  The th r e e  

ou ter  tu b es form  th e  tuned c i r c u i t s  w ith  a d ju s ta b le  

sh o r t in g  b r id g es*  The m idd le one o f  t h e s e  th r e e  tu b es  

form s th e  in n er  conductor o f  th e  a n o d e-g r id  c ir c u i t  and 

th e  o u ter  conductor o f  th e  g r id -c a th o d e  c ir c u it *  In  

t h i s  c a se  th e  g r id  i s  th e  e le c tr o d e  w hich i s  common 

to  b o th  c ir c u i t s *  The anode, w hich i s  con n ected  t o  th e  

outerm ost tu b e , i s  th e  earth ed  e le c tr o d e *  The 

arrangem ent i s  c a l le d  a common-grid earth ed -an od e  

c i r c u i t  ( s e e  S e c t io n  3)*

The l im it in g  w a v e len g th  o f th e  E1274 i s  s e t  by 

e le c tr o n  t r a n s i t  tim e and i t  occu rs a t  a w avelen g th  o f  

9 cm* On C*W* o p e r a tio n  t h e  output i s  1 W* a t  10 cm*,

5 W* a t  20 cm* and 10 W# a t  40 cm*



There a re  c e r ta in  in c id e n t a l  fe a tu r e s  o f  th e  

E1274 w hich a r e  w orth m entioning* The c o u p le te  

c y l in d r ic a l  symmetry makes m anufacture r e l a t i v e l y  

s in p le *  The s i n g le  ended c o n s tr u c t io n  p erm its easy  

in s e r t io n  In c i r c u i t s  and a ls o  a llo w s  ready a c c e s s  t o  

th e  g r id -c a th o d e  sy stem  fo r  adjustm ent du rin g  assem b ly , 

a most im portant f e a tu r e  where th e  c le a r a n c e  i s  r a th e r  

l e s s  than 0*1 mm. There i s  no in s u la t io n  betw een th e  

e le c tr o d e s  excep t fo r  th e  g la s s  s e a l s  se p a r a tin g  th e  

copper c y lin d e r s#  D ir e c t  a c c e s s  t o  th e  anode a llo w s  

easy c o o lin g  by co n d u ctio n , fo r c e d  a i r  or water*

Anode d i s s ip a t io n  does n o t c o n s t i t u t e  a l im i t in g  

fa c to r  a s in  most sm a ll v a lv es*
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2 .v .  RECEIVING VALVES*

2 . v . a *  COMMON ANODE VALVES.

So fa r  a l l  th e  v a lv e s  d e sc r ib e d  are p r im a r ily  

power o s c i l l a t o r s *  In  order to  e x p lo it  th e  comnon- 

anode earth ed -an od e c ir c u it  fo r  r e c e iv in g  purposes th e  

CV 52 t r io d e  was d e s ig n ed  by Mr*C-*W*Warren in  c o n s u lt 

a t io n  w ith  th e  author* The CV 52 i s  shown in  F ig * l  

and i s  d e sc r ib e d  in  d e t a i l  in  Appendix H* I t  was 

w id e ly  used  d u rin g  th e  war in  r e c e iv e r s  a t w avelen gth s  

down to  25 cm* In  1942-43 th e  author made i t  th e  

b a s is  o f  two su p erh eterod yn e r e c e iv e r s  which covered  

c o n tin u o u s ly  th e  w avelen gth  range from 30 t o  250cm*

2 .v .b *  COMMON GRID VALVES

An independent approach to  th e  developm ent o f  

r e c e iv in g  v a lv e  o s c i l l a t o r s  was i n i t i a t e d  in  th e  

L a b o ra to r ie s  o f  M essrs* Standard T elephones and Cables*  

The d e s ig n  ( s e e  P ig .11 ) was b ased  on p la n a r  e le c tr o d e s  

w ith  a copper d i s c  fo r  th e  g r id  le a d , th e  g r id  b e in g  a 

mesh in  th e  c e n tr e  o f  th e  d i s c  (R ef*7*)*  The anode

and c a th o d e , and t h e i r  r e s p e c t iv e  le a d s  were on 

o p p o s ite  s id e s  o f  th e  d is c *  Two c o n c e n tr ic  l in e s
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u s in g  0V90 T r io d e*



l in e s  formed th e  e x te r n a l c i r c u i t s ,  th e  g r id  d i s c  b e in g  

a tta c h e d  t o  th e  ou ter  conductors and th e  anode and 

ca th od e le a d s  t o  th e  in n er  conductors*  Such an 

arrangem ent p ro v id e s  a common-grid e a r th e d -g r id  

o s c i l la t o r *  I t  was som etim es c a l le d  a *g ro u n d ed -g r id 1 

c ir c u it *

The dou b le-en d ed  n a tu re  o f  t h i s  arrangem ent 

meant th a t  v a lv e  changing in v o lv ed  d ism a n tlin g  th e  

c i r c u i t .  In  order to  overcome t h i s  d isa d v a n ta g e  

Mr*G*W*Warren d evelop ed  th e  CV 90 t r io d e  w hich has 

an oth er  copper d is c  fo r  th e  anode lead* (See  

app en d ix  H*)* T his v a lv e  i s  used  in  a d ou b le  

c o n c e n tr ic  tu b e  c ir c u i t  ( s e e  F ig*12 ) w ith  th e  anode  

d is c  a tta ch ed  t o  th e  o u ter  tu b e , and th e  g r id  tu b e  

common t o  th e  two c ir c u it s *  T his arrangem ent 

o s c i l l a t e s  down to  a w avelen gth  o f  10 cnu I t  w i l l  b e  

n o t ic e d  th a t  th e  c ir c u i t  makes a common-grid ea r th ed -  

anode o s c i l l a t o r ,  s im ila r  t o  th a t  p r e v io u s ly  d e sc r ib e d  

fo r  th e  E1274* Thus, t h i s  a l t e r n a t iv e  approach to  

th e  1 0  cm* t r io d e  o s c i l l a t o r  has le a d  t o  much th e  same 

c o n c lu s io n  a s th e  a u th o r ’s approach*
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For r e c e iv in g  v a lv e  purposes th e r e  i s  l i t t l e  

t o  ch ose  betw een  th e  d i s c  t r io d e  w ith  p lan ar e le c tr o d e s  

and t h e  a l l - c o n c e n t r ic  arrangement w ith  in t e g r a l  

e le c tr o d e s  and lea d s*  For power g e n e r a t io n , however, 

th e  c o n c e n tr ic  arrangement i s  p r e fe r a b le  s in c e  th e  

a c t iv e  p a r t o f  th e  anode i s  part o f  th e  e x te r n a l  

en ve lop e  and can b e  more e a s i ly  c o o le d . In  a d d it io n ,  

at th e  h ig h e s t  fr e q u e n c ie s  th e  in d u ctan ce  o f  th e  d is c  

i s  n o t n e g l ig i b l e  and e x c i t a t io n  o f  th e  l i n e  c i r c u i t  

has proved d i f f i c u l t  in  c e r ta in  c a se s  where a v o lta g e  

node occurred  a t  th e  edge o f  th e  d is c *

The 10 cm. t r io d e  was a l s o  a ch iev ed  in  th e  

U.S.A# w ith  a d i f f e r e n t  d e s ig n , commonly c a l l e d  th e  

l i g h t h o u s e 1, or ZP446* A  p la n a r  sy stem  ( s e e  F ig*13)  

i s  u sed  w ith  d is c  lea d s fo r  a l l  th e  e le c tr o d e s*  The 

e x te r n a l c i r c u i t  c o n s i s t s  o f  a d ou b le  c o n c e n tr ic  l i n e ,  

as in  th e  o th er  1 0  cm* o s c i l l a t o r s ,  bu t in  t h i s  c a se  

th e  ca th od e  i s  a tta c h e d  t o  th e  ou ter  tu b e and th e  

anode t o  th e  innerm ost tube* This arrangement makes 

a com non-grid ea r th ed -ca th o d e  o s c i l la t o r *  T h is ty p e  

o f c i r c u i t  has th e  d isa d v a n ta g e s  o f  th e  o th er  d is c
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d is c  d e s ig n s  and th e  anode, b e in g  in n erm o st, i s  even  

more in a c c e s s ib le  fo r  c o o lin g  p u rp o se s .

I t  w i l l  be n o ted  th a t  a l l  th e  10 cm* c i r c u i t s  

are  o f  th e  conmon g r id  type*  The r ea so n  fo r  t h i s  

i s  g iv e n  in  S e c t io n  3*
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3. EXCITATIOII OF TRIODE OSCILLATORS.

3 .1 .  SIMPLE CONSIDERATIONS.

In  S e c t io n  2 ,1 .  and In  F ig s .  2 and 3 th e  low  

frequ en cy  form s o f  th e  H a rtley  and C o lp itts  o s c i l l a t o r s  

were g iv e n . I t  was seen  th a t  th e  e x c i t a t io n  was 

c o n tr o l le d  in  a sim p le  manner hy th e  ad ju stm ent o f  a  

tap p in g  p o in t  on an in d u otan oe or by v a r y in g  th e  r a t io  

o f  two c a p a c ita n c e s . The co m p lica ted  b eh a v io u r  o f  

th e se  c i r c u i t s  when u sed  a t v ery  h ig h  fr e q u e n c ie s  was 

a ls o  d is c u s s e d . I f  th e  c i r c u i t s  fo r  th e  new v a lv e s  in  

F ig s .7 . and 10 to  13 are  exam ined i t  w i l l  be seen  th a t  

th ey  have become ex trem ely  s im p le  a g a in , e l e c t r i c a l l y .  

The c i r c u i t s  o f  F ig s .  7 and 10 may be redrawn a s  

shown in  F ig s . 14 and 15 r e s p e c t iv e ly .  In  F ig .1 4 ,

Yg and Yj r e p r e se n t  th e  two l i n e  c i r c u i t s  b etw een  anode 

and g r id  and b etw een  anode and cath od e; C^, Og and Cg 

are th e  in t e r - e le c t r o d e  c a p a c ita n c e s . S in ce  th e  anode 

i s  a t  e a r th  p o t e n t ia l  th e  e le o t r o d e - e a r t h  c a p a c ita n c e s  

may be In c lu d ed  in  Cg and Cg. On accou n t o f  th e  

screen in g  a c t io n  o f  th e  c o n c e n tr ic  l i n e s  th e r e  are  no 

oth er  s tr a y  c o u p lin g s  betw een  th e  e le c t r o d e s  or o i r c u i t s  

* f  Yg and Cg be c o n s id e r e d  t o  r e p r e se n t  th e  main
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main o s c i l l a t o r y  c i r c u i t ,  th en  th e  e x c i t a t io n ,  i . 6 . 

th e  r a t io  o f  th e  g r id -ca th o d e  v o lta g e  to  th e  ar.ode- 

cathode v o l t a g e ,  i s  determ ined  by th e  v a lu e s  o f  

and th e  p a r a l l e l  com bination  o f  Cg and Yg. The

a d ju sta b le  l i n e  c i r c u i t ,  Y3 , i s  a  means o f  v a r y in g  th e  

e f f e c t i v e  v a lu e  o f  C3 .  The c i r c u i t  may be redrawn  

as in  F ig . 1 6 , which i s  a lm ost th e  same a s  th e  L .F . 

C o lp it t s  c i r c u i t  o f  F ig . 2 . Thus th e  common-anode 

earthed-an ode o s c i l l a t o r  i s  m erely  a form o f  C o lp i t t s  

c ir c u i t  in  which th e  a n o d e -g r id  l i n e  form s th e  

o s c i l l a t o r y  c i r c u i t  a lo n g  w ith  th e  v a lv e  o a p a c ita n c e s ,  

and th e  an od e-ca th od e  l i n e  c o n t r o ls  th e  e x c i t a t io n .

I f  th e  common-grid c i r c u i t  o f  F i g .15 be 

t r e a te d  in  a  s im ila r  manner i t  w i l l  be found  th a t  

e x a c t ly  th e  same c o n d it io n s  h o ld , e x c e p t  th a t  th e  g r id -  

cathode l i n e  i s  th e  e x c i t a t io n  c o n tr o l .

The v a lu e  o f  th e  e x c i t a t io n  depends on th e  r a t i o  

o f th e  e f f e c t i v e  v a lu e s  o f  C3  and C^. In  a  common 

anode o s c i l l a t o r  C^, th e  g r id -c a th o d e  c a p a c ita n c e , i s  

f ix e d  and i s  v a r ie d  t o  g iv e  th e  d e s ir e d  r a t io  o f  

C 3  In  a  common-grid o s c i l l a t o r  Cg, th e  an od e-

cathode c a p a c ita n c e , i s  f i x e d  and i s  v a r ie d . In



In both  o a s e s ,  th e  s e r i e s  com b in ation  o f  and Cg i s  

in  p a r a l le l  w ith  and so c o n s t i t u t e s  a  lo a d in g  

ca p a c ita n ce  a c r o s s  th e  main o s c i l l a t o r y  c i r c u i t .  How, 

in  most v a lv e s  Ct i s  g r e a te r  than  Cg, so  th a t  th e  

req u ired  e x c i t a t io n  r a t io  may be ga in ed  i n  a  common-grid  

o s c i l l a t o r  w ith  a  sm a lle r  lo a d in g  c a p a c ita n c e  than  in  a  

common-anode o s c i l l a t o r .  S in ce  th e  ch a rg in g  cu rren t  

and th e r e fo r e ,  a l s o  th e  c i r c u i t  l o s s e s  depend on th e  

v a lu e  o f  t h i s  c a p a c ita n o e , th e  common-grid o s c i l l a t o r  

has an advantage over  th e  common-anode o s c i l l a t o r ,  

p a r t ic u la r ly  a t  th e  h ig h e s t  f r e q u e n c ie s .  I t  was se en  

in  th e  l a s t  s e c t io n  th a t  a l l  th e  1 0  cm. o s c i l l a t o r s  

are o f  th e  common-grid ty p e .
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3 .1 1 . MOKE EXACT ANALYSIS OF EXCITATION.

In  th e  l a s t  s e c t io n  on ly  th e  r e a c t iv e  components 

o f  th e  c i r c u i t  im pedances have "been c o n s id e r e d . A more 

com plete a n a ly s is  was c a r r ie d  out by th e  au th or  in  

c o lla b o r a t io n  w ith  Dr. E.G. James and i s  g iv e n  in  d e t a i l  

in  A ppendices C and H. In  th e  t r io d e  c i r c u i t  o f  F ig .1 7 , 

Yg and Yg are  th e  t o t a l  adm ittances betw een  th e  

e le c tr o d e s .  The ad m ittan ce betw een any two p o in t s  in  

t h i s  network may be c a lc u la t e d  and th e  c o n d it io n  f o r  

o s c i l l a t i o n  may be found by e q u a tin g  th e  r e a l  p a r t o f  

the adm ittance to  z e r o . I t  can be shown th a t  th e  

t o t a l  conductance betw een  anode and g r id  i s  g iv e n  by th e  

eq u ation

^ 2  8 5  +

S+8 - )  +  -  3 ^  B .B ,



where = G i  + ®^c -

gm *  m utual conductance o f  th e  v a lv e .

For s e l f  o s c i l l a t i o n ,  must he zero  or

n egative*  Now, a l l  th e  co n d u cta n ces a re  n e c e e s a r i ly  

p o s i t iv e  and th e  on ly  term  w hich can he n e g a t iv e  i s  -  

~Bm  b1b 3* 8 ^  can he so o n ly  i f  and B3  are  o f  th e

same s ig n , i . e .  h o th  must he c a p a c it iv e  or h o th  in d u c

t i v e .  O b v io u sly , t o  p r o v id e  an o s c i l l a t o r y  c i r c u i t ,

Bg must he o f  o p p o s ite  s ig n  t o  and Bg, Thus th e r e

are two p o s s ib le  c la s s e s  o f  t r io d e  o s c i l l a t o r e  a s  shown 

in  th e  t a b le .

B 1 B3 B3

C la ss  I C L C

C la ss  I I L C L

I t  may he n o te d  in  p a s s in g  th a t  th e  C o lp i t t s  

o s c i l l a t o r  b e lo n g s  t o  C la ss  I and th e  H a r tle y  o s c i l l a t o r  

to  C la ss  I I .

l ^ i i . a .  RELATIVE MERITS OF TEE TWO CLASSES OF OSCILLATOR.

I t  can he shown th a t  o s c i l l a t o r s  o f  C la ss  I  are  

p r e fe r a b le  fo r  o p e r a tio n  a t  th e  h ig h e s t  f r e q u e n c ie s .



P ig *18# C la ss  I  O s c i l la to r *  

Pig* 19* C lass I I  O s c i l la to r *



I f  th e  o s c i l l a t o r s  have two t■unable c i r c u i t s  

th en  f o r  C la ss  I one o f  th e s e  must he co n n ected  in  

p a r a l l e l  w ith  th e  a n o d e-g r id  c a p a c ita n c e  to  make Bg 

in d u c t iv e . The o th e r  tu n a b le  c i r c u i t  may he con n ected  

betw een g r id  and cathode or betw een  anode and ca th o d e . 

In th e  form er c a s e ,  th e  c i r c u i t  may be drawn a s  i n  

F ig . 18 in  which C-j_, Cg and Cg a re  th e  in t e r - e le c t r o d e  

c a p a c ita n c e s , and and Lg are  th e  tu n a b le  c i r c u i t s .  

From th e  t a b le  i t  i s  seen  th a t  must be c a p a c it iv e  

and t h i s  c a p a c ita n c e  i n  s e r i e s  w ith  Cg g iv e s  a  

r e s u lta n t  l e s s  th an  Cg. Thus th e  freq u en cy  o f  

o s c i l l a t i o n  i s  determ ined  by th e  e x te r n a l  in d u cta n ce  

L3  tuned  to  reson an ce  by th e  p a r a l l e l  com b in ation  o f  

Cg and some o a p a c ita n e e  l e s s  th an  Cg.

The C la ss  I I  o s o i l l a t o r  i s  shown i n  F i g .19 .

In t h i s  c a se  th e  tu n a b le  c i r c u i t s  must be o on n ected  

as shown i n  order t o  make and in d u o t iv e .  The 

in d u c t iv e  in  s e r i e s  w ith  Cg g iv e s  a  r e s u l t a n t  

ca p a c ita n ce  which i s  g r e a te r  th an  Cg (th e  com b in ation  

oannot be in d u o t iv e  s in c e  Bg i s  in d u c t iv e ) .  The 

frequency i s  now determ ined  by th e  e x te r n a l  in d u c ta n c e  

1*3 tuned t o  reson an ce  by th e  p a r a l l e l  com b in ation  o f  C3



tj CATHODE^ _ |
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c

Pig*20* Common-cathode E arth ed -ca th o d e  C ir c u it

u s in g  an e v er te d  tr io d e #



and a  c a p a c ita n c e  g r e a te r  th an  Cg. I f  t h i s  r e s u l t  he  

compared w ith  th a t  a t  th e  end o f  th e  l a s t  paragraph i t  

w i l l  he se en  t h a t ,  w ith  a  g iv e n  e x te r n a l  c i r c u i t ,  a  

v a lv e  w i l l  o s c i l l a t e  a t a  h ig h e r  freq u en cy  i f  co n n ected  

fo r  C la ss  I  o p e r a tio n .

I t  may he seen  from F ig . 19 th a t  a  C la ss  I I  

o s c i l l a t o r  must o p era te  w ith  th e  cath ode a s  th e  e le c t r o d e  

common to  th e  two c i r c u i t s .  Such an arrangem ent can he 

r e a l i s e d  a t  h ig h  fr e q u e n c ie s  hy e v e r t in g  th e  normal 

arrangem ent o f  a  c y l in d r ic a l  e le c tr o d e  sy stem , i . e .  hy  

making th e  cath ode th e  outerm ost and th e  anode th e  

innerm ost c y l in d e r .  An e x p e r im en ta l t r io d e  was made 

up in  t h i s  form and i t  i s  shown d ia g ra m m a tica lly  w ith  

i t s  c i r c u i t  in  F ig . 20 , in  a common-cathode earthed-eaJtk*4c 

o s c i l l a t o r .  The perform ance o f  t h i s  o s c i l l a t o r  

confirm ed th e  th e o ry  g iv e n  ah ove . For a  g iv e n  w ave- 

’̂ ® n g th , th e  c i r c u i t s  were much sm a lle r  th an  f o r  v a lv e s  

w ith  s im ila r  c a p a c ita n c e s  i n  C la ss  I c i r c u i t s .

Thus, in  g e n e r a l , s u c c e s s f u l  t r io d e  o s c i l l a t o r s  

fo r  V .H .F. have in d u cta n ce  b etw een  anode and g r id ,  and 

o a p a c ita n ce  betw een  anode and ca th od e and b etw een  g r id  

and cath od e.



E xam ination o f  th e  c i r c u i t s  o f  F i g s .7 , 1 0 -1 3  

w i l l  show th a t  th e s e  are a l l  C la ss  I o s c i l l a t o r s .

5 , l i . b .  MULTIPLE QUARTER WAVE CIRCUITS.

I t  h a s  b een  shown in  th e  p r e v io u s  s e c t io n s  th a t  

th e  two l i n e  c i r c u i t s  are a d ju s te d  to  g iv e  th e  r eq u ire d  

rea cta n ce  v a lu e s  fo r  th e  o p e r a tin g  fre q u en cy . The 

r e a c ta n c e s  o f  th e  l i n e s  can be o b ta in ed  f o r  any number 

o f  p o s i t io n s  o f  th e  sh o r t in g  b r id g e s ,  a i l  d i f f e r i n g  by  

h a lf  a  w avelen gth . T h is i s  m ost u s e f u l  a t  th e  h ig h e s t  

fr e q u e n c ie s  when th e  l i n e s  become v ery  s h o r t .  

O s c i l la t io n  may s t i l l  be m a in ta in ed  by add ing  one or  

more h a l f  w a v e len g th s . I t  i s  u s u a l ly  d e s ir a b le  t o  add  

a d i f f e r e n t  number o f  h a l f  w a v e len g th s t o  th e  two  

c i r c u i t s ,  o th e rw ise  th e r e  i s  a  ten d en cy  f o r  o s c i l l a t i o n  

to  tak e  p la c e  a t  a  low er  freq u en cy  where th e  l i n e  

le n g th s  are  o p e r a tin g  on t h e i r  fundam ental m odes.



Flg»2l» P u sh -p u l l  O s c i l l a to r  w ith  two E1029 

Triodes in  a H alf  Wave C oncentric  L ine  R esonator.



4, PUSH-PULL AIID HULTIVALVE CIRCUITS.

So fa r  on ly  s in g le  v a lv e  c i r c u i t s  have been  

c o n s id er ed . Exam ination o f  th e  v a r io u s  ty p e s  o f  10 cm. 

o s c i l l a t o r  w i l l  show th a t  th ey  are  e s s e n t i a l l y  s in g le  

v a lv e  c i r c u i t s .  However, in  many a p p l ic a t io n s ,  

p a r t ic u la r ly  in  power o s c i l l a t o r s  and in  radar tr a n s 

m it t e r s ,  p u sh -p u ll  c i r c u i t s  a re  fr e q u e n t ly  u sed .

The common-anode c i r c u i t  o f  F ig .7 may r e a d i ly  

be adapted  fo r  p u sh -p u ll o p e r a tio n  by e x te n d in g  th e  

q u a rter  wave a n o d e -g r id  r e so n a to r  t o  a  h a l f  wave 

reso n a to r  w ith  an o th er  v a lv e  a t  th e  o th e r  end. The 

o r ig in a l  o s c i l l a t o r  o f  t h i s  t y p e ,  u s in g  two E102S 

v a lv e s ,  i s  shown in  F i g .21. The c a th o d es  are  tu n ed  

by means o f  th e  two c o n c e n tr ic  l i n e s  shown on th e  s id e  

o f  th e  box . The output power in  t h i s  c a se  i s  

d is s ip a t e d  in  two lam ps tapped  on to  th e  in n e r  con du ctor  

o f  th e  main r e so n a to r .

T h is ty p e  o f  p u sh -p u ll  o s c i l l a t o r  was u sed  w ith  

th e  mlcropup s e r i e s  in  50 cm. Haval Gunnery t r a n s m it t e r s  

(R e f .5 ) .

T h is arrangem ent h a s s e v e r a l  d isa d v a n ta g e s .  

W avelength adjustm ent i s  d i f f i c u l t .  A ls o , i t s  open



Flg»22« Gonrnion-anode B arthed-anod e O s c i l la t o r

w ith  U-ahaped R esonator#



Fig»23« Common-anode Larthed-anode P u sh -p u l l

C irc u i t  w ith  U-Shaped Concentric L ine Resonator

and two E1130 T riodes .



open n a tu re  produ ces stro n g  h ig h  freq u en cy  f i e l d s  o u ts id e  

th e  main c i r c u i t s  and s tr a y  c o u p lin g s  can th e r e fo r e  

a f f e c t  th e  perform ance in  a manner d i f f i c u l t  t o  c o n tr o l .

In F ig . 31 le n g th s  o f  w ire  may he seen  a tta o h e d  t o  th e  

ends o f  th e  main r e so n a to r . C arefu l adjustm ent o f  th e  

le n g th  and p o s i t i o n  o f  th e s e  w ir e s  was foun d  t o  im prove 

th e  perform ance.

These d isa d v a n ta g e s  may he e lim in a te d  hy h an d in g  

th e  h a lf-w a v e  c i r c u i t  in t o  U -shape a s  shown i n  F ig . 32 and  

in  th e  photograph i n  F i g .3 3 . The v a lv e s  are  now c lo s e  

to g e th e r  and th e  anodes are  stra p p ed  and e a r th e d . The 

ca th od es are  tun ed  hy a s in g le  p a r a l l e l  w ire  l i n e  w ith  a  

sh o r tin g  b r id g e . The output may he ta k en  c o n v e n ie n t ly  

from th e  cathode l i n e .  The o s c i l l a t o r  i n  F i g .23 u s e s  

two E1130*s and th e  co n d u cto rs  in  th e  a n o d e -g r id  l i n e  

are made o f  s e c t io n s  o f  t e l e s c o p i c  tu h in g  so th a t  th e  

w avelength  may he a d ju s te d . The c i r c u i t  shown o p e r a te d  

from 40 t o  60 cm.

In  order t o  g e t th e  v a lv e s  c lo s e r  to g e th e r  some 

o f  th e  l a t e r  21130*8 and th e  CV55*s were made w ith  

e c c e n tr ic  c o o lin g  b lo c k s  f i t t e d  to  th e  anodes ( s e e  F i g . l ) .  

These b lo c k s  a re  f ir m ly  a t ta c h e d  t o  a  t h ic k  copper p la t e
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F ig. 25.

P ig * 24* Common-anode E a r thed-anode P u sh -p u ll O s c i l la to r  

w ith  Q uarter Wave P a r a l le l  Wire R eso n a to r*

P ig *25* Common-anode E arthed-anod e P u sh -p u ll  O s c il la to r

w ith  Open-ended H a lf  Wave R eson ator .



Pig*26. Common-anode Earthed-anode P u sh -p u l l  O s c i l la to r

fo r  a Wavelength of 60 cm*, using  two CV55 T rio d es .



Fi£»27« F our-va lve  p a r a l l e l  P u sh -p u l l  O s c i l l a to r  

w ith  four GV55 T riodea ,



p la te  which a c t s  a s  th e  E .F . e a r th  and a l s o  in o r e a s e s  

th e  c o o lin g  su r fa c e .

Ih e r e  o p e r a tio n  a t th e  h ig h e s t  f r e q u e n c ie s  i s  

not req u ire d  th e -c o n c e n tr ic  a n o d e -g r id  l i n e  may he  

r e p la c e d  hy a  p a r a l l e l  w ire  l i n e  a tta c h e d  t o  th e  g r id s  

a s  shown in  F ig s .  34 and 25. The open-ended l i n e ,  

shown in  F i g .35 , i s  u sed  fo r  h ig h e r  fr e q u e n c ie s .  A 

p r a c t ic a l  o s c i l l a t o r  u s in g  3 CY 55*s i s  shown in  

F i g .36. T h is o s c i l l a t o r ,  w hich i s  s e t  f o r  a  w avelen gth  

o f 60 cm. in  th e  photograp h , can o p era te  from 40 t o  100 cm. 

w ith  output o f  20 -50  w a tts . The cath ode c i r c u i t  i s  in  

th e  form o f  an arc to  g iv e  lo n g e r  tu n in g  ran ge . The 

output i s  tah en  to  a  c o - a x ia l  fe e d e r  hy means o f  a  lo o p  

coupled  to  th e  cathode c i r c u i t  n ear th e  sh o r t in g  b r id g e .

A fo u r  v a lv e  p a r a l l e l  p u sh -p u ll  o s c i l l a t o r  h as  

a ls o  been  u sed  w ith  CY 5 5 ' s  g iv in g  an ou tp u t o f  100 IT. 

a t 50-60  cm. A photograph showing th e  v a lv e s  and th e  

cathode c i r c u i t s  i s  g iv en  i n  F i g .37 . The g r id  c i r c u i t s ,

not seen  in  th e  p h otograp h , c o n s i s t  o f  two p a r a l l e l  w ire  

l i n e s  c lo s e  to g e th e r . The o s c i l l a t o r s  o f  F ig s .  36 and 

27 were d e s ig n e d  hy th e  au th or  f o r  Radio Counter  

M easures.



F urther p a r t ic u la r s  o f  p u s h -p u ll  and m u lt i

v a lv e  c i r c u i t s  a re  g iv e n  in  A ppendices D, F and G.



PART I I I

A m p lif ie r s .



5, AMPLIFIERS.

5 .1 .  C01IM0II-GRID AMPLIFIERS.

In  S e c t io n  3 , th e  c o n d it io n  f o r  s e l f  o s c i l l a t i o n

was e s t a b l i s h e d  and i t  was shown th a t  and must be

o f  th e  same s ig n . I t  can a l s o  be seen  from eq u a tio n  (3)

o f  th a t  s e c t io n  t h a t  th e  produ ct 3 3 must be g r e a te r1 o
than  a  c e r t a in  v a lu e  fo r  o s c i l l a t i o n  to  ta h e  p la c e .

In  th e  common-anode typ e  o f  c i r c u i t  3q (=o>Cq) i 3  

f ix e d  and 3^ 13 v a r ia b le .  In  th e  common-grid c i r c u i t  

B^rrcoCg) i s  f ix e d  and 3^ i s  v a r ie d . How, Cn i s  th e  

g r id -ca th o d e  c a p a c ita n c e  and t h i s  must have an a p p r e c i

a b le  v a lu e  in  any v a lv e .  C^, th e  an od e-ca th od e  

c a p a c ita n c e , may be made v e ry  sm a ll by h a v in g  th e  g r id  

a c t a s  an e f f e c t i v e  sc r e e n  b etw een  th e  anode and ca th o d e ,  

a s  in  a  v a lv e  w ith  a h ig h  a m p li f ic a t io n  f a c t o r .  Thus 

a h ig h  j i  common-grid c i r c u i t  may be u sed  a s  a  s t a b le  

a m p lif ie r . T h is ty p e  o f  a m p li f ie r  h a s b een  hnovrn f o r  

some tim e ( R e f .8) and h as been  o a l le d  a  s e r i e s  a m p l i f ie r ,  

an in v e r te d  a m p lif ie r  or a  grounded g r id  a m p l i f ie r .

During th e  war M essrs. Standard T elep h on es and C ab les  

d eveloped  s u c c e s s f u l ly  th e  CV16 and o th e r  v a lv e s ,  a s  

a m p lif ie r s  fo r  r e o e iv e r s  fo r  w a v e len g th s o f  50 cm. and



and under (R e f .7 ) .  F urther v a lv e 3 fo r  t h i s  typ e  o f  

o p era tio n  i n  r e c e iv e r s  and t r a n s m it te r s  were d ev e lo p ed  

by th e  a u th o r ’ s  c o l le a g u e s ,  M essrs. B e l l ,  James and 

Warren and th e s e  are  d e sc r ib e d  in  Appendix H.

In  a  common-grid a m p lif ie r  th e  outp ut cu rren t  

f lo w s  through th e  in p u t c i r c u i t  and, a s  a  r e s u l t ,  th e r e  

I s  a la r g e  amount o f  n e g a t iv e  fse d -b a c h . One e f f e c t  

o f  t h i s  i s  a  v ery  low  in p u t im pedance o f  th e  order o f  

th e  r e c ip r o c a l  o f  th e  v a lv e  m utual con d u ctan ce . In  

some a p p l ic a t io n s  t h i s  i s  ad van tageou s. The tu n in g  

o f th e  in p u t c i r c u i t  i s  n ot c r i t i c a l ;  in d e e d , in  

some cases an untuned in p u t c i r c u i t  may be u se d , w hich  

i s  co n v en ien t i f  a  w ide freq u en cy  band h a s  to  b e  covered .

B e s id e s  th e s e  ad van tages th e r e  a re  s e v e r a l  

d isa d v a n ta g e s , p a r t ic u la r ly  in  power a m p l i f ie r s .  The 

low  in p u t impadanoe in v o lv e s  g r e a te r  d r iv in g  power.

Some o f t h i s  power appears in  th e  a m p lif ie r  ou tp u t and 

i s  not l o s t .  However, in  th e  c a se  o f  m odulated  power 

a m p lif ie r s  t h i s  e f f e c t  n e c e s s i t a t e s  m od u la tion  o f  th e  

d r iv er  a s  w e l l  a s  th e  f i n a l  a m p l i f ie r .

The common-grid a m p lif ie r  h a s n o t proved  v e r y  

s u c c e s s fu l a s  a  freq u en cy  m u l t ip l i e r .  H ere, la r g e
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Flg«28» Diagram showing th e  P r in c ip le  o f  th e  

E verted  T etrode and i t s  C ir c u it  fo r  u se  as a 

TUH.F# A m p lifier*



5 .1 1 , EVERTED TRIODEB A:ID TETRODES.

For power a m p li f ic a t io n  and freq u en cy  

m u lt ip l ic a t io n  a t  low  fr e q u e n c ie s ,  th e  fa m i l ia r  common 

cathode c i r c u i t  i s  u sed , th e  in p u t b e in g  a p p lie d  betw een  

g r id  and cath od e and th e  outp ut b e in g  ta k en  betw een  

anode and ca th o d e .

There are  c o n s id e r a b le  d i f f i c u l t i e s  in  u s in g  

common cathode a m p li f ie r s  w ith  th e  l i n e  c i r c u i t s  w hich  

are so d e s ir a b le  f o r  v e ry  h ig h  f r e q u e n c ie s .  These  

d i f f i c u l t i e s  can be  overcome i f  th e  u s u a l c y l in d r ic a l  

arrangement o f  th e  e le c t r o d e s  i s  e v e r te d  so  th a t  th e  

cathode i s  on th e  o u ts id e  and th e  anode i s  in n erm o st.

Both t r io d e s  and t e t r o d e s  have b een  c o n s tr u c te d  in  

t h i s  way ( s e e  A ppend ices D and E ). I t  h a s  a lr e a d y  

been  m entioned (S e c t io n  3) t h a t  a  t r io d e  o f  t h i s  ty p e  

i s  not s u ita b le  a s  a  s e l f - o s c i l l a t o r .  I t s

p o s s i b i l i t i e s  f o r  freq u en cy  m u lt ip l i c a t io n  have s t i l l  

to  be in v e s t ig a t e d .

The e v e r te d  te tr o d e  o f f e r s  p a r t ic u la r  a t t r a c t io n s  

fo r  a m p li f ic a t io n  a t  v ery  h ig h  f r e q u e n c ie s ,  a s  can b e  

seen  from F i g .3 8 , w hich shows sy m b o lic a lly  a  t e t r o d e  

a m p lif ie r  w ith  o o n c e n tr ic  l i n e  c i r c u i t s .  The ca th od e
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cath ode and c o n tr o l  g r id  le a d s  are  tak en  out a t  one end  

o f  th e  v a lv e  and form in t e g r a l  p a r t s  o f  th e  c o n c e n tr ic  

l i n e  in p u t c i r c u i t .  The sc r e e n  g r id  and th e  anode 

s im i la r ly  f i t  in t o  th e  outp ut c i r c u i t  a t  th e  o th e r  end  

o f  th e  v a lv e .  The cathode and th e  sc re en  g r id ,  th e  

two 1 e a r th y  f  e le c t r o d e s ,  are  th e  o u ter  members o f  th e  

two l i n e s .

A p r a c t i c a l  d e s ig n  o f  an e v e r te d  t e tr o d e  i s  

shown in  F ig s .  1 and 39 . T h is t e t r o d e ,  which was 

d evelop ed  in  1 9 39 , gave a p p r e c ia b le  g a in  a s  a  r e c e iv 

in g  a m p lif ie r  a t  50 cm. and, a s  fa r  a s  i s  known, was 

th e  f i r s t  v a lv e  to  g iv e  a m p li f ic a t io n  a t  t h i s  wave

le n g th . The su bseq uent in tr o d u c t io n  o f  th e  common- 

g r id  t r io d e  removed th e  urgency which was a t ta c h e d  to  

t h i s  developm ent. Now th a t  th e  l im i t a t io n s  o f  th e  

common-grid a m p lif ie r  are a p p r e c ia te d , i t  i s  b e l ie v e d  

th a t th e  e v e r te d  t e tr o d e  c o u ld  be d ev e lo p ed  t o  p la y  an  

im portant p a r t  in  th e  f i e l d  o f  U .H .F . a m p l i f ic a t io n ,  

p a r t ic u la r ly  a t  h ig h  power l e v e l s  and fo r  freq u en cy  

m u lt ip l ic a t io n . For th e  l a t t e r  purpose e v e r te d  t r io d e s  

might a ls o  be u sed .

On th e  sc o re  o f  e le c t r o n  t r a n s i t  tim e e f f e c t s



e f f e c t s  t e t r o d e s  have an advantage over t r io d e s  fo r  

C lassC  o p e r a t io n . During th e  p assage  o f  th e  cu rren t  

p u lse  th e  sc r e e n  p o t e n t ia l  d oes n o t drop to  a  low  v a lu e  

and so th e  t r a n s i t  t im es  are  l e s s  th an  in  a t r io d e  where 

th e  anode p o t e n t ia l  drops v e ry  c o n s id e r a b ly .

For radar a p p l ic a t io n s ,  where mean anode 

d is s ip a t io n  i s  low  and la r g e  cath ode e m is s io n  i s  req u ired , 

e v er te d  v a lv e s  have th e  advantage th a t  th e  oathode i s  

the e le c tr o d e  w ith  g r e a te s t  a r ea .
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PART IV 

U.K. K. E l e c t r o n ics
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6 . U .H .F. ELECTRONICS.

6 .1 .  INTRODUCTION.

In  ord in ary  n e g a t iv e  g r id  v a lv e s  a s  u sed  a t  low

fr e q u e n c ie s  th e  tim e o f  f l i g h t  o f  an e le c t r o n  betw een

two e le c t r o d e s  i s  u s u a l ly  o f  th e  order o f  10“  ̂ s e c .

At low  fr e q u e n c ie s  t h i s  tim e i s  so sm all i n  com parison

w ith  th e  a l t e r n a t in g  p e r io d  th a t  d u rin g  i t s  t r a n s i t  th e

e le c t r o n  i s  in  a  stea d y  f i e l d  and fo r  m ost p u rp oses th e

e le c t r o n ic  b eh av iou r  can b e  determ ined  from s t a t i c
- 9c h a r a c t e r i s t i c s .  However, 10 s e c . i s  eq u a l t o  one 

p er io d  o f o s c i l l a t i o n  a t  a  w avelen g th  o f  30 cm ., so  

th a t a com plete c y c le  o f  f i e l d  v a r ia t io n  would occu r  

during such a  t r a n s i t  t im e . At w a v e len g th s much 

lo n g er  than  t h i s  th e r e  would s t i l l  be an a p p r e c ia b le  

change in  f i e l d  d u rin g  th e  e l e c t r o n ’ s t r a n s i t .

In  1 9 2 8 , W. E. Benham (R e f .9) p u b lish e d  th e  

f i r s t  paper on th e  b eh a v io u r  o f  v a lv e s  a t  f r e q u e n c ie s  

high  enough f o r  th e  e le c t r o n  t r a n s i t  tim e t o  be an  

a p p rec ia b le  f r a c t io n  o f  th e  p e r io d . There fo llo w e d  

a number o f  t h e o r e t i c a l  p ap ers on t h i s  sub^eot by 

Benham, L le w e lly n , North and o th e r s . (R ef. 10 t o  1 5 ) .  

Most o f  th e s e  p ap ers are  h ig h ly  m ath em atica l and,



and, a lth o u g h  s im p lify in g  a ssu m p tion s were made, th e  

r e s u l t s  a re  o f  a  co m p lica ted  n a tu re  and i t  i s  d i f f i c u l t  

to  g e t  a  p h y s ic a l  p ic tu r e  o f  th e  e f f e c t s .  S loan e and 

James (R e f .15) made a u s e f u l  c o n tr ib u t io n  t o  th e  

p h y s ic a l  in t e r p r e t a t io n  o f  t r a n s i t  tim e phenomena by 

p r e se n t in g  th e  r e s u l t s  in  p i c t o r i a l  form .

In  p r a c t io a l ly  a l l  o f  th e  p ap ers i t  m s  assum ed  

th a t  th e  a l t e r n a t in g  v o l t a g e s  are  sm a ll in  com parison  

w ith  th e  stea d y  v o l t a g e s ,  so th a t  th e  r e s u l t s  are n ot  

a p p lic a b le  to  power o s c i l l a t o r s  or a m p l i f ie r s .  An 

approach to  th e  la r g e  s ig n a l  problem  h a s b een  made by 

Wang ( R e f .I S ) .  The auth or h a s  in v e s t ig a t e d  two  

l im it in g  o a se s  o f  t r a n s i t  tim e e f f e c t s  i n  power 

o s c i l l a t o r s ,  and th e s e  are g iv e n  in  S e c t io n s  8 , i v  and  

6 ,v .  In  S e c t io n  3 , i i  a  s p e c ia l  c a se  o f  t r a n s i t  tim e  

e f f e c t s  i s  in v e s t ig a t e d  in  a  manner w hich g iv e s  a  

p h y s ic a l  p ic tu r e  o f  th e  e le c t r o n  b eh a v io u r . The 

r e s u l t s  are  u sed  t o  i l l u s t r a t e  some o f  th e  g e n e r a l  

p r in c ip le s  o f  TJ.H.F. e l e c t r o n i c s .

The a u th o r , i n  c o l la b o r a t io n  w ith  M r.G .l.W arren , 

has a ls o  t r e a t e d  th e  h ig h  freq u en cy  b eh av iou r  o f  

e le c tr o n s  i n  beam d e f l e c t io n  v a lv e s ,  i n  a manner whioh
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which c o n c e n tr a te s  on th e  b a s ic  p h y s ic a l  p r in c ip l e s .  

A lthough i t  i s  r a th e r  o u ts id e  th e  soope o f  t h i s  t h e s i s  

th e  approaoh i s  o f  i n t e r e s t  f o r  g e n e r a l t r a n s i t  tim e  

problem s and th e  work i s  g iv e n  in  Appendix J . The 

method o f  d e term in in g  th e  in p u t r e s i s ta n c e  o f  th e  

d e f le c t in g  system  i s  o f  s p e c ia l  i n t e r e s t .



F ig»30« C ir c u it  u sed  fo r  in v e s t ig a t in g  th e  E le c tr o n  

Ftunp E f f e c t s



6 .1 1 .  ELECTROII POMP EFFECT AT HIGH FREQUENCIES.

In  193S, w h ile  th e  au th or was w orking w ith  a  

t r io d e  power a m p lif ie r  a t f r e q u e n c ie s  in  th e  n e igh b ou r

hood o f  150 H c /s  i t  was n o ted  t h a t ,  when th e  d r iv in g  

power was a p p lie d  t o  th e  g r id ,  q u ite  la r g e  c u r r e n ts  

were in d ic a te d  on th e  anode D.C. Ammeter, even  when 

th e  anode c i r c u i t  was untuned and th e  anode p o t e n t ia l  

was zero  or even  n e g a t iv e  w ith  r e s p e c t  to  th e  ca th o d e . 

T his meant th a t  e le c t r o n s  were rea c h in g  th e  anode 

a lth ou gh  th e  anode p o t e n t ia l  was a p p r e c ia b ly  low er  th an  

th e  cathode p o t e n t ia l .  The n e g a t iv e  v o l ta g e  req u ire d  

to  cu t o f f  th e  anode cu rren t was found  to  in c r e a s e  w ith  

freq u en cy . T h is e f f e c t  was su sp e c te d  o f  b e in g  a  h ig h  

frequ en cy  e le c t r o n ic  phenomenon and i t  was a n a ly se d  

in  a way which gave a sim p le  p h y s ic a l  p ic t u r e  o f  th e  

e le c tr o n  b eh a v io u r . The a n a ly s is  i s  in c lu d e d  h ere  

s in c e  i t  i l l u s t r a t e s  some o f  th e  main e f f e o t s  o f  

e le c tr o n  t r a n s i t  t im e s .

The c i r c u i t  i s  g iv e n  in  F ig .3 0 , w hich r e p r e s e n ts  

a p lan e  p a r a l l e l  t r io d e  w ith  g r id  and anode p o t e n t i a l s  

a s fo l lo w s
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J l a  =  c l  f Cj&S

iX.

I f  d I s  th e  d is ta n c e  betw een  g r id  and anode and 

i f  space charge i s  n e g le c te d , th e  f i e l d  s tr e n g th  in  th e  

grid -an od e space i s

C  — b
" ~ v o l t s /c m .

The e q u a tio n  o f  m otion  o f  an e le c t r o n  i s

J i  Kv SL , , %
— ■— - -  CL - 7 -  /  C  -  U r -  b c x & c o t )
d t x  d  7

-7
where X  i a  th e  d is ta n c e  from  th e  g r id ,  k = 10 and  

e and m have t h e i r  u su a l m ean ings.
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T h is e q u a tio n  may b8 w r it te n  a s  

c L z ic ,
 --------~  ST f l  +  8  Cerj i c ' t ,
c C t z

l o R -  -  i L .Wkere H -  —-------- — > © * 7

I n te g r a t in g  tw ic e  g iv e s

jC% s  <rf f  ( ScA » L > t  -  — (3)

*wA

—• /  C*«> î > t  **• £«o — £4-)
U) % ^

where v^ and t^  a re  th e  v e l o c i t y  and tim e when % = o . 

The v e lo c i t y  and p o s i t io n  o f  an e le c t r o n  in  th e  g r id — 

anode space a t any in s ta n t  can be c a lc u la t e d  from  

eq u a tio n s (3 ) and ( 4 ) ,  p ro v id ed  v^ and t^  a re  known. 

These q u a n t i t i e s  can be d eterm in ed  ap p rox im ate ly  from  

th e  c o n d it io n s  in  th e  c a th o d e -g r id  sp ace ( s e e
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( s e e  Appendix A ).

The a c tu a l  p a th s have been  c a lc u la t e d  fo r  a  

number o f  e le c t r o n s  u s in g  th e  fo l lo w in g  v a lu e s  o f  th e

o o n s ta n t s : -  a  = -2 5 0  v o l t s ,  b = 500 v o l t s ,  c =
9-2 0 0  v o l t s ,  d = 0 .3 5  cm. and u> = 1 .2 8  x  10 ( i . e .

a w avelen gth  o f  1 .5  m.) Under th e s e  c o n d it io n s ,  

e le c t r o n s  le a v e  th e  f ila m e n t  during one t h ir d  o f  th e  

o y c le ,  from wt = 300, t o  cut = 1 5 0 ° . (S ee  S i ] ,

The curve a  corresp on d s t o  an e le c t r o n  

a r r iv in g  a t th e  g r id  a t  cot = 4 4 ° . I t s  momentum 

c a r r ie s  i t  through b u t th e  r e ta r d in g  f i e l d  soon b r in g s  

i t  to  r e s t  and th en  back to  th e  g r id . The same 

a p p lie s  t o  £  and £ ;  i n  th e s e  c a s e s ,  th e  v e l o c i t y  a t  

th e  g r id  i s  g r e a te r  and th e  e le c t r o n s  t r a v e l  fu r th e r  

b e fo re  b e in g  tu rn ed  b ack . In  cl th e  e le c t r o n  

p e n e tr a te s  a  d is ta n c e  o f  about 2mm, th e n  r e v e r s e s .  

However, a t  <ut = 150° th e  g r id  p o t e n t ia l  becom es 

n e g a t iv e , and a t  wt = 1 7 5 ° , becom es more n e g a t iv e  th a n  

th e  anode, so  th a t  th e  f i e l d  ch anges d ir e c t io n  and th e  

a c c e le r a t io n  i s  tow ards th e  anode. The e l e c t r o n ' s  

f l i g h t  t o  th e  g r id  i s  slow ed up and a t tut = 204° i t  i s  

brought t o  r e s t  b e fo r e  rea c h in g  th e  g r id .  I t  th e n



th en  t r a v e l s  over  t o  th e  anode w hich i t  r e a c h e s  a t  

cut s  2 5 4 ° . The cu rv es Q , t , z  an-  h show th e  p a th s  o f  

fo u r  l a t e r  e le c t r o n s  which a l l  reach  th e  anode. A l l  

th e s e  cu rv es  show a  p o in t  o f  i n f l e c t i o n  a t  cot = 1 7 5 ° ,  

th e  tim e when th e  f i e l d  r e v e r s e s .

A lthough a  number o f  s im p lify in g  a ssu m p tion s  

have b een  made ab ove , some ex p er im en ta l v e r i f i c a t i o n  

o f th e  th eo ry  h a s b een  o b ta in ed  (See Appendix A ).



6 ,1 1 1 . GEIIERAL TRAHSIT TIME EFFECTS.

C erta in  g e n e r a l e f f e c t s  o f  th e  e le c t r o n  t r a n s i t  

tim e can he e s t a b l i s h e d  from th e  p a r t ic u la r  problem  d e a lt  

w ith  in  th e  p r e v io u s  s e c t io n .  F i r s t l y ,  when th e  h ig h  

frequency f i e l d  o h a n g es ,th e  e le c t r o n  a c c e le r a t io n  changes  

in s ta n ta n e o u s ly  w ith  th e  f i e l d .  Owing to  th e  i n e r t i a  

o f th e  e le c t r o n s ,  th e  v e lo c i t y  and d isp la cem en t la g  

behind th e  f i e l d .  As a  r e s u l t ,  th e  g a in  in  th e  

e le c t r o n ' s  k in e t i c  en ergy  d o e s  n o t eq u a l i t s  l o s s  o f  

p o t e n t ia l  en erg y . The e le c t r o n  f o l lo w in g  p ath  jgi in  

F ig . 51 reaches, th e  g r id  a t  cot s  8 0 °  when th e  g r id  

p o te n t ia l  i s  n e a r ly  350 v o l t s .  During i t s  t r a n s i t  th e  

g r id  p o t e n t ia l  has changed from 150 t o  250 v o l t s  and so  

th e  e le c tr o n  u l t im a t e ly  reaches, th e  g r id  w ith  a  v e l o c i t y  

c o n sid er a b ly  l e s s  th an  th a t  co rresp o n d in g  t o  th e  g r id  

p o te n t ia l  a t  th e  tim e  o f  a r r i v a l .  On th e  o th e r  hand, 

the e le c tr o n  fo l lo w in g  p ath  d h a s  zero  k i n e t i c  en ergy  

a t tim e cut s  204° and i s  th e n  c lo s e  t o  th e  g r id  which  

i s  a t a  p o t e n t ia l  o f  -4 0 0  v o l t s .  T h is  means th a t  th e  

k in e t ic  energy e x c e e d s  th e  p o t e n t ia l  en ergy  by 400  

e le c tr o n  v o l t s . '  T h is same e le c t r o n  f i n a l l y  r e a c h e s  th e  

anode (-2 0 0  v o l t s )  w ith  a c o n s id e r a b le  v e l o c i t y .  (The
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(The s lo p e  o f  th e  curve i s  a  measure o f  th e  v e l o c i t y ) .  

The e x c e s s  energy o f  t h i s  e le c t r o n  has h een  a c q u ir ed  

a t th e  expense o f  th e  sou rce o f  th e  a l t e r n a t in g  f i e l d .  

S im ila r ly , e le c t r o n  £  h as g iv e n  en ergy  to  th e  

a lt e r n a t in g  f i e l d .  I f ,  on th e  average o ver  a l l  th e  

e le c t r o n s ,  th e r e  i s  an e x c e s s  o f  energy ta k en  from  

th e  f i e l d  th en  t h i s  c o n s t i t u t e s  a  lo a d  on th e  sou rce  

and power i s  consumed. The in p u t damping in  h igh  

frequ en cy  te tr o d e  and pentod e a m p l i f ie r s  (See R e fs .

12 and 13) a r i s e s  in  t h i s  Tray. The e x c e s s  energy  o f  

th e  e le c t r o n s  i s  u l t im a te ly  d is s ip a t e d  a s  h e a t a t  th e  

c o l l e c t in g  e le c t r o d e .

I t  i s  p o s s ib le  under c e r ta in  c o n d it io n s  to  

h ave, on b a la n c e , energy  g iv e n  to  th e  f i e l d  a t th e  

expense o f  th e  k i n e t i c  energy o f  th e  e le o t r o n s .

Then th e  v a lv e  a c t s  a s  a  sou rce  o f  power and may 

gen erate  o s c i l l a t i o n s ,  where th e  mechanism i s  p u r e ly  

e le c t r o n ic .  There must o f  co u rse  be some so u r c e , 

such a s  a  b a t t e r y ,  t o  supply th e  k i n e t i c  en ergy  t o  th e  

e le c tr o n s .  L le w e lly n  and Bowen have produced  

o s c i l l a t i o n s  from  d io d e s  by t h i s  means (R ef. 1 7 ) .

Another im portant e l e c t r o n ic  e f f e c t  i s



i s  i l l u s t r a t e d  by th e  cu rv es in  F ig . 31. Rot o n ly  do 

th e  e le c t r o n s  la g  b eh in d  th e  f i e l d  but a ls o  th e r e  may 

be c o n s id e r a b le  spread in  t r a n s i t  tim e cau sed  by some 

o f  th e  e le c t r o n s ,  such a s  d or  e ,  h av in g  e x c e s s iv e ly  

lo n g  p a th s .

The example c o n s id e r e d , w ith  th e  a l t e r n a t in g  

g r id  v o lta g e  a s  th e  main c o n tr o l  o f  cu rren t f lo w  d u rin g  

a p a r t o f  th e  c y c l e ,  i s  v ery  s im ila r  to  th e  C la ss  C 

o s c i l l a t o r  or a m p l i f ie r .  The main d i f f e r e n c e  i s .  

th a t th e  anode in  C la ss  C o p e r a tio n  i s  a t  a  p o s i t i v e  

p o t e n t ia l  and some o f  th e  e le c t r o n s  f lo w  on t o  th e  

anode, th u s  making up th e  p u ls e  o f  anode cu rren t which  

f lo w s once p er  c y c le .  There a re  s t i l l  some e le c t r o n s  

which are c o l l e c t e d  by th e  g r id  a s  in  th e  exam ple 

above. Rear th e  end o f  th e  co n d u ctio n  p e r io d  some o f  

th e se  e le c t r o n s ,  which a t low  fr e q u e n c ie s  w ould f lo w  

to  th e  g r id , w i l l  be r e v e r se d  and w i l l  reach  th e  anode  

some tim e l a t e r .  In  a d d it io n  some o f  th e  e le c t r o n s  

during th e  e a r l i e r  p art o f  th e  f lo w  g iv e  en ergy  t o  th e  

f i e l d  and a s  a  r e s u l t  some o f  them which sh o u ld  p a s s  

on to  th e  anode w i l l  be c o l l e c t e d  by th e  g r id .  The 

o v e r a ll  r e s u l t  i s  t o  produce a  b road en in g  o f  th e  anode
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O s c il la t o r  or A m p lif ie r . The f a l l  and 

broken l i n e s  show th e  p u ls e  shape a t  L*F*

and H.F. r e s p e c t i v e l y .
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anode cu rren t p u lse  a s  shown by th e  broken l i n e  in  

F ig . 33 . The f u l l  l i n e  shows th e  shape o f  th e  p u ls e  a t

low fr e q u e n c ie s .  The broader p u lse  w i l l  r e s u l t  in

reduced  outp ut and low  e f f i c i e n c y .

For th e  normal o p e r a tio n  o f  n e g a t iv e  g r id  

v a lv e s  t r a n s i t  tim e e f f e c t s  are  h arm fu l. E le c tr o n ic  

damping and spread  o f t r a n s i t  t im e s  are  c a u se s  o f  

energy l o s s  in  b o th  a m p li f ie r s  and o s c i l l a t o r s .  The 

phase d e la y  in  th e  anode cu rren t i s  an a d d it io n a l  

sou rce  o f  l o s s  in  th e  s e l f  o s c i l l a t o r ,  a s  shown i n  th e  

n ext s e c t io n .



<ut

F ig * 5 5 . E f f e c t  o f  T r a n sit  Time on th e  Anode 

Q-urrent and th e  Anode D is s ip a t io n  in  a

G lass 0 O s c i l la to r *
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6 .1 v .  ONSET OP TRANSIT TIME EFFECTS IN THE POWSB OSCILLATOR

As m entioned in  S e c t io n  6 , i  th e  la r g e  s ig n a l  

th e o r y  o f  h ig h  freq u en cy  e le c t r o n ic s  has n ot been  

d eve lop ed  on account o f i t s  c o m p le x ity . S p e c ia l  l i m i t 

in g  c a se s  can be bandied and in  t h i s  s e c t io n  th e  e f f e c t s  

o f t r a n s i t  tim e  on a C la ss C o s c i l l a t o r  are  co n sid er ed  

a t  fr e q u e n c ie s  where th e  e f f e c t s  a re  ju s t  b eg in n in g  to  be  

n o t ic e a b le .

In  a C lass C o s c i l l a t o r  o p e r a tin g  a t  low  

fr e q u e n c ie s  th e  e le c tr o n  cu rren t i s  in  ph ase  w ith  th e  

g r id  v o lta g e  and in  a n tip h a se  w ith  th e  anode v o lta g e *

At h igh er  fr e q u e n c ie s  when th e  t r a n s i t  tim e  i s  

a p p re c ia b le  th en  th e s e  p h ase  r e la t io n s h ip s  s t i l l  ap p ly  

ap p rox im ately  t o  th e  e le c tr o n s  le a v in g  th e  ca th od e  b u t ,  

owing to  th e  f i n i t e  t r a n s i t  t im e , th e  e le c tr o n s  a r r iv e  

a t  th e  anode when i t  has p a ssed  i t s  minimum v a lu e  and 

th e  phase d i f f e r e n c e  i s  now g r e a te r  th an  %• As a 

r e s u lt  th e r e  i s  in c r e a se d  power d i s s ip a t io n  a t  th e  

anode. P ig .3 3  shows th e s e  e f f e c t s  in  a s im p l i f ie d  

form. The f u l l  l i n e s  r e p r e se n t  th e  anode v o l t a g e ,  

anode cu rren t and anode d i s s ip a t io n  a t  low  f r e q u e n c ie s ,

and th e  broken l i n e s  r e p r e se n t  th e  oamo- quarn t i t i e a  a t
Current a n .4 ctiis/ t̂tc/%.
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a t h ig h  fr e q u e n c ie s .

The anode cu rren t i s ,  f o r  s im p l i c i t y ,  assumed  

t o  he a r e c ta n g u la r  p u lse  w hich l a s t s  f o r  a q u a r te r  o f  

a p e r io d . The same wave shape i s  assumed fo r  h o th  th e  

L .F . and H. F. c a s e s .  A c tu a lly ,  a s  was shown in  th e  

p r e v io u s  s e c t io n ,  th e  anode cu rren t p u lse  i s  broadened  

by th e  e le c t r o n  t r a n s i t  t im e s . However i n  t h i s  

s e c t io n  o n ly  th e  e f f e c t  o f  th e  phase d e la y  i s  

c o n sid er ed .

For th e  low  freq u en cy  c a e e , th e  in s ta n ta n e o u s  

power l o s s  a t  th e  anode i s  g iv e n  by

and th e  mean power l o s s  i s

*rrr

4 TuF C
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TJhen th e  t r a n s i t  tim e becom es s i g n i f i c a n t ,  th e  

mean power l o s s  i s

77T

i r
2  ~ O j f  I ( f a . J > - t o t )  LA el  ( u j t )  . ..(S’)

— £ a - ta - -  *«• c °- 
4  Tt.f%

S in ce  w T i s  assumed t o  be sm a ll,

4

C

tfvt

The in p u t power i s  th e  same in  each  c a s e ,  nam ely

p . -  a .  i .

and th e  e f f i c i e n c i e s  are

K -  P- " P' 4 k -  P^“ P^
p.



th e r e fo r e

J z

T f

A
t o  X

Thus, th e  d ec re a se  i n  e f f i c i e n c y  i s  p r o p o r t io n a l  

to  th e  square o f  th e  fre q u en cy , t o  th e  square o f  th e  

t r a n s i t  tim e and t o  th e  r a t io  o f  th e  peah a l t e r n a t in g  

v o lta g e  t o  th e  mean v o lta g e  o f  th e  anode.

S e v e ra l assu m p tion s have been  made in  d e r iv in g  

equation  ( 6 ) .  Some o f  th e s e  are

( i )  The anode cu rren t was assum ed t o  he a  r e c ta n g u la r  

p u lse  which la s t e d  fo r  q u a rter  o f  a  p e r io d .



( i )  p e r io d . A lthough t h i s  i s  a  very  rough

r e p r e s e n ta t io n  o f  th e  tr u e  p u lse  sh ap e, th e  

e rr o r  in tr o d u ce d  w i l l  n o t be la r g e ,  s in c e  th e  

e f f e c t  o f  th e  t r a n s i t  tim e  h a s  b een  found by 

ta k in g  th e  d i f f e r e n c e  o f  two r e s u l t s  which  

b oth  e r r  in  th e  same way. A d i f f e r e n t  wave 

f o r a  would g iv e  a  s im ila r  e q u a tio n  t o  (6 )  

but w ith  d i f f e r e n t  c o n sta n t  term s.

( i i )  The spread  o f  th e  anode cu rren t p u ls e  due t o  

t r a n s i t  tim e h a s been  ig n o r e d .

( i i i )  In  e q u a tio n  (5 ) i t  h a s been  assum ed th a t  th e  

in s ta n ta n e o u s  energy l o s s  a t  th e  anode 

corresp on d s t o  th e  in s ta n ta n e o u s  v a lu e  o f  th e  

anode p o t e n t i a l .  From S e c t io n  6 , i i i  i t  i s  

known th a t  t h i s  assu m p tion  i s  n o t t r u e .

However th e  e r r o r  d u rin g  th e  f i r s t  h a l f  o f  th e  

p u lse  i s  o f  o p p o s ite  s ig n  t o  th a t  o f  th e  secon d  

h a l f  and th e s e  w i l l  c a n c e l  each o th e r  to  a  la r g e  

e x te n t .

( iv )  T ra n sit  tim e l o s s  i n  th e  g r id  c i r c u i t  h as b een  

ig n o red .

(v) A ll  th e  e le c t r o n s  have b een  assum ed to  have th e
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(v ) th e  same t r a n s i t  t im e . Most o f  th e  e le c t r o n s  

t r a v e r s e  th e  t r io d e  when th e  g r id  and anode 

v o l t a g e s  are  near t h e i r  tu r n in g  v a lu e s  and are  

changing s lo w ly . In  a d d it io n , when one o f  

th e s e  v o l t a g e s  i s  in c r e a s in g  th e  o th e r  i s  

d e c r e a s in g . Thus th e  assum ption  o f  eq u a l 

t r a n s i t  t im e s  cannot he fa r  wrong.

As a r e s u l t  o f  a l l  th e s e  a ssu m p tion s h ig h  

accu racy  cannot he c la im ed  f o r  e q u a tio n  (6 ) h u t i t  a t  

l e a s t  g iv e s  a  measure o f  th e  e f f e c t  o f  t r a n s i t  tim e  

on th e  e f f i c i e n c y  o f  an o s c i l l a t o r .

In  most C la ss  C o s c i l l a t o r s  w orking a t  h ig h  

e f f i c ie n c y

A

•— » £==.
^tL

° - 4  -   (7 )



From e q u a tio n  (7) i t  can be found th a t  th e  

e f f i c i e n c y  h as dropped by 10$ from i t s  maximum v a lu e  

when th e  t r a n s i t  tim e i s  eq u a l t o  l / l 2  o f  th e  p e r io d .

The a p p l ic a t io n  o f  t h i s  th e o ry  to  a c tu a l  

o s c i l l a t o r s  i s  d is c u s s e d  in  Appendix B. The agreem ent 

in  some c a s e s  was good, and, in  g e n e r a l, e q u a tio n  (7 )  

may be u sed  a s  a  b a s i s  o f  v a lv e  d e s ig n . For t h i s  

purpose i t  can be e x p r essed  in  term s o f  v a lv e  c le a r a n c e s  

and v o l t a g e s  in  th e  fo l lo w in g  way. In  m ost C la ss  C 

o s c i l l a t o r s ,  th e  maximum v a lu e  o f  th e  g r id  v o lta g e  i s  

ap p roxim ately  eq u a l t o  th e  minimum anode v o lta g e  i . e .

P
g  - c  —4 ~  — —

KltXV hryfW  I ̂

The t r a n s i t  tim e In  th e  space charge l im i t e d  

c a th o d e -g r id  sp ace can be shown t o  be th r e e  t im e s  th e  

t r a n s i t  tim e th a t  would occu r i f  th e  e le c t r o n s  moved 

throughout w ith  a  v e lo c i t y  e q u a l t o  th e  v e l o c i t y  o f  

a r r iv a l  a t th e  g r id . Thus th e  t o t a l  t r a n s i t  tim e  

in  th e  p r e se n t  c a se  can be found by c o n s id e r in g  th e  

e le c tr o n s  moving w ith  un iform  v e l o c i t y  co rresp o n d in g
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corresp on d in g  t o  a p o t e n t ia l  drop o f  Ea v o l t s  fo r  a10
d is ta n c e  eq u a l to

where d^g = g r id -c a th o d e  c le a r a n c e

and d = g r id -a n o d e  c le a r a n c e  
ga

Thus th e  t o t a l  t r a n s i t  t im e , X  , i s  g iv en  by

x = 3<<* j  ■»* **
a * .
pvv so

+
f r r t  7 j—_ -      ■ - —    «■.

S * *73 *  t o  n  r [ * c<x
t o



From (7) th e  w avelen gth  a t  which th e  e f f i c i e n c y  

has dropped by 10$ i s  g iv e n  by

T h is  e q u a tio n  i s  now in  a form th a t  can be u sed  

fo r  d e s ig n  p u rp o ses .

The drop in  e f f i c i e n c y  c o n s id e r e d  in  t h i s  s e c t io n  

a p p lie s  on ly  t o  power o s c i l l a t o r s .  In  a m p l i f ie r s  w ith  

sep a ra te  in p u t and output c i r c u i t s ,  th e  phase o f  th e  

anode v o lta g e  can be  a d ju ste d  to  a llo w  f o r  th e  d e la y  in

anode c u r r e n t. Such an adju stm ent i s  n o t p o s s ib le  in

the s e l f  o s c i l l a t o r  s in c e ,  w ith  th e  ty p e s  o f  c i r c u i t  

which must be u se d , th e  anode and g r id  v o l t a g e s  a re  

c lo s e ly  in te r d e p e n d e n t.

In  c a lc u la t in g  th e  v a lu e s  o f  th e  t r a n s i t  t im e s  

i t  i s  assumed th a t  th e  e le c t r o d e  system  i s  p la n a r .

Jk-ny o f  th e  U .E .F . t r io d e s  a r e  c y l in d r ic a l  b u t th e

c le a ra n ce s  betw een  th e  e le c t r o d e s  are  sm a ll in



73.

in  com parison w ith  t h e i r  r a d i i ,  and th e  a c tu a l  t r a n s i t  

t im es  d i f f e r  very  l i t t l e  from th o se  o f  a  p la n a r  

system  w ith  th e  same c le a r a n c e s . (See Appendix B )#



6«v* MINIMUM WAVELENGTH SET BY ELECTRON TRANSIT TILE.

Another l im i t in g  c a se  where th e  t r a n s i t  tim e  

e f f e c t s  can be  c a lc u la te d  fo r  a power o s c i l l a t o r  occurs  

a t  th e  w ave len g th  where o s c i l l a t i o n  ju s t  cea ses*  At 

th a t  p o in t  th e  a l t e r n a t in g  v o lta g e s  a r e  v a n is h in g ly  

sm a ll and th e  e le c tr o n  t r a n s i t  tim e3 depend on ly  on 

th e  s te a d y  e le c tr o d e  v o lta g e s *  In  most s e l f -  

o s c i l l a t o r s  th e  g r id  b ia s  i s  o b ta in ed  by means o f  a 

g r id  le a k  so  th a t  in  th e  l im it in g  c a se  th e  a p p lie d  

g r id  v o lta g e  i s  zero* The t r a n s i t  tim e  i s  determ ined  

th e r e fo r e  by t h e  anode v o lta g e  Ea *

The e f f e c t i v e  g r id  p o t e n t ia l  i s  Ea and th e
F

cathode g r id  t r a n s i t  t im e , T ' ia  g iv e n  by

/

In  t h e  g r id -a n o d e  sp a c e , sp a ce  charge may be  

n e g le c te d  and th e  p o t e n t ia l  a t  any p o in t  d i s t a n t  oc
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from th e  g r id  i s

The corresp on d in g  v e l o c i t y  i s

a. JT

The g r id -a n o d e  t r a n s i t  t im e , T  is
ga*

In te g r a t io n  to  b e

2 < V

~  S - 9 3 X , o V e - I  X . / £ V ;

found by



The t o t a l  t r a n s i t  tim e  from  cath od e t o  anode, 

X , i s  found from

Pour v a lv e s  s im ila r  t o  th e  E1029 but w ith  

d if f e r e n t  e le c tr o d e  c le a r a n c e s  were s p e c i a l l y  c o n str u c te d  

to  in v e s t ig a t e  eq u a tio n  (9 )  ( s e e  Appendix B*)* These  

four v a lv e s  and th e  micropup s e r i e s  w ere a l l  found t o  

cease  o s c i l l a t i o n  a t  a w avelen gth  where th e  t o t a l  

t r a n s i t  tim e  was a p p ro x im a te ly  h a lf  a p er io d *  A l l  o f  

th e se  v a lv e s  o p era ted  in  common-anode c i r c u i t s  and th e  

range o f  minimum w avelen g th s was 25  t o  90 cm*

The common-grid t r i o d e s ,  E1274 and CV90, have 

l im it in g  w avelen gth s where th e  t r a n s i t  tim e  i s  about 

tw o -th ir d s  o f  a p er iod *

In  some sm a ll  v a lv e s  th e  anode d i s s ip a t io n  i s  a 

l im it in g  fa c to r *  For t h e s e  i t  i s  advan tageou s t o  have

f -  f  5  x ( o
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have a low  a m p lif ic a t io n  fa c to r  s in c e  th e  r e q u ir e d  

t r a n s i t  tim e can th en  b e  a c h iev e d  w ith  a low  anode  

v o lta g e *  I f  f i  i s  to o  low  th e  c h a r a c t e r i s t i c s  a re  poor  

and th e  perform ance s u f fe r s #  In  most o f  t h e  s u c c e s s -  

f u l  t r io d e s  anode d i s s ip a t io n  i s  n o t a l im i t a t io n  and 

yk i s  o f  th e  order o f  20 t o  40# Some o f  th e  o ld e r  

g la s s  en v e lo p e  v a lv e s  su ch  as th e  door-knobs and th e  

DET 12 have a m p li f ic a t io n  f a c to r s  o f  10 or l e s s #
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6*v l»  CATHODE EMISSION*

The need  fo r  sm a ll e le c tr o n  t r a n s i t  tim e  

im poses h ig h  demands on th e  e m iss io n  from th e  cathode*  

The e f f e c t i v e  g r id  v o l t a g e  must exceed  a c e r ta in  v a lu e  

t o  g iv e  s u f f i c i e n t l y  sm a ll t r a n s i t  tim e* In  order t o  

m ain ta in  sp a ce  charge l im i t a t io n  a t  t h i s  g r id  v o l t a g e ,  

th e  e m iss io n  p er  sq*cm* o f  ca th ode su r fa c e  must be  

g r e a te r  th an  a c e r ta in  amount* I t  can e a s i l y  be shown 

(s e e  Appendix C) th a t  th e  e m iss io n  d e n s i t y ,  I ,  in  amps 

per sq*cm* i s  g iv e n  by

where d = cat hod e -g r id  c le a r a n c e  in  cm*

f  = freq u en cy  o f  o s c i l l a t i o n

and k s  r a t i o  o f  th e  t r a n s i t  tim e  t o  th e  p er iod *

In  th e  10 cm* t r io d e s  th e  g r id -c a th o d e  c le a r a n c e  

i s  about 0*008 cm* I f  h a l f  th e  t o t a l  t r a n s i t  tim e o f  

tw o -th ir d s  o f  a p e r io d  occu rs betw een  ca th od e  and g r id  

then equ ation  (1 0 ) shows t h a t  th e  e m iss io n  d e n s i ty  i s

I



i s  about 1*5 angp p er sq.cm * T his r e p r e s e n ts  about th e  

maximum em issio n  th a t  can be r e l i a b l y  m a in ta in ed  with, 

e x is t in g  o x id e -c o a te d  cathodes*  Thus th e  p r o sp e c t  a t  

p r e se n t o f  red u c in g  th e  w a v e len g th  o f  o p e r a tio n  much 

below  10 cm* i s  lim ite d *

I t  i s  fo r tu n a te  fo r  th e  su c c e s s  o f radar th a t  

h igh  v o lta g e  p u ls e  m odu lation  favou rs em issio n  from  

o x id e  co a ted  cathodes*  The a u th o r ’s c o lle a g u e s  found  

th a t em issio n  d e n s i t i e s  o f  10 amps p er  sq*cm* cou ld  be  

m ainta ined  under p u lse d  c o n d it io n s*
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S i m y A H T A I T D  CONCLUSION



STOfiAiff AND CONCLUSION.
S u c c e s s fu l  p ro g ress  w ith  n e g a t iv e  g r id  v a lv e s  f o r

d e c im etre  w avelen gth s has depended a lm o st e n t i r e ly  on 

c ir c u i t  developm ents* P r io r  t o  th e  p r e se n t  work th e  

advance tow ards sh o r te r  w avelen gth s was a c h iev e d  m ain ly  

by making v ery  sm a ll v a lv e s  o f  c o n v e n tio n a l d esig n *

The in t e g r a t io n  o f  th e  v a lv e  w ith  i t s  c i r c u i t ,  w hich  was 

s t a r t e d  w ith  th e  E1029, v i r t u a l l y  e lim in a te d  one o f  th e  

two major l im i t a t io n s  and u l t im a te ly  en ab led  v a lv e s  

to  be u sed  down t o  a w a v e len g th  o f  10 cm* At t h e  same 

t im e , g r e a t ly  inp roved  perform ance was g a in e d  a t lo n g e r  

w avelengths*

A fte r  th e  p r e se n t  work s t a r t e d ,  t h e  o ld  tec h n iq u e  

was ta k e n  a s ta g e  fu r th e r  in  th e  d o u b le -en d ed  door-knob  

(Ref* 18) which gave some output a t  20 cm* In  t h i s  

d esig n  th e  s k i l l s  o f  th e  m echanic and g la s s  b low er were  

pushed to  t h e ir  extrem e l im it*

The new d e s ig n s  o f  v a lv e s  and c i r c u i t s  a r e  much 

e a s ie r  t o  make and s im p ler  t o  op erate*  The t r io d e  

o s c i l la t o r  i s  red uced  t o  a s im p le  th r e e  te r m in a l netw ork  

whose behaviou r can be r e a d i ly  ana lysed *  I t  i s  found  

th at a l l  s u c c e s s f u l  sh o rt wave o s c i l l a t o r s  o p e r a te  w ith
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w ith  in d u c t iv e  r e a c ta n c e  betw een anode and g r id  and w ith

c a p a c it iv e  r e a c ta n c e  betw een anode and ca th o d e  and

betw een g r id  and ca th o d e . Most o f  th e  o s c i l l a t o r s  have

two v a r ia b le  c i r c u i t s .  The one betw een  th e  anode and

g r id  d eterm in es th e  freq u en cy  and th e  o th e r , betw een

anode and cath ode or betw een g r id  and ca th od e  c o n tr o ls

th e  e x c i t a t io n .  ,
Succcs^j'UI

There a r e  two main ty p e s  o f  . ( o s c i l l a t o r ,  w hich  

are d is t in g u is h e d  by th e  e le c tr o d e  w hich i s  common t o  

th e  two v a r ia b le  c i r c u i t s .  They a r e  known as common- 

anode or common-grid o s c i l l a t o r s .  The l a t t e r  have th e  

b e t te r  perform ance a t  th e  s h o r t e s t  w a v e len g th s and 

in c lu d e  a l l  th e  10 cm. t r i o d e s .  The common-anode 

o s c i l l a t o r  i s  e a s i l y  adapted  fo r  p u s h -p u ll  o p e r a tio n  and 

most o f th e  h ig h  power t r io d e s  fo r  radar b e lo n g  t o  t h i s  

c la s s .

Common-grid t r io d e s  can a l s o  b e  u sed  fo r  

a m p lif ic a t io n . They have d isa d v a n ta g e s  fo r  c e r ta in  

a p p lic a t io n s ,  and e v e r te d  t r io d e s  and t e t r o d e s  have been  

su ggested  as more s u i t a b le  a m p lify in g  v a lv e s  w hich  have  

a l l  th e  fe a tu r e s  o f  low  freq u en cy  a m p li f ie r s  a lon g  w ith  

the ty p es  o f  c i r c u i t  w h ich  a re  needed  a t d e c im e tre
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d e c im etre  w a v e len g th s .

The f i n i t e  e le c tr o n  t r a n s i t  tim e  ca u ses  th e  o th er

major l im i t a t io n  t o  perform an ce. I t  i s  shown in  th e  

t h e s i s  th a t  th e  need  fo r  sh o rt t r a n s i t  tim e im poses a 

demand on ca th od e e m iss io n  w hich i s  b e in g  u sed  to  i t s  

l im it  in  th e  10 cm. t r i o d e s .

I t  i s  a l s o  shown th a t  common-anode o s c i l l a t o r s  

rea ch  t h e ir  l im i t  o f  o s c i l l a t i o n  when th e  t o t a l  t r a n s i t  

tim e from  cath ode t o  anode i s  h a l f  a p e r io d . In  

common-grid o s c i l l a t o r s  th e  l im i t  occu rs a t  tw o -th ir d s  

o f a p e r io d .

In  th e  a e l f - o s c i l l a t o r  d e t e r io r a t io n  in  

perform ance b e g in s  t o  be a p p r e c ia b le  when th e  t o t a l  

t r a n s i t  tim e i s  about o n e - tw e lf th  o f  a p e r io d .

Today th e  n e g a t iv e - g r id  v a lv e  has reach ed  th e  

sta g e  where i t s  u se  a t  w avelen gth s below  10 cm. i s  

prevented  b y  e le c tr o n  t r a n s i t  t im e . E le c tr o d e  c le a r 

ances have been  red u ced  t o  l e s s  than 0 .1  mm. and 

red u ction  cannot be  c a r r ie d  much f u r t h e r .  The o n ly  

nay in  which th e  v a lv e  en g in eer  can hope to  exten d  th e  

l im it  i s  t o  produce more e f f i c i e n t  ca th od e e m it t e r s .



e m it t e r s .  When t h i s  i s  done fu r th e r  l im i t a t io n s  may 

ap p ear. An in c id e n t a l  l im i t a t io n  i s  prim ary g r id  

e m iss io n , w hich m ight become more s e r io u s  w ith  more 

e f f i c i e n t  cathodes*
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