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Summary 

To double t h e  rate of p a r t i c l e  energy gain 
per  u n i t  t i m e ,  t o  o f f s e t  heavier  beam loading and 
t o  remove t h e  e l e c t r o n i c  components t o  a r a d i a t i o r r  
f r e e  a r e a ,  t h e  AGS r a d i o  frequency a c c e l e r a t i o n  
system must be redesigned and r e b u i l t .  The new 
system w i l l  be capable of d e l i v e r i n g  a t o t a l  of 
1440 kW RF power i n t o  1 2  p a i r s  of 50-ohm coaxia l  
t ransmission l i n e s  1100 f e e t  long, terminat ing a t  
12 a c c e l e r a t i n g  s t a t i o n s .  Voltage amplitude and 
phase responses are c l o s e l y  cont ro l led  over a work- 
ing  frequency range of 1.4 - 4.5 MHz. The AGS con- 
v e r s i o n  r a d i o  frequency power ampl i f ie r  i s  composed 
of twelve f i n a l  power a m p l i f i e r  s tages ,  d r iven  i n  
groups of s i x  by two p a r a l l e l e d  d r i v e r s .  These 
l a t t e r  u n i t s  are i n  t u r n  dr iven  by a cascade of 
loxer  l e v e l  p r e d r i v e r  s t a g e s ,  The f i n a l  and dr iv-  
er s t a g e s  are i d e n t i c a l  push-pull wideband f e r r i t e  
t ransformer coupled grounded gr id  t r i o d e  c i r c u i t s  
housed i n  s e p a r a t e  enc losures ,  each with i t s  neces- 
sa ry  c o n t r o l  and s a f e t y  system. The predr iver  i s  a 
four  s t a g e  push-pull a m p l i f i e r  cascade with ground- 
ed g r i d  t r i o d e s  and grounded cathode t e t r o d e s  and 
pentodes, i n i t i a l l y  e x c i t e d  by a f r a c t i o n a l  v o l t -  
age input  s i g n a l  of t h e  proper frequency and phase. 
The a n t i c i p a t e d  successfu l  performance of t h e  sys- 
t e m  is  a t t r i b u t a b l e  t o  t h e  s t a b l e  push-pull ground- 
ed g r i d  ampl i f ie r  conf igura t ion ,  t o  t h e  c a r e f u l l y  
s e l e c t e d  power tube complement and t o  t h e  spec ia l -  
l y  designed fe r r i te  core  i n t e r s t a g e  and output  
t ransformers  and t h e i r  assoc ia ted  networks. 

, In t roduct ion  

The o b j e c t i v e  of t h e  AGS conversion program 
i s  t o  i n c r e a s e  t h e  usefu lness  of t h i s  g r e a t  ma- 
chine a s  a h igh  energy r e s e a r c h  t o o l  by more than 
doubl ing i t s  pulse  r e p e t i t i o n  r a t e  and s u b s t a n t i a l -  
l y  increas ing  i t s  proton beam i n t e n s i t y .  TO avoid 
r a d i a t i o n  damage and personnel  hazards ,  a l l  a c t i v e  
e l e c t r o n i c  components must be removed from t h e  or-  
b i t  tunnel .  Accordingly, each a c c e l e r a t i n g  c a v i t y  
w i l l  be energized through a 1100 f t  p a i r  of 50-ohm 
foam polyethylene high power coaxia l  cab les  from a 
remote t r a n s m i t t e r  room. Since t h e  t i m e  r a t e  of 
energy gain must be doubled, the  cavi ty  v o l t a g e  
gradien t  and power must be increased,  t h e  addi- 
t i o n a l  beam loading must be compensated f o r  and 
t h e  cable  l o s s e s  must be taken i n t o  account, a s  
shown i n  Fig. 1. 

It w i l l  be noted t h a t  t h e  maximum demand f o r  
RF a c c e l e r a t i n g  power occurs  toward t h e  upper end 
of t h e  frequency band, where more than 80% of the  
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a c c e l e r a t i n g  forward cyc le  (Z 0.4 seconds, each 
second) are s p e n t ,  leading t o  a t o t a l  CW RF power 
output  requirement of 1440 kW. This  i s  a s ix-  
f o l d  increase  over t h e  present  AGS power ampli- 
f i e r ,  wi th  an added requirement t h a t  a l l  s tages ,  
inc luding  t h e  f i n a l s ,  must be  wideband. 

Figure 2 i s  a block diagram of t h e  AGS con- 
v e r s i o n  RF power ampl i f ie r  system. Its c o s t ,  
performance and m a i n t a i n a b i l i t y  a r e  dominating 
design f a c t o r s .  It is e s s e n t i a l l y  an extension 
and f u r t h e r  developnent of the d e s i  n of t h e  
e x i s t i n g  AGS 80 kW d r i v e r  amplif ier? ,  where 
grounded gr id  wideband push-pull f e r r i t e  coupled 
t r i o d e  high l e v e l  s t a g e s  are e x c i t e d  from t e t -  
rodes and pentodes of lower power. 

- F i n a l  and Driver Stages 

Basic t o  t h e  successfu l  design and construc- 
t i o n  of moderate-cost high-performance f i n a l  and 
d r i v e r  ampl i f ie r  s t a g e s  a t  t h e  120 kW CW power 
output  l e v e l  i n  1.4 - 4.5 MHz wideband opera t ion  
are push-pull grounded g r i d  c i r c u i t s ,  coaxia l  
power t r i o d e s  and f e r r i t e  t o r o i d a l  o r  equivalent  
c losed-core RF power t ransformers  of s p e c i a l  de- 
s igns .  For tuna te ly  f o r  t h e  progress  of t h i s  am- 
p l i f i e r  sys tem,- there  a r e  commercially a v a i l a b l e  
high power c o a x i a l  t r i o d e s  (e.g., Type 6696) and 
l o c a l l y  manufactured f e r r i t e  t o r o i d s  of appro- 
p r i a t e  s i z e  and parameters f o r  prototyping a 
t y p i c a l  f i n a l  andfor  d r i v e r  a m p l i f i e r  s tage  en- 
c losure .  A modern network des ign  approach i s  
being undertaken t o  maximize t h e  performance of 
t h e  e n t i r e  a m p l i f i e r  system. 

Push-pull Grounded Grid C i r c u i t s  and Enclosures 

These c i r c u i t s  with c o a x i a l  power t r i o d e s  and 
an t i resonant  Lecher l i n e s  f o r  low-to-medium power 
i n  t h e  VHF r e  i o n  were f i r s t  repor ted  by Jamieson 
and Whinnery ,' and f o r  wideband s e r v i c e  up t o  30 W 
and 30 MHz w i t h  f r r i t e  coupled broadbanding ne t -  
works by O'Meara.? A t  power l e v e l s  of s e v e r a l  
t e n s  of k i lowat t s  from 1.4 - 4.5 MHz with l a r g e  
f e r r i t e  t o r o i d a l  wideband i n t e r s t a g e  and output  
t ransformers ,  t h e  were f i r s t  employed i n  t h e  AGS 
d r i v e r  a m p l i f i e r  .' This  b a s i c  c i r c u i t  approach 
lends i t s e l f  t o  a simple mechanical cons t ruc t ion  
f o r  a t y p i c a l  f i n a l  and/or d r i v e r  ampl i f ie r  en- 
c l o s u r e ,  reminiscent  of a high power r a d i o  t r a n s -  
m i t t e r .  It i s  a two-compartment u n i t  of welded 
aluminum c o n s t r u c t i o n  6% f t  high,  5 f t  wide and 
2 f t  deep. The l e f t  compartment houses t h e  g r i d  
b i a s  suppl ies  and c o n t r o l  equipment, while  t h e  
o t h e r  conta ins  t h e  RF components. The enclosure 
i s  RF-tight throughout. A l l  connections are made 
wi th  quick-disconnect devices  from t h e  under- 
s i d e  t o  minimize s e r v i c i n g  downttmes. 
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Coaxial Power Triodes 

A p a i r  of Type 6696 genera l  purpose water 
cooled coaxia l  power t r i o d e s ,  push-pul l  f e r r i t e  
coupled, i n s t a l l e d  i n  a grounded g r i d  midplane, i n  
each of t h e  f i n a l  and d r i v e r  s t a g e  enc losures ,  of-  
f e r s  t h e  most a t t r a c t i v e  tube complement with re- 
spec t  t o  c o s t ,  a v a i l a b i l i t y ,  ruggedness and high 
power handl ing c a p a b i l i t y .  Their  a l l - c o a x i a l  ter- 
minal cons t ruc t ion  minimizes lead inductances and 
leakage capaci tance,  maximizing s t a b i l i t y  and s i m -  
p l i c i t y  of c i r c u i t s  and enclosures  when used with 
such i s o l a t i n g  midplanes. 

The somewhat conservat ive grounded gr id  s tage  
power ga ins ,  approximately s i x  t o  one, are more 
than  o f f s e t  by t h e  f a c t  t h a t  most of the  s t a g e  in-  
put d r i v i n g  power reappears  a t  t h e  output  termin- 
a l s ,  g iv ing  high system conversion e f f i c i e n c y .  
Swamping r e s i s t o r s  f o r  broadbanding are el iminated 
s i n c e  t h e  input  r e s i s t a n c e  becomes low. Also, t h e  
tube input  capaci tance i s  diminished by t h e  in- 
v e r s e  M i l l e r  e f f e c t .  

Table 1 i s  a p r o j e c t i o n  of t h e  t y p i c a l  f i n a l  
s t a g e  tube opera t ing  parameters: 

Table 1 

Typical  Operation 
Push-pull Grounded Grid Wideband RF 

Amplifier (6696 Triodes)  
(Values are f o r  two tubes)  

Class  AB 

dc P l a t e  Voltage ...................... 7,000 V 

dc Grid Voltage------------------------ e 245 V 

Peak RF Grid-to-Grid Voltage----------- 1,750 V 

Peak RF Pla te - to-Pla te  Voltage--------- 12,250 V 

Zero-Signal dc P l a t e  Current----------- 5.2 A 

Maximum-Signal dc P l a t e  Current-------- 25 A 

Maximum-Signal dc Grid Current--------- 2.5 A 

E f f e c t i v e  Load Resis tance,  
Plate-to-Plate----------------------- 625 R 

Maximum-Signal Driving Power, approx.-- 19 kW 

Maximum-Signal Power Output, approx.--- 120 kW 

Frequency Passband, 0.3 dB Ripple------1.4-4.5 MHz 

Figure 3 is  t h e  f i n a l  s tage  schematic d i a -  
gram. 

F e r r i t e  Transformers and Modern Network Considera- 
t ions - 

A wideband t ransformer may be regarded as a 
cascade of t h r e e  networks: a high-pass f i l t e r  
whose cut-off  frequency determines t h e  lower pass- 
band edge, a low-pass f i l t e r  whose cut-off  f r e -  
quency determines t h e  upper passband edge, and an 

" ideal"  t r a n ~ f o r m e r . ~  
t h e  shunt primary inductance and i t s  d i s t r i b u t e d  
p l u s  o ther  p a r a l l e l  capaci tances .  For p r a c t i c a l  
purposes, i t  u s u a l l y  s u f f i c e s  t o  make the primary 
inductance l a r g e  enough (without appreciably aug- 
menting those capac i tances)  so that its a n t i -  
resonant  frequency occurs more than an octave be- 
low t h e  minimum working passband frequency, there-  
by f i x i n g  t h e  p o s i t i o n  of the  lower cu t -of f  f r e -  
quency. 

The high-pass f i l t e r  i s  

The low-pass f i l t e r  is  t h e  leakage inductance 
and i t s  assoc ia ted  capaci tances .  It i s  t h e  m o r e  
d i f f i c u l t  design problem, and q u i t e  l a r g e l y  d e t e r -  
mines t h e  des i red  working passband and phase re- 
sponses, as w e l l  a s  t h e  upper cu t -of f  frequency. 
Whatever p r a c t i c a l  t ransformer i s  designed and 
constructed must have i t s  network model para- 
meters measured, then r e l a t e d ,  a long with t h e  
power tube and load r e s i s t a n c e s  and capaci tances ,  
t o  appropr ia te ly  scaled component magnitudes and 
network conf igura t ions  der ived from normalized 
low-pass f i l t e r  prototype t a b l e s  f o r  Butterworth, 
Tchebycheff, o r  e l l i p t i c - f u n c t i o n  passband r i p p l e  
and phase l i n e a r i t y  responses of t h e  des i red  char- 
a c t e r .  Only i n  t h i s  manner can t h e  tube opera t ing  
parameters of Table 1 and a l i n e a r  phase s h i f t  of 
pred ic ted  magnitude be achieved over t h e  s p e c i f i e d  
bandwidth. 

Using commercially a v a i l a b l e  n icke l -z inc  to-  
r o i d s  i n  a double s t a c k  she l l -core  winding con- 
f i g u r a t i o n ,  it i s  f e a s i b l e  i n  t h i s  manner t o  de- 
s ign  and b u i l d  a wideband RF output  transformer 
f o r  3/10 dB passband r i p p l e  and e s s e n t i a l l y  l i n e a r  
phase s h i f t  from 1.4 - 4.5 MHz with minimal copper 
and core l o s s e s  and without i n s u l a t i o n  breakdown 
i n  a i r  up t o  t h e  maximum RF power output requi re -  
ment. The magnitude of t h e  combined tube and 
t ransformer capaci tances  leads  t o  t h e  adoption of 
5-element low-pass f i l t e r  network conf igura t ions ,  
with these  toro ids .  Their  parameters are l i s t e d  
i n  Table 2. 
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RF f l u x  d e n s i t y  t o  B 5 50 G. max 

Predr iver  S tages  

The p r e d r i v e r  i s  a four -s tage  push-pul l  f e r -  
r i t e  coupled a m p l i f i e r  cascade which is  capable of 
e x c i t i n g  t h e  p a i r  of d r i v e r  s t a g e s  i n  p a r a l l e l  with 
up t o  40 kW CW RF power. 
p a i r  of grounded g r i d  t r i o d e s ,  preceded i n  t h e  next  
two lower s t a g e s  wi th  p a i r s  of modern coaxia l  t e t -  
rodes having high f i g u r e s  of m e r i t  and perveances. 
Small beam pentodes wi th  remote cut-off  charac te r -  
i s t i c s  and high f i g u r e s  of m e r i t  a r e  employed f o r  
t h e  f i r s t  s t a g e  i n  order  t o  f a c i l i t a t e  the  use of 
low-level balanced g r i d  modulation f o r  AGC pur- 
poses. A commercial low-level wideband (0.1 - 30 
MHz between 3-dB p o i n t s )  f e r r i t e  unbalanced-to- 
balanced t ransformer i s  used t o  e x c i t e  t h e  c o n t r o l  
g r i d s  RF-wise a t  t h e  one v o l t  peak l e v e l  from a 
single-ended i n i t i a l  input  s i g n a l  of a f r a c t i o n  of 
a v o l t ,  of t h e  proper frequency and phase. 

The output  s t a g e  i s  a 

---- Control  C i r c u i t s  

The power tube f i lament  and b i a s  vol tages  a r e  
appl ied  by an au tomat ica l ly  timed sequence a t  
s t a r t - u p .  P l a t e  v o l t a g e s  a r e  then appl ied  manual- 
l y  by t h e  AGS opera tor .  The c o n t r o l s  inc lude  over- 
load p r o t e c t i o n  c i r c u i t s ,  s a f e t y  i n t e r l o c k i n g  and 
ins t rumenta t ion  a s  i n  s tandard high power r a d i o  
t r a n s m i t t e r  p r a c t i c e .  

High Voltage Power Suppl ies  

The f i n a l  and d r i v e r  ampl i f ie r  s t a g e s ,  as 
w e l l  a s  t h e  output  s t a g e  of t h e  p r e d r i v e r  ampli- 
f i e r ,  rece ive  t h e i r  dc p l a t e  vo l tage  and c u r r e n t  
from f o u r  s e p a r a t e  700 kW power s u p p l i e s ,  a s  shown 
i n  Fig. 2. Each power supply provides  7 kVdc 
p l a t e  v o l t a g e  a t  f u l l  r a t e d  power, wi th  5% upward 
r e g u l a t i o n  a t  quiescent  load. The high v o l t a g e  
r e c t i f i e r  t ransformers  and primary switchgear  a r e  
loca ted  i n  a t ransformer yard d i r e c t l y  o u t s i d e  t h e  
RF ampl i f ie r  bui lding.  
s t a c k s  and r i p p l e  f i l t e r s  a r e  i n s t a l l e d  wi th in  t h e  
bui ld ing .  The suppl ies  a r e  energized a t  13.8 kV 
from t h e  s i t e  power d i s t r i b u t i o n  system. 

The s i l i c o n  r e c t i f i e r  

Concluding Remarks 

The AGS conversion r a d i o  frequency power am- 
p l i f i e r  of Fig. 2 i s  bel ieved t o  be t h e  optimum 
system arrangement f o r  c o s t ,  performance and main- 
t a i n a b i l i t y  a t  t h e  present  s t a t e  of development of 
e l e c t r o n  power tubes,  RF magnetic m a t e r i a l s  and ne t -  
work design procedures. A prototype f i n a l  andfor  

d r i v e r  s t a g e  i s  being designed and b u i l t  f o r  test-  
i n g  up t o  f u l l  CW RF power output  i n t o  a 250 f t  
p a i r  of 50-ohm foam polyethylene high power c o a x i a l  
cab les  terminated wi th  a dummy load and af terward 
wi th  a spare  a c c e l e r a t i n g  c a v i t y ,  a t  r e l a t i v e l y  low 
c o s t .  

A f t e r  procurement of four teen  interchangeable  
a m p l i f i e r  s t a g e  enc losures  and spares  modeled a f t e r  
t h e  s u c c e s s f u l  prototype,  t h e  whole a m p l i f i e r  sys- 
ten could be set up and t e s t e d  simultaneously i n t o  
twelve dummy loads, i f  d e s i r e d ,  t o  s imulate  "on- 
l i n e "  condi t ions .  I n  a c t u a l  s e r v i c e ,  t h e r e  w i l l  
be t h e  important advantages f o r  machine opera t ion  
of redundancy and i n t e r c h a n g e a b i l i t y :  i.e., one 
o r  more f i n a l  a m p l i f i e r  s t a g e s  may f a i l  and may 
be quickly replaced without  h a l t i n g  t h e  AGS. 

To have designed t h i s  a m p l i f i e r  system with 
one super-powerful f i n a l  s t a g e  employing a p a i r  
of t h e  l a r g e s t  manufactured e l e c t r o n  tubes would 
have involved g r e a t e r  c o s t s ,  more AGS downtime 
f o r  r e p a i r s  and less ready a v a i l a b i l i t y  of re- 
placement tubes.  A way of designing a 1.44 MW 
CW RF wideband output network f o r  such a low load 
r e s i s t a n c e ,  and a means f o r  prototype v e r i f i c a -  
t i o n ,  would o f f e r  severe  design problems. 
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FREQUENCY IN MEGAHERTZ 
POWER OUTPUT AND DISSIPATION VS FREQUENCY 

Fig. 1. Power output and dissipation vs. frequency. 
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BLOCK DIAGRAM OF AGS R F  AMPLIFIER SYSTEM 

Fig. 2. Block diagram of AGS R F  amplifier system. 
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SCHEMATIC DIAGRAM OF AN AGS FINAL AMPLIFIER 

Fig. 3. Schematic diagram of an AGS final amplifier. 
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