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A novel RF power amplifier using multiple parallel Planar triodes has been developed. This unique amplifier 
provides a low-cost, reliable source of pulsed RF power to 500kw peak at frequencies from 200 to 850 MHz with 
little change in efficiency and power. Pulse width up トо 1 ms and duty factor to 5% are feasible with this
design. The power system is designed for operation wi+ 
phase and amplitude of the load RF fields are built ia, 
data are presented.

a high Q resonant load. Circuits for controlling the 
The design parameters are described and performance

1 . Introduction

A linear accelerator is far from an 
ideal load for an rf amplifier. F i r s t ,丄t is 
a high Q resonant circuit which presents a 
poor impedance match to the amplifier during 
the cavity fill time after the rf pulse is 
turned on. And, it couples rf power back to 
the amplifier after the rf pulse is turned 
off. Second, because of the high electric 
field level in the accelerator cavity, it is 
inevitable that the load impedanre changes 
abruptly when the cavity breaks down during 
the high voltage conditioning process. 
Third, in modern accelerators where the beam 
absorbs a significant fraction of the total 
rf power, both the resistive and reactive 
components of the load impedance change with 
beam current. Good performance of the accel­
erator requires that the amplitude and phase 
of the rf fields in the cavity be maintained 
accurately during the beam pulse.

is not sufficient to specify an 
amplifier performance based on stand-alone 
operation. The rf amplifier output circuit, 
the transmission line, and the accelerator 
cavity must be designed as a system whose 
function is to most efficiently transform 
electron beam energy into ion beam energy. 
The amplifier must be able to handle the 
turn-on/off and breakdown transients without 
adverse effects. And, the amplitude and 
phase control systems must take into account 
the presence of a high Q resonant cavity in 
the control loops.

A key factor in making rf linear ion 
accelerators practical for industrial and 
medical applications is the availability of a 
compact, reliable, and inexpensive rf power 
source. Typical rf requirements for commer­
cial accelerator applications are: frequency 
425 MHz, pulse width 100 usee, duty factor 
1%/ and power level 240 kW, A power level of 
240 kW per rf unit is convenient for both RFQ 
and DTL applications• One rf power unit 
suffices for the RFQ# including beam power, 
while three units would be required for a 
typical DTL. The DTL itself would serve as 
the power combiner. Each amplifier would be 
connected to the DTL through the same size 
drive loop and transmission line as used for 
the RFQ. This approach is more cost effec­

tive for fabrication and maintenance than 
using a completely different rf power system 
to provide 720 kW to the DTL.

2. Accelerator RF Power Systems

Amplifier types considered for this 
application are designated by the type of 
active device at the high power rf output 
stage: solid state, klystron, klystrode,
crossed-field tube/ single gridded tube, and 
parallel planar triode array. Table I summa­
rizes the relative merits of these types of 
rf power systems for the typical commercial 
application. Obviously the judgment indicat­
ed in the table is subjective. Different 
requirements, such as cw operation, space 
flight capability, or much higher frequency 
operation, would alter the evaluation.

For the AccSys line of commercial accel­
erators, the parallel planar triode array 
using Varian/Eimac 8941 * s, was found to be 
the most cost effective approach to providing 
rf power. The same tubes used in the power 
amplifier are used in the intermediate power 
amplifiers (IPAs). The quantity of identical 
tubes used in the system (15) leads to 
reduced initial tube cost because quantity 
discounts and reduces the cost of the spar© 
tube inventory for maintenance. The tubes 
used are also more readily available than 
types capable of providing the same power 
level in one envelope. Recent development of 
the parallel planar triode array began at Los 
Alamos in 19851 .

Figure 1 is a block diagram of the rf 
power system for the AccSys model PL-2 2 MeV 
proton RFQ accelerator. A high level modula­
tor controls the rf amplitude in the acceler­
ator cavity dynamically, through a feedback 
system. In addition to the amplitude control 
feature, the rf power system has provision 
for phase-locked frequency control of either 
the rf source through a frequency modulation 
input on the rf oscillator or by a stepping- 
motor driven tuner on the accelerator cavity. 
If required, because there is more than one 
accelerator cavity being used in an accelera­
tor system, the cavity phase can be con­
trolled using a fast phase modulator in the 
low level rf system.



Figure 2.

Effective electrical circuit for one tube of the parallel 
planar triode array.

the nearest interfering inodes are much higher 
in frequency. This makes it easy to achieve 
a uniform distribution of rf voltage to the 
anodes and cathodes. The second important 
feature is the separate capacitive coupling 
to each tube, making it possible to bias each 
tube independently. By adjusting the bias 
for each tube it is possible to balance the 
power output from each tube without selecting 
matched sets of tubes by compensating for 
variations from tube to tube. This function 
is accomplished automatically by the bias 
circuit, as described below. Supplying the 
anode voltage separately to each tube makes 
it possible to use individual energy storage 
capacitors and current limiting resistors for 
each tube. By this technique the fault 
energy dissipated in a tube due to an inter­
nal arc can be limited to a level that will 
not damage the tube. If twelve tubes were 
operated with one energy storage capacitor it 
would have to be 12 times larger than the 
individual capacitors for the same anode 
voltage droop. And, the current limiting 
resistor would have to be one twelfth the 
value for individual resistors for the same 
anode voltage drop• An arc in one tube would 
discharge all of the energy storage for the
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P i g u r . i .

Block diagram o£ a 240 kW rf power system for accelerator 
applications.

3. Features of the Pover Amplifier

AccSys Technology has developed a novel 
high power rf amplifier using a parallel 
array of planar triodes. The amplifier is 
the heart of a 425 MHz rf power system that 
has been designed especially for linear 
accelerator a p p l i c a t i o n s . This rf power 
system is being built by AccSys for use with 
its commercial radio frequency quadrupole 
(RFQ) accelerators and drift-tube linacs 
(DTL). The power amplifier is a parallel 
planar t r i o d e  a r r a y  c o n s i s t i n g  of 12 
Varian/Eimac type 8941 tubes operating cath­
ode driven (i.e. grounded grid). The effec­
tive rf circuit for each tube is shown in 
Fig, 2. Each tube has an individual set of 
components (coupling capacitors, rf chokes, 
etc.) except that they all share one cathode 
cavity and one anode cavity. Both the cath­
ode and anode cavities are low impedance ТЕМ 
mode coaxial resonators operating as short­
ened quarter wavelength lines. Impedance 
matching is accomplished by the cavity geome­
try and the choice of components in the rf 
circuit. Figure 3 is a schematic representa­
tion of the rf circuit of the 12 tube ampli­
fier.

Two features of the am plifier make 
possible satisfactory operation with so many 
tubes in parallel. The first is that the 
anode and cathode cavities are so short that

Tabl籲 I

Re lative  Merits  of Various RF  Power Systems 

for RF Linear Ion A c celerator Applications
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Calculated Average 8941 Performance at 1% Duty Factor

Table II I

P a r a m e t e r  V a l u e

A n o d e  S u p p l y  V o l t a g e  8 5 0 0  V

A n o d e  C u r r e n t  39 шА

A n o d e  I n p u t  P o w e r  3 28  W

A n o d e  D i s s i p a t i o n  13 5 W

R M S  C a t h o d e  C u r r e n t  5 1 0  m A

Gri 4 D i s s i p a t i o n  0 .9  W

* M a x i m u m  p e a k  a n o d e  v o l t a g e

R a t i n g  

16 k V *

7 5 0  W  

6 0 0  m A  

2 W

r e d u c e d  c a t h o d e  c u r r e n t . B e c a u s e  r e d u c i n g  
t h e  c a t h o d e  c u r r e n t  i n c r e a s e s  t h e  i n p u t  
i m p e d a n c e  a t  t h e  c a t h o d e ,  it is n e c e s s a r y  t o  
r e d u c e  t h e  d r i v e  l e v e l  s o m e w h a t  a s  t h e  c a t h ­
o d e  c u r r e n t  is r e d u c e d .  T h i s  is a c c o m p l i s h e d  
b y  u s i n g  a s i m i l a r  b i a s  c i r c u i t  o n  t h e  p r e ­
c e d i n g  a m p l i f i e r  s t a g e .

T h e  b a n d w i d t h  o f  t h e  a m p l i t u d e  c o n t r o l  
i n p u t  is h i g h  e n o u g h  t h a t  it  is f e a s i b l e  t o  
u s e  t h e  b i a s  c i r c u i t  in a n  f e e d b a c k  s y s t e m  t o  
c o n t r o l  t h e  r f  p o w e r  o u t p u t  d u r i n g  t h e  p u l s e .  
If t h e  f e e d b a c k  s i g n a l  i s  d e r i v e d  f r o m  a 
d i o d e  d e t e c t o r  s a m p l i n g  t h e  a c c e l e r a t o r  
c a v i t y  f i e l d , t h e  c o n t r o l  c i r c u i t  c a n  r e g u ­
l a t e  t h e  c a v i t y  f i e l d  l e v e l .

T h e  a u t o m a t i c  f r e q u e n c y  c o n t r o l  (AFC) 
s y s t e m  is a p h a s e - l o c k e d ,  loop. T h e  p h a s e  o f  
t h e  c a v i t y  f i e l d  i s  h e l d  f i x e d  r e l a t i v e  t o  
t h e  p h a s e  o f  t h e  f o r w a r d  w a v e  o f  t h e  r f  
d r i v e . I f  t h e  l o o p  is s e t  s o  t h a t  m i n i m u m  
p h a s e  e r r o r  c o r r e s p o n d s  t o  t h e  c a v i t y  b e i n g  
d r i v e n  a t  r e s o n a n c e ,  t h e  f e e d b a c k  w i l l  c o r ­
r e c t  t h e  f r e q u e n c y  e r r o r  a s  t h e  c a v i t y  f r e ­
q u e n c y  d r i f t s . I f t h e r e  is o n l y  o n e  r e s o n a ­
t o r  t h e  r a c k i n g  m a y  b e  i m p l e m e n t e d  e l e c t r o n ­
i c a l l y  b y  u s i n g  t h e  e r r o r  s i g n a l  t o  c o n t r o l  
t h e  f r e q u e n c y  o f  t h e  r f  s o u r c e  t h r o u g h  t h e  
f r e q u e n c y  m o d u l a t i o n  i n p u t  o f  t h e  o s c i l l a t o r .  
If t h e r e  is  m o r e  t h a n  o n e  r e s o n a t o r  i n  t h e  
a c c e l e r a t o r  s y s t e m  t h e  e r r o r  s i g n a l  is u s e d  
t o  c o n t r o l  a s t e p p i n g  m o t o r  a c t u a t e d  m e c h a n i ­

c a l  t u n e r  t o  v a r y  t h e  c a v i t y  f r e q u e n c y  t o  
k e e p  it l o c k e d  t o  t h e  f i x e d  f r e q u e n c y  o f  t h e  
rf s o u r c e .

F i g u r e  5 is  a p h o t o g r a p h  o f  a 4 t u b e  
p a r a l l e l  p l a n a r  t r i o d e  a m p l i f i e r  r a t e d  a t  60 
kW, 2 5 0  u s e e  p u l s e  l e n g t h ,  a n d  2 . 5 %  d u t y  
f a c t o r .  T h e  a m p l i f i e r  is o p e n e d  a t  t h e  g r i d  
p l a n e  t o  s h o w  t h e  t u b e s  s e a t e d  i n  t h e i r  
s o c k e t s  i n  t h e  c a t h o d e  r e s o n a t o r .  F i g u r e  6 
s h o w s  a 12 t u b e  a m p l i f i e r  (left) a n d  这 4 t u b e  
a m p l i f i e r  ( r i g h t )  m o u n t e d  i n  t h e i r  r a c k  
c a b i n e t s . T h e  u n i t s  a r e  p a r t  o f  a 4 8 0  kW,  
100 u s e e , 1% d u t y  f a c t o r  s y s t e m  o p e r a t i n g  a t  
3 5 0 M H z . T h e  o u t p u t  f r o m  t h e  4 t u b e  a m p l i f i ­
e r  is s p l i t  t o  d r i v e  t w o  12 t u b e  a m p l i f i e r s  
t h e  o u t p u t s  o f  w h i c h  a r e  c o m b i n e d  i n  t h e  
a c c e l e r a t o r  c a v i t y .

4. Fault Protection Features

I t  is p o s s i b l e  t o  r e m o v e  a f a u l t y  t u b e  
f r o m  t h e  c i r c u i t  b y  d i s c o n n e c t i n g  i t s  a n o d e  
s u p p l y  v o l t a g e  a n d  t u r n i n g  o f f  i t s  h e a t e r . 
O p e r a t i o n  c a n  c o n t i n u e  a t  9 2 %  o f  t h e  m a x i m u m  
p o w e r  l e v e l . A l t e r n a t i v e l y ,  b e c a u s e  o f  t h e  
r e s e r v e  e m i s s i o n  c a p a b i l i t y  o f  t h e  t u b e s , t h e  
r f  d r i v e  l e v e l  a n d  b i a s  c a n  b e  a d j u s t e d  t o

Fi gure  5.

I n t e r i o r  v i e w  o f  a 4 t u b e ,  

a m p l i f i e r .

60 k W  p a r a l l e  p l a n a r  t r i o d e

Figure  6.

R e a r  v i e w  o f  a 4 8 0  kW, 3 5 0 M H z  r f  s y s t e m  s h o w i n g  o n e  4 t u b e ,  
60 k W  u n i t  (on t h e  ri g h t )  a n d  o n e  12 t u b e ,  2 4 0  k W  u n i t  (on 
t h e  l e f t ) .

o b t a i n  f u l l  p o w e r  o u t p u t  w i t h  f e w e r  t h a n  12 
t u b e s ,  a t  t h e  e x p e n s e  o f  t u b e  l i f e t i m e . I f  
t h e  t u b e ?  a r e  n o t  o t h e r w i s e  a b u s e d ,  t h e  t u b e  
l i f e t i m e  w i l l  o n l y  b e  r e d u c e d  i n  i n v e r s e  
p r o p o r t i o n  t o  t h e  i n c r e a s e  i n  c a t h o d e  c u r ­
re nt.

5. Conclusion

T h e  p a r a l l e l  p l a n a r  t r i o d e  a r r a y  is a n  
e c o n o m i c a l  a p p r o a c h  t o  p r o v i d i n g  rf  p o w e r  a t  
t h e  1 0 0 1s o f  k w  l e v e l  f o r  a c c e l e r a t o r s  in t h e  
u p p e r  V H F  a n d  l o w e r  U H F  f r e q u e n c y  ra n g e .  T h e  
o x i d e  c o a t e d  c a t h o d e  m a k e s  p o s s i b l e  h i g h  p e a k  
p o w e r  p e r  t u b e  w i t h  l o w  h e a t e r  p o w e r  a n d  l o w  
t o t a l  t u b e  c o s t  c o m p a r e d  t o  o t h e r  h i g h  p o w e r  
g r i d d e d  t u b e s . T h e  s m a l l  t u b e  s i z e  a n d  l o w  
h e a t e r  p o w e r  r e s u l t s  i n  h i g h l y  e f f i c i e n t  
o p e r a t i o n  a t  1 - 2 %  d u t y  f a c t o r  a n d  p e r m i t s  t h e  
d e s i g n  o f  c o m p a c t  s y s t e m s  in t h  2 0 0 - 8 5 0  M H z  
f r e q u e n c y  r a n g e .  T h e  m u l t i p l i c i t y  o f  t u b e s  
r e d u c e s  t h e  c o s t  o f  t h e  s p a r e  t u b e  i n v e n t o r y  
a n d  r e s u l t s  i n  a f a i l - s o f t  s y s t e m  t h a t  c a n  
c o n t i n u e  n e a r  n o r m a l  o p e r a t i o n  i n  s p i t e  o f  
t h e  f a i l u r e  o f  a t u b e .
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Figure 3.

C ross s ect i o n  of  the effe c t i v e  rf ca v i t y  c i r c u i t  for the 
p a r allel  p l a n a r  tr i o d e  array.
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rmanc* Characteristics

P a r a m e t e r C a l c u l a t e d M e a s u r e d *

A node  S u p p l y  V o l t a g e 8500 V 85 00 V

M i n i m u m  A n o d e  V o l t a g e 27Г- V

Ca t h o d e  Bias  V o l t a g e 118 V 75 V

M a x i m u m  C a t h o d e  Vo l t a g e -90 V

Peak  C a t h o d e  RF V o l t a g e 208 V

An o d e  C o n d u c t i o n  A n g l e 160°

Ano d e  C u r r e n t 3.91 A 4.2 A

RF O u t p u t  P ower 20.0 kW 20.8 kW

A n o d e  In put P o wer 32.8 kW 35.7 k W

A node D i s s i p a t i o n 13.5 kW

E f f i c i e n c y 61% 58%

Cath o d e  C u r r e n t 5.13 A 6.5 A

RF D rive P ower 956 W 1600 W

Gr i d D i s s i p a t i o n 91 W

C ath o d e  In put R e s i s t a n c e 22.6 ohms

Power G ai n 13.2 dB 11.1 dB

a m p l i f i e r  a t  a m u c h  h i g h e r  c u r r e n t  w h i c h  
w o u l d  b e  m u c h  m o r e  l i k e l y  t o  d a m a g e  t h e  t u b e .

T h e  V a r i a n / E i m a c  8 9 4 1  h a s  s e v e r a l  
p r o p e r t i e s  w h i c h  m a k e  i t  a n e a r l y  i d e a l  
c h o i c e  f o r  c o m m e r c i a l  a c c e l e r a t o r  a p p l i c a ­
t i o n s  :

1 . H i g h  p e a k  c a t h o d e  c u r r e n t  c a p a b i l i ­
ty, 6 0 0  шА r m s  b e c a u s e  o f  a 2 c m 2 
c a t h o d e  a r e a .

2. L o w  h e a t e r  p o w e r  r e q u i r e m e n t , 16 W.
3• P l a n a r  g e o m e t r y ,  r e d u c e s  t r a n s m i s ­

s i o n  l i n e  e f f e c t s  i n t e r n a l  t o  t h e  
t u b e  a n d  y i e l d s  g o o d  e f f i c i e n c y  a t  
U H F  b e c a u s e  o f  t h e  l o w  e l e c t r o n  
t r a n s i t  t i m e  f r o m  c a t h o d e  t o  a n o d e .

4. H i g h  v o l t a g e  c a p a b i l i t y ,  1 5 0 0 0  V  
p e a k  c o m b i n e d  w i t h  h i g h  p e a k  c u r ­
r e n t  y i e l d s  20 k W  o r  m o r e  p e r  t u b e .

5. C o m p a c t  s i z e , p e r m i t s  p a r a l l e l  
o p e r a t i o n  o f  m a n y  t u b e s  w i t h  p r a c ­
t i c a l  s i z e  a n o d e  a n d  c a t h o d e  c a v i ­
t i e s .

T a b l e  II s u m m a r i z e s  t h e  o p e r a t i n g  p a r a m ­
e t e r s  d u r i n g  t h e  r f  p u l s e  o f  e a c h  t u b e  i n  t h e  
p a r a l l e l  a r r a y .  T h e  f i r s t  c o l u m n  l i s t s  t h e  
c a l c u l a t e d  p a r a m e t e r s  a n d  t h e  s e c o n d  l i s t s  
t h e  m e a s u r e d  v a l u e s  b a s e d  o n  t h e  a v e r a g e  p e r  
t u b e  f o r  a 12 t u b e  a m p l i f i e r .  F i g u r e  4 is a 
c o m p u t e r  p l o t  o f  t h e  8 9 4 1  c o n s t a n t  c u r r e n t  
c u r v e s  s h o w i n g  t h e  l o a d  l i n e  c o r r e s p o n d i n g  t o  
t h e  d a t a  i n  t a b l e  II. T a b l e  I I I  l i s t s  t h e  
a v e r a g e  p a r a m e t e r  v a l u e s  f o r  1% d u t y  f a c t o r  
a n d  c o m p a r e s  t h e m  t o  t h e  t u b e  m a x i m u m  r a t ­
i n g s  •

T h e  i n d i v i d u a l  b i a s i n g  o f  t h e  t u b e s  t o  
b a l a n c e  t h e  p o w e r  p r o v i d e d  b y  e a c h  t u b e  i s  
a c c o m p l i s h e d  a u t o m a t i c a l l y  b y  u s i n g  a c l a m p e d  
c u r r e n t  s o u r c e  i n  e a c h  c a t h o d e .  S i n c e  t h e  
c u r r e n t  is s u p p l i e d  b y  t h e  c a t h o d e , t h e  b i a s  
c i r c u i t  i s  e s s e n t i a l l y  a s h u n t  r e g u l a t o r .  
W h e n  n o  r f  d r i v e  i s  a p p l i e d  t h e  c u r r e n t  
s o u r c e  i s  o f f  a n d  t h e  b i a s  i s  c l a m p e d  t o  a 
v a l u e  w e l l  b e y o n d  c u t o f f  f o r  t h e  t u b e .  W h e n  
r f  d r i v e  i s  a p p l i e d  t h e  c u r r e n t  s o u r c e  s e t s  
t h e  b i a s  t o  w h a t e v e r  v a l u e  i s  r e q u i r e d  t o  
o b t a i n  t h e  d e s i r e d  c a t h o d e  c u r r e n t • I f  t h e  
d e s i r e d  c a t h o d e  c u r r e n t  c a n n o t  b e  o b t a i n e d

k A v e r a g e  p e r  t u b e  for 12 t ube a m p l i f i e r

t h e  b i a s  i s  c l a m p e d  t o  a гоіпішиш v a l u e  

s l i g h t l y  b e y o n d  c u t o f f .
D u r i n g  n o r m a l  o p e r a t i o n  n o  t u b e  w i l l  

e x c e e d  t h e  d e s i r e d  c a t h o d e  c u r r e n t . A n y  t u b e  
w i t h  i n s u f f i c i e n t  e m i s s i o n  t o  r e a c h  t h e  
d e s i r e d  c a t h o d e  c u r r e n t  w i l l  c o n t i n u e  t o  
o p e r a t e ,  b u t  a t  r e d u c e d  o u t p u t , e n h a n c i n g  t h e  
" f a i l - s o f t "  p e r f o r m a n c e  o f  t h e  s y s t e m . 
E x p e r i m e n t a l l y  i t  h a s  b e e n  d e t e r m i n e d  t h a t  
t h i s  b i a s i n g  s c h e m e  b a l a n c e s  t h e  p o w e r  s u p ­
p l i e d  b y  e a c h  t u b e  w i t h i n  エ 10%.

E a c h  c a t h o d e  b i a s  c i r c u i t  is c o n t r o l l e d  
b y  a n  i n p u t  v o l t a g e  t h a t  s e t s  t h e  r e g u l a t e d  
current: t o  a n y  l e v e l  b e t w e e n  0 a n d  10 A. B y  
c o n n e c t i n g  t h e s e  i n p u t s  t o  a c o m m o n  i n p u t  a 
m e a n s  i s  r e a d i l y  p r o v i d e d  f o r  v a r y i n g  t h e  
a m p l i f i e r  p o w e r  l e v e l . T h e  p o w e r  o u t p u t  is 
r e d u c e d  b y  s e t t i n g  t h e  b i a s  c i r c u i t s  f o r
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Figure 4.

C o n s t a n t  c u r r e n t c urves for the  8941 w i t h  typi c a l  load  line 
for 20 k W  p o w e r  level (per t u b e ) •


