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A PARALLEL PLANAR TRIODE ARRAY HIGH POWER RF SYSTEM FOR ACCELERATOR APPLICATIONS 

James M. Potter 
AccSys Technology, Inc., 1177 Quarry Lane, Pleasanton, CA 94564 

Introduction 

A linear ac.celerator i.s far from an ideal 
load for an rf amplifier. It is a high Q 
resonant cavity which initially appears as a 
short circjlit when the rf is turned on and is 
a source of rf energy as tire c ii ” 1 t y fields 
decay after [urn-off. Abrupt changes in the 
cavity tmpedance occur whelL the cavity breaks 
d o w n during conditioning and, to a lesser 
extent, when the beam is turned on. Good 
performa:lce of the accelerator requires that 
the amplftudsz and phase be mafntained accu- 
rately during the rf pulse. 

It is 110 t enough to specify amplifier 
performzinc? base3 ori operation with a resis- 
tive load. The rf amplifier outprtt circuit, 
the transmission line, and t 11 e accelerator 
cavf ty should be destgned as a system whose 
function is 1:o most efficiently transform the 
tube electron beam energy into accelerated ion 
or electron :>eam energy. The amplifier must. 
be able to handle the turn-on/,>ff and brenk- 
down translcpts without adverse effects. The 
amplitude and phase control systems ~r.ust take 
into account the presence of a high Q resonant 
cavity in the control loops. 

A key factor in making t-f linear i.00 
accelerators pract iral for Lrtdus trial <a 11 d 
medical applicattons is the availability of J 
compact, reliable, and inexpensive rf power 
SO”CCe. For the nccsys line 0E commercial 
ac.ceLerstors, a parallel planar tr<ode array 
(PPTA) amplifier using Varian/Eimac YU-141’S 
proved to b<! a cost-effective approach to 
providing rf power with the features needed 
for accelerator appltcations. Typical rf 
requiremect s for these applications are: 
frequency 425 XHz, power level 240 kW, pulse 
width 100 “!;ec, duty f:lctor 1%) amplitude 

control, +0.5% phase control +0.5o, and fre- 
quency co;trol +0.5 kllz. 

Parallel Planar TrCodc Amplifiers -- 

The concept of paralleling many planar 
triodes for a UHF amplifier is not a new idea. 
In 1949 Don Preist of Fltel-McCullough (now 
VarLan/Eimac) reported on a 500 watt CW UHF 
amplifier that he built and tested using 14 

2C39’s in an annular cavity. 1 ill0 re recently 
in 1985, Bill Hoffert of Los Alamos National 
Laboratory developed a 106 kW, 425 MHz aa?li- 

fier using 12 Machlett 8935’s.2 HoEfert 
also built two 85 kN amp11 Ffers utilizing 8 
Eimac 8941’s for ground-based testing of the 

BEAK RFQ accelerator. 3 

There ar* several obstacLes thst must he 
overcome to achieve satisfactory high power 
UHF operation of a large number of tubes in 
parallel. To insure equal power f ram EtaCl? 
tube, both the anode and cathode resonators 
must be symmetrical with n 0 spurious reso- 
*aIlCeS that could develop unequal rf po ten- 
tials at the tubes. The input circrrlt must 
match the drtve line to a cathode Input imped- 
ance OF a few ohms. The anodes require a load 
impedance of less than 100 ohms that nust be 
matched to the output transmission line. 

AccSys Technology has developed a novel 
amplifier that overcomes these problems in a 

straightforward way. One version develops 240 
kW at 425 Milz from a parallel array of 12 
Ei.mac YU-141’s (a coaxial-based version of the 
8941). A similar versioo dcvizl ops 360 kW 
usLng 12 Elmac YU-176’s. 

The K‘; Power System --_~~.-.. -- 

Figure 1 s110ws I he A c c s v ?i lUli<!El 1LTWZSO 
rf system using a 12 tube PLEA amplifier rated 
at 240 bW output s.1. 425 ?iHz w1I;h A hO uscc 
pulse length and .I 0.72% dltr_y fctclor. 

vig. 1. Yodel lZTW240/425 KF System 

Figure 2 is a b 1 o c k il i a g r <i m 0 f the rf 
power system for the AccSys model PL-2 2 Ye\: 
proton RFQ accelerator. A high level mndula- 
tar controls the rf amplitude in the :aci.~?li?r~- 
tor cavity dynamically through a feedback 
system. In addition to the amplitude control 
f eat\ire, the L-E power system has provision for 
phase-locked freqriency control of either t h e 
r f source through <a frequency mndlllat ion input 
0 n the rf oscillator or by a stepping-motor 
driven tuner oo t h e nccelerator cavity. For 
applications 11 s 1 n g mulLi.ple rf systems, t h e 
cavity phase can be controlled using a fast 
phase modnlator in the low level rf system. 

Jhe AccSys _PI’TA Amplifie_f 

The PPTA amplifier is the heart of this 
425 MHz rf power system that has been designed 
especially for linear accelerator app LiCa- 
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Fig. 2. Accelerator RF System Block Diagram 

tions. Figure 3 shows the 12 tube PPTA ampli- 
Eter cavit.y extended from the cabinet. 

T 11 c twelve planar triodes are cathode 
driven in a grounded gri.d circuit. Each tube 
11.1s an individual set of components (couplinl: 
capacl.tors, rf chokes, etc.) except that they 
.a 1 1 ‘3113re one cathode cavity and one a 1, i, d e 
CZ3JLttY. ‘The tubes operate in parallel Ear t-f 
but are individually connecteLi t3 the anode, 
<‘:2t’1,,dc .vld heiat~r power supplies. 

H o t ;I i t> ti c a t h o d i’ ii n J a I, o d e c a v i t I I’ s .I r ,a 
1 0 i imp t: #I il II c ta T i< M mode cr,axial resonators 
0 p <.a r ,a t 1. 1, g .I s ShortPrled quarter wavelength 
lines. Impedance matching is accomplished by 
the ci1vtt.f design an d the chr,jce of components 

in the rf ciccuit. 
Capacitively coupling the tubes to the rf 

circr~i t makes it possible co bias each 1 11 b I$ 
independently. A circuit for each tube od- 
jlls t: s t h c bias to hold 1 h i’ cathode current 
c 0 11 s t .a II t , c 0 n p P 11 s 3 t 1 n g for variations f r 0 ill 
t 1 1 b e t 0 tube and balancing the i>ower oUtpUt 
f I-O’U e ‘1 c h tube without seLecting matclled 

tubes. -if an indtvidual tube has weakened 
ni?h ag,: tt wfll contribute to the outpot the 
mavinom power avallabl+ tram It. 

Supplyi:~g the anode voltage separately to 
a,;ic11 t ,I 1, e wit!1 tndl”idlrAl e ik ta r g y storagr 
capacitors and SCl-ieG resistors lieits t 11 e 
energy dissipated In a tube due to an internal 
a r:’ to a level that will not da~nage the tuhe. 

1t Ls posstble to take a faulty tube out oE 
the circuit without removing it by disconnect- 
ing its anodz supply voltage and turning off 
its heater. Operation c a II continue at a 
reduced power level. Alternattvely, because 
i> f t h e tubes’ reserve emission capability, 
the rf drive level and bias can be adjusted to 
obtatn full power output with fewer than the 
fllll complement of tubes, at t h e expense of 
reduced tube lifetime. 

The same tubes used in the power amplifi- 
er are used in the intermediate power amplifi- 
ers (IPA:;). The quantity of identtcal tubes 
used in the 240 kW system (15) leads to lower 
tube cost and reduces the spare tube Inventory 
needed for maintenance. Furthermore, the 
small planar triodes USEd are more readily 
available than larger tubes capable of provid- 
Lng the ~anr power level in one envelope. 

Characteristics of the YU-141 

The VarianJEimac YU-141 has several 
properties which make it an ideal choice for 
i , -o~nnerci;~l accelerator applications: 

1. High peak cathode current rating - 600 mA 

rms becnilse of a 2 cm 2 cathode area. 
2. Low heater power requirement - 16 W. 

3. Planar geometry - no transmission line 
efEects 1.11 the tube and good efficiency 
at UHF because of low transit time. 

4. High voltage capability - 15 kV peak, 
combined with high peak c\lrrent capabili- 

ty, yields >20 kW rf output per tube. 
5. compact size - parallel operation of many 

tuhcs in moderate size cavities. 

Fig. 3. 12 Tube PPTA Cavity 

Table 1 summarizes the operating parame- 
ters during the rf pulse of each tube in the 
parallel array. The first column lists the 
calculated parameters and the second lists the 
measured values based on the average per tube 
for a 12 tube amplifter. 

Cant rol Circuits -._-.-- 

The individual biasing of the tubes to 
balance the power provf ded by each tube is 
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Table I. YU-141 Parameters 

Parameter CalC\ll*~:t?d M e a s u r e II 

Anode Supply Voltage 8503 ‘J 
Minimum Anode Voltage ?i@3 v 
Cathode Bias Voltage 118 v 
Maximum Cathode Voltage -90 v 
Peak Cathode RF Voltage 208 ‘J 
Anode Conduct ion Angle 160” 
Anode Current 7.91 A 
RF Output Power 20.9 kW 
Anode Input Power 32.8 iw 
Anode Dissipation 13.5 kv 
Efficiency 612 
Cathode Current 5.13 A 
RF Drive Power 956 ‘IV’ 
Grid Dissipation 91 w 
Input Resistance 22.6 ohms 
Power Gain 13.2 dR 

8500 \’ 

75 v 

4.2 A 
20.8 kW 
35.7 kii 

sxz 
6.5 A 

1600 6 

II.1 ds 

accomplished automatically by using 4 clamped 
shunt regulator current SO”CCe for each catlr- 
ode. The current source sets the bfas to the 
vnl llrz reqcl i r<,d to obtain the desired cathode 
current. If the desired cathode current 
cannot be obtained, the bias is clamped to a 
minimum value slightly beyond cutoff. 

During II i, r m cl 1 operation no t II b e WLll 
exceed the desired cathode current f Any tube 
with fnsufftcirnt cd 9s ion t. 0 r <’ :i i‘ t1 t I1 E de- 
sired cathode current w i 1 1 c 0 n t 1 I, II c t 0 oprr- 
ate, but at reduced outp11t, e 11 II n I, “ i 1, 8 t h E 
“fatl-soft” performance of thr system. ic x 1’ c I: - 
imentally it bas been determined ttiat this 
biasing scherr*c balances the power supplied by 
each tube to wtthin +10X. 

The hi-l!; c;irruit is also t 11 e m 0 d II 1 ,I t 0 r 
used to control the total rf pnwer output. 
Over a wide range, the- rf output amplitude is 
approxinntely p’op’,‘tlonal t n the c 3 t h 0 d c 
current. Since t h e cathode i il p u t impedance 
increases wi rh reduced cn thode curre7t, t h e 
IPA stages must he co:ltrolled to avoid over- 
driving the final power amplifier. This is 
acromplished hy using the s:ame bias circ;ltt on 
the TPA tubes. Figure 4 ShOWS ttre cavity 
field at 240 kW and its response to a I dR 
power demand with the amplitude control cir- 
cuit enabled. The lower trace shows t h e 
timing of the demand signal. 

Fig. 4. Cavity Field Level with 1 dR Demand 

In accelerator applications, the acceler- 
ator cavity field LR controlled by a feedhack 
signal derived by comparing a reference 
voltage to the amplitude from a diode detector 
sampling the accelerator cavity field. 

The automatic frequency control system is 
a phase-locked loop that holds the ph<~se of 
the cavity field fixed relattve to the phase 
of the forward wave of the rf drive. Frequen- 

CY tracking may he implcmrnted by usizg t 11 e 
error sFgna1 to electronically control the rf 
s 0 li r c e frequency or to ‘0 e c I1 if II f f rl 1 1 y c 0 i’l t r 0 1 
the cavity frequency using a sl(>pping mlltor 
actuated tuner. 

Extrapolation of Perfr~rmarlce --. _--- 

1‘11 e m d :< 1 ,I,:, iii p 0 w i’ r ‘I v ;i I I ,1 11 1 ?’ I, t: i t I!bc i .5. 
limited by the RMF caihode current, the grid 
d i s s i pa t i o II , s 11 II t 11 e a ho (1 e d i 5 s I pa t i 4) II . The 
duty factor can he as htgh as 2.5% with proper 
coolf~g and reduzed power output. Over 450 kW 
output can be .%rhi.eved at short pulse lengths 
US i.Ilg t h e YU-176 tubes. T 11 e maximum pulse 
length is limited by cathode current droop due 
to depletion 0 f t I1 e virtual c ii t ho d e . The 
constant-current bias system c a II. c 0 ‘p. 3 e II s a t li 
f 0 f the d r o o p , making 1~1lgtlls II I! t ,) 1 m s 
possible in some applications. 

The 1% tube amplifier can he tuned f c il 1,: 
300 Ylli: to 550 MHz without modification. iJi th 

slight design changes, 650 MHz operatton can 
be achieved. A focr tube version of the I’I’TA 
a m p 1 i f I e r h ii I” provided 6 :) k I< a t 850 FiHz. 
Operat ton at lower frequt~nc ies is limited only 
b> the p i- a c t i i* ii 1 i ! y 0 :’ t ]I(’ 1‘ il y s 1 c 3 I $3 i me I! - 
sions, since the a II o d e a n d c a t h /) d e c a v i t I e s 
must be lengtllrned. ,2t lr,wcr f rcqu~:ncies, it 
Is possible to p‘~r,lll?l even more tubc~. 

Conclilsi II I -._--_.. 

Tti<, I’ P T ,I amplifier is an cc ,) 1, 0 in i I’ ,-I 1 
i3 p p r 0 3 c h t 2 p r 0 v i d i ng r f pow e r a t the 10 0 * s 0 f 
k Id 1 e v c 1 f 1, r a c I: c 1 P r a t I, r s 1 n t he II p p e I ‘1 t( F i-l n Li 
10 WC’ 2 !llll’ r .1 I, j; <’ . The ‘3 x i d c : t ) u L c d r if t 1L 0 d t’ 
makes high penk power per tube possible with 
1OW h e :1 t e r p 0 we I ii. n d 1 ow total t (IDS: cost 
compared t 0 other high power gridded tubes. 
The small tllhe size and IOW heater power 
resclt i I highly efficient 0 p t? i- il 1 I ‘, I, a t 1 - :z 2 
duly factor and permit the design of compact. 
systems f il the 200-850 MHz frequency range. 
Thv multiplicity of tubes reduces the cost. f,f 
the spare tube inventory and results i II d 
fail-soft. systein that can continue near-normal 
operation in spite of the failure of a tube. 

A c k II L> ; 1 e d g in, <a l, t ?i .- _.-.__ 

I w I., li 1 II 1 i k P t 0 t ha n k Hill ?oftert, 
for~ter:y of Los Al,lmos, for introduci.ng me to 
the PPTA concept and for many useful discus- 
sions relating to amplifier design, Ray Fuller 
and Werner Rrunhart of Varian/Eimac for shar- 

ing their insights into t h e capahtlittes of 
I?imac planar triodes) and P ii II 1 D’ Anncc 0 f 
AccSys for packaging the control electronics 
and intermediate power amplifier stagrs, 
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