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SUMMARY 

The power supply which is used as the 
accelerating potential for megavolt Dynam- 
itron accelerators is a parallel-fed, 
series-cascaded rectifier system. LOW 
frequency RF voltage is capacitively 
coupled into the cascaded rectifier system 
by means of an SF-6 gas insulated elec- 
trode configuration. Maximum voltage 
attained with this configuration has been 
5.7 MV. Maximum current attained has been 
20 mA. Maximum beam power attained has 
been 40 kW. This paper covers the develop- 
ment of equations which express the opera- 
tional input parameters such as, oscilla- 
tor plate voltage, current, and power in 
terms of the required output high voltage 
and load current, and the internal circuit 
parameters such as, tank capacitance, tank 
inductance resistance, number of rectifier 
stages, and oscillating frequency. Cal- 
culated data from these equations agree 
closely with experimental data. This anal- 
ysis allows the optimization of a power 
supply design in terms of critical para- 
meters for a given maximum output voltage 
and load current. 

INTRODUCTION 

The power supply is used as the ac- 
celerating potential for megavolt Dynam- 
itron ion and electron accelerators. The 
unique features of the power supply are: 
1) the capability to supply high beam 
power, 2) the low stored energy of the 
system, 3) the inherent voltage stability, 
and 4) the simplicity of the assembly. 
Accelerators have been or are being de- 
signed and manufactured covering the range 
of voltages from 1.0 MV to 5.5 MV, and 
beam currents of 25 mA to 3.5 mA respec- 
tively. The maximum current attained has 
been 20 mA and the maximum beam power 40 
kW. 

Equations have been developed which 
express the operational input parameters 
such as, oscillator plate voltage, current 
and power in terms of the required output 
voltage and load current, and the internal 
circuit parameters such as, tank capaci- 
tance, tank transformer resistance, number 
of rectifier stages and the resonance fre- 
quency . These equations have been used to 
design a new 1.5 MV, 20 mA electron accel- 
erator. This accelerator has been manu- 
factured and has undergone high voltage no- 
load tests. At the present time the accel- 
erator is being reassembled in a test vault 
for beam tests. 

DESCRIPTION OF POWER SUPPLY 

The high voltage generator1 is a cas- 
caded rectifier system, Fig. 1, whose rec- 
tifiers are pprallel-fed through the inher- 
ent coupling capacitance Cs,, created by 
the corona shields and RF electrodes. LOW 
frequency RF voltage applied to the RF 
electrodes is generated by a high-power os- 
cillator operating at a frequency of 112 
kHz. The tank circuit is made up of a gas 
insulated toroidal transformer, and the 
total capacitance of the electrode system. 
The oscillator is a tuned-plate, untuned 
grid circuit. The oscillator tubes receive 
their grid drive from a plate located be- 
tween the RF electrode and the pressure 
vessel. The high voltage is controlled by 
varying the amplitude of RF voltage which 
in turn is varied by adjusting the anode dc 
voltage by means of the series-pass tubes. 

DEVELOPMENT OF DESIGN EQUATIONS 

In the following development the 
reader is referred to Table I for defini- 
tion of terms. The dc voltage generated 
per stage is a function of the capacitive 
elements and the peak applied RF voltage, 
Ef. A section of the rectifier cascade is 
shown in Fig. 2. Hy spplpin 
law of potential drops aroun x 

Kirchoff's 
closed paths 

the ac voltage per stage can be shown to be 

E ac = E&l + 4 Cac/Cse) (1) 

The term 1 + 4 C,,/C,e is designated as the 
coupling coefficient K, i.e., 

E ac = EF/K (2) 
Since the dc voltage per stage is equal to 
the peak ac voltage per stage at a no-load 
condition, 

EO 
= Ef/K (3) 

The voltage droop per stage is a function 
of the stored charge per stage and the 
charge removed per cycle of operation. If 
an equivalent circuit of Equation (3) is 
made as shown in Fig. 3, it can be observed 
that the stored charge is the voltage times 
the sum of the capacitances in the circuit, 
l.e., 

QS = (Cse + 4 Cat) E. = KCse B. 

If the charge removed per cycle is, 

AQS = iAt = IT = I/f. 

also AQ, = (Cse + 4 C,,) AEo 
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then hEo = I/fKCse. 

The dc voltage per stage including the 
droop term is E o = R. - hE, 

E’O 
= Ef/K - I/fKCse 

The total generated dc voltage of the cas- 
cade circuit is just 

E= NE' =- 
0 

Ef (N/K) - NI/fKCse (4) 

because the dc and ac voltages of all 
stages are the same. Solving equation (4) 
for Ef we have, 

E f = E (K/N) + I/fCse (5) 

The RF power required is 
2 PRF=IRF Re/2 + EI (6) 

Where the first term is the rms power loss 
in the RF transformer and the second term 
is the average load power. The RF current 
in the tank circuit can be expressed as 

IRF = ,lCTEf 

Rewriting Equation (6) we have, 

pRF =wcT e 2 2R E2,/2 + EI 

22 = cu c T ReA2 (E;)2,'2 + EI 

= ZA2(E;)2/2 + EI (7) 

The input RF power to the tank circuit can 
also be expressed in the form, 

PRF = (E;) 2/2RZ = ZA2(+2/2 + EI 

where R is the equivalent circuit resis- 
tance a8 seen by the oscillator. 

Then l/Ra = ZA2 + 2 EI/ (E;)2 (8) 

w,here ZA2 is the conductayc$ due to gener- 
ating voltage and 2 EI/(Ef) is the con- 
ductance due to load current. 

The oscillator simplified circuit is 
shown in Fig. 4. The oscillator equiva- 
lent circuit shown in Fig, 5 is derived 
from the input dc power and the output RF 
,power formulation. The dc power input is 
equal to the oscillator tube losses and 
the delivered RF power, i.e., 

EI 2 
= PP I pRp + 'RF (9) 

= 1p (Ep-E&) + +2/2 Rs 

Simplifying and solving for I 
P 

I 
P = EL/J-; RZ (10) 

Substituting in Equation (9) 

E 
P = E; Rp/G RZ + E;/G (11) 

The oscillator conversion efficiency is 
defined as: 

n = RZ/(Rz + Rp) 

then R = Ra (l-n)/n 
P 

Substituting in Equation (11): 

E 
P = "f/Q& 

= (l&G) [ (Y/N) E + I/fCse-j (12) 

The complete expression for I is from 
Equations (5) and (10) 

P 

I 
P 

= (l/s,) (ZA~R; + 2 EI/E;) 

= (A/&) {Z [ (K/N) E + I&,] 

+ 2 EI/ [ (y/N) E + I/fCsej) (13) 

The input dc power to the oscillator 
tubes is 

P 
P = EPIP 

= (1/2n) 
14 :I 

The total dc input power which includes 
the series-pass tube dissipation is: 

pT =I E 
P dc (15) 

Where I is obtained from Equation (13). 
In thisPform the oscillator tube effi- 
ciency, n, does not appear explicitly. 

The circuit parameters CT, C,,, C,,, 
and K are determined from the electrode 
geometries of the power supply. A PRY- 
sical representation is shown in Fig. 6 
and a schematic of the circuit is shown in 
Fig. 7. The surface to surface capaci- 
tances are calculated on the basis of semi- 
cylindrical geometry formulation and edge 
effects using wire to plane formulation. 
Since the circuit is symmetrical, both 
electrically and physically, an RF neutral 
plane exists through the center of the 
accelerator. Capacitances are calculated 
with respect to ground and the neutral 
plane. 

The various capacitances to be con- 
sidered with respect to the neutral plane 
are, C, = Capacitance between RF electrode 

and corona rings surfaces. 
Cb = Total capacitance from corona 

rings to RF neutral plane which 
is the sum of Cc, Cd, and C,. 

C c = Total capacitance between corona 
rings surfaces to the beam tube 
surfaces. 

Cd = Total capacitance between the 
corona ring edges to RF neutral 
plane. 
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c, = 

Cf = 

cg = 

The total 

Twice the rectifier tube capaci- 
tance times the number of stages 
since the rectifier goes from 
corona ring to opposite corona 
ring. 
Capacitance between RF electrode 
to tank surfaces. 
Capacitance of RF electrode 
edges to vessel. 

tank capacitance is, 

Ca(Cc + C 
CT = ('i)ccf + Cg + c a 

+ cc +dCi 2: ] (16) 

C se= (2/N) Ca (17) 

C ac= (Cc + Cd + C,)/2N (18) 

K= 1 + 4 C,,/C,, = 1 + (c,+cd+c,)/c, (lg) 

The formulae used to calculate the cir- 
cuit capacitance from the phvsical qeom- 
etry are Lo 

c = 0.307 x 

for semi-cylindrical.geometry 

where rx = 

ry = 

s= 
E = 

lo-l2 sdlOglo (r>c/ry) (20) 

outer radius-inches 

inner radius-inches 

length of geometry-inches 
correction factor, since 
electrode & corona ring shapes 
are not exactly semi-cylin- 
drical. 

For edcre effects, a parallel-wire-to-plane 
formula is used, 
c = 0 .612S/loglo [ (2h/D) il+dm] (21.) 

where S = length of edge-inches 
h = distance between center of edge 

to the plane-inches 
D = diameter of edge-inches 

PRACTICAL APPLICATION 

The power and electrical character- 
istics of the oscillator requirements for 
a new 1.5 MV, 20 mA electron accelerator 
were calculated from this analysis. The 
fixed design parameters were, 

1) 

2) 

3) 
4) 

5) 
6) 
7) 

1.8 MV maximum terminal voltage which 
fixed the corona ring to RF electrode 
spacing for voltage insulation. 
36 rectifier stases determined by the 
rating per rectifier. 
20 mA, electron beam or load current. 
RF transformer inductance and resis- 
tance. 
Resonant frequency of 110 to 120 kHz. 
Diameter of rectifier column. 
Diameter of pressure vessel which is 
determined from electrical spacing re- 
quired for the RF electrodes, distance 
required for voltage insulation and 
rectifier column diameter. 

The measured and calculated data (no- 
load) are shown in Figs. 8 and 9. The 
discrepancies in the data at low voltage 
are due to the RF method of lighting the 
rectifier tube filaments. RF current 
which passes through the inter-electrode 
capacitances of the tube is transformed 
to a level which can light the filament. 
At very low levels of RF power there is 
inadequate emission and therefore a loss 
of terminal voltage through excessive tube 
drop. This explains why the E 
sured characteristics do not ~'tko~;:- g 
zero, and why the oscillator anode power 
characteristic does not follow a squared 
function at the lower voltages. 

At the present time the accelerator 
is being prepared for beam tests. The 
results of measurements under load are not 
available for inclusion in this paper. 
However, the theoretical power relation- 
ships from equations 7, 14 and 15 are 
shown in Fig. 10. 

CONCLUSIONS 

The equations give good results when 
used for calculating a new power supply 
design. The calculation of the circuit 
capacitances from the physical geometries 
is only a reasonable approximation, since 
the geometries. althouah simwle in struc- 
ture, represent comple; capacitive ele- 
ments. The lighting of the rectifier tube 
filaments produce additional error since 
they are RF heated and require a minimum 
level of RF power before conduction can 
occur. Replacement of the vacuum recti- 
fiers with solid-state rectifiers would 
bring the measured performance closer to 
the theoretical analysis. 

TABLE I. SYMBOLS AND DEFINITIONS 

f 
T 

it 
CT 
C se 

cat 

K 
N 
Re 
A 
n 

E 
I 
Ef 

Bf 

EP 
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Resonant frequency - Hz 
Period of resonant frequency 
Resonant frequency-radians/second 
Inductance of RF transformer-henry 
Total tank capacitance-farad 
Coupling capacitance per rectifier 
stage-farad 
Shunt capacitance per rectifier 
stage-farad 
Coupling coefficient 
Number of rectifier stages 
RF Transformer ac resistance-ohms 
RF transformer voltage step-up ratio 
Oscillator tube conversion effi- 
ciency 
Terminal voltage-volts 
Load current-amperes 
RF tank voltage-volts peak between 
electrodes 
Oscillator tube RF voltage-volts 
peak 
Oscillator tube anode voltage-volts 
dc 



Edc 
IP 

pP 

%F 
PT 

TA!3LX I (Continued) TABLE II. DESIGN EQUATIONS 

Total dc voltage 
Oscillator tube anode current- 

Ef = (K/WE + I/fCse 

amperes dc K 
Input oscillator tube anode power- 

= 1 + 4 cac/cse 

watts 
E; = Ef/A 

Input RF power to accelerator-watts P RF= 
Total dc power required-watts 

ZE$/2 + RI 

z = w2c 2 T Re 
W2 = l/LCT 

EP = (l/An) [(K/N) E + I/fC,,'l 
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Fig. 2. Single-stage capacitive circuit. 
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Fig. 4. Simplified oscillator circuit. 
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Fig. 6. pictorial drawing of accelerator. 
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Fig. 3. Single-stage equivalent circuit. j 

0 
Fig. 5. Equivalent circuit of oscillator. 

Fig. 7. Oscillator tank equivalent 
circuit. 
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Fig. 8. 
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Fig. 10. Calculated load-power curves. 
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