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Abstract 

In this rectifier high-speed silicon diodes, 
etched circuit boards, and SF6 are combined in a 
style of construction that requires only the mod- 
est shop facilities of any typical small physics 
laboratory. This paper covers constructiontech- 
niques, performance tests, electronic regulation, 
high-speed protection circuitry, and applicationof 
the rectifier to experimental equipment. The 
technique described can be extended to larger 
sizes providing several million volts. 

Introduction 

Many laboratories need reasonably inexpen- 
sive, simply constructed power supplies at volt- 
ages of the order of 500 kV at currents of 10 mA. 
In the past such power supplies have been built 
from selenium rectifiers operating from low- 
frequency power sourcesi, 2 or vacuum tubes op- 
erating at high frequencies.3p4 Such supplies re- 
quire so much engineering and machine work that 
they are beyond the capabilities of most labora- 
tories. Recent improvements in silicon diodes 
and ceramic capacitors make possible a much 
simpler style of construction. 

The power supply described in this paper 
was built for ion-source research at the Lawrence 
Radiation Laboratory’& heavy-ion linear accelera- 
tor, using only modest shop facilities. It is an 
18-stage (9-deck) Cockcroft-Walton rectifier5-’ 
driven by 40 kV ac from a 100-kc, 10-kW oscilla- 
tor and produces 600 kV at a load current of 
10 mA. The output voltage of the rectifier is reg- 
ulated by modulating the oscillator plate and 
screen voltages (see Figs. 1 and 2). A thyratron 
crowbar operating on the oscillator screen grid 
protects the power supply from damage during 
sparkdowns. 

Rectifier 

Each rectifier stage consists of 350 Unitrode 
0.75A, 600 piV, type-UT 71, silicon diodes con- 
nected in series and mounted on an 18-in.-diam 
etched circuit board. Each diode is shunted by a 
250-pF, 500-V ceramic capacitor to equalize the 
diode inverse voltages. The diodes are mounted 
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under the shunting capacitor in order to reduce 
the gradient between boards, and are arranged in 
a pattern which minimizes the gradient across the 
board (see Fig. 3). The diode boards are mount- 
ed in a zig-zag pattern connected together at the 
junction points of the capacitors (see Fig. 4). 
The mounting tabs are made of l/8 -in. -thick alu - 
minum with edges rounded to reduce gradient 
magnification. Adjacent stages are connected 
through two Sprague-type 71OC7, 2500-pF, 40-kV 
capacitors in series. The assembly of diode 
boards and between-deck capacitors is placed in a 
polyvinyl acetate cylinder measuring 47 in. long 
by 18 in. i. d. , with a 3/8-in. -thick wall. The end 
covers of the housing are made of I-in.-thick 
NEMA G7 material and sealed to the polyvinyl 
acetate cylinder with rubber 0 rings. The end 
caps contain vacuumtight electrical connections to 
the rectifier, valves for filling the structure with 
sulfur hexafluoride (SF6) and on the inside, mount- 
ings for 5 -in. -diam i/2-in. -thick packets of acti- 
vated alumina. 8 After assembly thq unit was filled 
with SF6 at atmospheric pressure. Tests on SF6 
indicated that its dielectric strength is 2.5 to 3 
times that of air. A 24-in. -diam corona ball ter - 
minates the high voltage end of the rectifier. 

The Oscillator 

The oscillator consists of an Eimac 
4CW10,OOO operating in a Colpitts circuit (see 
Figs. 5 and 6). The operating conditions are 
shown in Table I: 

Table I. 

Oscillator operating parameters 

dc plate voltage 
dc screen voltage 
dc grid voltage 
dc plate current 
dc screen 
dc grid 
Peak rf grid voltage 
Driving power (self excited) 
Plate dissipation 
Output power 

7.5kV 
5oov 
-350v 
2.8A 
0.5A 
0.25A 
590v 
15OW 
5kW 
16kW 

The 40-kV output voltage is obtained by an 
appropriate choice of the turn ratio between the 
primary and secondary of the tuned circuit. The 
coil, which has an inductance of 6.3 mH, was de- 
signed to resonate at 100 kc with 400 pF of capac- 
ity (two Jennings -type CHFAZOO capacitors in 
parallel). It consists of 216 turns of No. 14 
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enameled copper wire wound on a IO-in.-diam 
bakelite cylinder. The dissipation is 220 W, or 
about 0.5 W per square inch of surface. It is 
cooled by forced air obtained from the pressur - 
ized under side of the oscillator chassis. The 
primary consists of 38 turns of No. 14 wire. To 
protect the rectifier during sparkdowns, a 5557 
thyratron crowbar is used to remove screenvolt- 
age and stop oscillation. The crowbar signal is 
derived from a 90-ohm resistor in the groundre- 
turn of the rectifier. An overcurrent relay pro- 
vides slow-speed protection. 

Modulator 

The oscillator output voltage is controlled 
by the plate and screen modulators (see Fig. 7). 
The plate modulator consists of an Eimac 
3CW20,OOO driven by a 4PRiOOO. The screen 
modulator consists of an Eimac 304TL. It is 
driven from a compensated voltage divider at the 
output of the plate modulator. 

Regulator Reference and Voltage Divider 

The voltage reference, regulator, and volt- 
age divider for this system were very similar to 
those used by Smith.1° 

Test Load 

We decided to check the performance of the 
rectifier against the Cockcroft-Walton output- 
voltage formula. To obtain a variable load, we 
used low-conductivity water (LCW) in a closed 
system. The system consisted of two 5/8-in.- 
diam polyethylene hoses wound in a 6-turn spiral 
inside a 6 -in. -i. d. lucite tube. One hose served 
as the supply and the other as the return hose. 
The water contacted the top of the rectifier by 
passing through a short section of copper pipe 
which was tied to the aluminum corona ball. The 
load was varied in discrete steps by adding small 
amounts of salt to the LCW. A pump circulated 
the water through a heat exchanger to keep the 
temperature constant. Since some corona asso- 
ciated with our load occurred above 400 kV, we 
limited our measurement to that voltage (see 
Fig. 8). 

Sample Calculations 
and Experimental Verification 

The output voltage of a Cockcroft-Walton 
rectifier is given byi, 11 

%c = c, , ‘[ 
- 
c I 

tanh~n[~~“cos~~-~~~~~, 

where Vdc is the output voltage, n is the number 
of stages, which is twice the number of decks 
(doubl er: n=Z; quadrupler: n = 4), V. is the peak 
value of the ac driving voltage, Cs is the stray 
capacitance per stage, C is the capacitance per 
stage, idc is the output current, and f is the 
frequency of the ac driving voltage. The first 
term on the right is the open-circuit voltage, and 

the second term is the voltage drop produced by 
load current. CosOi in the first term represents 
the efficiency of rectification; for silicon diodes 
the series resistance is negligible, and the shunt 
resistance is essentially infinite so that 81 is zero. 
The first term 

V dc tanh [n(Cs/C)i12] 
-= 
n Vo n (Cs/C)~!2 

is plotted as a function of C,/C in Fig. 9. The 
second term 

AV 
2 

! I 
r+21f - 

2TidC 
-= 
nV 0 12 16 iac 

is plotted as a function of normalized dc output 
current, idc/iac, in Fig. 10, where we have 
i,, =2rff CVO.42 

The stray capacitance consists of two com- 
ponents: (a) the inverse-voltage-dividing capaci- 
tance shunting the diodes and (b) the stray capa- 
citance between the two capacitor columns. Each 
of the 350 diodes per board is shunted by 250 pF. 
The capacitance per stage is C,i=250/350 =0.7pF. 
The two columns of between-deck capacitors, 
treated as a transmission line have a character - 
istic impedancei of Zo =276 log 2D/d =280 ohm. 
The capacitance per meter is C = l/ZOv = 12 pF/m. 
Since the length is 47 in., the capacitance 
stage is C,2 =( U/18) (47/39) q 0.8 pF. The total 
stray capacitance per sta e is C,= 0.8 t 0.7=1.5 pF. 
The efficiency factor, C, 7 C, is = 1.5/1250 = 0.0012. 
From the curves of Fig. 9 we find that for n = 18, 
Vd,-/nVO =0.88 Vdc =(0.88) 18 VO. 

Example 

From Fig. 10 we see that for a load current 
of 5 mA, Vdc = 270 kV, i,, = 2trX 105 (1250X 10-12) 
20X iO3 = 15.7 A, idc/iac =(5/15.7)X 10-3=0.000318, 
and AV/nVO=0.07, with AV=(O.O7)18X220X103, 
AV3 = 25 kV, AVD = 3.5 kV(diode voltage drop}, and 
AVT = 28.5 kV. The experimental results (Fig. 8, 
20-kV curve) show 

AV = 32 kV. 

The results indicate that there is good agreement 
between the experimental measurements and the 
theoretical calculations, The measured rate of 
decrease in output voltage with current agrees 
quite well with the calculated values, 

The ripple voltage of the rectifier can be 
calculated from 

I- 
6E =Vojl- iL q-+” - 

i 1 1 [Y?r 4 fC 

Inserting values for the parameters we have 
,- \ 

1 
I 

cosh[18(0.0012)1/2] j 

$324,18 [ 1 8 4 
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The percent ripple is (10,2/600)X 100 = 1.7%. 

Applications 

The geometrical simplicity of this style of 
construction lends itself extremely well to many 
experimental facilities. Figure 11 shows a 12- 
stage, 400-kV rectifier built into an ion-source 
test facility. The gradient rings of the accel- 
erating column and of the pump-down column are 
connected to the dc points of the rectifier. The 
100-kc oscillator and the modulators are located 
outside the cage. The radiofrequency drive is 
connected to the bottom of the rectifier stack by 
means of RG19/U coaxial cable. The whole as- 
sembly can be moved through a IO-deg arc with 
respect to the ion source in order to obtain the 
best accelerating angle. 

Based on the experience in building the 
600-kV rectifier, it seems that the same tech- 
nique can be extended to rectifiers of several 
million volts. Preliminary studies indicate that 
a 2.1-MV unit at 10 mA can be built by using 
32 stages and a driving voltage of 80 kV.i4 The 
rectifier boards would be 32 in. in diameter and 
would contain 650 diodes. The current capabili- 
ties of such a rectifier could easily be doubled if 
higher currents were desired. 
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Fig. 1. Overall schematic of 6OO-kV 
Cockcroft-Walton power supply. 
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Fig. 2. Schematic diagram of Cockcroft-Walton 
rectifier. The rf voltage can be supplied from 
either end, so that either positfve or negative 
outputs can & obtained. Cl: 2500-pF LO-W, 
Sprague-type 71OC7; C2: 25C-pF 500-V, ceramic. 
Diodes: 603 piV, 750 mA, UT-71. 

Fig. 3. Printed-ci.rcui.t board showing diode pat- 
tern arranged to minimize the voltage gradient 
across the board. The diodes are located under the 
ca?ac1tors, and at the circular cut-out the boards 
are conn~.c?,ar; to the between-deck capac%tors. 

Fig. 4. Rectifier assembly showing &tails of 
construction. The assembly is sealed in a poly- 
vinyl acetate cylinder filled vith sulfur- 
hexafluoride. Two packets of activated-al*rcina 
dessicant are Included in the tube. 

Y1g. 5. Detail of construe-tion of 
loo-kc oscillator. 
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Fig. 6. Scbmatic of loo-kc oscillator. 
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Fig. 7. Schematic of plate and 
screen modulators. 

ng. 9. NormalLzed no-load output voltage versus 
the ratio of tb shunt capacitance to ths 
between-deck capaci.tance. 

Fig. 10. Normalized load-current-i.nduced output- 
voltsgz drop versus the ratio of the dc output 
current to the ac driving current. 
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Fig. 8. output voltage versus output current 
for various rf driving voltages. 

Fig. 11. A Tuleve-stage LOO-W rectifier 
for ion-source development. 


