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ABSTRACT 

Because of the higher particle energy, sector-focused cyclotrons requi re  

higher gradients  in the i r  electrosta.tic deflectors than ord inary  cyclotrons. A 

higher operating gradient can be achieved by exciting the deflector f rom a low- 

energy-storage power supply which permi ts  control of the electrode surface 

heating during each spark.  A. pair  of high-frequency Cockcroft-Walton r ec t i f i e r s  

with th is  capability has  been built for the Lawrence: Radiation Labora to ry ' s  

' 88iInch Cyclotron. Each rect i f ier  consis ts  of a s ix-s tage c i rcu i t  designed to 

del iver  120 kV a t  5 mA. It is dr iven 'by  a 100-kc osci l la tor .  The rect i f ier  is 

built f r o m  inexpensive sil icon diodes; each with a rating of 600 ~ L V ,  0.75 A, 

and a s torage t ime  of 2 psec. The diodes a r e  assembled on etched circui t  

boards.  Between decks of the rect i f ier ,  900-pF, 30-kV ce ramic  capaci tors  

s imi l a r  to those in television se t s  a r e  used. The dc output voltage is controllejd 

by plate modulation of the osci l la tor  and regulated to  0.0170 by an  electronic . 

. . 
regulator.  The rec t i f ie r  i s  protected against spark-induced surge  cu r ren t s  byl 

a n  e1ectronic:crowbar operating on the  s c r e e n  gr id  of the oscil lator.  

n ' 
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The s tate  of the cyclotron a r t  demands well-regulated, r ipple-free voltage 

for  the new high-gradient e lectrostat ic  deflectors.  Higher e lec t r ica l  gradients  

can  be achieved i f  the deflector power supply provides a simple means of ad-  

justing the energy supplied to  the sparks  during the de'flector bake-in period. 

The power supply descr ibed h e r e  mee t s  these requirements  remarkably  well. 

Two such supplies have been built and installed in the Berkeley 88-Inch Cyclotron. 

Each supply consis ts  of a s ix-s tage Cockcroft-Walton rect i f ier  built f rom sil icon 

diodes mounted on printed-circuit  boards,  a 100-kc osci l la tor  to  excite the 

rec t i f ie r ,  a hard-tube modulator to  control the osci l la tor  output voltage, an 

electronic  regulator,  a reference,  and a precis ion voltage divider (see Fig. 1). 

The rect i f ier  installed in the cyclotron i s  shown in Fig. 2. It consis ts  of 

12 c i rcu i t  boards mounted in an  8-in. -0. d. lucite tube; the overa l l  length of the . 

f 

assembly  i s  27 in. The rec t i f ie r  extends f rom slightly above the deflector 

bushing to  the ceiling of the deflector cage. The 100-kc osci l la tor  i s  mounted 

d i rec t ly  above the rect i f ier  on the r,oof of the deflector cage. It connects t o  

the rec t i f ie r  through a f iberglas  insulator.  The r e s t  of the electronic  equipment 

is installed in  the e l e c t r o ~ ~ i c  racks.  1 
i 
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Fig. 1. Master  schematic of deflector power supply. 



UCRL- 10655 

Fig . 2. Deflector rectifier installed in the 88-Inch Cyclotron. 
It extends from the deflector bushing to the ceiling of the 
deflector cage. It has an outside diameter of 8 in. and i s  
27 in. tall. 
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RECTIFIER 

Each circuit board consists of 100 Unitrode, Type UT71, silicon diodes 

connected in series. Each diode is shunted by a Z5O-pF, 500-V, ceramic w 

capacito& to divide the inverse voltages equally. The diode pattern on the . 
circuit board is arranged to minimize the voltage gradient' across the board 

9 

(eee Fig:' 3). The boards are  connected electrically at  two points; by a metal 

post at bjrb point and by the between-decks capAcitor at another. In the vicinity 

of the metal paat, where the potential difference i s  small, the capacitors and 
9 

diodes face one another, .while in the vicinity of the between-deck capacitors, 

where the patenti&l difference is as .rriuch atl 20 kV, tba . . ~ & ~ a c i t u r s  and diodes 

a r e  on opposite sides of the boards (Fig. 4). The &pact*'-between b a r d s  is . . .. . . 
.i 

about 2 in. and provides a nominal maximum design gr&&nt df 10 lcV per in. 

The btvcreen-decks capacitors a re  900-pF, 30-LY, eierarnic, t v  type 
* 8 

capacitdtg. The manufacturer of the diodea rates each d&de at 600 piV and 

750 ma .fbr 60-cycle operation. The schematic of the re;cCifier i s  shawn in 

Fig. 5. 
- - 

Sirtee m 'data were available about the diodes at: rlq4 kc, we set up a 
. ., 

t e ~ t  for this purpobe. Using a single diode rectifying h&&,2ively into a 
I , t -  

10,000-qh'  . .  pab+ssed load resistor, we obtained o~ci l lograms like the one 
i 

shown in Fig. 6 for the Unitrode diode (which was thp b6st of the diodes tested). 

The ovefshoot is caused by the stored charge in the diode junction. Apparently 

the storage time is about two ysec at  this voltage (150 V peak). We found that 

the diode charges a capacitive load to the peak value, and the stored charge 

does not subtract (appreciably, at any rate) from the output voltage. Therefore, 
* 

in the type of service for which this power supply i s  designed. the charge stored 

in the junction seems to have no appieciable effect. 

At the suggestion of E. Diebold of the International Rectifier Corp.. we 

bombarded some of the diodes with electrons in our 5-MeV electron linear 



--& :;\ 
- ig. 3. Both sides of a printed-circuit board. The diode pattern i s  ' arranged to minimize the voltage gradient across the board. In 

the vicinity of the between-deck capacitors of the Cockc roft - Walton 
rectifier, the diodes a re  placed outboard of the capacitors to pro- 
vide maximum clearance between the high-voltage point s. 



Fig. 4. Close-up view of the rectifier assembly, showing the details 
of the construction. 
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CZ-I3 
900pF  
30-kV 

Sprague 
709 C 3  

H.V. rectifier stack 
I. Diodes UT71: 600 piV,750mA 
2.Capacitors: 250pF, 5 0 0  V 

Fig. 5. Schematic diagram of the deflector rectifier. 
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Fig. 6. Wave form obtained across a 10,000-$2 load resistor for a 
single Unitrode UT7 1 diode. The peak value of the applied voltage 
w a s  150 V, and the frequency was approximately 100 kc. The 
overshoot shows the storage time of the diode junction at this o J  -A 

t 

voltage--about 2 psec. When the rectifier load i s  shunted by a 
sufficiently large capacitor, the capacitor charges to the peak 
value a s  though the diode-junction-stored charge were not present. 
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accelerator. This improved rectification, a s  shown in Fig. 7. The beam- 

L 
current density was 400 @/cm . The optimum bombardment time with 

this beam was 17 min. 

We wondered whether the electron irradiation had any effect on the 

inverse characteristic of the diode. We found that it reduced the apparent 

resistance by a factor of 10. It had no appreciable effect upon the avalanche 

breakdown voltage, which was about 900 V for these diodes. The back r e -  I 

sistance was reduced to about 200 Ma for each diode. This i s  still  enormously 

high compared with any load that the rectifier might be called upon to feed, so 

there appears to be no reason why irradiated diodes can not be used. It appears 

that rectifiers can be built to operate at much higher frequencies than the 100 kc, lj 
7j. 
4;. 

if desired. We decided that in our application we did not have to irradiate the -. 

diodes, so we used them a s  they came from the manufacturer. ~rrkdiation i s  

mentioned here for those who might want to operate at frequencies above 100 kc. 
I 

OSCILLATOR ~ I L  - mb 

The oscillator consists of an Eimac 4CW2000 in a Colpitts circuit (Figs. ' 

8 and 9). Several other circuits were studied, but the Colpitts circuit provided 

the greatest discrimination against parasitic oscillations. The turns ratio of 

the tuned circuit is five to one, so a 2500-V oscillator plate swing produces 

12.5 kV peak rf. This is applied directly to the Cockcroft-Walton rectifier - 
t -  

which multiplies it  to 120 kV dc. The frequency of the oscillator is 100 kc. 

The 3D22 thyratron serves a s  the crowbar; when fired it effectively 

grounds the screen grid of the oscillator and prevents oscillation. The 3D22 

is built so that the anode discharge occurs between the anode and the shield 

grid rather than anode to cathode. The shield grid is much larger than the 

anode and surrounds it completely. The control grid and cathode form an 

electron gun that shoots a s t ream of electrons through a hole in the shield grid 



Fig. 7. After irradiating the diode with a beam of 5-MeV electrons 
the rectification characteristics of the diode is much improved. 
The di de was bombarded with a beam-current density of 400 
@/cm3 for 17 min. 
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Fig. 8. The 100-k oscillator i s  a Colpitts circuit. The 3D22 thyratron 
serves as a crowbar and removes the screen voltage of the oscillator 
upon an overcurrent in the Cockcro£t- Walton rectifier. 
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Fig. 9. Construction details of the 100-kc oscillator. 



UCRL- 10655 

into the gaseous region between the shield grid and anode, thus initiating the 

discharge. A pulse transformer i s  connected in ser ies  with the cathode so 

that, when the grid i s  triggered, the cathode current produces a pulse that 

t r ips  the transistor  univibrator, which recycles the screen power supply. 

The recycling time is 1 sec. 1 

The crowbar derives i ts  signal from the 30-ohm shunt resistor  in the 

ground return of the rectifier. Capacitive coupling is used so that the crowbar 

sensitivity can be controlled by a thyratron bias adjustment. Direct-current 

protection is provided by an overcurrent relay located outside the oscillator, 

The RC filter at the thyratron grid prevents triggering of the thyratron by the 

rf. During a spark, of course, this circuit integrates the current for a period 

before firing the thyratron; typically, it takes a few microseconds. Because 

of this circuit the t ime that a spark discharge persists  i s  a function of the - 

~ e t t i n g  of the crowbar bias control. 

Since the deflector oscillators a r e  located close to the magnet yoke of 

the cyclotron in a field of about 150 G, magnetic shields had to be put over 

the 4CW2000 oscillator tube and the 3D22. The shields consisted of tight- 

fitting, 1/8-in. -thick, mild-steel cylindrical caps. 

.MODULATOR 

The oscillator output voltage i s  controlled by adjusting the oscillator 

plate voltage by means of an Eimac 4CX1000A hard-tube modulator- (see Fig. 10). 

It is driven by a 4-125A tube operating a s  a voltage amplifier; its primary 

purpose is simply to couple the signal from ground potential to the grid potential 

of the hard-tube modulator. 



115 Vac 

Fig. 10. Hard-tube modulator. This circuit controls the deflector 
voltage by modulating the plate voltage of the 100-kc oscillator. 
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REGULATOR 

A two-loop regulator i s  used to provide deflector voltage stabilization 

(Fig. 1 1). The dc loop ernploys a chopper amplifier to eliminate drift. The 

input signal of the ac loop i s  isolated from the noise associated with the input 

chopper. The unity gain frequency of the regulator loop is 2500 cycles; the 

t ransfer  function i s  compensated to be a one-pole network. The dc-loop gain 

-+ 
L 

. I n  REGULATORREFERENCE 
. . ,- . -8 

_I; 8 ,  

The regulator reference voltage is obtained f rom an 8.3 V, type IN430A 

Zener diode, This circuit i s  identical with the references used in our precision . 

magnet regulators and is stable to  better than a part in 10,000 (Fig. 12). 
I . ?  - 

- 

PRECISION VOLTAGE DIVIDER 

The voltage divider consists of 120 metal-film (MF), precision res is tors  

with a temperature coefficient of less  than 36 ppm/o C. These rebistors a r e  

mounted on the inside of a piece of 7 -in. -0. d. polyvinyl chloride (PVC) plastic 

tube which provides a smooth surface for the termination of electric field lines 

and prevents corona (Figs. 13, 14, and 15). A fan located in the base of the 

mounting for the voltage divider circulates a i r  over the res is tors  and keeps 

them a t  a uniform temperature. This voltage divider i s  the limitation on the 

stability of the deflector voltage; for a stability of 0.01% the temperature 

difference between res is tors  must be within about 3OC. 

DEFLECTOR VOLTMETERS 

The deflector voltmeter (Fig. 16) is designed to operate either a s  a 

direct-reading voltmeter or,  a t  the selection of the operator, a s  a suppressed- 

zero voltmeter. In the direct-reading position, the voltmeter reads from 



Fig. 1 1. Regulator amplifier schematic. 
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Fig. 12. Regulator reference schematic. This circuit i s  identizal 

with the references used in our precision magnet regulators and 
is stable to better than one part in 10,000. 
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Fig. 13. The precision voltage divider. Metal-film-type (MF) 
precision resistors are mounted on the inside of the polyvinyl 
chloride (PVC) plastic tube. A fan located in the base of the 
unit circulates air over the resistors to maintain a uniform 

' temperature. 



Fig. 14. Interior vie e PVC plastic tube, showing the mounting 
\ - of the metal-film resistors- 
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Fig. 15. Schematic diagram of the precision voltage divider. 



,, Fig. 16. Schematic diagram of the deflector vgltmeter. The 
.. deflector v.olt&eter operates  either with a z e r o - t o - 1 0 0 . k ~  

sc,ale or with suppressed-zero scales. ' '  In the la t ter  case  
the me te r  deflection i s  10 kV and decade voltages a r e  
suppressed. The suppressed-zero sca les  a r e  provided up to  
120 kV, which is the l imit  of the deflector power supply. 



ze ro  to  100 kV; in the suppressed-zero position, the me te r  has  a 10-.kV span 

and covers  120 kV in 12 scales .  This permi ts  the deflector voltage to  be 

read  to  approximately 100 V. The absolute accuracy of the instrument is about . 
2'30; the reproducibili ty i s  about 0.0170. 

Apparently, integration of the spa rk  cu r ren t  s t a r t s ' on  the dark c .~ lrrent  

preceding the actual  spark ,  because at the m o r e  sensit ive positions of the 

crowbar cu r ren t  setting, the power supply can be turned off before a spark  

becomes visible. By decreasing the crowbar sensit ivity slightly, one can  

finally see  a sma l l  a r c  during sparking; when the sensit ivity i s  decreased 

fu r the r  the a r c  becomes much brighter;  finally, when it i s  decreased  sti l l  

fur ther ,  it becomes a ve ry  heavy a rc .  Thus, one has very  good control over 
, . 

the  amount of spark-produced heating of the electrode surfaces.  A second 

advantage of this  type of power supply i s  that the high c a r r i e r  frequency resu l t s  

in  a v e r y  wide bandwidth in the regulator loop, making possible a v e r y  high 

degree  of regulation. The only limitation s e e m s  to be the stability of the r e -  

s i s t o r s  in the voltage divider. A th i rd  advantage of the 'power supply i s  that 

i t  withstands the shor t -c i rcu i t  cu r ren t s  associated with sparking well. W e  had 
. . 

. the .power supply sparking virtually every  second,' 24 h/day for  many days 

without any indication of difficulty. I think, basically, the reason for  this  i s  

that  i t  s to res  only 2-1/2 joules and, a t  most ,  this  i s  d i ~ t r i b u t e d ' a r n o n ~  1200 
, '  

d.iodes. Even if a l l  of the energy were  to  end'up in them, (which of course  it 

does ,not )  there  i s  s o  l i t t le energy pe r  diode that no damage resul ts .  There  is 

s o  little energy in a s p a r k  f r o m  this  rect i f ier  t ha t  it will not puncture even a 

piece, of 5-mil  aluminum foil. 
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A .  Calculation of the Output Voltage --- - 

The design specifications for  t h e  rect i f ier  a re :  

1; . Output . .voPtage - - 120 kV 

. . 
. . 2.; Output cur rent  - -  5 rnA 

I ,  : , .  , - . . ' $ 0  

. . 3. Operating frequency - -  100 kc 

4.. Output .ripple - - 0, 2'<?cj. . . 

The olitput vo1ta.g~ of a C ~ c k c r o f t ~ W a l t o n  rec t i f ie r  i s  reduced by  the . .  . . . 

voltage 'drop in the between.-deck capaci tors  caused by the. diode shunting 
. . 

capacitance and the load cur rent .  The output voltage of a pract ical  Cockcroft- 

I 
Walton rectj.fider i s  

vdc = v O ( c s / c ~  n ( C s / ~ ) 1 / 2  cos el] - (& t $1 & . (1) 

Here Vo, the pea.k applied ac  voltage, is 10 kV; n, the number of decks,  i s  12; 

CsI  the diode shunting capacitancc. i s  (250 1 25)/100 = 2.75 pF; 

C, the capacitance p e r  deck, i s  900 pF; 5, the half angle of cur rent  flow, is 070; 

i the load cur rent ,  i s  5 mA; and s = 2nf = 2n X lo5.  subs t i tu t ing  these LY . 

values into Eq. (1) gives V = 103 1zV. dc 

B. Calculation of the Ripple and Design of an  RC Fi l te r  

Voelker gives the ripple voltagc of a Gockc roft -Walton rect i f ier  as 
1 

Subst i tut ing in  Ey. ( 2 )  the values given above for  Eq. (1) gives 6E = 3.02 kV. 

The' percent ripple a t  the output of the Cockcroft-Walton rect i f ier  i s  

We can attenuate this  ripple by using an RC f i l ter  consisting of a s e r i e s  

res i s tance  connecting the Cockcroft-Walton to  the deflector,  and a capacitance 
0 .  

which is the deflector  capacitance. Such a f i l ter  is a one-pole network in 



. . .  
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which, for an a.ltenua.tion of 15 at 100 kc,the pole must be at 6.7 kc. For a 
,. . 

deflector capacitance of 250  pFp R i s  approximately 100'. k0. At 5 mAj::fhia 
. . .  

provides another 500 V drop, s o  that the output voltage at'the deflector i s  
. .. 

l02.S kV;thus for a deflectbr voltage of 120 kV, the a: input voltage to 
r. , . .  

the Cockcroft-Walton must be 
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T h i s  r e p o r t  was p r e p a r e d  a s  an  a c c o u n t  o f  Government 
s p o n s o r e d  work.  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  any  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commission: 

A.  Makes any  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  any  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damage's r e s u l t i n g  from t h e  u s e  o f  any i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  

; t h i s  r e p o r t .  

A s  u s e d  i n  t h e  above ,  "pe r son  a c t i n g  on b e h a l f  o f  t h e  
Commission" i n c l u d e s  any employee o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  employee o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
siich employee o r  c o n t r a c t o r  o f  the Conimissiorl, o r  employee 
o f  such  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commission,  o r  h i s  employment w i t h  s u c h  c o n t r a c t o r .  




