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DAFLECTOR POWER ..:UDPLY -
FOR SECTOR FOCUSED C"CLOTRONS

e L -~ Bob H. Smith

: , o 7 SUMM.ARY ‘ T S e l\i
A Becauoe of the hzaher particle energy, sector-focused cyclotrons require hxghery_... \
'ff"pradxentq in their electr ostatxc deflectors than ordinary cyclotrons. - A higher operating .
i~ gradient can be achieved by exciting the deflector from a low=energy-storage power
B aupply which permits control of the electrode surface heating during each spark. A . oo
. pair of high-frequency Cockcroft-Walton rectifiers with this capabxhty has been built for -
- the Lawrence Radiation Laboratory's 88~Inch Cyclotron. Each rectifier consists of a -
 sixz-stage clrcuit designed to deliver 120 kV at 5 mA. It is driven by a 100-kc oscllla-
 tox. 'The rectifier is built from inexpensive silicon diodes, each with a rating of 600
- piV, 0.75 A, and a storage time of 2 psec. The diodes are assembled on etched cxrcmt .
" boards. Between decks of the rectifier, 900-p¥F, 30-kV ceramic capacitors similar to o-
" . those in television sets are used. The dc output voltage is controlled by plate modulation "
—..of the oscillator and regulated to 0.01% by an’electronic regulator. The rectifier is pro- |
. ‘tected against spark- induced surge currents by an electronic crowbar Operatmg on the IR
' screen grid of the oscillator. R . _ ‘ LS

o . t
: oo

- ‘INTRODUCTION

R 1he state of the cyclotron art demands well- regulated, rxpple free voltage ;.or R

t"xe new hwh -gradient electrostauc deflectors. Higher electrical gradients can be Y

' achieved if the deflector power supply provides a simple means of adjusting the energy = v
supplied to the sparks during the deflector bake-in period.: The power supply descnbed
here meets these reqguirements remarkably well.. Two such supplies have been built
and installed in the Berkeley 88-Inch Cyclotron. Each supply consists of a six-stage
Cockcroft-#Walton rectifier built from silicon diodes mounted on printed-circuit boards. _
a'100-kc oscxllator to ekcite the rectifier, a hard-tube modulator to control the oscil=
lator output voltage, an electronic regulator, a reference, and a precision voltage
dxvxder (see Fig. 1).

The rectifier installed in the cyclotron is shown in Fig 2, It consists of 12
circuit boards mounted in an 8-in.-o0.d. lucite tube; the overall length of the assembly
is 27 in. The rectifier extends from slightly above the deflector bushing to the ceiling
of the deflector cage. The 100-kc oscillator is mounted directly ‘dbove the rectifier on
the roof of the deflector cage. It connects to the rectifier through a fiberglas mou;ator
. the. rest of the electromc ‘equipment is mstalled in the electronic racks.

- RECTIFIER

Tach circuit board consists of 100 Unitrode, Type UT71, silicon diodes con-
nected in series. Xach diode is shunted by a 250pF, 500-V, ceramic capacxtor to ,
. » ° divide the inverse voltages equally. The:diode pattérn on.the circuit: board is arranged -
‘ - to minimize the voltagse gradient across the board {see Fig. 3). The boards are con-
nected electrically at two points; by a metal post at one point and by the between-decks
capacitor at another. In the vicinity of the metal post, where the potential difference
is small, the capacitors and diodes face one another, while in the vicinity of the

- This work was done under the auspices of the U. S. Atomic:Energy Commission.
b . . - . . ~ . [ \ !
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between-deck capacitors, where the potential difference is as much as 20 kV, the capac~
i“ors and diodes are on opposite sides of the boards (Fig. 4). The spacing between - .
boards is about 2 in. and provides a nominal maximum design gradient of 10 kV per in.

The between decks capacxtors are 900-pF, 30-kV, ceramic, tv type capacitors.
The manufacturer of the diodes rates each diode at 600 piV and 750 mA for 60-cycle
- operation, The schematic of the rectifier is shown in Fig. 5

Since no data were available about the diodes at 100 ke, we set up a test for this
- purpose. Using a single diode rectifying negatively into a 10, 000-ohm unbypassed load
© resistor, we obtained oscillograms like the one shown in Fig. 6 for the Unitrode diode
(which was the best of the diodes tested). The overshoot is caused by the stored charge
in the diode junction. Apparently the storage time is about two psec 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 is designed, the charge °
stored in the Junctxon seems to have no appreciable effect.

" At the suggestion of E. Diebold of the International Rectifier Corp., we bom-
barded some of the diodes with electrons in our 5-MeVelectron linear accelerator. v
This improyed rectification, as shown in Fig. 7. The beam-current density was
. 400 p.A/cm . The optimum bombardment time with this beam was 17 min.

o 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 afactor
of 10. It had no appreciable effect upon the avalanche breakdown voltage, which was
about 900 V for these diodes. The back resistance was reduced to about 200 M2 for each
~diode. This is 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'appéars that rectifiers can be built to operate at much higher frequencies than
the 100 kc, if desired. We decided that in our application we' did not have to irradiate
the diodes, so we used them as they came from the manufacturer. Irradiation is men-
tioned here for those who might want to operate at frequencxes above 100 kc.
OSCILLATOR . { 't,

|

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 dis-
~ crimination 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 which multiplies it to 120 kV dc.” The fre- .
quency of the oscillator is 100 kc. . '

The 3D22 thyratron serves as 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 stream of electrons through a hole
- in the shield grid into the gaseous region between the shield grid and anode, thus initiat-
ing the discharge. A pulse transformer is connected in series with the cathode so that,
when the grid is triggered, the cathode current produces a pulse that trips the transistor
- univibrator, which recycles the screen power supply. The recycling time is 1 sec.

The crowbar derives its 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

<
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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 time that a spark discharge persists is a

function of the setting of the crowbar bias control.

Since the deflector oscillators are located close to the magnet yoke of the cyclo-

" tron in a field of about 150 G, magnetic shields had to be put over the 4CW2000 oscil-

lator tube and the 3D22. The shields consisted of tlght fitting, 1/8 -in. -thxck mxld-steel '

cylmdl ical caps.

- MODULATOR

~ The oscillator output voltage is controlled by ad_]ustmg the oscillator plate volt-
ave by means of an Eimac 4CX1000A hard-tube modulator (see Fig. 10) It is driven by~

a 4 125A tube operating as a voltage.amplifier; its primary purpose is simply to couple -

the signal from ground potential to the grid potentxal of the hard-tube modulator

REGULATOR

A two-~loop regulator is used to provxde deflector voltage stabilization (Fig. 11).
The de loop employs a chopper amplifier to.eliminate drift. The input signal of the ac
loop is isolated from the noise associated with the input chopper. The unity gain fre-
quency of the regulator loop is 2500 cycles, the transfer functxon is compensated to be
a one- pole network. The dc-loop gain is 1,000.!

REGULATOR REFEREN CE

H
. S

The regulator reference voltage is obtained from an 8.3 v, type IN430A zener

. diode. This circuit is identical with the references used in our precision magnet

' regulators and is stable to better than a part in 10, 000(Fig. 12). : o s

L PRECISION VOLTAGE DIVIDER

The voltage divider consists of 120 metal-film (MF), precxsxon resistors with
a temperature coefficient of less than 36 ppm/°C. These resistors are mounted on the
inside of a piece of 7-in.~o.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
air over the resistors and keeps them at a uniform temperature. ,This voltage divider

* is the limitation on the stability of the deflector voltage; for a stabxhty of 0.01% the

temperature chfference between resxstors must be within about 3°C.

DEFLECTOR VOLTMATERS

The deflector voltmeter (Fig. 16) is desxgned to operate exther as a dlrect-

ES

reading voltmeter or, at the selection of the operator, as a suppressed-zero voltmeter. N

in the direct-reading position, the voltmeter reads from zero to 100 kV; in the sup-
pressed-zero posxtmn, the meter has a 10-KkV span and covers 120 kV in 12 scales.
This permits the deflector voltaz,e to be read to approxxmately 100 V. The absolute
accuracy of the mstrument is about 2%; the 1eproducxb111ty is about 0. Ol%

CO'\IC LUSION

Apparently, mteglauon of the spark current starts on the dark current preced»

~ing the actual spark, because at the more sensitive positions of the crowbar current

ing the crowbar sensitivity slightly, one can {i}lally see a small arc during sparking; -

s

“setting, the power supply can be turned off before a spark becomes visible. By decreas‘-'l,“
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when the’ sensnlvuy is decreased further the arc becomes much brighter; finally, when
it is decreased still further, it becomes a very heavy arc. 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 is that the high carrier frequency results in a
very wide bandwidth in the regulator loop, making possible a very high degree of regu-
lation. - The only limitation seems to be the stability of the resistors in the voltage
divider. A third advantage of the power supply is that it withstands the short~circuit_
currents associated with sparkmg well. We 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 is that it stores only 2-1/2 joules and, at most, this is r
distributed among 1200 diodes. Even if all of the energy were to end up in them, (which.
.. of course it does not) there is so little energy per diode that no damage results. There
is so little energy in a spark from this rectifier that it will not puncture even a pxece of
- 5-mil aluminum foil. -
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APPENDIX - DESIGN OF THE COCKCROFT WALTON RECTIFIER

L Calculatlon of the Output Voltage T o T = “.'-: -
‘ ‘The _cze_sxgn spec;fxcatzons for the rectifier are:

. output voltage ~- 120 kV C E I S SRR
output current -- 5 mA, - S S
operating frequency -~ 100 ke’ o

output ripple == 0.2%. - N

L

o . The outout voltage of a Cockcroft Walton rectifier is reduced by the voltage drop
in the between- decx capacitors caused by the diode shunting capacitance and the load

L .current The outout voltaé,e of a practxcal Cockcroft Walton rectifier 1. R 7 o
V V(C c tanh { n(C_/C 086, | - [— 1)y - o
, / ) [ ( / )! 9 1} T 16 sC | ()

‘.b-"‘Le re V . the peak apphed ac voltage. is 10 kV. n, the number of decks, is 12; C the :

L‘_:,dloce shunting capacitance, is (250+25)/100 = 2.75 pF; C, the capacitance per deck, xs

-'"'"_-900 pF; 6], the half angle of current flow, is 0%; iy , the load current, is 5 mA and g

;‘Calculacxon of the R pple and Desxgn of an RC Filter - = o o -. S o

= 2nf = 21’r><105.' . Substituting these values into Eq. (1) gives Vdc = 103 kV

: Voelker gives the ripple volta’g_e of a Cockcrgft-Waltoﬁ re'ctifier as 1 .

BE = Vi 1"". Fl=—t =7 = S o (2)
S 0[ cosh(n(C /C)l/z)} 8 4jfC -

-~
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uubstltutmg in Eq (2) the values given above for Eq. (1) gives 8E =3.02 kV. The percent ¢
ripple at the output of the Cockcroft-Walton rectifier is (3.02X100)/103 = 2.93%. '

We can attenuate this ripple by using an RC filter consisting of a series resist-
ance connecting the Cockcroft-Walton to the deflector, and a capacitance which is the
deflector capacitance. Such a filter is a one~pole network in which, for an attenuation

of 15 at 100 kc, the pole must be at 6.7 kc. For a deflector capacitance of 250 pF, R is
approx1mate1y 100 k2. At 5:nA, this provides another 500 V drop, so that the output volt-
age at the deflector is 102.5 kV; thus for a deflector voltage of 120 kV. the peak ac mput

‘ voltarre to the Cockcroft-Walton must be

ot 120 4 : - : ’
ATANE X 10" =11.7 kV. : 3
0 102,5 - o o ( ).

FOCTNOTES AND REFERENCES

L I‘erdmand Voelker, Lawrence Radxauon Laboratory Engineering Note EE- 304,

NovemberS 1954, . - . >




- the {requency was approximately 100ke. -
-The overshoot shows the storage time

Fig. 1. Master schematic of deflector
power supply:

Fig. 2. Deflector rectifier installed in .

the 88-Inch Cyclotron. It extends from
the deflector bushing to the ceiling of
the deflector cage. Kt has an outside
diameter of 8 in. and is 27 in. tall

Fig. 3. Both sides of a’printed«circuit
boaxd The diode pattern is ax ranged

to minimize the voltage gradient

across the board. In the vicinity of
the between-deck capacitors of the

Cockcroft-Walton rectifier, the diodes

are placed outboard of the capacitors

to provide maximum clearance between

the hlgh voltage points

Fig. 4. Close-up view of the rectifier
-assembly, showing the details of the

conqtruction; '

‘T‘m. 5. Schematlc dxagram of the

deflef*tor rectifier

Fig. 6. Waye form obtained across a*
10, 000-2 load resistor for a single
Unitrode UT71 diode. The peak value
of the applied voltage was 150 V, and

of.the dicde junction at this voltage-- -
about 2 wsec. When the rectifier load

is shunted by a sufficiently large capac-
~itor, the capac1tor charges to the peak

‘value as though the diode-junction-:

stored charge were not present

" T Fige 7. After irradiating the diode

with a beam of 5-MeV electrons the
- rectification characteristics of the

diode is much improved. The dicde

-was b‘o&nba; ded with a beam-current

density of 400 uA/cmZ for 17 min

' Fig. 8. The 100-k oscillator is a

B Colpitts circuit. The 3D22 thyrat;ron, v

‘sgrves as a c’roWbc«.r and removes

the screen voltage of the oscillator

{

° . upon an cvércurrent in the Cockcroft-
, T’Valx.an rectifier.

-

X
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.-"_.Fm. 9. Construction detaxls of the
- 100-ke osc111ator

Fig. 10, Hard-tube modulator. This
circuit controls the deflector voltage
by modulating the plate voltage of the

o 100~ kc osczllator :

. 'Fzg 11, Regula.tor amplifier
- sche matic

‘ Fig. 12.. Regulator reference sche- .

. matic. This circuit is identical with .

the references used in our precision
magnet regulators and is stable to

. _better than one part in 10,000

Fig. 13. The precision voltage
divider. Metal-film«type (MF') pre=~
. cision resistors are mounted on the
inside of the polyvinyl choride (PVC)
plastic tube. A fan located in the
base of the unit circulates air over

_the resistors to mamtain a uniform -

temperature

Fig. 14. Interior view of the PVC
plastic tube, showing the mounting
of the metal-film resistors

Fig. 15, - Schematic diagram of the
precision voltage divider

‘Fig. 16, Schematic diagram of the
deflector voltmeter. The deflector
voltmeter operates either with azero-
to~100 kV scale or with suppressed=-
zero scales. In the latter case the
meter deflection is 10 kV and decades
voltages are suppressed. The
suppressed-zero scales are provided
up to 120 kV, which is the limit of

the deﬂector power supply. -
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Fig, 7
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Fig. 9



A

:

_4CXI000A 5

ADU N

» {37 3500V 50VA" .
+300V - ' 200k TN SOWIN207! ., 35kV insulation
[ - == crexk 20_1 -
50k . C?:: czz);?“cn71$_t“_f§j“€<
oW 0.01 F'I' ) ' ) 3Il|:\gu1 ut
csa T 2% (P s/6vi2A 3M P
o Six-NE2'S 500 3.5KVinsulation %
O e
Go—9r ) ¥ 0-3/
ImA
IM 200k . -
fﬁ 7 V-E3ver } -
{ leA ~(:" I . L
28cfm <=
2.5H,130mA | .
| e g BT -
A N5|X iyl RINZOTI _ >
||5VGC{ o u%? {énsy _lzo,.r . 20uF 5k
< v * asov L
1 3a ! g IN2071 K
Y 450V :
S A ’ 5k
wi
i 9Bt 340 » cs;fi'Se"
20uF K- . /Htr-coth.
450y szomu+ N %hn
= K 20sFE D), F
IN2071)} I =] asov
MUB-II704_
T Y
Fig. 10

T T T




5879

575l 5965
j_lk +300
+
100k Q01 100ké A0k soum
470k 100k 5805 A50V v
(@) ()
AE=ImV amas. 100k gisuee- R : I'®
deinput pea-ii-sz ':;::l:-u-az s IN307B OI—~B@D &
cinput f t_:\onpev .,_‘ s -_3-:-_1 . Sghepper LTI 51V,1W, Zener 10k s 319 , ::\
Reference | %3 j ¥ Ok ~_30utput
input o - e
\ +44 ol ]2k 470K | 5ok IOkl‘ o 3 ‘f
- - 0.005 -10-0+0V
50uFIOV ) 100L A
}L : 77 . ILL ';-‘
Ttk =
*galn”
o 40uF
v IN3255 450V tk a5
. 200k “T40uF 750mAE00piV 5 h 12
AE’IO&\V ooay o oo gain’ 100k +150V SOV _L 3 GOO?yF.zsv T " ovas, ]3| Power
= 047 100k v ~ ]'E_d\— 75 475 L |sP supply
OCinp\JTc{;*Tﬁ-*L:S helipot _ 1 400;1.Fl cho;r bsod |6
. + j e rr ${FE 'IOOpFT 3108 25V P Neutrol J
. o St ¢ L - . s e
AR . p l0wF ,
Defl/egoug i _ Egge” 4‘5' OV +o dc tovel C]‘{ i 4
- ook "ugess
ener
200k
h ! -
MUB-1702




aem o man L s s

-l e

7500, 2250.W

2000 IW
1% MiF

Ll 5OQ\Q'JOW IQ‘W LTI, 1W,1%MF )
L, = A
s0500s ) '0?506‘5_’%N|359®|N429®|N429 |
f 22V.I0W D) (Ref)6.2V

AT W% MF~,

1A

Triad
NSI'X
6120
e v

20
v

T

5009, 7508, 225Q, |
IOW  IW,MF 2008, TW,MF |

IOW

=)
C

16.3Vac D
'Heoter .

i Robert Shaw-
+ Fulton oven

Hs ”és;v
\4

Triad
FleX fil.

4RJ500S

odD

@ Output

77

7}, Turn-down

2] signal

MUB-1701

6T .



o) et
g et

LA
M

"
T
e
e
0

o
igeils



Fig. 14



22

Deflector input Otol20 kV
\ | _

> 119-IM-2W

~ ac loop signal ‘cr’

t dc loop signal
k T; '
22V

Zener

Blower

All resistors 1%
metal film 36ppm/°C

115V
. ac

- : : ' MU-30062"




s s e e ¢ ir s -

[

5000 N . , S
: Helipot oo o ' R )
From e X : . e
'reference“l;_?y’ L 1} l | T30 s Output
LI IT0-120_1kMF 1400MF 2209
10k . IOO“II&‘kMF IN2985RB
Helipot - 90-100 1k MF | y22viow
5965 80-90 11k MF- !
909k - | L ¥ ING30A
%WME _ Supzero SWIA —k /};sujgosg_*ukw
O e een{ >~—H/ Ik MF
1 HOOKHG—= T:\) ;INZOﬂ—’_‘ w\moow H '
LMF: ] O-l00kv  Lg ’5 } 50-60 3lkMF
= 2700 o—}
¢ : W, 1% 44 198K Lo 40-50 Ik MF
- MF ‘Zeroset" | 30-40 ik MF
. ! ) o—b
52.5k ?L.Nam. 50 k 20-30 §lkMF
MF MF °—
10-20 itk MF
1 O——4¢
<1\ 0-10 $IkMF K
T . 2o,LF+;;2 2
450V T 2F Power
{ 63 | s
20uF LT 3” :
450V _ A
e o o MUB-1703

Fig. 16



i

H

it

| B ) __I__I'__L




