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IR
ALSTRACT
HTGH VOLTAGE PULSER FOR 184-INCH CYCLOTRON ELECTRIC DEFLECTOR
Qo Ao Korns, W, R. Baker, Ro F. Edwards, and G. M, Farly

Radiation Laboratory, Dept. of Phvsics
University of Californie, Berkelsy, California

 April 24, 1948

This paper describes a high voltape pulsabgenar&ﬁor developed to
defluet the beam of the 1i4~-inch cvelotron at Berkeley, CGaliforniasa. The apnaratus
develops a deflecting potenﬁial of 200 kilovolts thew rises fr;m 10 percent to
90 percent of peak value in 0.1 microseconds. The unit emnloys two s imilar 100
kilovolt water cooled pulse tronsformers connected symnetricallv wbous rrouad Go
the electric deflector bars. Wnter-cooled General Klectric nulse cevuclitors are
digcharred throuph the two turn v rary windings bf the pulse transform@fs tiy
triegering\a battory of 16 perallelsd Kubthe 5C22 hydropen thyratrons.

Outbut volbapes ure developed across the 17 turn secondary winding of

the pulse transformer. The transformer is mounted in an oil filled lucite cess

“that provides both inguletion and compect desisne

To bo published st o later dete.

Conbrect No, W=7405-eng~48
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High Voltage Pulser for 184-Inch Cyclotron Blectric Deflector
€. Ao Korns, W. R. Baker, R. F. Bdwards, and G. 4. Farly

Radiatiom,LaboratoryslDepto of Physiocs
University of Californis, Berkeley, California

April 24, 1948

General .

As is well known, eharged'parﬁicles can be made to rotate invsynchronism
with a radio‘freauenay field that satisfies the cyclotron resonance conditionsol
In the frequendy modulated éyclotron low energy particles are caught into synchronous
orbits in the center of the oyclotron and caused to gain energy as the frequency
ig lowersd at a moderate ratezo In the 184-inch cyclotron, the starting frequency
for deuterons is,approximateiy 12.5 MC and the frequency corresponding to 200 Hev
is aprroximately 9.8 MC., Thus each dOandrd frequency swing will cause a bdrst
of ions to spiral out to a larpe rédiuso In the case of the 134-inch cyclotron,
this.radius is 81 3/4 inchés s cen be seen in Pigo 1o |

Deflection or removal of the ions from their circular orbits at the radius

and trequency corregponding %o & meximwn energy of 200 iMev is accomplished with

.alpulsed electrostatic unit in conjunction with a magnetic channsl or wtroughwgo

Referring again to Fip, 1, the hiph voltage pulse om the olectrostatic deflector
applies a radiel field that deflects any ions betwoon the deflector bars towards
the center of the oyclotron, shifting their center of rotation enourh %o sllow them

to pass through the lowered magnetic field in the channel or "trough® provided

1
Theory of the Synchro-Cyclotron. D. Bohm and Fo F. Foldy. Phy. Revo 72, 649 (1947)

2
Ibid.

BEleetromagnetie Deflector for the Beam of Tthe 184~inch Cyeclotron. Powsll, Henrich,
Kerns, Sewell, snd Thornton. BP-158 (To be published). ‘



by the electromegnetic deflector, and consequently, to assume a large enotgh redius

of curvature to pass oub of the cyclotron magnetic field. Ir this menner a significent
portion of the circulating beam of deuterons can be brought out of the oyclotron

for study. ] |

Pulse Timing, Shepe®end Megnitude

Au ideal deflector pulée w?ulﬁ be tiqed Wi§h ?esgegt to two gonditionsa )
(1) The instenteneous frequency (approximately 10 MC) corresponding -
to the radial position of the ions at meximum energy.
(2) The phasa of.the dee rf voltage or anguler position of the group
of ions with respect to the deflector bars.

Since the increase in redius of the burst of ions per rf cycle is spproxi-
mately 0.1 inches and the deflector bars are spaced one inch epart, the pulse must
ocour within £ § rf cycles of the exact frequency on the descending helf of the fm
cycle when the ions are et the mesn radius of the derlector bars. Since the froguency
nodulation rate is only 100 cycles per second, this condition is rather easily satiém
fied,

The socond condition recuires the pulse to stert at a time fixed by the
phase of the 10 MC rf dee #oltag@o Tt is not necessery to fulfill this condition
exceopt as & refinement since the probubility of e steep voltége rise oscuring when
%ﬁe jons ere not betwoen the deflector bars is relatively groat becauss of the geo-
metrical propnrtions of the deflector and of the particle orbite.

From the foregoing it is epparent that the pulse rise time from 10 percent

“%o 90 percent of full voltape must be of the order of 0.1 ws. The pulse descay time

is to be short compared with the fm rate of 100 cycles per second.

The electric field between the deflsctor bars necessary to shift the particle
sentor of rotation enough %o ellow it to pass'through'the meagnetic chennel is ebout
76,000 volts per centimeter or approximately 200,000 volts for deflector bars spaced

one inch apart.
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Ak the present time ell the sbove requiremsnts heve been met except for

phesing the pulse with the 10 MC rf dee veltags. This wnit is expected o be iﬁSﬁallm:

ad ix > paer future, but adequete operabtion hes been ohteined sinse Ozbvber, 1947,

with a pulse timed only with the insbtanbeneous frequency. The rewasinder of this

rapert will deseribe the hiph voltepe pulse generator. A dosor iptinog of the biming

ig oxpzoted to app@ar in e lader avticle.

y on the Daflector B@?so

hetforring sgain to Fig. 1, 1% will be seen thatb the electiroubable d@fl@@tor

e ¢ -
of Four bars, two of midc hfbr% the posivive electrods and bwe Thernspativeo.

Pasv experienss with high d.o. volﬁag@s in o wasuun in the prosence of sbrong mege.
netie fislds indicated breekdown from the positive electrode bo ground was lLikely
o covur. However, when tried, pulse voltages of eibher polerity caused no breaks

down of the btype expserienced with doso. Conseguently e rlugeminus cenver tap ground-

po:8

ad systom wes edopted. This greatly simplifisd the insulation problem sand, with

oxisting Jeflector capacities, (ses Fig. 1)} reduced the emergy requirsd to obbain

a given woltage gradient by approximately 23 psrcent.

. Das ﬁrlnbwon of ﬁpe Pulssr.

Afver aev@ral mmntgﬂ of proliminary @xp@rim@ntation49 major effort was
direotsd toward the d@v@lopm@nt of nulse treansformers, pulse capacitors and gesoous
digohargs tubss. Bxperiments with mulged cegblog snd spark gap bype @uls@ penorators
wers disconbiaued.

A schemabic diagram of the pulser now in use appears in Fig. Z. The

da

b?ﬁ rogonant

siroult aotion isg su@h that the saepasitor haﬂb is fix % h@ﬁg@& thro!

sharging choke end diods end then is discharged inbo the primacy of the pulge trans-

Fowmar by fiving the 16 Kuth@ 5022 hydrogen thyretrons.

T v O 0 o S K

B Sawlyo
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Pulse Trensformer,

To each transformer the deflector appears as o 600 puf @apaéiﬁy thet must
be charged up to 100,000 volts in O.1 fs throuph the trensformer leoakape in&uetan@éo
Thus, it is desirable that the deflector capreity and the transformer I@ak&g@ roastance
(feférred to the secondeyry) resoncte abt approximately 2.5 0. The leakgég@ $ ndustancs
of each transformer, referred to the secondery, at 2.6 ¥C is thon 7 ywho It must he .
remembered that this figure ineludes the entire primary cirsuit inducbense, referred
to the secondary, whon the components are assembled, and not the transformer alone.

The primary volfage of the transformer is determined by the switching device
used; in this case the Fubhe 5C22 hydrogen thyrétronso When werking into a lcad whose

impedan@e‘i35QQHivaIant to that of & 1 o 5 ohm transmission line bthesy thyrabrong

will not opepwte at plate voltages above 11,000 veltss The pe aocondary voltage
08, ¢ f s I 3 L

is about 50 percent rreater “than *the primery voltzeo times the bturng re
rasonant rise is obbtained from energy exchangs botween the transformer loalarn vew
sctense and the load cepacitv).

Reguirements for the transfommor winding then srss  Primary voltaps 11,000

volts, seéondary voltage 100,GC0 wollts, turns ratin aspproximatalsy 7 1/2 e 4, ‘
secondary peale current 500 smpores (assumine linear chareing off 600 @il 3n 0ol e ),
primary pesak current spproximotely 5000 anporaes, o, roaforred So Ghe
secondary, much less than 7 gho

Since the leakape inductanve veriss as bha
the number of Purns in the winding iz mede as small ag nrecticnlils, The lirnitiuog

: . A

fagtor in this dirsction iz bow offectivelyv a low i danse primnarcy oo bo ensrglisd.

o4 npnre  Thars are

After many experimonts, the winding shown in Pig. 3 was doois
two primary turns snd 17 zsecondary burnss With the resulbing hiph voltage ver turn
(epproximetely 6 kilevolts) flab ribbon type condustors and issulabion are found

necessary to vrovide enough insulabion betweon bturns end vet keop the total space

oscupied by tho coil (and thereby its leakars inductence) bto s minimum.
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It will be noted from Figo 3 thet both the secondary conductor and the —
polygt&ranm insulation are tapersd at the high voltage end of the Windingo The -
fibbon conductor is tepered to provide a longer insulééion path from the high
voltage to the low voltege end of the winding while the.po;ystyrgna.insulation is
tapersad ﬁo counterast a tendency of the coil %o breék down from the high voltege

end of the winding to the grounded core ecross the boundary between the polystyrense

" end the insulating oil.

Two coils are connected in parallel in eéeh transformer, thus making

the t6t31 transformef leakege inductance one half that of a single coil, in this
case 4 ph referred to the secondary. DBecause of the large oepacity of the deflector
load, the capecity of the transformer winding itself is relatively unimportent,

tPriﬁary connections to the coils are made thrdugh a‘reetangular.eoax type
of lead that forms sn effective 2 ohm transmission lineg providing en gpproximate
im@edgnce mateh into the trensformer coils and an effective means of transfering
energy from the driﬁiﬁg cirouits This primary lead structure uan be obgerved at
the.low veltege end of the transformer shown in Figo 4. The outer hollow r;@tangular
pert -of the structure forms one primery transformer lead, while & broad strap,
insulated from the outer léﬁd by polystyrene sheet end mounted on en imsulating
lucite Sﬁshingg scts as the other primary lesad, The transformer outpub polarity ‘
is revoréod by cﬁdnging conneotions to these‘primary leads.

.To miniﬁize eddy current losses and realize the best evaileble psrmea-
bility for Q.1 us pulses, Westinghouse 2 mil oriented hypersil type C @oées-are
used. Better permesbility would be expected from thin permalioy tape cores bub
at the time of construction such corés were unobtainable. The core oross-sestional
area is made ss smell as possibls, in~this cege 1 1/2 by 1 1/2 inches, %o keep the

AVeraLe tj;n length st e winimum, since the larger the coil dismeter, the greater

‘the leskege inductance will be. Interlsminar insulation provided on these cores

ubiﬁ aﬁaquate for ordinary pulse transformers operating et from 100 to 200 volts per



.
. )
\‘/
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turn. H@Wevers in this transformer the voltage per turn is 6000 volts. Losses

due to interleminer eddy ocurrents are an epprecisble pert of ths total losses

where the.interlaminar'insulation is inadequate. These losses are reduced by a

factor of two by dividing the core into two 3/4 by 1 1/2 inch sepments, thus making

the %oltage around each of the two segments_one half of the total_voltage per burn.

Even with this reducéd voltage arcing between laminations oécurs9 resulting in

breekdown of the oil and fqrmation of a fine blaék carbon powdsr over & period

of timeo | |
Approximetely ninety pgréént-of ‘the total powervinput to the syshen is

eventually dissipatédfin the transformer eofes es heat., At rated operabing lsvels

this loss is anproximately 500 watts total or 250 watts in sach transfprméro

The ceures guickly reach a temperatufé of 200 to 300 deprees Centigrade undsr thess

conditions, and would ceuse rapid deterioration of the volystyrene insulation in

the ccils unless preventative measures are taken. These measures taske tha form

of_thin copper water cooled jackets which surround the portion of.ﬁhe cocs on whish

the coils rest. Precautions are taken so that the jackets will not fors & shorbed
urn and sre sdenuately insulated from the cores to prevent shorting of the oore
leminetions. In addition to the jackets, a large water cooled hood is mowated
ebove the cores, forming a cooling system so aeffective thet Lﬂloparating levels

the oese is barely warm to the bouch,

By making the entire case of lusite, one end of the case itself forms

the high voltage hushing end the -other end is used for primary comnections and water

~

leadso The case and the primary lead bushing is vasuum filled with oil that hes

heen de-aserated v spraying it into an 2vacuated chamber, thereby eliminating eny
air bubbles in ths transformer windings that would permit corvna to exist during
fast pulses. A transformer thus prepared survived a 300 kilovol®t oubpubt test,

a sefety factor of three.
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Switehing Device,

In this circuit, the switch must pass a peak current of 5000 emperes per
trensformer ab a voltage of at leaSt'119000 volts with a jitber timevof less then

0,01 ps in case azimuth timing of the pulse is desired. The hydrogen thyratron wes

selected as the only tube commercially available that would meet thess specifications.

One Kuthe 5022%ﬁ§droéén.ﬁhyraﬁron‘wiil switeh 5000 amperes for 0.1 @s bub in doing
80 thé peak current rating of the tube is excesded by almost twenty times, rasulting
in hydrogen_cleanﬁp and short tube life. Byzinéreasing the number of tubes to 8
in perallel on each transformer or 16 in all end introducing & very small inductance
in each plate lead to make the tubes 'share the load, it is poséible to switch the
eﬁtire'lopooo emperes, To further insure that thé tubes will shara-the load, they
are individually matched and each two tubes discharge one cepaeitor, as shown in
figo 2. These tubes cannot be operated at plate voltages sbove 11,000 volts, even

though rated at 16,000 volts, because, in operation, the plate voltage reverssd in

'v'OAS us'eausing ercing between plate and grid and tube fajlure at plﬁté voltages abovs

11,000 volts. Kuthe Leboratories have developed hydrogen thyratrﬁnsvwith @ much higher

. 'switeching Qapaeityo Their H-6000 type'wili replace éight 5022°%s in this alréuit but,

4 unfortunatély, the tube is subject to the seme plate to grid arcing troubles as the

L

 5(22%s and the seme plate voltage limitebion existse

Special flrlng clroults have baen dewejoped to fire the 16 ﬂixli led BCZE

hydrogen . thyratrons with a Jltter t1me of labs than 0.01 uso Referring to Fig. &,

it will be seen that each tubé is connected o the trigrer source through an artifiscisl

transmission line. These lines provide a 1000 volt trigger of 20 ohmg lmpedance
for‘approximatély 0,20 microseconds. Applying this trigper to the erids results
in positive ionization éf all the tubos iu G.1 & 0,01 pso Thus fer no Aillicalty
has heen experienced in firing groups of up to 16 tubes *imultaneouwivp provided

that a low 1mpedanee trigger sourcs is available %to chargs all the trans-
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migsion lines in parallel.

Pulse Storape Capacitor,

Avsatisfactory pulse storége cepacitor must meet sevefdl.requirementso
First, the energy storage must be larpge enough tﬁ charge ﬁhe déflactor-ea;acity
end provide for other losses in the system, in this easeg 005 uf per transformer
or Ool uf in all, Seoond the voltage and peak current ratlnrs must be at least
11,000 volts end 5000 amperes’ ner transformer resnectlvelvo rhwrd the cepacitor
must w1thstand alcomnlete reversal of charpge in 0,3 us 100 lees a second wwthout
failure. Fourth, the 1nterna1 inductence should be a small part of the total
alloweble leakage inductance referrsd to the transformer primaéyi(total allowable
inductancé referred to priﬁaryAis 7%(17/2)2 or spproximately Eol uh)o

All tvpes of capacitors obteineble were tested, none vrovine satisfactory

in all respects. The lowest failure_rate was obtained with & 0.0 @i, 16,000 wolt
Generel Hlsctric nulse discharpre eapaoitor5o Bipht of these nniﬁs hre connachbed

in parallel, or four ver translormer. They are completely immersed in cooling
water to remove the heat'generaﬁéd in the dielectric withthé fafid chapge reversals.
The feilure rate on the@e'uﬁiﬁs 0peraﬁed at 119000-voits nlabe véltaxe hes been

ohe for every 10 %o 20 ﬁours of serviceo. Another pndesirable féétur@ is the high
internal inductence of the csapacltor9 in t}ls cass, approx 1mutelj 0o13 e The
effect of this inductance on the circuit performence is discussed later. General
Electric is deveioping a special eapaeitors to remove these two undesireble condi-
tions.

A &apagitor that gggvad suscemsinl: wass buklg. up using 50 RG 8 U cables

el form&ng a on&kdﬁm trananission line 0,1 ua long. This unit

’_; ol
\~§¥ cmnnam%ﬁﬂﬁén pe

5 . i K . . . .
General Electric 0il cepacitor, Cat. 26F380, 0.03 uf, 16, OOO voltgoe

6

General Electric has installed water coollng in a capacltar (.05 uf, 16,000 volts»
Cato. 19F104) that solves the hoat removal problem. They are now workine on tho
yroblem of reducing the inductancvs below 0.13 uh, '
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was satisfactory electrically and needed no cooling, but was eventually replaced

because of the bulkiness of the 6000 feet of RG 8 U eablgo

DC Resonsnce Cherging System.

| The pulse discharge_eapacitors are charpged with a DC resonence charging
system using four 304TL tubes connected as diodes. An interssting variation from
the usual DC resonence charging system is the fact that a plate volbege of 11,000
volts on-the thyratrons cen be maintained with a power supply voltage of 2,750
volts, & step up retio of four to one es compared with e maximum of tw; to ons
in the usuel cese. The reason for the higher step up ratio is found to be in the

voltage reversal of the pulse discharge capacitors each time the system is pulsed,.

An snalysis of the system reveals that the step up ratio is dependent upox losses

in the entire system, and oxperiments have shown this to be brus. Step up ratios
as high as ten to one have been observed.
Assembly end Installation,

A photogranh.of the entire system is shown in Fig. 8. All the cowpouonts
ere assembled as compactly as poSsiblé becéuse of the importence of keepiug the
primary:ciPQUit inductance et & minimum. The completed essembly is locwusd wita
respect to the leskage field of the cyclotron so that the thyratfons are in & mini-
mun field repion and the trahsformer cores, while in‘a stronger fiéld repion, are
oriented so as to he insensitive‘to the stray field. ' The essembly is epnolosed

in a copper lined housing %o prevent broadcasting of the high voltags pulses into

- sensitive counting equipment nearby.

Parformance Date.

No accurate measurements or analyses have been cerried out on the sysbem
since the main object was to complets a working unit in e minimum of tims. Some
measurements were made, howsver, the most ussful of which was the determination

of the oubput voltege with respsct o vime. This curve is plotﬁad in Fig, 6.
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It will be observed that the effectiva rise time is about 0,186 ﬂBs 50 percent more'

- ‘then that dpslredo The major part of the inorease is fblt to be due to the 1nternal

inductance of the capacitors_usedo Satisfactory-performgnoo_hgn re-ultgd,even
though the Eise time is appfooiably ldnger than thet dssired. . In genefdl~it is
folt thet increasing the peak voltage qoﬁgensites'for the 1ongéf rise time of the -

pulse.

Tho equipment whlle meet1ng the present needs on the cyclotron9 is not

.:the best obtalnable, and a superior system is being dovelopod to replace lto: It is

 hoped that the new system will also maka defleotion of the - proton betm posszble when

"ffthe 184-inch cyolotron 1s converted for proton operat1on.y‘ L

- 51‘-(’: LI

Thls W%rk'waa done undor the ausplcet of the Atomic Energy Gommiﬁsion

: .*unm Contto.o'b Nos mnosaumgds,

. ?HW/5~20-48

Infonmation Di@iiioﬁ
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Fig. 4. Assembled 100 Kilovolt 0.1 crosecond Pulse Transformer
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Fige. 5. 200,000 Volt Electrostatic Deflector Pulser
Installed in Copper Housing on 124" Cyclotron.















