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ABSTRACT 

The University of California Radiation. Laboratory bevatron rf 

· system utilizes thr:; magnet current as the rnaj or source· of frequency 
. . .. ' . 

determ.:i.ning infonnation for the primary frequency generatoro Especially 

designed Ferroxcube III satm·able reactors are the basis of controlling 

the; primary frequency generator's resonate frequency with the magnet 

c;urrento The 450 mmfdo capacity of the accelerating anode_y or.drift 

tubep is automai1ically resonated 1-1ith Ferroxcube III reactors also 9 in 

order that the final rf ampl~fier plate dissipation rating need be only 

the order of 10 kw to obtain the 22o3 k-v rf levelo 
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FREFACE 

Co No Winningstad 

The rf system for the University of California ful..diati on La. bora­

tory 6 Bev bevatron is shown in bl?ck .diagram in Figo lo 

It is the purpose ·of this paper to present the details of this 

·system in a manner which will allow a familiarization with the rf system 

problems and"the solutions to dateo 

The overall purpose of the rf system is to supply an accelerating 

system for the protons injected into the bevatron "race track11 o The mag­

netic field of the bevatron is allowed to increase ac.cording to
0 

a rate 

deterffiined by the characteristics of the bevatron magnet and associated 

current generating equipmento In order to keep the injected beam at the 

proper radius,· the rf system wi.ll be required to change frequency in step 

with the magnetic field slli?h as to acceierate the protons to" the proper 

ener~ for the given bevatron. radius and magnetic fieldo 

The specifications imposed upon the rf system are given in brief 

form in·"Bevatron Specifioations"~ H62D revised l-21-52o 
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The primary frequenc~ generator for the University of California 

bevatron is a radio frequency osciJ.lator which. must generate frequencies 

from approximately 0 .. 25 to 2.,5 He according to the relationship F = 

2o49Y ~1 + 4 .. 089/H2 , ·where F is frequency in megacycles, and H is the 

magnetic field in kilogausso The accuracy with which the oscillator 

must conform to the above equation for only 10 percent·beam loss is 

approximately 0 .. 1 percent in the region of ~njection, or Oo37 Me, and 

approxiina.tely 1 percent at final energy, or 2.,48 Hc., 

The wide frequency range, plus the extreme accuracy required, 

sugges~ that the system should be substantially independent of devices 

subject to drift .. · Since the magnetic field H is_a quite reason~bly 

repeatable function of the ~net· current I, it was proposed that the. 

oscillator be controlled very nearly 100 percent, by magnet current infor­

mation in the. region of high· reqUired accuracy, and be controlled to about 

98 percent by magnet current· infomation .in the region of final energyo 

To accomplish this, an oscillator system has been developed 

t-Ihich utilizes an inductance whl:ch ie- varied by saturating ·the core 

material Hith shunted current from the main magnets., 

The variable inductance is composed of two nearly identical 

11 ferr0xcube 11 toroids, approximately Oo 975 inches Oodo, Oo 725 inches i.d. ~ 

and 3/16 inches thick, wound itidependently in opposite directions and 

connected in series, for the rf ;,rindingo The two toroids are mounted 
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i'uch that. their t;hiekness dimensions are colinea.r and approximately 3/16 

inches aparto Thl.s combination is e.lectrostatically shielded with a brass 

housing~ whid1, also ser"te;;: a.s a r::onfinement for the t.empe.rature controlled 

oil. batho Tbe housJng i.s const.r-~J.Cted such that; the hole through the two 

toroids .is Sl.\""aJ.lable· for thE~ satu:r:·a.ting windings along \.ri t.b their appro-­

priate insulat:l.on" With t~.his e.rrangement, coupling between the saturating 

and rf windings i~J n<::1gligi.ble~ 

Hany i terns i.nflue~Jc·e the stability and l'epe,atab:i Uty of the rf 

which are not n.egli.gible for our pm·poses are hystere::d.s, temperature,. 

histo:-;y ll a.nd rf lev·eL 

Hy;::d~0res:Ls :i.s r.~ontrolled· ·by using· two satura-:ing tdndings. One, 

t.he llmainn winding;. is sne:rg.:l~ed from the magnE:t <~ur-rent shunt: the 

second, the 11 bias'' winding, is· energized 'rJit.h reYerse ·ampere turns from 

·the td.a.s regulator supplyo Since. the ljl8.in 1.Tinding sta·rts with. zero ampere 

turns.9 a.nd the bia~·':l w-inding he.~ e . .fixed rnnnber cf r€nre.:-se ampere turns!' 

as th6 rn.a.in w.:tndi.ng builds UP:: . the toro.ids will. pa.ss throUgh a t.ero 

saturating flux pointr pn.w.i.ded. the 'biB.s windirig ampere turns were• suffi-

cient to overc;ome the previous cycles z residual magnetismo 'l'hus each 

saturating c~ycle is given a. fresh st3.rt. thrcugh zero ·rurx? end closely 

repsat;able hysteresis cy·c:les resuJ..to 

If a change in the end po~nts of ti·!E; h.y:;;te:.t'S> .. is cycle is made, 

t.he fj rst fe:w cyr::les with the r.e1,r t•::!'TI!in.!'t.l pctnts w:'. .. J.'J r:.ot '":e i.dentioaL 

This is know"11 IJ,S th€; )::ti!?."tc:ry :'*t: .feed;.,, F'or .our rn:.::.').'JC~·:>~;; :? a :~.er approxi....: 

m.ll.tely fivE .. new cycles ha:;re been rna.d.e » the hi,o;::to:;:'Y of previ.ous Gycles i .. s 

sufficiently maskedo 
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euch til~.t t.heit thickn€;ss Cliine.nsions a:re··oolinear.': and .. apprpxima :tely 3/16 . 

inches .apart~ This cornbi·iiation: is .eler.:t.rost,atica,lly sl1ielded wi t4. a brass 

housing 9 wh:l .. eh also ser'Yes aa a:.-:r;:onfin~~nt for t;be temperature controlled 

oil. ba.-:ho ThE!. hcu.s] rig is const:r-ucd;ed.· such ,that,, the hole through the two 

toroi.ds i;;; a.;;::a..ilable: for· tihe ·saturatiP..g windings along wi t.h their appro-· 

priat;e i.nstfla t:'~on·.~ Wit:h ·.th:Ls .a:rrangemE';rtt£>. coupling between the saturating 

~ . .' 

VJEwy items i.n:f.1ueeee th? st,ability. and ,repeatability of ~h~ rf 

Tht7! ef.fects 

whi.ch · a.re. not· negli.gible for .our purpose~· are hysteresis,. temperature, 
• 

Hy<-•t.eresis is r::oJJtrolled by .using two saturating. windings.. One.9 

the 11 main11 Wlnding.\1 is en~Tg:Lz;ed f:r'OID the. magnE<t CUrrent shtmt~ .. the 
·' . ' . 

secon~~ the H'b.ia;:;1' \oJiridings is energized ''vJitb re;rerse ampere turns from 

the b.:Las regula tor, supplyo S:i.nce t.he main win.ding starts with zero· ampere 

'ti.:Lrng;;s· and 1~he- bia.s ·winding he.<:< ·S,:.fixed ·nu!flber of reverse ampere turns 9 

a.s the ·rru.i:l..n winding builds. ·up~ the toroids _w;Lll pap:s t-hrough a z.ero 

sa.t.uraUng flux. paint~ p1·ovJ.d'ed th~. bi.ae w~inding ampere turns were suffi-

dent- to- overcome the preyious cyo.J,_es ~ residual magnetism" '1'hus ea.ch 

sa tura tlng · c,ycle · :ts gi Vf'D a: fre,sh Sti-E!rt through ,zero flux~ _a,nd .closely 

repsatt;tble hy~:;teresis cycles result~., 

. If e change. :l.n .the .'end. points of the h;y-::rr.ers.';;is cycle is fuade, 

· F'or O"'"' n··--··~J-, ~o -~ "' -<>.t...,,.. a ppl'O".:; , ,-r ....... , l~""".~l-'.> ..... ~ ~•·• .... _ .. .r .... ~ 

m.a.tely flve neu cycle~ ·h.S.\'·e been nJ.S.C.e ~ the hist.ory of p.r:evi.ou.s 6ycles :l.~; 

sufficiently rr.ask<?.do 
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· The ferroxcube material used has a temperature coefficient of 

initial penneability of approxima:te1y· plus Oo0048 per unit parts per 

degree centigradeo Thus the temperature of the cores must be regulated 

to plU8.or minus Ool degrees centigradeo 

The rf level influences the value of the inductance as a 

function of saturating ampere ,tw:ns main~ in the region of few saturating 

ampere turns, with .reasonable rf levels o For our purposes, as low a level 

as is practical is most favorableo Operation below 2 volts· peak is satis-

factoryo 

The ferroxcube material was chosen for its wide range of permea-

bility; a range of 1000 to 10 for 0 to 400 ~pere turns.is realizableo 

The material is basically s·table enough to assure the necessary repeat­

abilityo ·An i~portant coincidence is that when a properly chosen capacitor· 
.:' ·' 

and inductance are 'used, simply saturating the ferrox~ube reactor will 

result in nearly the required value of frequency as a function'of satura~ing 
. . 

currento Referring to Figo 2, by choosing the proper value of bias ampere 

turns the correct frequency at injection may be obtainedo By proper choice 

of the percent of current shunted from the magnet, the initial slope of 

the frequency - current function may be obtainedo 
.. . . . ··'· ... 

By proper choice of the 
',' . ~ . 

shaper inductance'· the final frequency· inay be detenninedo The required 

function of frequenc.y versus current iS shown on .Drawing Noo. 4Y5055; note . 

that there is a distinct change in slopeo The initial straight section 

is reasonably easilyduplicated·with the bias and "slope"~ or shunt9 

controlso The final region of relatively small slope implies that the 

shaper reactor is a large indliDtance compared to the'ma.in reactor, when 

;· 
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·the main reactor is well saturated. With a large enough shaper reactor, 

it was found that the ferroxcube material gave the. closest approxinla.tion 

to the changing slope region, when the initial and final slopes were 

matched; and in particular, 11 ferroxcube III" was the most suitable of the 

various tJpes of ferroxcube available. 

Unfortunately the ferroxcube III samples furnished us have 

varied considerably. The original, and best material for the os!illator, 

was made in Holland b.Y.the Phillips Company, in the form of 2 in. x 1 in. 

x 1/2 in. bricks. Later samples were. made in this country, and ~hough not 

sui ted for the· oscillator, they are used in the driver and final stages. 

They are ·in toroidal form, 2-1/2 in. o.d., 1-3/4 fn.· iod. and 1 in. thick. 

One of the characteristics of the ferroxcube III which gives ari. index as 

to th:e :suitability of the perrueabili ty characteristics is· the Curie 
--~~. -~,.<~~.: 

The Curie temperature for the old brick material is approx­
J 

imately 170° C, and for the new material,. approxiruately 127° Co A high 

Curie temperature seems to be correlated with a long, straight saturation 
-· 

characteristic, which is desirable for our purposes. 

Unfortunately even the brick material will not fit the changing 
. -

slope portion of the curve satisfactorily. The saturation of the ferrox­

cube is not abrupt enough. In order to help the situation out, a capacitor 

l ·was placed in parallel with .the shaper reactor such that it parallel 

resonanted above 2.5 Me with the shaper reactor, a.s shown in Fig. 3. This 

in effect made the shaper reactor appear to be an increasingly larger 

inductance as the oscillator resonant frequency· increased. Thus the 
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the, main r.Ba.o·tcr i,:::- · w.-~11 se.tu:::·(:!tedo ~~lith a large enough shaper reactor, 

:i.t. va.s found that the ferroxeube rf\B:t<:,rial gave the closest approximation 

t.o the ohanging·slope r&gion$ when the initial and final slopes were 

matohed.~ and .in particular .• 11 fer.roxcmbe III" was the most suitable of the 

various types of ferroxcube ava..i.lable o 

Unfortunately t!1e ferr·oxcube III samples .furnished us have. 

varied· consi.derablyo 'I'he original~ a~1d best material for the os ;illator~ 

was made in Holland by the PhiJ.Ups Company_. ir.· the form <Jf 2 in;, x 1 in~ 

x 1/2 in~ bricks" Later san;;::-.les vere ma.d.e in this country,. and though not 

suited for the oscillator.? they are used in the driver arid final stagesc 

Th o· t "d 1 f 2 '1/'). 0 '1 ,. '2/4 ° 0 d d 1 • th• k ' ey are ~n ·0I'Ol. a OT'llls .. - ;.:.. lD.o o,.C..o ~ _.J.:.-"../. lllo J..~, ,; an ·· lllo l.C o 

-One of the r;haracteristicf; of ·t.ihe fertoxcube· III which gives an index as 

to the suitability of.the penneabil.ity characteriStics is the Curie 

temperatureo The Curie temperature for the old. brick rnaterJ.al is approx.~ 

imately i70c.· C, and for th~3 new lli.a.t..erial~ approxin:.a.tc-Jly, 127° Co A high 

Curie t-emperature. seems to be correlated with a J.cr.:g~ strai.ght saturation 

characteris~,;ic .9 \.:hi.ch is desira.ble for our p·t.ll·posE:fio 

fit. . the changing " . . . 
slope portion of .the eur..re satisfactorilyo The sL~turation of the ferrox-

cube is not a.brupt enouP._:h, .In order to help the si tua.ti.on outs a ca.pa.ci tor 

was placed in parallel with the shape.:· :n:;a(:;tor su~h that it pa.rall'el 

resommted· above 2o 5 Me '"i t.h t-he shEq:l€r reactorll a~ sbovm i'n Fig" Jn This 

in effect 1138,de the shaper react-or <-l;P}h'lT to h~· ·-~::; .-··'·'::rS>asingly la:rge:r 
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required sharpness of -slope change: was more. closely approached a ·In .-order 

to obtain the necessary accuracy, ·and also to. allow,. for· possible required 

changes due to difference.s ·between ·the final bevatron and. the·.models of the 

bevatron
1
.theshaper reactor Will.be· further modified.to allow it to be 

variable enough· to produc~ .. a 2 percent effect on the frequency at maximum 

saturating ampere· ~urns in the main reactoro · The value. of the shaper 

reactor; within its 2 .percent range~ will ·be detennined·by the 20 point 

corrector unito Note that the ·effect of the shaper reactor decreases with 

decreasing frequencyo Thus the frequency of the oscillator is determined~ 

for a given set of components in Figo 4~ to better·:than 99,9 percent~by 

the shunted magnet current through the main reactor ~aturating.winding, 

in the region of injectiono As ·the ·frequency inc-reases~ the shaper 20· 

point corrector saturating winding will have increasing effect, to a·· 

maximum effect of only 2 percento ·· Thus·the magnet current will supply 

nearly. 100 percent of the .frequency determining. information·at injection; 

and the C'Q.rrent never supplies less than· 98 .percent· of the informationo·· 

In order that the vacuum tube circuitry associated. with the · · 

frequency determining components have a small influence on the resonant 

'frequency of the system as a wh.ole)i. a 'cathode follower is used~·to minimize 

the system's input capacity; and va.riatioris thereino The output of· the 

cathode follower feeds a distribution system~ and also feeds back power 

through ·an isolation resistor.o . The use of a cathode follower somewhat· 

restricts the amount of lsolation resistance permissibleJ. however·, the 

advantage of .·a short time delay associated with the single cathode 
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follo:we:r ,stage is more.:important :than.the possible additional isolation 

obtainable if addition~ amplifiers .were used to maintain loop gain with 

large isolationo .· .c ·.; · 

. A diode limiter system is used to regulate a constant rf level 

at the tank circuito 
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.. · I~o .TWENTY POIN.T CURVE CORRECTOR ··· .. '",• .'' . . .. · ' .. ,, 

!,)ona;Ld .Paxson 

, ... . . . . . ' t 

The bevatron 20-point curve corrector is used to supply a ma.ximwn 

of 2 percent or' the fre_quency determining information to the bevatron 
. , . ~ 

primary_ frequency generatoro The corrector accepts a voltage which is 

obtained from a d.c~ c~re~t-transformer in. the sh1mted magnet cil:rrent 

The amplitude. of. input. signal· is. di ~ided in.to 20 chosen voltage 
' . 

The outp~t voltage for any of' these 20 intervals has a rate 

of change which is .a positive or negative fract~on of the input rate of~ 

change$ and whose vaiue starts at th~ value which th~ preceding interval 

ended at. · The firs_t interval starts at zero volts·. ·when cUsplayed on an 
. . ' 

oscilloscope, the output of the·cor~ector consists of a voltage wave made 

up of twenty straight, co~ected lines whose slopes are vaded by the 

settings of the controls on .the' front. pa.nelo See Fig •. S for example •. 
. -

The outpu~ voltage signal at any point can•be va~ied arbitrarily· 

from ;..10· volt~ to.+ lO volts _without effecting the voltage wave at any 

other point; that isl' the twenty controls are completly'independent of 

each other in their action. 
' . 

The 20 points can ·be arbitrarily spaced with respect tQ the 
··'· 

incoming voltage 'wave, and. the voltage at those points is a function of 

the incoming voltage_ ·wave only.s> and is independent of time. For example». 

if the· incoming voltage varies .from 0 to 400 volts in 1 second, the out­

put yoltage wave will be.traced through in 1 second~ and if the incoming 

wave varies from 0 to 400 volts in 0.5 milliseconds, the output voltage 
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wave also will occur :i,.n Oo 5 millisecond.so 

The output. voltage .from the corrector is converted into a 

current which is fed into "the corrector reactor of the primary frequency 

generatoro 

The basic system used is .to feed the incoming voltage wave 

into 20 biased diode tubes which pass a current into a 20 channel mixero 

Each diode start.s. to operate when the incoming voltage equals the bias 

voltage ori. the diode, and the amount of current passed by·~ach tube is 

contr~lled by the setting of the potentiometer between it and the mixer.· 

The output voltage is repeatable and stable to 50 rnillivoltso 
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IIIo RIPPLE:· CORRECTOR AND~ BIAS ·REGULATOR 

Oscar. Anderson.· 

The bevatrqn ~r:ie-t:.~~r:supply will introduce .perhaps a four . . . . . . . ' . . . . . . 

.percent· current :i'i ppi~ ·at a:· fUrld8:mental f·reqtien.cy· of ·about .720 ·cps· into 
' .. ·· . . :··' .: •' ... 

the niagnet windingo· ·· .The·::.percsritaie. tipple in the magnetic field· will· be 

several times less,-and ofiEi. different· phaseo Since the. main·pS.rt of'the 

·frequency information ·is- derived from the ·magnet current, it. is necessary 

to Cancel the ripple component of .·the current and. substitute a ripple 

c'Urrent.:which corresponds. to· what· is· actually in the magnetic field.; It 

is .desirable to .do this wi·thout disturbing. the inherently high stability 

for slow signals that the current-controlled .ferroxcube oscillator system 

gives~ · ·Fig o 6: ~Shows · the basie ·sYstem to be . used~_:· ~ · 

. :. ' The current transformer and the field .integrator ·are adjusted 

to' produce the·: same'· size slow signal~, 'but.' of 6pposi te polari tyo When 

these are added,· the re~Ul:t· is essentially the ·integrated field ripple-~ 

minus the c-urrent· ripple •. This· combined signal could then be int.toduced 

into a winding on the oscillator ·cores in such B:manner· that the-introduced 

"'minus current ripple'' would cancel the rippl~ due to the main one-turn 

winding, arid ·the integrated field'·ripple· woUld be the only net ripple 

seen·by the· oscillator ooreso · Hovevei', to ~o this directly would.defeat 

the requiremEmt of not: interfaring with the slow-signal stability~·~- A 

filter is· ·inserted to remove- slow signals due to zero drifts or gain 

unbalance'·of ·the current transformer· and :the f.i~ld integrator, ·since 

these·_drifts:~oiJ.ld be hard- to hold under 1-·percent, much,les15 Ool-percento· 
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. ·.A ···~imple R-C filter will·.probably .. be. satisfactory since :the: lowest r1pple 

frequency, 720 =~ps,' 'is· much highet:tban :the .highest frequency present in. 

appreciable ·.amplitude .in the smal:l' unba:iance signal that the gain drifts 

will· produce a .In addition,- the ··accuracy requirements ·on 'the .phase and 

amplitude of the corrected.ripple signal.are not too stringent, sincethe 

·ripple is fairly small to begin wi tho 

A specJ.al.winding on the ferroxcube cores could be used for the 

ripple co'rrector·, but one is ·aiready required fer the bias, arid it is 

simplest to make this winding serve both .purposeso The bias current 

regulator .supply can be modulated with the filtered combined ripple signal 

and thus be made to serve a dual purJX>seo The diagram indicates how simple 

feedba.ck can be used to make the bias supply· accurately follow the required 

signaL 

The bias supply is. capable of accur-d.tely regulating an o'utput 

current between the limits of 100 and 500 milliampso The doCo stability 

is better than Ool percent:~ including. htUn componentso 
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It is· desirable. to be· ,able ·t<:l!.mohito.r the main rna.gne·t current : 

in some fashion wi thou't Jnaking a tiiTect conriectio~ to ·.the magnet ~urre~t · .- . 

lead because of in~tilatibn problema.,: .The D.C .. Current Transfomer is design~a 

to employ the magnetic 'field arciund an insulated current carrying conductor 

as·a-measure of the-current, over·a-rarl:ge of·rrequency ·from 0 to 200.kc/sec .. ·· 

or higher., . ,· 

Use is .. made of. the .~hange.in ·tncreme~tal·permeabiiity of ferrox-. 

cube· III with a change ·in d.,c~ .saturating. flwc densityo Figure 7 sh0ws 

the approximate ;shape of·.the iricremental·~.:. permeability - vs., ·.saturating·, 

flux curve., ,···· I! : ! .• 

It is seen that a 1ferroxcube core,- magnetically ·biased. to sonia 

point such as "A" in Fig., 81 wi;ll. exhibit •a :nearly linear. pern'leabil'i ty 

change in magniotude as ·a: fUn.ction. of. :a• slnall added ma.gtietic fltiX. 

The DoCo Current Trruu:iforl1er utilizes three toroidal cores. of 

ferroxcube. III, seen in cross section iri :•Fig., 9., 1-l.agnet current flows 

in a. condu~tor on the axis cif the three eores., 

A biasing· current flows in opposing directions ·in windings on 
. . 

the twro end coreso In the;•absence .of.any.•magnet ,cirrre_nt in the center 

conductor threading the cores; the :two' end cores Will .be ·biased to the 

same poin:t!on.:the,t-tao ·curve, Figo 8., .. Thus the bridge formed of the two 

ferroxcube cored inductances~ and ·-the ~two resistors to ground~ will· 
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balance and there will be no resultant error signal.· In the presence of 

a magnet· current of the polarity indica ted by arrows, the ferroxcube core 

to the right will be saturated· more and show a lower permeability; the:.· 

core to the left will become less saturated and show an increased perme­

abilitYa In this case, the bridge is unbalanced? and the ·phase of the 

error signal carries the information as to the direction'of unbalancea 

The amplified error signal is fed to. a phase. sensitive detector? 

and the resulting output voltage, filtered to remove carrier frequency 

components, is a measure of the degree and direction or' unbalanceo 

SYIDIDetrically arranged around the group of three cores, there is 

a 4500 turn toroidal winding~ A current in it prOduces magnetic flux in 

the opposite direction to the flux surrounding the magnet current conductoro . 

The cathode folJow::r controlling the current to this winding can thua 

neutralize the flux·around the magnet conductor by a current of 1/4500 

magnet current in the 4500 turn winding, and restore the bridge to balanceo 

By making the gain ofthe er~or signal amplifier.high enough, the bridge 

will always stay essentially in balance, and the cathode follower output 

current is im accurate measure of the magnet currenta 

The presence of the third ferroxcube core allows the bridge to 

be out of balance, and hence ~ifferent carrier voltages to appear around 

the left hand and right hand col'es.9 'Without a: net carrier voltage appearing 

in the 4500 turn .wi.ndingo In fact•. a lrlnding around the floating center 

core would be a source of error signal equally as good as the presept 

choice except for requiring more leadso 
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Without the carri~.r syste!ll' .a~ 'a.ll,· ·the 4500. turn winding on the 
·• 

three cor.es is potentially an a,cc.urate 'current transformer for a certain 

range of frequencies. By amplifying the voltage across the coil and 
~· :· • •I ,, 

feeding it into th'e·cathode foilower gird in a direction tc:i.tend toward 

a zero coil voltage, the 4soo turn wiridiN.g is made to look into a pair 

·Of te~nais having a low impedance - Perhaps s· ohms or less. Further­

more all th~ coil current, ~.c. a~d d. c., flows through R, since the 
·' . ' 

voltage amplifier has a ver.y high input impedance. The voltage d~op 

across R, plus the small coil (voltage drop), is then proportional to the 

magnet current for all frequencies-from zero up to the limit of the device 

as a straight a.c. current transformer.,. 

The toroidal cores used have a cross section of 1/4 in. x 1/4 in., 

and· an iod. of "': 2-1/4 in. 9 are cut from the same original core of 1 in. x 

1/2 in. x 2-1/4 in. i.d. ""Correct wir~ size for the 4500 turn winding is 

simply the largest.that can be physicaliy used. Space through the center 
. . .. 

hole must be 'left for an electro~tatic shie~d, for insulation, and for 
. . . 

the conductor itself, which will be necked down tQ 1/2 in. diameter to 
. . 

conserve space uhere it passes through the toroidso 
' . 

To buck out 4500 amps in the magnet· current ·lead, one amp is 
' ' • • • I • ' ' • ' . • . 

required in the 4500 turn winding, and the cathode follower· chosen· should 

be- ca~ble of thi~ plus some reserve~. ft. 'neg~ti;e pqwer suppl;v bleed~· . 

current through the cathode follower even at zero output current, ma.king 

it unnecessary to cut off cathode follower plate current comp~etely. 
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Carrier v~ltages of the order of 0.2 volt/core turn and carrier 

frequencies 200 - 2000 kc a~e satisfactory~ 

' A choice of bias current can be made which·will prevent 

ambiguity of the error.signal ·in case the circuit is temporarily out of 

range because of an overcurrento 
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·:, .V.· .FINAL .J:l.F ·AMPLIFIER., ... ; '.:'·. 

Oscar· Anderson· 
.. , . ' . ' 

'. 
The final rf amplifier is required to put - 22;000 v pe~ en- .. 

. I. 

the ·drift ttibe, i'n the. case where a single drift tube is used. The. 

capacity. of. 'th~s, including the bushing, lolill be about 450 IJI..lf. The 

KVA required at injection frequency of 375 kc is about 250 KVA, and at 

the top fr&q ue~cy of 2. 50 Me is a~out 1700 KVA. In a case like this, a 

great saving· in power is obtained by tuning_ the capacity wi tb an induct-, 
. . 

ance., It is planned to use a system that wasfirst tried on the '1/4 

scale bevatron model and proved successful. Saturable inductors will 

be used with cores made of the ferromagnetic material, ·rerroxcube. III, 

which has ar1 unsaturated rf permeability of:.approximately 900 and a 
. . 

reasonably high "Qi' over the required frequency range if properly used. 

The Q of thi.smaterial at a given frequen.~y:·is higher the more.it.is 

saturated with d.c., flux. Since the permeability of 900 can give a .frequency. 

~ar:ge a.pproaching. iiOQ = 30; and a range of only about 7 is required, it 

is planned to.operate so as to use the "saturated end11 of the 30:1 range 

and thus keep the· Q. a~ high :as possible. ·This will keep the power required, 
.. 

and the n_tnnber of cores necessary, to a minimum., 

·<> The largest size core that .could. co~veniently be obtained in· 

toroidai form are 2-1/2 in., Oodo x 1-3/4 in., Ld. x 1 i~. ·thick~ Under 

the above ,conditions it bas been found that about 240 of this size cores 
-

are needed to· handle .the required KVA without overheating. The nurnber 

required was estimated in the following way. 

• 
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L It Yas determined by 'experiment that the power in the cores 

would be highest at the injection frequency~ It Yas decided to ·design ·the 

system to he able to run- contim;ously- at this frequency for test purposes. 

2. Some five turn reactors yere ma~e up which would accept 10 

cores eacho These had 11 windingsn made of heavy pieces of copper which 

would carry 1000 amperes of doco for saturating purposes, as well as the 

rfo The inductance of these when fully saturated Yas measured and the 

value of saturating current to get an inductance of f_2o5j12 
times this 

, . ~oJ75 . 
was also measured .. 

Oil was forced through these reactors to cool the cores and it 

was found that they would run continuously at 2 kv peak at injection 

frequency~ 375 kc, with the appropriat~ value of the saturating currento 

At 2o5 kv the interior of the cores exceeded the Curie temperature. The 

safe value of 2 kv corresponded to 40 volts per core. per turn, which had 

been determined as a good maximum value previously, for other reasonso 

3. The inductance of these five turn reactors was lo25 ;.in Yhen 

saturat.edo The drift tube ca.paci ty » 450 wf » requires 9 f-ib. to resonate 

at 2.5 He. Various models shov.red the stray inductance of the drift 

tube stem and ~~he correction to tbe reaotors would be something u...~der 

1-1/2 p}:J.. · Every effort was made to keep these as lovl as possible·. See 

Drawing No. 327266 of the drift tube stem and reactor box I~oo 327266o 

Therefore, if they were to be used~ a combination of six five turn 

reactors v1ere needed. That -would give 7-1/2 J..ir!. and put 2 kv or less 
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on each reactor, with ·a totaJ. ·of 22· kvo An arrangeileJ?t using 2 parallel· 

stacks each. containing twelve, five,turn reactors gives the right. inductance 

and fi:lls the mininn.nn voltage requirementso This system requires 240 cores, 

as mentioned aboveo The greatest·core dissipation, at injection frequency, 

will be· approximately ?5 watts iJer core, or 18 kw totaJ. for 240 coreso 

Note that if 'it is desired to allow a margin of 2gl on:voltage, 
-· 

Leo design for 44,.000 volts peak, it could be done in two ways:. 

lo By: the use of. four parallel stacks of 24, five turn reactors 
. . 

each, which \.fould take 4 x 240 = 960 cores and als:o four times. the rf 

power and satUrating powero 

2. . By the use of two drift tubes, say on opposite sides of· the 

"race-track", each with the 240 core set-up, and drive them 180° out of 

phase. This cuts all the power requirements of the first method in half. 

' : . ~ 

·• 



VI.. RF ASPECTS OF THE DRIFT TUBE AND TANGENT. TANK 

C. N. Winningstad 

ucRr;..l750 
f 

The accelerating electrode,( or drift tube, arid the tangent tank 

to be used for the rf accelerating system, comprises the major ·capacity 

. associated with the final rf amplifier tuned circuit. In addition to the 

capacitive effects of the drift tube, there will be inductances associated 

with the leads connecting the drift tube to the resonanting circuitry. The 

resistive component of the drift tube sys1em is to be kept low by the use 

of a -cqpper liner in the tangent tank and on the drift tube, ~rid also the 

liner will extend a few feet beyond the tank. A 1/12 scale model was made~ 

from which an approximate full·scale equivalent .circuit was calculated, 

shown in Fig. 10. The physical system is shown in Fig. 11. 

At 0~25 Me, the. circuit appears to be approximately 444 f.JI..l£. 

At 2. 5 me, the circuit appears to be about 4 70 14tf. At 12 Me, the system 

is resonant. 

Tests conducted previously indicate that ion lock probably 

will not be a problem with the drif-t;. tubeo 
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VI,Io SELF ..... TRACKINO SYS'r.E:t~l FOR THE FINAL RF AHPT. .. IFIEF{ 

. Quentin'. Kerns 

The bevatron rf output system employs a saturable ferroxcube 

inductor which tunes to resonance with the accelerating elect;ode capacity 

over the required frequency range. The 1000 amp. doCo supply delivers a 

.·saturating current proportional to an applied control .voltageo It is 

·the function of the. fr~quency .tracking sy~;t.nm to derive a. sui table control 

signal for the saturating current suppJy such that the output rf circuit 

will always be tuned to the instantaneous input frequencyo 

Fig. 12 is a block diagram of the tracking systemo · Th~ phase· . . . 
·difference between the grid and plate signals of the rf output. stage is 

the criterion of tuning or mistuning oi~the anode ·resonant circuit. \iben 

in tune, the natural phase angle is very close to 180°. The phase angle 

must lie in the range of 180 ± 90°.while the tube is delivering energy- to 

the tank circuit. 90° is added to this angle by.the constant 90° phase 
. 0 . 0 

shifter.. The phase meter then must have a range of 90 ± 90 o It 

conveni~ntly works normally in the range near 90°o This is a si~plifica~ 

tion since if the two rf signals a.re clipped to constant amplitude square 

waves, the sum is proportiona,l to the phase difference., ~n practice, the 

time of overlap of the waves is the measure of pha.se difference used. 

Given the voltage proportional to phase difference plus· a 

constant, the reactor can riow be tuned automatically by fe~ding this signal 

(plus another appropriat~ constant to 'set the regulated phase angle 180° 

grid. t.o anode) to. the input of the 1000 an1p. supply. The phase position 
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control adds a fixed voltage to the d.c. coupled circuit, allowing adjust­

ment ·of. the exact phase angle the regulating loop seeks to maintain. 

·. The integral· c'ontr.ol talces advantage of the :fact that the needed 

. signal to ·the 1000 amp. supply·. increases with time. The gain in the direct 

proportional control channel can be reduced· a factor of 50 with added 

i.ritegral controL 

On: the 1/4 scale model~ the phase angle could· be maintained 

easily to ± 5° with a frequency change ·of J Mcjsec2
o ·var,ying the ·anode 

voltage deliberately, as, during the tu.t'n;..on pulse, does not affEfct the 

tracking after the voltage is up a few percent of the way. Starting from. 

z.ero voltage, the phase transient lasts the order·of 100 J.t seconds, depending_ 

on how fa·r off the actual resonant frequency is at the instant of· plate 

voltage application. 
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. VIII o . :SA TURA:r'ING. S.WPLY: FOR FINAL. :RF AMPLIFIER· 

Q)lentin Kerns 

The 1000-arp.pere d.oc? supply furnishes the·saturatingcurrent to 

the _ferroxcube saturable: inductor in the ·rf output ·.stagec · · In a time· of 

about two seqonds the _current must vary from essentially zero to:1000 

amps., the initial time rate of_ change ,.of· current· being several times the 

average rateo .. _In view of the desired overall response time of the elec-

. " tronic frequer1cy tracking system (which .. includes the c_urrent supply· as 

one elem!3nt) fit. appeared desireable early in the· game. to .. make the time 

constant of·the·saturating current ·supply quite sma].lo Experience·with 
. . 

the 1/4 .scale bevatron rf sys:tem confi'nned this pointo. 

Amplidyne. generators we:r:-e. investigated as a· possible. solution, 

and doubtle_ss. a sUi tal?ly_ fast machine .. could be constructed. As. a .-result 

of experience· with othel;' regulated supplies however,. the serie:{:l ~ regu-

lated, .lossy element type of power. supply wa.s investigated :and· builto· · The 

presentlOOO ampere supply-within.its dynanrlc voltage.range has a time 

constant of the .order of. a few microseconds. · 
• ' . I. •• •· • 

In principle~ the operation of the supply follows the diagram 

of Fig. -13, a negative feedback system~: Assume that the load current may 

be controlled betweeri the necessary limits by the variable resistance. 

Then the amplified difference between the actual load current and the 

desired load current~ in terms of an error vqltage~ adjusts the magnitude. 

o.f the resistance so as to reduce the erroro A· high frequency signal 

: , .. 
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path provides a direct route for transient voltage changes, and overlaps 

the rectifier path in frequency bando Thus,th~ load current is made to 

follow the inpl.!t signal voltage from 0-.300 kc o A pra.c tical circuit for 

achieving this result is shown in Fig. 14. 

It is apparent that the full secondary· voltage of the three phase 

step up·transformer will appear across the open circuits CB, BA, and AC 

when the primary is energized, and there will be no input·to the selenium 

rectifier. Further, it can be seen that when allA~ B, and G points a.re 

con11ected together, there can be full input: to the selenium rectifier, 

and hence maximum load current. B"'.f connecting A to A to A', and so . on, 
the series tube on the mercury vapor rectifier output can reflec·t a. 

varying impedance to the terminals CB, BA, and AC, and so vary the output 

· from zero to maximunio 
• 

The series tube is chosen to be able to dissipate the order of 

one-fourth the maximum output power, since maximum ·loss in it occurs '"hen 

the load voltage a.nd current are·~ 1/2 maximum" A step-up transformer 

ratio ls chosen to give an open circtrl t mercury· vapor rectifier voltage 

equal to the· series tube rating. The step-down transfonuer, of course, 

ro1.~t deliver rated input to the selenium rectifier when the series tube 

is fully conducting - e.g., at zero bias on the series tubeo ·Low 

J.mpedance transfonners are essential if the full capabilities of the . ' 

c.ircui t one to be realizedo The RC circuits across the rectifier outputs 

are to damp the parasitic resonant circuits associated with tra.nsfonner 

leakage rea,cta.nce and. shunt capacity, a.nd form essentially a cri t.ically 
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damped circuit, with ;-the transformer. ie'akagei induc:tanc·e •. : :Th-ese RC circuits 

thus provide the necessary low-:-i'Inpedance path for the high-frequency com-

ponents of ·voltage to be carried by the high-pass. transformer. 

If the rectifier connection schemes are identical.- i.e., both 
. . 

delta or both wye, the current ratio between load and series tube eqUals 
''.' 

the voltage ratio of the .step down transformer. The voltB:ge ratio of the 
!,'., 

high-pass transformer is set equal to this Gurrent ratio, and _fh this way 
l .:. 

saturation of the core .with d.c. magnetic flux is i:voided •. This transformer 

determines the allowable band width of the error signal amplifier, since 
:, 

the amplifier•gain must fall to a lowvalue before the transformer phase 
.. · 'l ,I 

angle becomes bad.- 'In turn, the error signal amplifier band width determines 
' i . . 

the response of the entire supply, since its band width has then'become 

the limiting factor. It is possible, of course, to cascade:.a .still higher­

pass transformer in the system to-extend the range in frequency • 
. ' ~ ·. 

A sui table shunt is one' that .introduces no phase angle_ over the 
o ,• I 

.frequency spectrum involved, and provides sufficient output voltage for 

the error si~nal amplifier. If the shunt_output is .only.a· few v~lts, a 
., ' 

'· 

fairly stable amplifier must be used to obtain stability ~f the. output 
. : ~ . 

current. One attack on this problem-is to use as a curren:t monitoring 

device the_ "DC --transformer" arrangement designed for. monitoring the main 

~gnet current. An output of 1 volt/5A$ ·or 200 volts for 1000 amps., -would 

allow a simple error signal amplifier to be used. 

The error .signal amplifier is adjusted to have a large gain at 
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0 .. 

do co and low frequency 1 to provide stabilization agains.t line _voltage '· 

fluctuations and. to reduc·e ripple in. the output currento Ripple per­

centage is nomallyaround .0.1 percent:for a loop gain of ·10 at ripple 

-frequencyo 
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·· ··' IX." MONITORING 'AND .CONTROLS',_. . • : . • ·: ~ l 

Jack Riedel ·~.. . . ;_.~ . 

. . ., .. ~ ';' ~ j 

f.'e,rhags the best way to describe the pur~ose and f1mction of 
. ' 

the various controls and monitpring devices associated with the radio 

frequency aspec~s of the bevatron is to list the sequenc~ of operati~ 
• . i ; ~ :-•. ,. 

events which v.rill lead up to the establishment of the final energy beam. 

Assume that the bevatron is loaded up with a circulating beam 
. '· ... . . I 

... ... 

of protons of injector energy and that the primary frequency ~enerator 

is running at the correct frequency. A pulse derived from the magnetic 

field (probably by a 11 Varian Associates" electron induction pulse unit) 

will turn the high voltage on the power stages of the_. rf system, and 

excite the drift tube. If. the frequency-is wrong the beam will strike 
... .. . ~ : . 

a target at either the minimum radius limit or the maximum radius limito 

The time de1ay .~tween the turning on of the rf and this inter~eption of 

the beam constitute the monitoring necessary to adjust the .11 bias11 control 
.·:.: 

of the oscillator. This time delay will be extended by adjusting the . . ~ .. . . . . . 
• .. J. 

slope control, resettingthe rf 11 on11 time and the bias control as necessary .. 
. ~ ' . r 

:. : ,; 

The intensity of the beam cah now be o_ptimized by adjusting the -"_rise 
' ·.~ 

shaper11 .. _ Th,ree knobs at the operators_desk permit him toadjust_.the 

manner in which the rf voltage builds-up with time. This is done by 

regulating the plate voltage on the power output:· stageso ... 
The above process is continued until the frequency gets to 

approximately 1 Me. From here on it .is expected that further adjustments 

will be made with the 20 point shaper, again using the beam intercepting· 
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target to monitor the resUlts., Thus. the beam itself .. is used to determine 

how to make the adjustmentso ~ I • 

Now this whole system is predicated on the assumption that any-

thing once optomized will renain that way, and a rather complex ~onitoring 

systern has been set up to insure this.. As the beam is pushed to higher · 

and higher energies the pips from the frequency marker are lined up with 

pips from. a current markero Observations of these pips will tell if there 

is any jitter or instability in the frequency trackingo But it. will also 

serve as a basis for k.'iowing what is the cause of a possible diminution 

or loss of_beamo 

Pips from a second current marker unit which monitors only th~ 

going through the "primary freque~cy ·generator" ferroxcube ·will . 

. . :·also be lined up with the frequency marker pips.. The purpose of this. is 

to. giv~ a perm~nent record of what the frequency - current relationship 

should beo Then at any future time work can be d01;19 on the rf system 

independently _of the bevatron beam and magnet~ by replacing the current 

from the shunt_ with a suitable c:urrent supplyo Also, after a· shutdown 

during which various maintenance work has. been done, it may be determined 

in advance that the rf system is properly adjusted .. 

·• 
~;~\~ 
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Th~ , plpJ>os~ of;, the. ~ev~tron. t~equency ;·war~~r is. ;to gen~ra:t~ 

_ nu;trker .J)ul,ses _whi~~ .rep:r,esent accurat~ meas:uren,~~nts :o.+ tpe_:-~yatron ... 

?scfllator,frequemcyo .. The: pulses are :~pace~ 50.kc, !ipart. and rep~:~~nt 

tl;le __ ins~nta.n~ous f:re.,quencY:. with an 1}-~cuz:~cy o_f ± o.q5 .·pE3rcen~. ·tp. ~~~ 

ma tely ~ the . frequency ~r.ke rs will qe. · cc;>~pared wi.th · ~.rkere . deri ve!i .from 
. ~ • • . • . • . ' - • • .7! • • • . • . ' • • • . . •••• .... ~ • 

the .Il)agnetic ,f:i,el~ .of the,_ be:va~ron~ :ther:~by -giv~g a ,dirt;lct -me.as~, 9.f 
,. J • . • • ' .•.. ·;,;/ . .·· . • . • . .. ' ,l , 1 .•• 

- ·, , .. 

. .. . . ~s:i;cally, . the .frequency .mar.ker mea.sure.s tbe .,time interval ... of 
' , '. ' . • t · ', ~ 1 I ' , ' •' •' o , • ' , l , • • . • , • , , 

In. princ1,pl,e. this. is acc_omplished by con"{erting, the r.f sine 
:, ... ' . . . . ... •. . . . . . 

w:c;ves_.,into shari? Putses whic~! then 13:re .. ~en,t _thro~h a c~f.le ~~ich)~~s. a 

del~ .t~rile of 29 n?-c;roseconds. The .p~~es going .f.nto ... _th~ ca'b~e ~~ .. · 

CO!ppared with t4ose ... comi!lg o1,1t of the cable _in a c_oincidence _circuit.~." 

There.:,::w~ll be a' coincidence. of.' incollling and outgoing puls~s. rz:om ·:the c~?}-e 

only when. the t:ecurrence. rate (the frequency) .. 113. a multip],e of .the 4.~lay 
• ' '1 , '· '• ' ' • 

1 
: • • • • • • , ' : ' • • ·, ' , • ' : ~: •• .t • , ' . , l .' 

i:;ime of. }he cable~ ~e de~~y time of th~ ca.ble, is 20 ,u.s. a~<:L this co~r~.~- . 

spon~s _to a f.r~.que11c;v ?f. 59 ~ilocycleso_ There.fore~ th~l·e ~~s t;t coinci~ 

~ence .of pulses every_ 50 kilocycles, .. namely; 50 ko, 100 kc, 150 kc. e:t;c. 

The_ ~y~:Lcal leng~l} q~ th_e cabl.e _:i.s .appro:rlmat~ly 500 ft. It has very 
. . . 

high t;tttenuation for sharp .pulses _and.~ ~:n fact, has an a~tenuation of 40 

even for sine waves eyt 2., 5 Me., ,For this r~ason, 1 t Wi3-S found to be ·_ . . . . . .. . . ' 

.;;. 
·. :, ·I .• : .. 
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In practice, the cable is divided into five 100 ft. lengths~· with an 

amplifier to sharpen· and amplify the·.pulses placed between the adjacent 

lengths. See Fig. 15 for the block diagram. 

The· resolvlng pol..rer, and hence the. accuracy of this device, 

depends on the sharpness of the pulses. For an acctiracy of ± 0.05 per­

cent the width .of the pulses must be 0.007· microseconds when .. the incoming 

frequency is 400 kc. These pulses ar~ derived from the sine waves by 

passing the sine waves through a series of Class C amplifiers. These 

amplifiers are biased far beyond cutoff so that the amplifier sees only 
. . t 

_the very top of the sine waves (or pulses). Since this device uses a 

20 microsecond delay, it takes, in effect, 20 microseconds to measure the 

freque_ncy. Therefore, the frequency to be measured cannot change ~t a 

rate which is greater·than 0.1 percent .of the instantaneous frequency in 

20 f.iS• For example, if the instantaneous frequency is 40o kilocycles, 

and it is desired to mark this frequency with an accuracy of ± 0~05 p~r­

cent (± 200 cycles or 400 cycles altogether), then as an ultimate limit, 

the 400 kilocycles cannot change more than 400 cycles in .20 microseconds. 

This corresponds to an ultimate rate of change of 400 cycles/sec = 20 
20 /.1-8 

megacycles/sec
2

• 

Information Division 
4-17-52 gg 
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Fig. 2 Basic Primary_ Frequency Generator Resonant Circuit 

Fig. J - Modified Primary Frequency Generator Resonant Circuit 

Fig. 4 - Final· Primary Frequency Generator Resonant Circuit 
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