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 ABSTRAGT

The Universiiy of California'Radiatibn_Laboratory bevatron rf

- system utilizes the magnet current as- the major source of frequency

determining informaticn fqr the primary frequency generator.. ESpeciaily

- designed Ferroxcube III saturable reactors are the'basié of controlling

the(primary’frEquency generator's reéonate:frequency with the magﬁet
current. 'Ihe'ﬁsO mafd. capacity of the aqdélerating anode, or drift
tubeﬂ is automaﬁaéallyvrésonated with-Ferfoxcube III reactors also, in
order thaﬁ the final rf smplifier plate diséipation rating néea be only

the order of 10 kw to obtain the 22.3 kv rf level,
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PREFACE

Co No Winningstad

The rf system for the Uhivefsity of California Redietion Labora-
tory 6 Bev bevatron is shown in block diagram in Fig. 1.

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

‘system in a manner which will allow a famlllarlzation with the rf syetem

problems and’ the solutlons to date.

The ove;all purpose of the rf gystem is to sﬁpply'an accelerating

&

system for the protons injected into the bevatron "race track". The mag-

. 3 - i K3 y . j * s v }
~netic field of the bevatron is allowed to increase according to a rate

determined by the characteristics of the bevatron magnet and associated '
current generating equipment, In order to keep the injected beam at the

proper radius, the rf system will be requi“ed to change frequency in step

with the magnetic field such as to aocelerate the protOns to the proper

. energy for the g;ven bevatron radius and magnetic fleldo

The Speclfleatlons imposed upon the rf sysfem are given in brief

' _form in- "Bevatron Specifications", M62D revised 1-21-52,

-
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Io PRIMAR.Y LO".I TENCY GEN: HRATOR

Co No Winningstad

The primary frequency generator for the University of California
bevatron is a radio fréquenqy oscillator which must generate frequencies

from approximately 0.25 to 2.5 Mc according to the relationship F =

2049%//¢E + 4;089/H2,'where F is frequéncy in Megacycles, and H is the

magnetic field in kilogauss. The accuracy with which the oscillator

must conform to the above equation for only 10 peréent'beam loss is

approximately O.1 percent in the region of inJectlon, or 0,37 Me, and

approx1mately 1 percent at final energy, or 2. 48 Ac,

The wide frequency range, plus the extreme accuracy requlred,

' suggest that the system should be substantlally 1ndependent of devices.

subJect to drift.’ Since the.magnetlc fleld H is a quite reasonably

repeatable function of the ﬁagnet'current‘l, it was proposed that the.

oscillator be controlled-very_néarly.lOO percent, by magnet pur;ent infor~
mation in the region ofvhigh‘required-acéuracy, and be controlled-to sbout
98 percent by magnet current'informaﬁion.invthe rsgion sf final energy.

Ts acdsmplish this, an oscillator system has been de&eloped
wﬁich_utilizes an inductssce which ie varied by saturatingfthe cors'
material with shunted current from the msinlmsgnstso

The varisble inductancs'is composed of two nearly identical
"ferro ccube” toroids, anproxxnately 0.975 inches ood,, 0. 725 1nches i.d.,
and 3/16 inches thlck wound indepnndeﬁtly in opposite dlrectlons and

connected in séries, for the rf winding. The two toroids are mounted
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fuch that their thickness dimensions are colinear and approx*mately 3/16
inches apart. This combination is glectrostatically shielded with & brass
housing, which also serves a&s a confinement for the temperature controlled

2il bath. . The housing is construchted such that the hole through the twe

- toroids is awvailable for the saturating windings along with their appro-

priate inswlation. With {his srrangemeni; coupling between the saturating

amir;wuﬁnf‘ is negiigible.
Many items influsnee the stability and rvepsatability of the rf

winding inducisnce es & fup~tisn of saturating ampeve turns. The effents

-which are not negligible for ocur purposes are hysteresis, temperature,

history, and »f level. -~ ‘
Hysteresis is contreolled by using two saturating windings. One,
the "main" winding, is energized from the magnet c¢urrent shunt: the

second, the "bias" windi g, is energized with reverse ampere turns from

the bias regulator supply. Since the main winding starts with zero ampere

turng, and the bias winding hss e fixed nuasb2y of reverse ampere turns,
as the main wind ng builds up, .the toru ds will pags through a zero
saturating flux point, provided ﬁhe blas winding ampefe turne were® suffi-
cientlto overcome tbé,previous cytles?® residual magnetism, ‘Thus‘eaqh-
saturating cycle is given'a f;eah-stcft through zero flux, znd closely

repsatable hysteresis cyeles result,

If a change in the end points of tie hysterssis cycle is mads,

the first few cycliss with the new terminal peinbts w
Thie iz known as the hisicry zifeat. TFor OUr PUIDeAeE, 8 Tter approxi-
mately five new cycles have been mada;, the history of previcus cycles is

sufficiently masked. . ‘ -
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cuch that theit thickness dinenisions aré“colineg;;andhgpprpximately 3/16
inehes'apaftg 'Thisucombihafjoﬁnis&aiedtrostaticéily éhielded with,g,brass
hvou.;'ﬂ",.x‘zg(9 which also serves as ﬁﬁecﬁ;inement-fcr the temperature controlled
oii bath, Tb9 hcuq;ng is constru;ucd such thst. the holetthrOugh the two

toraeids is~&v&ilable"for-the‘éaturabing‘windings along with their appro-

priate inswlation, With this arrangement, coupling between the saturating

and rf windings is negligible, - . ... - - ..

Many items influence the stability and3repeatability;of-the rf

Ll

windirg inducwance as a fum~tion of qaiuratlnv-ﬂﬂpare.turnse: The effects

- which are not’ neg igible for our purposestare:hyéteresis;,temperaturé,
. . " .

history, and vrf level.

Hysteresis is controlled by .using two saturating windings. One,

the "main” winding, is enprg z¢d from the magnet current shunt: the

second, the “bias" winding, is energized with reverse ampere turns from

ot

the'bias‘reguiator supply. Since the maih.winﬁing starts-with‘zero'ampere

bi.s ‘winding has-&;fixed-nmnber of reverseé empere turns,
ds the main Qinding builr_ia,:ﬁ}'j_9 the toroids will pags through a zero
saturétihg flux point; pravided thenbiés windiﬁg ampere turns wera:suffiQ
eiént to overcome the;previous'cyﬁleé? reSi&ual magneti&me Thus each
saturating -aysle . 1s given g fresh sv 23y hrouzh zaro fiux, ghd.closely
repcatable hysteresis cycles result,

by

CIf a'change.in the 'end points of the hysterssis cycle is fads,

‘the first few cycles.with the new 1e“mﬁnel eints will rot be identical,
y po Wil .

This is knowti.ag ths history sfféﬁﬁo -For . our purovesed, after approxi-
mately five new eycles hsve been msde, the history of previous cycles is

° '3 .

gufficiently masked.
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' The ferroxcube material used has a temperature coefficient of
initial permeability of approximately“plus 0.0048 per unit parts per

degree centigradeo Thus the temperature of the cores must be regulated

'to plus or minus 0, l degrees centigradeo

' The rf level 1nfluences the value of the inductance as &

function of saturating ampere turns mainly in the region of few saturating

-ampere turns, with reasonable rf levels° For our purposes, as low a level

as is practical is most favorable° Operation below 2 volts peak is satis-
factoxyo

The ferroxcube material was chosen for 1ts wide range of permea—

bility, & range of 1000 to lO for 0 to AOO ampere turns is realizableo

The material is basically stable enough to assure the necessary'repeat-

ability° An important coincidence is that when a properly chosen capacitor
and inductance are ‘used, simply saturating the ferroxcube reactor will
result in nearly the required value of frequency as a function of saturating
current° Referring to Figa 2 by ch0081ng the proper value of bi&S ampere
turns the correct frequency at inJection may be obtainedo By proper ch01ce
of the percent of current shunted from the magnet the initial slope of

the frequency - current functlon may be obtainedo By prOper choice of the

shaper inductance, the final frequency may be determinedo The required

.functlon of frequency versus current is shown on Draw1ng No°.4Y5055, note .

that there isg a distinct change in slopeo The 1nitial straight section
is reasonably easily duplioated with the bias and "sJ.Ope"9 or shunt,
controiso The final region of relatively small slope implles that the

shaper reactor is a large induetance -compared to the main reactor, when
&

-
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1the main reactor is wéll saturated° Wiﬁh a largé'enough shaper reactor,
it was found that the ferroxcube material gave'the,élégest approximation
to thé changing‘SIOpe regioh, when theviniti;l énd finél slopes were
matched; and in particular, "ferroxcube III" Qas phe most suitabie_of the
various types.of ferroxcube available. |

.Uhfortunateiy the ferroxcube III sgmples-furnished us have
varied considerabiy; The original, and best mapefial‘for‘the os:illator,
was made in Holland by the Phillips Cémpany, in the form of 2 in. x 1 in.
x 1/2 in. bricks. Lgﬁér Sambles Qere,mgde in this country, and though not
suited for the'oscillatér, they are used in the driver and final stages. 4
They afé'in toioidal_form, 2-1/2 in. o.d., 1-3/4 in. i.d. aﬁd l_ih? thick.
Cne'qf'thé char&éééristicé of the ferroxcube III which gives an index as |
t§ £”§ sﬁitability of the permeébility chafadtéristids is-the Curie
t%@pééétureo The Curie temperatuie fqr the oid brick matefial is approx~
iﬁ;tely 170° C, and for thé new'material,'approximately 127° C. A high
Curie temperatgre'seems to be correlated wifh a long, straight éaturétion
characteristic, which is désirable for our pufposes. |

Unfortunately even the brick material will not fit the changing
slope. portion of the'cpfve satisfactorily. The saturation of the ferrox-
cube is not abrupt enough. In order to_heip the situétion out, a capacitor
wés placed in parallel withvthe shaper reactor such that it pafallel
resonanted above 2.5 Me with the shapér‘reactor?'as shown in Fig. 3. This
in effect made the shaper réaétor appear to be an,inqreasingly lérger'

inductance as the oscillator resonant frequency-incfeased, Thus the
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.

the main reacter iz well satureted. With & 1arge enoug gh - shaper reactor,’

it was found %hat the ferroxcube msi terial gave the closest approx1mat10n

to the ﬂhanglug ul“p@ region, when the 1n1tia7 and final slope were

matched; and»"n partlculalq "ferroxcube III" WS the most suitable of the

. various tyoes of ferroxﬂube availabls,

Uhfortunately the ferroxcube III samples furnished us have

varied considerably. The originélg apd best material for the cs:illator,

was made in Holland by the Philli Company° in the form of 2 ins, x 1 in.

x 1/2 in, bricks. lLater samiles were made in this EOuntry, and though not
suited fér thé scillator, they are used 'in the driver-and final stagéso
They are in teroidal fqm_, 2-1/2 ine oud., 1-3/4 in. 1.d4. and 1-in. thick.

One of the rharacte stics of the ferroxcube ITI which‘gives an index as
to the suitability of the pérmeability characteristics is.thevCurie
temperature. The Curie temperature for thé>§ld brick materiél i$ épproxﬂ
imately 170° C, and for the new material, spproxirately.127 Co A high
Curie temperatura'seeﬁs to beAcorreigﬁed with ajlcﬁgs straight safuration
7 .

characteristic; which is desirable for ouy~purposeﬁo

esren’ the br¢ ke material will not £it the c¢hanging
. A

ﬂnLﬁr’“ nately
slope portion of the curve satisfactorily. The‘séturation of the ferrox-

cube is not abrupt enough. .In order to help the situation oub; a capacitor

was placed in parallel with the shaper reactor such that it parallel

2

resonanted above Z.5 Me with the shaper reastor, as shown in Fig. 3. This

.

p

inductance as the cseillator rescrant 1 wquency Increased. Thus the
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required sharpne33~oqulOpeochAnge:was more closely approached. In order

to-obtaiﬁ'the.necossary accuracy, :and also £o¢&llow%for“possible required

changosdue to differences between the final bevatroh andathenmodels.of-the
bevatron, the- shaper reactor will be further modified to allow it to be
varlable enough to produce.a 2 percent effect on the frequency at maximun
saturating ampers turns.in the main reactor.  The value‘of the shaper
reactor; within its 2 percent range; will be determined.-by the 20 point
corrector unit., Note that the effect of the shaper reactor decreases with

decreasing frequency. Thus the frequency of the osoillator is determined,

4for a givén set of componehts in Fig. 4, to better’than 99.9 percentsby

the shunted magnet curreot through the main reaotor'satu:aiinglwinding,
ip the region of injection. As the frequency increases; the shaper 20-
pointACOrrector saturéting'winding willlhave increasing‘effect,.to a
maximum effect of only é percénta"Thus'the m&gnet'current'will'Supply
nearly 100 peroent of the-frequency determining information at ihjeotibn;-
and the current never sgppiies less fhan'98~percent«of the information.:

' inoorder that the vacuum tube cirduitry‘associotod“withjthe'

frequency determining components héve a Small influence on'the resonant

‘frequency of the - system as a whole9 a ‘eathode follower is used to minimize

the system s input capacltyb and varlatlons therein. The output of the

cathode follower feeds a distribution system, and also feeds ‘back power -

~ through an isolétion resistoro- The~use~of a cathode follower-somewhat‘

restrlcts the amount of isolation resistance perm1851ble° howevers; the

advaritage of '‘a short time delay associated with tqe single cathode
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'folloyerustage‘is:mbregimportantgbhanaﬁhe possible additional isolation

obtainable 1f additional amplifiers were used to maintain loop gain with
large isolation., - -
LA diode limiter system is used to regulate a constant rf level

at the tank circuit.
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‘II. TWENTY POINT CURVE CORRECTOR -
_ponald_Paxson

-

The bevatron Zb—point'curve corrector is used to supply a maximum

of 2 percent of the frequency determining information to the - bevatron

primary frequency generator° The corrector accepts a voltage which is
obtained from a d.co current transformer in the shumted magnet current
circuit° The amplitude of input signal is lelded into 20 chosen voltage

intervals° The output voltage for any of'these 20 intervals has a rate

_of change ‘which is a positive or negative fraction of the 1nput rate of

: change, and whose value starts at the value which the preceding interval '

ended atb The first interval starts at zero volts° When displayed on an
oscilloscope, the output of the-corrector conSists of a voltage wave made
up of twenty straight 'connected lines.whose s10pes:are varied'by the
settings of the controls on the’ front panelo See}Figojé.for exampleo'

| - The output voltage signal at any point can :be varied arbitrarily -
from ~10 volts to + lO volts without effecting the voltage ‘wave at any
other point° that 13, the twenty controls are completly independent of
each other in their actiono '

The 20 p01nts can be arbitrarily spaced with reSpect te the'

incoming voltage wave, and the voltage at those points is a function of
the incoming voltage wave only, and is independent of time° For example,j

if the incoming voltage varies from O to 400 volts in 1l second, the out—

put voltage wave w111 be traced through in 1 second, and if the incoming

wave varies from 0 to 400 volts in O, 5 milliseconds, the output voltage
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wave also will occur in 0.5 milliseconds.
The-output.v01tage,from the corrector is converted into a

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

~ generator,

The basic system used is to feed the incoming voltage wave

into 20 biased diode tubes which pass a current into a 20 channsl mixers

Each diode starts.to operéte when the’incoming voltage equals the bias

voltage onfthe.diode, and the amount of current passed by each tube is
co@trq}led by the settihg of the potentiometer between it and the mixef;

The output voltage is repeatable and stable to 50 millivolts.
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III, RIPPLE?CORRECTORiAND?BIAS=REGULATOR

QOscar.finderson.

. The bevatron magnet power supply will introduce perhaps a four.
Apercent current rlpple at a fundamental frequency of about 720 ‘eps into -
the magnet-winding° The percentage ripple in the magnetic field will be
several times.less,~and ofia tiifferentphase° -Since the. main- part.ofAthe
‘frequency informationtisfderived from-the=magnet current, it'isinecessary
to cancel the ripple component of . the current and’ substitute a ripple
current which corresponds . to what- is actually in the magnetic field:; It
is desirable to.do this without disturbing- ‘the inherently high stability
A for slow s1gnals that the“current-oontrolled~ferroxcube oscillator system
gives, ‘Figs 6 shows the basic system to be. used,:

.. The current transformer and the field. integrator are a.d,]usted
to’ produce thegsame:size slowvsignaie,.but of opposite polarityb When
these are addedy the<reeult:is.essentially the'integrated-field ripplet '
mirius the éurrent'ripple; »This*combined signai could then be introduoed
into a winding on the oscillator cores in such & manner that .the-introduced
"minus current ripple" would cancél the ripple'due to the‘main'One-turn

winding, ana‘the integrated field%ripple-uould be the only net ripple
séen by the oscillator cores, - However, to do this directly wouidfdefeet
the requirement~0fxnotfinterfering-with the‘slow-signal.stability57WA
filter is inserted to remove-slow‘signals due totzero drifts or gain
unbalance:of -the current transformer and the field integrator, 51nce S

these drifts would be hard to hold under L percent, much less O.1. percent;
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.3Aiéimple Réc‘filter-willaprobablyfbe.Saﬁisfactorj~sihce:therlowest‘ripple

| frequency, 720:¢ps;'ié”muchuhighef:than:thé.highest frequency present in .

appreciable amplitude in the small’wnbslance signal that- the gain drifts

- will produce, ‘in addition,\the:aécuracy‘requiremeﬁts~onfthe.phase and

amplitude of the cofrected7ripple signal afe not too stringent, since-the :

‘ripple is fairly small to begin with.

A special.Winding on the fe?roicube cores ¢0uld bgﬂusednfor the~:
ripple corrector, but bﬁefis'airéady required fer the bias, and it is 
simplest to make this<windihg'serve.both.purposesQ - The bilas current
reguldtor_supply can be. modulated witﬁ the filtered combined ripple sigﬁal

and thus be made to serve a dual purpose. Thé diagram indicates hbw éimplé

feedback can be used to make the bias supply’ accurately follow ‘the required

signal,
The bias sﬁpply isﬁeapable.of accuratelj_regulating‘an~ottput

current between the limits of 100 and 500 milliamps. The d.c. -stability

- is better than 0.1 percent, ihcluding:hum ¢omp§nentso
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IV, !THE DoCes GURRENT TRANSFORMER -

. "Quentin'Kerns

It ig- desirable to be’ able +6mohitor the main magnet current

in some fashion wlthout making a direct connectlon to the. magnet current

Jead because of . insulation problemso “Thé D, Cc Current Transformer is designed

" to employ the magnetic ‘field aroumd an insulated current carrying conductor

as-a measure of th§~current, over'a~raﬁge of - frequency from O to 200 k¢/sec.”

‘or higher.

~ Use is.made of . the 0hange in incremental permeablllty of ferrox-.

~ cube IIT with a_changefln doco-satumatinggflux dens:dc,y_° Figure 7 shows 1

‘the approximate ishape ofathéﬁinerementalférpérméability Q,vsoisaturating~

flux curve, - ° - .. . .o

It is seen that a'ferroxcube core, magnetically biased to some.’

point such as "A" in Figo 8y will;exhdbit”alﬁearly linear permeability

Qhange in magnitude'as:aifunCtion.ofﬁatéhallnadded‘magﬁeﬁic fIUXo '

The D.C. Current Traﬁsformer utilizes three toroidal cores. of
£erroxcUbe*III, seen in cfoés.section.ianiéa 9, 'MagneﬁAcurrent flows
in & conductor on the axis of thn'three eoréso -

‘A biasing current flows in opp031ng dlreytlons in windings on
the two end cores. . In the: ab«ence of anyxmagnet current in the center :
conductor threading the cores, the two' end cores will;be'biased to the
same pointvon;the«yacicurve; Figo 8ol.fhusEthe bridge formed of thé two

ferrokcube cored indﬁctances,vandﬂthe:tWO'resistors to ground, will -
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balance and there ﬁill be. no resultant error signal,  In the presence of

a magnet‘curfent of thé polarity indicated-by arrous, the ferroxcube cbre
to the righﬁ will Ee saturated more and show a lower permeability; the: -
core t04the”left will become less saturated_and show an increased perme-
ébilityo In this case, the bridge is umbalanced, and the‘phasévbf the
errorfsignal earries the information as‘té the direction’of unbalanceo
»Thé amplified error signai‘is fed to a bhése.sensitivévdétector,

and the resulting output voltage, filtered to remove carrier frequency
components, is a measure of the degree and direction_of'unﬁalanceo

¢

Symﬁetrically arranged around the group‘df three cores, there is

a 4500 turn toroidal winding. A current in it produces magnetic flux in

the opposife direction to the flux'surrounding the magnet current conductor, .

The cathode followar controlling the durrenﬂ to this winding can thus
neutralize the flux around the magnet condqctor by a currént.of,l/ASOO
magnet current in thé«4500 turn winding, and restore the Bridge‘to balance.
By mékiné the gain of - the errof éignal amplifier high enough, the bridge«

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

-

"~ current is an accurate measure of the magnet current.

The presence of the third ferroxcube core allows the bridge to

" be out of balance, and hence different carrier voltages to appear around

the left hand and right hand cores, without a net carrier voltage appedring

in the 4500 turn winding. In fatt:4 winding around the floating center

core would be a soﬁrce of error signal equally as good as the present

choice except for requiring more leads.
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‘Without the carrier system'at an, “the 4500, turn winding on the
three cores is potentially an'accurate:current transformer for a certain
range of frequenclese By amplifying the voltage across the coil and
feeding 1t into the cathode follower gird in a direction to tend toward
a zero coil voltage, the 4500vturn w1nd1ng is made to look into a pair 3
of termlnals hav1ng a low impedance - perhaps 5 ohms or less. Further-‘L
-more all the coxl current a.c. and d. Coy flows through R, since the B
voltage ampllfier has a very hlgh input- 1mpedance° The voltage dgop
across R, plus the small coil- (voltage drOp), is then proportional to the
magnet current for all frequencies frOm zero up to the 1limit of the device
as a stralght aoco current transformer° -

The tor01dal cores used have a cross sectlon of 1/4 in, x l/A in.,
and an i.d. of ~ 2- l/A in.,; are cut from the same origlnal core of 1 in. x
1/2 1n. x 2-1/4 in. i.d. ‘Correct wire size for the ASOO turn-windlng is
51mply the largest that can be phy31cally usedo Space thrcugh.the center.
hole must be left for an electrostatic shield for 1nsulat10n, and for
the conductor 1tself whlch will be necked down to 1/2 in, dlameter to
conserve sPace uhere 1t passes through the tor01dso 7

| To buck out 4500 amps in the magnet current lead, one amp is
requlred in the 4500 turn w1nd1ng, and the cathode follower chosen should
be- capable of thls plus some reserveo A negatlve power supply bleeds
current through the - cathode follower everlat zero output current maklng

it unnecessary to cut-off cathode follower plate current completelyo'-
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. Carrier voltages of the order ofA0;2'volt/core turn and carrier

frequencies 200 ~.2000 ke are satisfactory.

~

A choice of bias current can be made which will prevent
ambiguity_of the'error,signal'in case the circuit is temporarily4out of
‘range because of an'overcurrento
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V FINAL RF . AMPLIFIER

ot Oscar Anderson -

The flnal rf ampllfier is requ1red to put ~ 22 OOO v peak on--
theudrift tube, in the case where a single drift tube is used° The
- oapa01ty of this, 1nclud1ng the bushlng, ulll be about 450 Muf The o
KVA required at inJectlon frequency of 375 kc is about 250 KVA and at |
' the top fngquency of 2, 50 Me is about 1700 KVA, In a case like this, a
. great sav1ng 1n power ig obtained by tunlng the capa01ty w1th an 1nduct-
) ance° It 1s planned to use a system that was first tried on  the 1/4
scale bevatron model and proved su.ccessful° Saturable 1nductors-w1ll o
be used W1th ¢cores made of the ferromagnetlc material, ferroxcube III,
which has an unsaturated rf permeablllty of - approx1mate1y 900. and a
reasonably hlgh "Q" over the required frequency range 1f properly usede L
The Q of this materlal at a given frequency is higher the more . 1t is |
saturated with d‘c° flux, Since the permeability of 900 can give a frequencye
rmgeappramﬂung %575- 30 and a range of only about 7 is required it
is planned to operate so as to use the "saturated end" of the 30 1 range
and thus keep the-Q.as hlgh as quSibleo “This w1ll keep the power required, '
" and ‘the number of cores necessary, to a minimum. A A. |
; bf The largest size core that could eonveniently be obtained in.
.tor01da1 form are 2-1/2 in. 0.d. x 1_3/4 in, i do x 1 iﬁo thick° Under
the above conditlons 1t has been found that about 240 of thls 31ze cores

are needed to'handle[the-required KVA without overheatlngo The number

required was estimated in the %bllowing way.
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1. It was determined h&’e#beriment that the powér in the.cores
| would be highesﬁ at the injéction frequency, It was deéided_to‘design‘the'
system to bhe able'to runfcontingously-gt this frequency for test purposes.

2 Some fiv; turn reactors wereimade up whi;h would accept 10
cores each, These had ﬁﬁindings“ méde of heavy pieces of copper which
would carry iOOO amperes of d.c. for satﬁrating pﬁrposes? as well‘as the
- rf, The induﬂtahée of fhese when fully saturated was measured and the
véiue of saturating current to getiaﬁ induéténce of ijf;;%JZ times this
was aléo measﬁrédn | N - ‘
| Oil.was forcedvthfough these reactofé to cooi the cores and it
was found that they woﬁld?run cohtinuouSiy at 2 kv peak at injeetion
frequency, 375 ke, with the appropriate value of'the saturating currenﬂo
At 2.5 kv the interior of the cores exceedea-the'Curie temperlaturec The
safe value of 2 kv dorresponded to 40 volts per core.per turn, which hgd
been determinedvaé a good mAXimum‘value previousiy, for other reasons;

3. The inductance of these five turn reactors was 1.25 ph wheﬂ
saturated. fhe drifp ﬁubé capacit&,vAéO ity requires -9 Ah to resonate-
at 2.5 Mc. Vérious models éhowed.the‘stréy inductance of the drift
tube stem and-ﬁhe corrécti&n.to ﬁhé.feactors would be sométhing under
1-1/2 pho- Every'efforf was nadé to kéep these as low as possible., See
Drawing Wo., 327266 of the.drift tube stem and réactor box HNo. 327266, .
Therefgre, if they-were to be used, a coﬁbination of six five turn

reactors were needed. That would give 7-1/2 th and put 2 kv or less
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on each feéctor, with a total of 22'~kv° An arrangenent using 2 parallel

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

eand fills the minimum voltage requirementso; This system requires 240 cores,
as mentioned aboveo4 The greatest core dissipatlon, at inJection frequency,
will be approximately 75 watts per core, or 18 kw: total for 240 coress

Note that 1f it is desired to allow a margin of 2:1 on voltage,
:Loe° d951gn for 44,000 volts peak, it could be done in two waysV

l. By the use of four parallel stacks of 24, five turn reactors
Aeach which would take 4 40 9o0 cores and also fou: times.the rf
power and saturatlng power° o R | v

By the use of two drift tubes, say on opposlte sides of " the

"race-track", eaoh with the 240 core set~up, and drive them 180o out of

'phase. This cuts all the power requlrements of the first nmethod in half,
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3
VI. RF ASPECTS OF THE DRIFT TUBE AND TANGENT:TANK

C. No Winningstad

' The acceleratlng electrode, or drift tube, and the tangent tank
. to be used for the rf acceleratlng gysten, comprlses the major capaclty
. associated with the flnal'rf amplifier tuned circuit. In addition to the )
'capacitiveiekfects of the drift tube, there will be inductences aseociated
with‘the leads connecting ?he drift tube to the resonanting éircuitrya The
resistivelcemponent'of the drift fube system is to be kepﬁ low by theduse
of ancgpper liner in the.tahgent tank and on the-drift tube; and also the -
liner ﬁill ektend a few feet beyond the tank° A 1/12 scale medei wasimade,
from Whicﬁ ah approximate’fuliwscale equiﬁalent-circuit was calculated,v
shown in FigoleoA The phy31ca¢ system is shown in Fig. ll° .
At 0O, 25 Mb, the circuit appears to be approximately 444 Muf
'At'2°5 mc, the circuit appears to be about 470 puf. At 12 Mc,-the system
is resonant. | )

Tests conducted prev1ously 1ndlcate that ion lock probably

will not be a problem with the drift tubeo
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.VII, -SELF-TRACKING SYSTEM FOR THE FINAL RF AMPLIFIER

.Quentin: Kerns ..

vThe bevatron rf output qystem employs a saturable ferroxcube
;nductor whlch tunes to resonance w1th the accelerating elect;ode capa01ty
over the requlred frequency range. The lOOO amp. d Co supply dellvers a
jsaturating current.proportiohaljto an applled control-voltage. It is
'the functlon of the. frequency tracklng sy' nivto derive a suitable control
51gna1 for the saturatlng current supply such that the outout rf circult
w1ll always be tuned to the 1nstantaneous 1npuu frequency. | |

Flg° 12 is a block dxagram of the tracking system° - The phaSe-

‘dlffe rence betheen the grid and plate 10na]s of the rf output stage is -
the crlterlon of tunlng or mxstunlng oi the anode resonant 01rca1t When
in tune, the natural phase angle is very close to 180°. The phase aﬁgle
must lie in the range of 130 * 90° whlle the tube is dellverlng energy to
. the tank circuit. 90° is added to thls angle by the constant 90° phase
shifter.. The phase meter then must. have a range of 90 +£90°% It
eonveniently wofks normell& in the range hear 906° This is a simplificew
tion since if-ihe two rf signals ale cllpped to constant amplitude_souare
waves, the sum is phoportional-to the phase differencec: In practice,:the“
time of overlap of the waves is the measure of phase difference usedo

leen the voltage prOportlonel to phase dlfference plus’ a-
constant, the reactor can ﬁow be tunedvautomatioally by feedlng this signal
(plus another-appropriete'oOnstanﬁ to‘set(the regulated phase engle'lSOO"

grid .to anode) to the input of the 1000 smp. supply. The phase position
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coﬁtrol adds arfiied.v51£ége to the d;c; dbupled circuit,'allowing'gdjust—
ment of the exact phase angle the regulating Loop seekg fo_maintain;
| | ' .The intég}al‘dontfdl takes advanﬁage of the?factAthétlthe heédéd
-signallto’the iOQO amp. SUpp1y3increases with time, ﬂThé‘gain:in‘phe'direct
proportional control channel can be reduced a factor of 50 .with added ;
iﬁtegral control, - o

-> On the 1/4 scale model, thé phase angle:copld‘be maintAinéd
easily to.t 5% with a frequency-change'bf 3 Mc/séézov'Vafying the ‘anode
vﬁltage deliberately; aé,dufing thé turn;on pulse, does not'affébtlfhewi'
tfaeking after the vél?age is uﬁ a few.percept of the wafo Starting. from
zero volﬁage, the phase tfansient lasts the order -of 100 p,se50nds, aepénding_f
on how far off the actual resonant frequépcy is at the instantrof:pléte.

- voltage applicétiono»
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- VIII. ‘SATURATING SUPPLY: FOR FINAL RF AMPLIFIER:

Quentin Kerns

N

The 1000-ampere d.c, -supply furnishes the‘éaturating“current to
theuferroxcubé saturable: inductor in the rf outputustageo‘/In'autime-of :
" about iwo seconds thelcurrent must véry from essentially zero to’lOOO |
amps., the initial time rate of,changeyof-curreﬁt~being several times the
average rateol;In view of the desired.overail respénse time of. the elec-
tronic frequency tracking system‘(which«includes the-qurfent suﬁ%ly~as
‘one elemept),;itwappeared'desireable_eafly in the game to.make the time
constant of ‘the-saturating. current ‘supply quite sméllo‘ Experiencelwith
the 1/4 scaie bevatron ffisystem:cdnfirmed,thié point.

| Ampiidynelgenerafors;wereiinvestiéated as a possible solution,
and doubtless a éuitgbly_fast_machinegCOuld be consi;ructédo As.a result
_Qf‘experience;with other regulated.supplies however,Athe series ; regu- ..
lated, .lossy element type of pdwer\supply was ihvestigatedfand-builta “The
presentleOO.ampere supply?within'its dynamic yoltage4range’haé a‘time.
éonstant of thé}ﬁrder §£La few migroseconds.:’

In piincipleggfhe operation of the supply_foilbws the aiagram g
of Figo-IB; a negative_féedbaek system,. Assume that the ipad_current may
be controlled between ‘the necessary limits b& the variéble resistance.
Then the amplified differencé between @hé actual load current and the
desired load current; in termé of aﬁ error voltage, adjusts the magnitude.

of the resistance so as to reduce the error, A high frequency signal
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.7vpath-pfov1deq a awreet route for tran51ent voltage changes, and overlaps
the rectifier path 1n frequency ban_do Thuo the load current is made to
follow £he inpﬁt signal Voltaée from O-BOO kc. A practical circuit for
_achlev1ng thls result is shown in Fig. 14

It is apparent that the full secondary voltage of the three phase
step up transformer w1ll appear acrosa the open cirzuits CB, BA, and AC
when fhe primarylis energized,'and there will be no inbutﬁto the selenium .
rectifier. Further, it can be seen that whén &ll A, B, and O points are
'connecﬁed'together, there cah be full input‘to the selenium rectlfier;
" and hence maximum load currerit. ﬁy connectipé A‘to A to A, and se‘en,
the series tube on the hercury.vaper'recfifier ouﬁput can refleet'a
varying impedance to the terminals CB, BA, and AC, aﬁd'so vary'th_e outpﬁt
from zero to maximum. | | ,
B The seriee.tubé is chosen to be able to 'dissipate the order of
one~-fourth the maximum output power, since maxim;m‘loss in it occurs when
tﬁe load voltage and curreat are.~ l/2 maxiniume "A step-up eraﬁsformer
ratio is choeen to give an oben 01rcu1t mercury: vapor rectlfler voltage
equal to the se*les tube ratlng° The step-down transfermer,,of.course,-
| mustvdeliver rated input to the selenium-rectifier when the series tube
is fully conduntlng - € g°9 at zero blas on the sefleq tube. -Low
impedance transformers are essential if the- full Capabllltles of the
circuit one to be realized. The RC~clrcu1teiacross the rectlfler outputa

are to damp the parasitic resonant circuits associsted with transformer

leakage reactance and. shunt capscity, and form essentially a critically
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‘damped circult with ‘the transformer leakage inductance. - These RC circuits
thus provide the necessary lowarmpedanceVpath for the hlgh-frequency.com-_
ponents of voltage to be carried by the high—pass transformerc .; |
» ‘ If the rectifier connection schemes are 1dentlcal - i, eo,‘both
delta or both wye, the current ratlo between load and series tube equals
the voltage ratio of the step down transformer° The voltage ratio of the
high—pass transformer 1s~set equal to thls eurrent ratlo, and in thls way
saturatlon of the core w1th d,c° magnetlc flux 1szwoided.e This transformer
determlnes the allowable band w1dth of the error 31gnal ampllfler,'since
the ampllfler galn must fall to a low value before the transformer phase
angle becomes bad. In turn, the. error 51gna1 ampllfler band width determines‘
the response of the entlre supply, s1nce 1ts band width has then become
the llmltlng factor° It is posslble, of course, to cascade a stlll hlgher—
pass transformer in the system to extend the range 1n frequencyoi o

A suitable shunt is one’ that 1ntroduces no phase angle over the
.frequency spectrum 1nvolved, and prov1des suff1c1ent output voltage for
the error 51gnal ampllfler° If the shunt output is only .a’ few volts, a
falrly stable amplifler must be used to obtaln stability of the output
, current. One attack on this problem is to use as a current monitorlng
device the "DC - transformer" arrangement de51gned for.monltorlng the maln ‘
magnet current, An output of 1 vola/SA, or 200 volts for lOOO amps. , -would
allow a 31mple error signal amplliier to be used., |

—

The error 51gna1 amplifler is adgusted to have a large galn at
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. : o ) o : .
d.c. and low frequency, to provide stabilization against line voltage
. fluctuations and. to reducé ripple ih:the output current. Ripple per- )
centage is normally'around:b.l percent for a loop:géin of 10 at rippie

-frequency.
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-'IX; MONITORING AND-CONTROLS™ '~ .z ii .o uis:
R R Jacthiédel-f7 Sl e
Perhaps the best way to describe the purpose and function of
the various controls and monitoring deV1ces assoc1ated w1th the radio )
' frequency aSpects of the bevatron is to list the sequence of operating
events which w1ll lead up to the establishment of the final energy beam.
Assume that the bevatron 1s loaded up with a circulating beam
of protons of 1n3ector energy and that the primary frequency generator
is runnlng at the correct frequency, A pulse derived from the magnetlcﬁ
, field (probably by a "Varlan Associates" electron 1nduct10n pulse unit)
w1ll turn the high voltage on the power stages of the rf system, and
ex01te the drift tube. If the frequency is wrong the beam w1ll strike
a target at either the minimum radlus limit or the maximum radius limlte
vThe time delay between the turning on of the rf and this 1nterception of
the beam constitute the. monitorlng necessary to adJust the "bias" control
of the oscillator° Thls time delay will be extended by adJusting the
Slope control, resetting the rf “on" time and the blas control as necessary. '
The 1nten31ty of the beam can now be Optlmlzed by adJusting the . "rise
shaper" ) Three knobs at the operators desk permit h1m to adgust the -
manner 1n which the rf voltage builds - up With time. This is done by
regulatlng the plate voltage on the power output stages.v |
The aboVe process is continued untll the frequency gets to )

approx1mately l Mbo From here on it is expected that further adgustments

" will be made with the 20 point shaper, again using the beam intercepting:
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térget tovmonitof'the résUlfs, Thus.the_beam itSelf»is-usedAto determiné
how to make the. adjustments. '
Now this wholelsyétem is predicated on the aséumption that any~,?k
thing once optomizgd will remain that wéy, and a rather complex amnito:ing
system has been set up ﬁo‘inSure this.’ As the beém‘i; pushed to»higher‘
and higher energies the pips-from'the~freguency marker are lined ﬁp with
pips from a current markers Observations of these pips will tell if there
is any jitter or instability in the frequency tracking. But it will also
serve as a bagis for knowing‘Qhat.is‘thé-cause of a possiblé aiminution
or ioss oi‘,beam°
Pips from a second cu?rént'markef mit which monitdrs énly the

ent gdiﬁg through the "primary frequeacy generator" ferroxcube will.

-‘also be-lined up_with the frequency marker pips.- The purbose of this is

to. give a permqnept reéora of what theffrequency - current reiationship
shpﬁld be. Then ét any future time work qah bé(mxw oﬁ the rf systeﬁ;
ipdependenfly;of“tbe be&atron beak and méghet; by replacing the current
from the shunﬁ,with a suitable curre?t'éupply;"‘Also;'after a’ shutdown
during which various maintenancaywork has~been done, it may be'determiﬁed

in advancehthat the Tf system is properly adjusted.
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~ Donald Paxeon

The'poypose ofq;he'bevetrop_grequepcy;merker iglioigenerepe'
- marker pulses which represent accurate measpreqentsfofotpeéoeyet#on“q
QSQi}lator:frequeocyol>The;pulsee are spaced 50 ke apart and represent
the instantaneous frequency with an eeclufe.c‘y'_or £ 0.05 peroent. Uti-
metely,‘theﬂfrequepoy.mepkers will b%'eogpered_Qiphrmerkersuderivedifrom
the magnetic. field of the, bevatron, thereby-giving,awdirectumeasu;eygf,
the relation ;of frequency versus magﬁetic field,at any . tlmeo

- Ba51cally, the frequency marker measures the .time interval of -
‘ an rf cycle. Infpr;noip;e this.is aocompl;shed_by convert;ng;the rf.sine
waves into sharp pulses thoo!then~§r&;§eqt through a cable which has a
delay time of 20 microseconds, The pulses going into_the cable are; ;
compared with those. coming out of the cable in a coincldence circu1t.
There w111 be a, coin01dence of 1ncoming and outgoing pulses from the cable
only when .the recurrence rate (the frequency) is 8 multlple of the delay
time of the cable. The delay time of the cable is 20 us and,this corres .
'spondsqu a.freguepoy oﬁ.SQAgilocycleeolvTherefore? the;eeis,e ooigci;
dence .of pulses every 50 kilocycles, pamely 50 ke, 100 ke, 150 kc,heﬁoo .
rhe Epy§ical lengpg of theiceole is approximately 500 ft.. It has very
high_attenuetion for sherp.oulsesHandéf;p_faop, has an apﬁenuatioo of 40
_eVen for sine waves at 2,5 Mc. For this reeeon, it was found to be

imp;eoticalvto send the pulses directly though!theﬁ5OO ft. of lengthq
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lIn practice, the cable is divided into five loblit;‘lengths{.with an
emplifier to sharpen and amplify the pulses placed between the edgacent
lengths, See Fig° 15 for the block diagram.

The: resolving power, and hence the accuracy of this device,
depends on the-sharpness of the pulses. For an accuracy of i 0.05 per-
cent the width of the pulses must be 0.007 microseconds when, the incoming
frequency is 400 kc.l These pulses are derived from the sine waves by
pa531ng the sine waves through a series of Class C amplifiers. These
amplifiers are biased far beyond cutoff so: that the amplifier sees only
: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
frequency. Therefore, the frequency to be measured cannot change at a
vrate which is greater ‘than 0.1 percent of the instantaneous frequency in
20 HSe For example, if the instantaneous frequency is 400 kilocycles,
and it 'is desired to mark this frequency with an accuracy of # 0,05 per-
cent (% 200 cycles or1400 cycles altogether), then as an ultimate limit,

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

¢ 400 cycles/sec = 20
20 us

This corresponds to an ultimate rate of change o

' megacycles/Sec2,

Information Division
4=17-52 - 88
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