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.. . . . .. ·. ~ i' • :. --~;~·····~iad{ci1Qt)bj1_ .•... · · . 

.. ·.· .·tq~~ptan!Jer-1955. tonveio,stou;:t*f··th-e··ts4-i~eb: 
.. cyct.~.~-~~ ~~:,_sfn~~~ley .tO'.,~tica'i~a~~7.4o:~'¥·e.!:·protou 

bearn.,waa· start d ·1ft . 6 · · · s·· · f': · ·· · *i- · · · · 

._:,.' -~·· The .184~ineh. · 3~0•Me'V· eyc;lotron has };)een 
.. C:~D::v._,r~d-to ·740. Me"tt· i~ or'der to .. pr.ovtde a source· 
o~ particles in a relati!'~ly .9.11e~lored .energy : 
range •. The particle ai'ci~eot'r'espondittg energy 
attai~~ble are .· ·· · · 

I." .,._ . 

·~Proton 
:\_Detlteron 
-He~· · 
·_.Alpha _ 

:. 

:: ·. <· · NO Mev 
· _.,_: .. ,·;:"··~"~·r -:460 Mev 

·.~ ·. ; 1i4o Mev · ·:<: ."· 915·Mev. 

. 35o. Me~:~·~;~'t~- a:~te·v:rt.iisY.;::.; .. ~~~~e~~-~:e!ld 
· ha~ l'?':~-~~~re"sed fr~~ 1$; 0~.9:\t~~ .~3·~·~()0'-gaq:as. 

Th1,• .~-~~l'e,~19ed th~: p~Qton atat.tnrrt~equeli:cy:.from Z3 t·~ · 3'6 M ·. · d .. ~"" • · ,... ·;!a.J: .. ·-~ ',· .,-.~.·· .. .,. '· ... 

l7~:~%~'tt'ls·~~d a~ .3;.4 ;;a;;';!r~~;;:~~~~~r~8• 
. q~.~~cy s_weep dt?Wii.to.·l9.Mc. ta~tea4·~~'i.4:M¢.~ · 
Cor~e:.·~ndiag -~odit'~~tions.i~'~f·n~~~·~&~r.Y. ior 

_ . . __ . _ . . . . deu.te,~ns, .alpha' ... particles, . an:cJi_J;t:eU~:.o_3 _ioJ;ia~ 
.·. · ·. ;·'The: energy \vas. increased by increasing T~ea~- --~nges, _inhere_ ~t·lll th~~~c-~a~e~,8.l~·~~~ ~;'. 
the- _rri;agnetic field 9f the 184-inC:h magnet from higher ea_er~y, present mar.y ~~~- .,rot?.em~·.:·< ··· 
15 t~~Z3.51gfau-:-ss .•. A new rf system was built. · · · · · . : :. · ,._. · \ . .- •·· : .· ·:' · ·,,-..·_,· -: .. · ~f~~-. ·... --~ ·: .· . 
with~• corr_f)sp~ndingly:htg_her s--~ting .. ~~equenc:.y, . . -~t ~). 4:~0 gaua~ ~e per~~~~~lit'f:~f~· the ~&~eC 

. and·~-~ ~d:~r fre:quen~Y~•weep··to:l~cc:ommodate the· ·· drope_~e>about 12, ~erea.s,;~fl!trooo··g•u•• it ~ad 
higll~·;-rektiviattc'cfuitige~·iu mass· of the accel· .· , .. ~·l§tr·,700: _ .. Still, oae)~aat::realilie·':~t~n.;·m..(3S'O•>.·· .· 

\' 

er~t~~J;art~cl.e• •. ':('bi~ re:qutre_s a·~rg-e ratio of. . :M~~'machble moat of\Che ma_,~~~c~r.~W,~uce ~· .. :. 
~~um·to~mlni~u~·c:apacitance in the fl'e- ln:the ~a~et,gap~. Tftt~ g~~ wa·a_.~~~~~~-~-f~om(· .. ··.;·,~-- · 

. quen~y·mo~ulating ca~citor~ 1'he minimizi~g· 19 .tC).lZ in. au the n~ber of·a:rnper~~tu_l"ll,., ;had. . · 
of thl-~·cratio _thr.ou.gh the ua·e ·of sections of non_ . ~o l?.,e. inc_reaaed by _only 6_ ~%. to pr~':l-Ce;~:*-•·· new · · 
unllor,m _c~rac:teristic: impedance within the res• value of magnetic· f.ie!d iiltene~ty~· .. :.A~~:~~liary,' · 

· onate?:r· t·a .discussed along with the design• exei.· . set of magn~t coils' were. addea it1 the··euu.n· t~Qk· 
tatlo~• and·.co,ntrol problems associated with the ·space made available by the len~enetl;·m:agn~t' 
uniq~-~ vibrating capaCitors that·were uaed. pofe_s (Fig. 1). : · •. · · ,.!l·: . · .. ·: · · . ·' .,_ 

' · .. ; ·Be.cause of the snort wavelengths assoeia- . 
ted With the r£, the vacuum tank is able to eup- · 
poJ"t)he· !i.rsfhigher•or.de.r ca'1ty mode witllin_ . ~ 
thf: P.J'oto.u·~atrg,. ,Ele~tri~ !ielcl c~rnponent~y-J:$: . .
aociated with this mode,· if excited. would. pre• 
veilt·J~e .beam from reaching· full .energy. There 
&re etmUar problems asso~iated with the dee 
cro&tl•mo_des. Thea~ problems and their solu
tlona;·a'te ~aC!uased in the paper. 

!· 

. ~ . "' 

~~ 

'-:.\._._.,_ ·~· ..... 

.... 

•,. 

. ·' . . Saturation of t~e steel increased the fr~ngitig -: 
. -· fiel~l' around the magnet. At th~ _ sarn.;_jime·, the ' .. · 
· 'horter wavelengths associated with. tl,i:'¢ ,higher;' 
; rf frequency nec:e~uti,ated placing_ t~~ .ft~9.U.ency.;. ··· . 

· swe~ping· capacitor nearer. the:.~ea~in.g::edie. of~~· 
dee and in a magnetic field of ~00 ga\i·.-·s in·ateact · 
otalmoit ~ero as before. Inittaftal·c\Uations til.:. . 
dieate.d Uiat a conventional ~otatin_g.~j)acitor . :: ,· .:· · ·. 
·«;~~be. subjected to very high·edd'y ~-~rreut•v.> .: .·.' 
'tlie loaaes would be abotat·8l k~. ·and: it,ufeed prj~·· .. 
sent a difficult coolhig problem. _·· ·to .ayoid this· .. '.· .·. · -~ 
and tbe rf .. mode problems as·sociat~d ·.wtth cdn:cen.;. · ·: 
tration. of rf currents on ·--th(! blade_&. of~;a vety ·,·, .: .' .. 
.l~rge: ro~tiug capacitor, we cieve~op·e<t~a>set of:~·
brat~ng·.ta.pacitora. This reduC:~ci the motion ne~·
c:eaaary to produce a given capacltanc,e.· change~ .. 

·and'.made tt poeaible.to farther '-'edq:ce)he- eddy•. · 
~ur,ent heating by aligning the· '~!lotion: .. ~ith the ·. · • · 
-~petic_field linea.· The.disalpat~on now is lesa 
Uiaa 50 watt a. · · . · ~- · ·._. 

·•"'. ·>', : ~ .. . ' 

· ·' · · ·. :i'he shorter Wa.velength reduced~ ~e iength .. of . 
the resonator, but the width has ~o._.be ~ufilcient ... 

• . . . < . · .. ·.::~ . ··. 
· · . Thie work was done under the auepiciee oi the·· 

U. s. Atomic Energy Comndsai~n.· ·:: · · 
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' t~ contala:'the ·aul'orblt· of the. aceele~ateci' p~~· .. :. . The·"~~ee~ing·· capa·titor con~t~ts ~~ ~wo. sets. of . 
t~clt'!a~ . Aa a. result •. the resoua~wav:eienglha .·. · · .. r.'ee~••·. whit!lf·vtbr~te .. Wi&h :~e, &\mp~tu.c:le of 0.5. in •• 
a4aoc:ia~4 with the l11te:rai ,dlmenilonll-'Qf .the re •• ·. :·and,.·llie _cqrr~:t~pq~~J~g,,~ eta'*r. p)».~e s. ·. ne ~xi-· 
o\\ator a:re ·:compar.able ·With those ot the longit".;· ·: : mum:·:e~p•dtan.ce ta;·.a~~- 645~- ~td• an.d. tlie rniai • 
4in&l·d~*nensions~ Fo~tunat~ly.-theil,_*ros~~ . .··m\Uin,ie:~bOu~".~.I..O:.MP.J.~ .. = · .· ~.,··.:·.· . 

. ,· 

.. 'mode's tilove' with •\yeep ~re:quency; aDd: it~~ pd ; '\ .. ··<··.. . .. .·. ·-~ i~ • •• • ... ~·:.,·.··):· •• , 

. .p~sail).le to diSplace them·, sever~ megacycle~. ;· : ·. · "-/ . ,:·.~.ii~h ~f. the. re:a~~rcl:'· plan.ne~ .. ~or .~e cy~lotron 
. ·. · from the desired longitu4tnal·m0de by &!l app~o- : req~res acc~ler~ti.o~ .. of de~t~roas· ~nd alpha par-
·. :;·~!.a\tf::·t~o~c~ .fJf re_so~tor geometry. · · .· · · .ti-clea .a~d· po~s~bly .&,o~e ·work· Wl,tb ~~~ ions. The 

· ., ..... ;;:,.· ... , .· .. _:_ · ... ·.~ .. .:·· · .. _,. - .... ~i,~ttwca·pal'th:les .. re.qwre the ~aq1e frequency 

·- ·:· 

.. ~: . ~· . 

. · .. :·:T~~·(only remaining r( ~ode that; proved t~:·. .. sweep;;.•from.)8 tc.· 1.~· 7 Mc··~Ue the latter re -· 
be trouble_some is the.!~10_1 m.~de ol·the vac'!~-.-. q~re& a. swe4!p--~~o~.:~4.to)6 ,~c;:.... . . .. __ .. ~. 

· ... . t&nlti·~ .. ,Thts·~ode oc'c"res·at z~ Me.···artd··corre~ ~·,:~· ·. • ... ·. · :-' .· ... ~~r.t";"~:~:·."··'·:~: · ... · · . '?l.'·:~~·s·. ·~ : . . · · 
·· spo~cl~ :'~? .. ~:.'~~dbts of 63 i~. _fo., pr,oto~s. It-di'd. ·.· · . · . The pai-t· of th~,.Z.e~onato·r ttia~ eeeme to lend 
. · tiof··p~!~ to .o.\11" .attempts_ to mo~e;:l~to· either end . : Uaelf best to~c~.CfJu8'n4fe.nt to accomm~te these · . 
, ·of the . ~atig·e, . ~ut .by: preserv_tug:, the· verUcal. · sym • · ~· -~ lower . frequencies b ·the. ctuaJ'ter: •wave> aection 

·. melJ!f" ~f;·tb~: re~_ouator ·and p'oviding a vertical• · .· · locilt~cl.rnoat. remotely bo~ the d.e edg~.- Thia 
. tr~tn,iD,g .a:dJ~atment~ ·we as"e able t~· de·couple it . ~ &ec.tiou. is outside the: .. maguet poles,' where apace . 
from·£.~he' _oscU1ator. •;rhus, thoug~ the desired -·. · . iiL.vatlable tor aD: a_etuating m~c .. niam. and also 

· :· mod1,:of ex~i.~tion·of the d~e lies in the midst·of· . 'lhaii the· highest ·rf turrent denat~ies,. whi:c:h makes 
..... a DQffib4.J:. of. undesbable mode·a;·inJh~·· fr,equency. a· change in volum~:·~i'Ucularly,eff~ct~ve in shift· 

·ape~tFWil·•·, ~e latter .. are· not- exeited ~Y the osci~- · iig·th~_·reeonant f~e'quency~ A'paii' of movable.· 
lat~r~: '•.. ,. . . . . ' . : ' panel_& wer~ employe4 to chauge_~e; characteristic 

.. ~: ·... . . ' ' ' . . . .~' ... · ' . impedance of this_ section from 4 .. '~'1 ohins for ~· 
.>:Th~:-a:~c sourc~ is of the-.o?en.·ar~.:~ype proton ~ange tt;) 16.Z ohms for the .deuteron range• ·. 

using_ a.tung~~en filamentjo. n was .~ot modified The panels are shown in the proto:n position in Fig. 
during' the conversion.. . a. . ' . . ' '- ' 

. . ·.. . .·"'•' 

.. . : . . ·A new deflector of the magnetic regenera·· 
tive ·typ~.~. ~ •. ~.·was installed in the machine. It 
ex•r~:~ts ·.a. ·mul:h larget fraction of :the internal 

. bea~-.than Pte, electric defieetor:·dt.'d in; the pre
couve'rtecl'.machbie and. in addition, ·iS an essen..;. 

·· tially· ~alntetUJ.nce·bee device. _F11reher de scrip· 
tion·of the ~eflec:tor·doee not fall within the scope 
of.th~s·· paper~~ 

The ·Re!iJonator 

With the panels m~ved into t!1e deuterQn po· 
sition the resonator sweeps: froin.ZS to 13.6 Me·. 

· B~cauae the ~taritug trequency foi deuterona is 
18 Me.,· the acceleration time would be very short 
(Z.S maech and .the tbreahold d~e .. voltage too high. 
Some .~emporary .capacitors were. shtmted from . 
the reed motora to the- stators• which restricted 
the ~tpper frequency limit aild lengthened the ac:~ 

· celeration period to 3.8 msec. This reducec:l·the 
threshold voltage sufficiently to permit accelera• 
tion of deuterons to full energy ~nd their extrac
tion by the deflector. The three-quarter .. wave ~r resonator was 

selected lor the new machine. 4, · Because the . . 
required· t~equency sweep islarge·•from 36 to At present •. the perrnanen~ model of this ¢a· 
19 Mc·.:·;.::i~ ~s~ ~ecessary to reduce the reqtdred pacitor and the external actuating mechanism ·that 
range o( the frequency ~weeping capacitor to a permit a its connection for the deu~ero-n range are 
minir;r'l~.·,: . ~~s was accomplished by varyin·g being buUt~ 
the· characteristic impeclaace of the resonator . _ . 

:along. its length.·. Intuitively, one can see that if ·The equivalent circuit of .the resonator is . 
the character_istic lmpe'dance of the. resonator is ahown in. Fig. z. and the compute4 values of volt-

.recluc.ed near. the voltage node at the high ~'eque~~ age and current in Fig •. 3. ·An. rf power inventory 
cy_end o( ~e range. the resonant.frequency here_ was m&cle using the currents shown in Fig. 3. and 

.. will be altered only slightly, b~ as ~e resonatQI' it revealed that 70 kw. of rf powe·r is required to 
b tuned.· to~~ lC)wer frequency and the node shifts produce a dee voltage of_ ZO kv •. 
away·from the low impedance section. more e- . . · · . . . . · ... 
lec:tri~ !ield energy is stored in th·e section and .. ·.-. · The dee is 126-in. long and .180-iu. wide and 
less is 'reqUired in the sweeping capacitor. He_n:cil!f-.';{11 therefore capabl~ of supporting lateral l'esonant 
a amallel" ratto of maximum-to-minimum capac1• :modes of· comparable frequency to, the de aired 
tance i,s req_ui.red. lollgitlldinal mode~ Figure 4 shows the resonator 

· in perspective and the equivale~t circuit for ·ea~h 

. It 

Compottent ~alues for a large number of res• 
onat<:?r..a were _computed using the above concept 
as ;1 guide. A special calculatol' that is p&rticu'• 
larly well sui~ed to this type of pr.oblem. was em ... 

· ployed, 6 and only a few day$ were required to run 
off calculations on·over 65 possible cases • .A · 
capacitance ratio of 20: 1 is aU that ie required to · 

·sweep the resonator through the desired range. 

clireC:tion. It is apparent from the equivalent Clr-
.. cuit associated with the y direct~~ that the u•aus ... 
mission lin~ wUl be foreshortened· for 'frequencies 
below the. series resonance of the vibrating capaci
'ta1ice ·add ree:cfinduC:tance and lengthened above 

· .this resonance. Hence. there.·are two croas-modes 
neal' the desired mode •. The amount of lengthening 
or foreshortening of these mode's depend• upon the 

. · ...... 
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lateral spacing ()f. th~ reeds.· Figure 5 abowe the ·.· .·. calc~~iton so the.ae:.eondltioa.~ were_.-~tked out · 
. aeparatloll of the ero•s.~t;n~d~s f:rom the des~~-4u:l c.r~fo.:"~&Y' rf•~odellng. techui'cilie• .uaing,c&lcwatlcma on· 
'znod.e in both the•protona.:nd deuteron rang~&.·_. . . a~i .. eali~e.d liae_as .a g~de.,· A:bsor_ption-type · 
· · . . . · ~ode eupprea1ora were u•ed to- ~tevent oacilla· _ 

Another mode that haa to be c:on•idered ia -- lion· on ~thiLtran•mtssl<>n•Une reso~aces. 
· · the ~ E1o 1 modf1. of _:tll~T.~~-~ tan1t~ Which Oc:curi · :~<:~ · :. : · ~ , ·~ f :·> · : _,. :.· · . ?.: ·:;---: .. : :: · 

at ZS Me .. curz:•••·•S:•'l~~~ed with thia mode . . . .o :- · · . •. . • ..•. · · ·. (') eitlator ·. · :. · 
now• from tb~ ceuter ~1: tlie' top ofJhe ·.ae.uwn . ··;.. . . ' . . - ;.. : .. ' ' • . . . . ·. . . '. : . 
tank.radiaUy outward:to~the/eldes and dowu to the .. , . . /·oue:.ot.the- pracCical ac:lvantagea of aynchro
eenter of. tile .bottom of:th•,- .-u·~ The corr~·apoRd• .· cyclotronl ·ie that ihey do not preaent as eev:t:re 
lng eleo*rlc field la vei'ti_cal· a~ aynchroncua• with . . a _apal'ldng problem ~ the oa~Ulator. c_trcuitry aa 
the aecelerated.proton~~ it ac~·· up_on th.e protons · -clo oiber 'ypes of acc,\eratora. This b a ~elull 

· ··fo~ au e1ittre ~ r_evolution"ea.ch rf. cycle tather · · of .the l~w. clee vo~tage at which tl\•y_ operate and, 
. ~n fo.r juet a: few degree• U~eth~ acceleratlag . hence; the relatively amall ~m~nmt·of ,eaergy·they 

.;' <t"' 

. . 
. ·;·: '"/": 

·:.. . ,, - -· 
· .... · 

·:· ·. 

~::_·.·;:,;:: 
M""':-•"' . 

, .. ;'· 

. .: ,field ~t-Qle ~~· : .• clge ~ .. > Coi\eequ.ently, .. ·-lt can drive . ar~r~ in -the··-re_aoa&lQr ~- Still,_,·:die ·r~.~onator dia· 
. the b!l~: v~l"tt~allyJuto4he·.~agaet pole bat is .. · dl~·get"\to;oceaaionaUy ind1lce_au<esterua1- epark, . --'~ ._, ·-.. 
not e~clte(i:·if:~the: r~··onato.- i:a .• el'lie&Uy. 8ytnmet• 80 we· em:plo-yed:-the<&park reat.ttq ~-~hniques . . . . .. ~-:: .. 
rical •.. T-~!! imp~rfec·~~ne .. ~e_,~,ting·fi'Oin me• . ·. · ~t:.we.have foutld ao·:·.etfecttve on: our.. other m~ ... - .·. -~·-'-:r :.<\-, 
chant~~l- to~~..-aneea, and tb.;ttmal gradi.ente c:au be · .Cb.(ilea. High•apeed over•curref:lt· elg~b are ob•. . ·_::. .. · · 
c.ol'Jl_P.~~~t~d ;tor.'by lutl~VidWt,l adjua~~U1t of the . 'tabled floc>m grid. and·_. node c:i~Cuita :.~or crowbatt' . . <' ·.·.: -· 
mova!Jl•:t-qela. · · · . . ... · . , . : ·.·.· excitati~n. (See Fig• ,6.) Spal'k gap~ ;are ·eon• . . ... · . 

·.~<:>- .-:· .• :J:·. ·_ .. · · ·· · · · nected acroaa all ~~ :_bypaaj c~.,actt~··· .· Capaci-.. ;'·· ·· ·' 
,J)· ·• •1· · ~-- · . ·d T. _ ... '· · . ,·- ·1 . · L~ ·. tor• t~~ _o~e~_lte. at high rf grad~ent~. al"e of the · · 
.. ;r_ve :~ope an _r&1iamasa ~n. ~o11e1 .. air~&~~, type.,· ·· .. . .... 

. ·'~A··!Jie.~~clofcouplingthct-~p~·cUla .• rtothe · · -:,:···: .. ~-.. : .1· . . -~.:- .. ··~ 
reaotaator.:·tiacl-'to b~ !ouud which woUld·diacrimin•. ._ A Machlette 568.1 triode ta-.employed·in a.·· ···· 
ate betW~~- ~he fundamental mOde: and the cross · cohial grou11CJ,ecl...;sdd oacillat~z.:.:-:il'~uit (Fig. 6.) · 
modes. · ,lf·o~e eo-aatclera the direction. of ct.ll'rent · .·. Conall'uclion-:detMla.are shown ln. Fig.- 7. The · 
O~w on :_.t,he .. r~eda·; it l~ ;IP~reil~ _that· the currents . oscnlator box ls<s~~rounded on ~ree. aide a. by .... 
aa-aoc.'-t~~ wt~ the fu~me~tal. :mode are ln the . fou O.S.•in. ~teel. p~tea wh.ch ~ecluc~ the magnet-
•am~.dbiectioll on the two reed& wh(l)reas the cur•·:.. l~ fleld frotn; Z·kgau•a to 40 gaa.u1s. The weight 

.. toeur·a·,lo~. the el'oes•modei 'ar•(ln oppoaite clirec.. ·. of; the osc:lllato~ t~~ is. aupport~a at -the anode .. 

. " 

.: ~ ,·~ . 

~":/·-...· 

. .. . ~·, .. 
t# -· -;, ,:·· 

· tiona. ·thus, · if the anode drive .. loop i~ co11pled. by a. cordeal te-~tion<;;>f polye~i9'~~e. which alao . 
to the· cilrrenta .of one ·l'e.e.cl wl'llle the cathode aerve• aa an a~· baffle to direc:t,the e~oling air ... 
clr~ve'loop ia ~Gutpled_to:_:~e. c~rreuts of the other. i . :ovet the glaas sea~s.. The an~-·;cooliug water . :~;· ~-=·.· 

~_:;_; '_::~~\- ·::. 

· ·the· v~ltagea will be in phat.·e (or the. funclamental · (_as gal per minl·ie. tranaportf!d ~Y' means. of two~-· ;:·: 
· · ·mo4e; ~ut_ out o! ph&ae .for the ~rose: modes •. U · l•iach-diam neopr~e fire ho•e•~ 18~ tn. long~ .: ·: .. · -~ · . ,: . , . 

'thia . .:.~~·e informatio~:c:an be:preaervecl through. With 10 .,unho water, the de le~ge eu,rrent ia . ·.-./:·.;-: ·.-
the·uauamlseton line-• •. the •.r•t~m Will. be re- · · 13 rna lor a de ·anode voltage of 15 kv. The hoae .. :~ ·:; ,l: .: . 
generative for ~- fuad~ental mode but degeu• · fitting a are equipped' with antieleC::trolyaia elec.• . ·: J<· ·.;·. · . . 
erattve for the· uosa•mode·a.. Beeause the stand•. trodes. · · · . .-· .·~_.:·; ·. ·· 
iog-wa~e ratio ie very high ot\. the- 'ranemiaaion · ,· ~-
lines, the phaae &hilt along the Unee ta either 

. almoat il:ero or almost· 180 dego. •except over a . 
very abort length of the line near the voltage node·.:· 
(Thie region• having a very low fmpedal:lC!t, ia 

, not a· s\lltable pl&c:e to connec~ tube: elements any• 
way.) Therefore ploeaervation of phaee is eaaUy · 
achieved. 

In order to euppreas oacUlation on: the c:roaa 
modes the two tranamtaaion Une·e were made e• 
leetricatly identical. The anode line ta termina· 
ted in the anode capacitance; the cathode li~e was 
m.ce identical and. terminated in an equivalent 

: capacitive voltage divider which also provides 
, the ·proper drive to the oscillator tube. 

Two other requirements had to be fulfilled:: 
( 1) the transmiasion.;..une resonances had to be 
diaplaced to either ·ai~e of the operating-frequen
cy range, (~)the tranambsion lines had to pro
duce the proper voltage ve frequency curve ao 
that the dee voltage would be app·roximately con• 
atant throughout the frequency aweep. To meet 
these requirementl the length &lld characteristic 
impedance of the transmission linea could be 
varied. The geometry did _not lend itseU well to 

The Pulse ... Control Syistem 

The block diagram of the oa.cillator and arc:• 
pulse ayatem ia shown ·in Fig.~ 8. · The timina --:· 
~equenc:e starts from· the reecl':"position marker· 

. pula~ which is .derived from a blocldllg oaciUator • 
· : triggered by the t_eed-arnplit11de· •ignal. Unlvi• 

brators are uaed to -~elay th~ itarting time and. 
to determine the length of the oacUlator pwae. 
This pulse, after amplificatioll·, · modfllates the · .. · 
oscill&tor. · • · 

The arc•pulse univibrator i•. triggered from 
the rf by. a 8\lperhetrodyne receiver tuned to the 
ion-star*ing frequency. Thia pulae is amplified 
and provide a atlfi arc ... source anode voltage. 

The crowbar, which provides high•apeed pro
tection agalnat sparking.-ieduced power arcs with
in the oscillator tube, abort circuits the screen 
'of the fillal amplifier· tube:a in the. oacUlator pulee 
amplifier. The protective equipment ia of fail
safe deslgu and, in addition, ia backed "P by over-
c:11rreat relays. Following a crowbar operation. · 
a recycler bringa the cyc:lotrou back into opera
tion automatically after a Z·•ec time delay which 
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per~ ita the vacuUm' p~p •. to remov(l: the; product.. <~;::· . -,. . . . _· . . .. -.. : . . . .::-~. . ;'. . -
of the·dtecbarge before rt- ia :feeitabllahea ... ·_ - ·;··:. · . .. .. Ba~nciug the-Reeda· .;:· ... _ . 

, . -. -1 
. . l • > 

-- •. ·. ' .::j - I . ,' ' . ' ; ·~· . ~ "f : • • • ' • ; • • . •• ~· ,..._', , ....... • ,. :':;t·•~.,.:"·, . .r. • • • ' . .' 

. · Each. set of ree:d·a ha4_-to be·- balanced ·~ tha• 
Th. . . ....... ' .. ' . :' ' '. . : - . . . . . . . ·d . -~the. mo~ting would be~ at .a velocity node and the 

e Mec-aic:al_Cone .. ~J"•ctto~ of _the Ref! • _ · amo&int of ,vltwatio~":QOU.pled·to:t~ vac~um ~Dlt 
. -Th~ re•d• are 36Jn. Jong··aacl 45_ln. wide. '. wo.al~ be _a ~lnt_m~~-·. Th.e··1e:ecta\ weie installed 

They are._bO_lted-dgldly toget~~r at the ~oot ao - l1l a -•mall ~eat ta~l:(f6~ balantlng', iD order to 
that they_:Wql..vlbtate'ltke -~(_t~ng fork retou.nt :: ,bave_t~uic& ac.ee·as tQ th~ b~~-~i~.•···:.A: vil!J'atiou. 1 · 

at 63.8 cpa •. The mechanic&! Q of the blade a , _ · ·pick-up wae _mounted ou the.'.taDk,.~nd.-_weighta \Vere . 

I 

.•· 
.·, :i 
,, ,. 
:.:· ;: 

·V ., 
~ :_ ..... i;'1 

variea·wttb.the amplitude amt Jm.a a value'' of .. ' ··' -~~ta~hed to the upper or ·lowet_ blade·,aa needed. to .- . 
. 1. 000 at-the: f.U amplitUde (0 .• 5 lti.) and a. 000 at t:,~~{Mbdmize the v.i'btatioa •. After .balatidag:each aet . ·, 
. tWice .amPUt~ude. The -~cl~~ are·"rra&4e"' of Nitl'a·'· :: ·'·of)."'t;eds_i:n this ~Y· addl~~~r~etghtt ••• ,,. · .·· · .. , ~ --" :--: -.~· 
l':ly-l35·modlfied. .. ateel· •- .Which ba&-ha,~-the lUI'• added symmetrically to the aet .ot. re•cl• wlth.the -• 

· face nitrlded. to preveet, fatigue faUue •.. fie . · hlghel' -r~·aonaut ftt~qaency ao dml.lta: frequency . 
maximum atre·~· ial~·. 000 pal• whiCh ie·well· .w;o~d.match-'ib•l:of Qie other-·~·~ nnally, the . 
below· the eudilrance -lt.mlt (90dl00 pli) of the. .. ,, ... _diff~rence in·l'e•onant·frequeucie_a t•ned out to 

. ·ateel. AU i'f•.c&rrytllg _8\U"_facea ir-. .copper-:~~~~~.~- :_,be ~bo\lt o~oo:J:'··eps. -The reeda·~ere then··lD.ataUed 
platJd in:-o,der to .. redace th~ •kln.:lo••-••~ · Heat · · ia the cydoU'o1i. . · .:c · , • · 
tta 1i8fer ftoom the reed• is accompliahed .by tllet•·.. . - _ .. .: . 
malradiati01l and __ conduction to the .w.ler :c:o.~l~d · _·.·Ex itad~'*~:::.a~(.~JUMtt. 
mounting bloeka .attached to the blade fOOt_;. . ·111e ·· , . . e -· - : t. · ·~ . · • c ~ - •· , ·_ : • •. :· _ . • • 

cooling ia ·adequate for. ;f_ current densities u-p .. · ~ .. · The reeda are excited by-the .. aupe~po-ition ·_. 

. \ 

~ •.i. ~ ·: .. ~ 

..;,! 
. .._·! ~ 

'j 
.; 

.: ~.: 
'j 

.i 

to 40 amp per lllch (which cotr.,aponde to ZO•kv .-. of a de ami'. an ac curl'ent. (Fij •. · :10.) The de . 
dee volt&ge-)'at- 36 Me •. with a. 50.% ditty: factor • . cul:l'eut prodac:e:~ a. maguet_ic S.prJng ~ch is . . . 

· . , · .: . . · . .-.-,;~~.e,d. to trlm the tesonant frequency of the.reeda •. · · , · ··-

,., 
• .... "'!. 

The reed-tno.or tonaists of a laminated : Cbanaing thia current from ZO to .100 amp c:hangea · ::.- .... : ·.-~:-•: 
.steel core which is excited l:)y a' c~U of 14lf:l&re -· lhe_ te.aonant frequenc;:y of the reed by about 0~050. · 
conductor meaauina 260 m,ila em au edge and cpa·.which is suffiCient to compensate for thermal .· ... _. , ~ 
having a. 1/8 ln. center bole foz: co.olie.g water. differences between the reeda. · .. ~·-·';/::'~:-;; 

:·;_: 

Magnetic flux frotn the motor liok• ·t~e ateel _ . -.. . . . . · :\ . .- ··· ... _: 
);)laclea and thua prod\lcee the driving force~ -·The reecla are_ ·deaigutecl "Reed 1 "·and : ·?:;:_ · >~. 

, . , . . · -. :: . '~Reed Z" as a reawt of their loc:~tion i~ the cyclo• · .• , , .:~ :_;-; : .--.~.~ 
. Duitti development of ~h,e reeda a problerll tron •. -A-s the-reeds are heated ~y the rf, Reed ·1 '· · · .· :;'·~ :-·; .. ·. _:.: 

appeared with a mechanical er.~ae•mode.. Be· - · llappe~a to require·progreaeively more de: than . ·.: .~-:-·:/,··'·j: 
cause the ~dth of'the reed is eomparable with .... Reed a. We ~ho•e to self-excite Reed .Z and to .. -:·,·-~ ~,..~: _:: ·. ·) 
ita l~ngth, the reeonant freq~6~cy: of the fir at _.. clri'Ve Reed 1 with the signal thue generated. The- . ~- <· !':·' · - 3 
c:roaa-mode 11 co~parable with that of the longitu• .. ·de in Reed 1 i8 varied to keep _it in tune with : · ·_. '. ~:u·, .> :; 
d.inal mode. The resonant frequnc::y of· each mocte · · Ree.d z. It ia preferable that the) de .in the self:.. ~ :·. , ·· f··. ·0·~-- 0 • ~ 
varies With the blade tempera~ili"~· . lf the euve1 _ ... excited reed uot be varied 'because aome aatura• · · · ·4 ··· . · · · 

of these quntlti~e inte:taect_ .within the operating~. tion. of the motor core occurs at:_the higher de ·.- . · ;:r · 
temperatve range, the croaai.~ode _wiU.. be ex- . values. Thia abUts the phase of the· feedback· .. · /~:~ 
cited. This coudttion extatecl tu the initial cleatp.. voltage and clrivea the o1eillato~ off of the r4uon-.. · :: · · '\ 
We found that c\Ut~ng •even uniformly epaced ant freq .. ency of the reed. )•:-

·.·..: 
longitudinal slots ill the blade near the ~P in• 
cre~aed the co~pliance in the .. ter-~ direction 
withot~t appreci._bty· affecting it in th"e longitudinal. 
dtreciion. ThiS loweri the re•onant fieqllency . 
of the croa•-mode so that ita-cul'_ve no longer · 
interaects that. of the f&&uctamee~ .mode •. (Fig. 
9.) Thus the motor excites only the desired. 
mode. · ,._ 

FacUitlea were .not available -to baUd one 
. set of reeda wide enough to pi"ovide.-•""icient 
c:apac:itance to meet the requbementa of the re•~ 
onator, ao two smaller aeta of a-eeda were uaed. -
It h necessary that their resonant frequencies 
be almoat identical· •the difference tnuat not ex• 
c:eed 0.005 c:ps if the phase error between the 
reed palre ia not to exceed 1 cleg.o Iuitlal opera
tion indlc·ated· that the external. beam is quite . 
seasitive to thia phaae error; .and ao an automa• 
tic pbaae control syetem was developed. 

·~ ., I. ':.,_" 

. ' 
A block diagram of the reed contl'61 syatem. . · :; · . . . . ~ 

is ahown in Fig. 10. Each reed. baa ~t• own amplt• _ · · .}: 
tude regulator. A signal proportional to the ampli-·-· ~;~ 
tude i& obtained by a magnetic. pickup and b com• ·: :_.-_: ';''.; 
pared to a reference voltage; the,, difference ia · · ·· ___ . :~ 

· amplifieu. and c:ontrola the gain o'f· the reed-driving·· .'- · ·' ,':_:;,. · 
amplifier. The amplitude con~ol a imply adjusts · .. · . -~ 

· the ··'"fereace voltage. The acc~ac:y of amplitude · · ·· · 
regUlation waa m.easued l»y observation of the _· . . " 
nl'iation in lower limit of the r( fr_.quency a weep •. ' r 

This indicated that tbe amplitude . stability ia about :' .· · 
1 

O.OOZ in. 

The phase angle between the two reeds is 
measured by meant of a phase detector. The out-. 
put of thh unit is ·amplified and a·ctuatea the de 
applied to Reed 1 by means of a saturable reactor. 
The atability in pbaee angle is- about 1 deg. 

Under ateady-etate · conditione. each reed aet 
require• only 70 w of driving power, b\lt a larger 
amount of power needa to be available to make 
them respond quickly because of their high me• 
chanic:al Q. The 500-watt amplifiers bring the 

-..... -..... 
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· Th~ ·h«agpet:~egwato~• . .. . . . . Ele~cti:tca' .Cha,~cfelfeUe·a.'.~t: UOR .... 740.,Mev .. 

re~·~:t::!r~~:::r.::.~~~~:.~u!~!~:=~~~; .... ·:. ··~:~0~0~-~· .• : ... ::;:../":·:~·:,:·~'t·) .:·-~;,:·,~.:,~_~:-~.<·~ ,:.·. :.-:·.·. · ·.: · · ... =_.:. :.· .. , .. ·: 

. :&f~lo-.oo;Q and· emploY8.:._t»o"''.a,-cure_,;.t. and volt-.. . -.~fPle&,ic~te~ at c:~J~l'-· : · :. : ~:-.': Zl~• ):tg : · . 
·-;,.. ., 
~-~;--r-. •,' 

: age t._~dbaett ·lofip •.. T!l~·-~et~renc:e ··\tOllage is. . · •• '. ·. 'M~peti~:; fleid ·ai flnai: i,icti~s~ ,· · > ·. zi~' kg,.~ .. -; :···.' ~: .-,, 
~ ·.·.,- -. --~-· ;::;:_ 

-~- . -~ ;' 
·I. obtai1,1ed .from· therm:a.lty, tit• alated. temperatue.. · · · · . · .· . ·. · · , · . -- ' . ·._ . · . . ' .. · .· . · : •· 

· re•gUiated.me~cury cellt• ~a.td 0.500•\r:water- ~pe.t~~otive. force _ ~.,.;.;·-~-. . . · ... 6. · 
cooled mal\gllfti~ •luml•_are os~d. The stabUity . .o;rotal· · · · . .. . · . ··> 3.0, x 106 · . 

--,~. 

,_. 

of the magnetic fleld. exceeds ·1 part in :10, 000. . · · ·;~in cotta·.. . · · -1.88.x ·106 
·.. · .... ,.. ··: : · ,.: · · · ·. · Auxiliary coils . 1.15 ·x 10 

.} ,• ·. - . ' 

... _ .. ' : . . . . . · .A~k1l~1edgment. , . ·.~. ·. · · .. , . 
. · ·: Th~ authota \'riah.to ~XJ)I"e$a theb ·gratitude.· 

:···::.~~~t~~! t~n~~=e~\:!.o~:.11c~~t;~':i~•!;i_ ::;,. 
·, of the.:el•~-~t:lca) eompouen•a.:~ .·u.~ machine~--to .. _. 

~~~::::~J~f~~·:~~r~~!:~~o~~o4~: . :. 
. ·Bu.rleigll·fo~mU'ch of'the~tr~echanica.1 design of. . 

the rf eqUipinent~ . . ' 

Magnet po~e.r_ :·A· .. ·•:· 
Pol~ cllametet·~ '~c:: '· ·. ·. · 

' . . .. ' -~_·. -;- - ., . 
Magnet gap :1 -· • ·.::_ .. , · ., "';_,. · 

Ra.S~u· of .. ~l~ ofbit .:: .: . 

.Ma,d~UJ~l clee voltage . 

ope:f_aJiDs,. dee. witaae 
·''Pe~"·rf ~~er requt~·e4 . · ·, 

·a.3a Mw 
~.-'::;;~--~~las·. 7s. tn. 

'":· :I.': . · ia· tn·. 

· s2- 'ln.· 
_, ·~ ·· ··2o~·t1· .· 

1o.to···~ ·kv 

!or _m&Jdmum. d:ee .vo~ge; . 70.kw. 
' . BiblioJr~pby · r· . ..• Repetition·rate, . . 

1.: J. L. Tuck and· t.:~' .. Q .• :i·eag1 ; naegenel!litive. . .. {mo_~ulatioa_t,l'equenc_y) ·· . · ·. ,6~.a· epa 
Deflector· ·ror SJ'l.ch'rocyelott.on",' Phya •. Rev. Proton frequency··· at center C•;· '. • •• ::36 ':Me: 

. 8_1; 305 ( 19$1). ·. . . . . . . . ' . . . . . 
· 2·.' g:;; J. Le Coateur, 1111(e llegeuei'ative De·- ·Proto~ f~eqG.~ncy at ·':' . : 

fiector- for Synchrocyclotrone", Proc. Pllya. · · finalradiu . . ·: ·. _:_'': 19 Me 
. . Soc. (~ndon) 64; 1073 to 1084 (l951~). _ .Deuteron frequency· at center· '\ .. 18. _Me 

3. A • .-V. Crew ancT'k. J. Le COu.teu. Ex· . 
. · . -tracteci.Proton Beam o! the Liverpool 156-· De~terou f~equency at 
· :· ·inch·· Cyelotron'\' Rev. Sci.· Instr. 26, · 625 . .(if181 r~~u• . . . · 
· · (195Shr. · · · · · ·. · · .: - He3 freqstency •t c:ent.er 

· . 4· •.. K. R. _,MacKenzi.e., "Proton Destterou R-F . 3 . . . . · 
· Syst~rn for BeJtkeley Synchrocyclotron• ·Rev.· ~e fr.equeuc:y at finalr~dius 

- _Sci.,ilnetr. !!• 302 to- 309 (1951). .:::(trot()n energy. 
· 5. K. R. MacKenzie; F. H. Schmidt, J. R. .,. . . . · 

Wo'Od.yard, and L. F. Woutera, . ''De1ign of Deuteron _euergy 
t¥~- Radio·· Frequency System for the 184· ·· · ·Alpha-particle energy 
Inch Cyclotron"; Rev. Sci. Inatr. 20, 126 · 3 .. · ·.. · 
;to 133 (1949). . · - He energy 

6 •. ;k .. R~ MacKenzie,. "Calculator for Some 
.l R•F Problems in Accelerator Design"., Rev. 

:/. /$ei. Inab •. ll• sao. to 583 (1956). 
1 ~ .~avid Laticlast, . "Fatigue of metals; some 

:!faete for the designing engiaeer", Ed. 2 
!1 • . ' ' 
'! (Nitralloy Corporation, New York, 1942), 
~ PP• 29 tp 34. · . . ' 

8. ·J. B. · Johnson · at:t-4 T. T. . Oberg, ''Effect of 
'\ notches! on ultrided steel'', Metals and I . .· .. . . 

~~_Alloys,? pp. 1'29 to 130 (1934) • . , 
.. ~ ' . -~· 

~ ~ .:' 

r 
'· 

' '· ! ~ 

I l. 

'i, ·! 
r 

i_l 

-~ .. 

/ 

--1'~.6- ,Me . 

·· 24•0. Me 

16iZ .. Me 
7~~-\t~v. ,, . . 

. >\• 

. 4~(fM~v 
) \ 

915 M~v 
. " 

~' 
1140 M•.v 

\ 
~·-

.!\ 
I· .( 

. Y .• ., 
~\ 

f, \ .. , .. \ 

~ ' ·i '~ 
-~ ~ 

.\ 

·~-·. 
'\' 

~.: 

•.. z•. 

:, .,,.._ •• :.;·.,, >V~' .,.1~·~:".•:,::.' 

•. 

,··:· 

·. 

~ 



,;· 

'I' .. _· •• 

..... _ 

'· .. .- · .. 

· Figure Captions 

.. Jtig~ L Croes-secti9n of 740•Mev cyclotron. 

·Fig . . ·z •. ·The cyclotron resonator and equivalent circuit. The cha.rac.teristic . 
. ·impedance _of the resonator i.s a. function of th~ distance from the leading 

. - . edge of the· dee such that the range of the vibrating capacitance is 
r . . :. .,miuimized.-· . 

. < 

' - -Fiil~ 3. Voltage and Cllrrent VB distance from d~e edge. -As the frequency 
..... . _is. redu.ced, th~ voltage.node_·m<;)ves to the-left. Progre·esively more_ 

· electric energy is stored in the low-impedance. section of the resonator,. 
.. correspondingly less has to be .stored in the vibrating· capacitor~ and the 

:._. ~apacitance range is reduced. · · · 

_'Fig •. 4. De~ .and vibrating reeds; ·showing the ~q\rlva.len~ circi.lit in the longi·-
. ·• :, : tudinal and lateral directions, and the voltage distribution of the resonant 

. . , niode·s in each direction •. The dimensions, and hence, the resonant· fre-
·:· .. : ·".> qu~nciee, of the resouator are comparable in the two directions. Suitable 

·_,: · : · · ·: .· · spacing·of the reeds· displaces the lateral resonances (cross-modes) from · 

,, ,·. 

-·~ ·•:·_ .. . : . 

·: .. > f • •.• • 

··-

·:: 

·.• 
··. 

. _. · · • , :•· thE;r longitudinal mode. · 

. · .. F~~·· ~--~: Cross modes vs .frequency. The cross-modes are displaced in 
·;. .. :_,_-·-:,(r:equency from the main mode throughout each range; hence, the main 

. : .:· . ·mo~e alsne c~n be excited by the oscillator. . 
• ' 14 •• • ~·;.;·;" •• •• .-. • . • • • 

>;.Ft·g. 6,·. The ~ircuit diagram of the. cyclotron oscillator. High-.spe~d pro.;, · 
.... · ··'tection against resonator·induced overcurrents in the grid and anod;e · 
. · · cit-cults ls proVided by a ~yratron crowbar. - . .-
. ... 
·,Fig~· 7. Co~struction d·etaUs of the oscillator. The weight of the oscillator. 
_· ~- :·tube is ~up}>orted by the polyethylene cone attached to the anode. The . 

· : . . ·:. · .. rf ci:r-cultry is of coaxial. construction. The low-conductivity anode-cooling· 
:· ·i: -,:w~~er, is transported by means of two l-in. diam. neopren:e fire ho.ses. 

:.-.-·. . :. 

~·Fig. s; .. Block diagram of pulse-control system. :fbe oscillator pwse is 
. timed from the reed-position marker pulse •. The arc .pulse iS time·d from. 

· the rf by means of a tuned receiver~ 

. Flg •. 9~ frequency.vs temperature for reed modes~ Before the longitudinal 
· ·sJ_ots wer-e cut in the .reed tip, the rf heating caused the resonant fre
·quency of'.the mech.anical cross mode to ~oinclde with that of the funda
_mental mode.- 'rhe seve'h slots increased the lateral compliance and · 
reduced t~e resonant fre~uency of the cro_ss _mode so that only .the 
fU.ndamen~al- is excited. . . 

·.·Fig. 10. Block diagram of the reed control system.· The reeds are excited 
·: ·· by audio amplifiers:: Reed 2 iS self-excited and oscUlates at its own 

fundamental frequency •. Reedl is driven from the signal generated by 
Reed Z and is kept in tune by control of the d. c. component of motor 

· -current. ·The amplitude of each reed is controlled independently by 
actuating the -gain of each amplifier. · 

·,~---· ~. 
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