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s. 

\'· } ' 
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• ' ~· '\1 . . .\ \.' 
oystem ~s beillg tried in the~Jynohrotron. L n. De.zey_ end c. ~· _lluna.tl tttaTted 

development of the quartz va~t.llll system. resonator and oso1lla:tor. Nhen 

the PhGnolio walled syster.n ,., discaJfded in tavor of the quartz. w.cuum· 

chamber • .Peterao~ returned pa1zot time and Franck tull time to development 
. • . • i ~, . 

of 'the ~....t& system. , ~'a tly group project ou<>h u thia there is 
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·' ~~- . . . . . 
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.. ~ -~ • .- • - ... ·~ "'"~- •• ,_ p • .\ 
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of the author. 

Berkeley 1 California 
M&,roh 26. 1949 

Craig s. Nunan 
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The synchl"otron principle was proposed by v • Vekaler(l) 1n an 

arttol.e rea$iwd J.faroh 1. 194~. ~Y the Journal o£ Phyaica {u •. s.s.a.). 

Veksler pointed out that cons iderabl)t higher ene~giea eould be obtained 
i 

·with the: ayrmhr'o-tron than with the betatron because tJle r.t • accelerator 

field wotd.d supply- the extra onaJ1:Y necessary to Compensate for the 

radiatiqn loss ot the elei,trons,. In .the betatron the ma::dmtlln energy 18 

lizdted to the value where the electrons lose as much energy by radietion 

$.8 th&J' gain per turn from the time . rate .of ohange · ot enclosed .ll'lagnetic 

.field.-

ttithout prior knowledge ot Veksler's article• in letters of 

September ~-and 9, 1945,. to the editor o~ the Physical Renew, E. M. 

lfCJli,:U.au(2l:propoaed the synohrotron principle. UoUillan suggested a 

possible d~-.!.gn tor a 300 lJev .electron aooelerator Uh1oh 1nwlve.d injection 

. at 300 ln'. r.t. e.eoeleration .from injection to &00 ld'ev,. end orbit expansion 

from 78 to 100 oen'timetenJ. 
' 

u •. o. PoU.ock(S) suggested injection at 50 .to .100 n, betatron 

~WQelere.ti<m to 2 Usv and r.t. aoceleration the rest of the 'lfll8:1' to 300 Uev,. 

· i'h~ 1)-r~it would .oxpa.nd only 2%1 tn-er.eby allowing a considerable sav-ing in 

the si&e or the JJW.gnet and vacuum chamber. Pollock statee in his article 

that w. Powell and D. Bohm at Berkel~y had independently noticed the 

a4"118.ntage of using betatron acceleration prior to 1.'.£. acoelenr.tion. 

to ch~ok tho ~lidity of ·the propOSClls ot V&kBler. Uollft.llm and 

Pollock• a 4 Rev 'be;ati'OD in Great Britain was conw1.'ted to synonrotr®. 

operation b7 '· L Goward and D~ s. Bame1J(4:). They were a'b.le to inoruse 

the energy to 8 Mev. The r.f. aecelerato't was a quarter wave oo~ie.l 

resonator bent in a 00° aro e.nd it~t&.lle4 on the outside ot the vacuum 



ohomber. The resonator wa.tJ .tome4 ot f/e8 s.n:.G. wires l/16 inch apart 

shorted wy at the anti-nOde. the r.t. eleotrlo field -· inh<»nogeneoua 

. since O»:lY wirea of resonant legth were strongly ~cited. then ns 

r.t. power loss in the $:qttadag coating on the inside ot the pc:>reele.in 

vacuum. ohamber .and loss in ~ magnet 'iron ·near the resonat.or. the r.f. 

electric tie ld caught and a·c:oelerated about 25% of the betatron beam. The 

resonator lV&& exoi ted by a OW oscillator feeding e. bW?ter e.mplifier at · 

MO.mo. Lass than 100 wlts wa$. developed at the resonator gap and the 

buildup ti,me to full voltage w.u about 1.0 microseoonda. 

• 

F. R. ind~W .• A. M. Gurewitsoh. R. v. Langmuir end H. c. Pollock(o) • 
built a 10 Mev synohrotrota. employing initial betatron e.ooeleration. The 

r.f .• aocelerator was a 5'1° sector of the toroidal shaped glass vacuum 

electroplated with silver and sul:41vided into longitudinal strips 5 to 

8 mm Wide to reduo'Et eddy ~urrenta • 'lhe resonator was matched to a 50 ohm 

QQ&Xial 4lne and excited by an a3i"'"'- osc:Ula.to1" d.ri ving an 829-B gri<i• 

modulo.tecl power apli:f"ier.. 1000 volts r.:r. Wl.lS clevelo~ across e. 1/8 

.inch gap in the resonator plating• The frequency of the quart& resonator 

was. tuned by sliding a shorting strap along a section of plating whiob 

had been scribed to tom a tranamission lin.e stub. Movement of' 1me shorting 

bar changed the &tub' ~taace and therefore the resonator trequenoy. The 

synonrotron output was tou:ncl to be fairly constant over an r.r~ turn-on 

tim$ equal· to 10% ot the betatron aooeleration time. 'lhe synchrotron 

output ·wt,us 1ndepmi4~nit ~r r. t • enTelope r!se time aver a range f'J"om 2 to 

20 miQroseconds and was constant tor r. r. Toltages above 3 times the 

minimum r.r. voltage. 

A.. ~ Gurewits·ch(6) he.s also used. a. renanator on the outside of 
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1.$ mil .ooppttJ" strips uet"e glu~ to the outs.14e ot the Y&CUum ohUlber and 

to 'the · inGi~e ot a ctmcentrio eupport l$t~e and. werre ooxm~ted t;o 

tom a qufl.rter wa.ve air <li•1ectrio aoaxial r•s.-onator. The cott4\toting 

ooating ~ tho inside ot tho 11aeumn ohflU':lber was intal"rupted for I inches 

acljaoent th• rasona.tor .gap~ t'h.e Q. or tho resonator is largol7 depen4en~ 

upon the dielectric loss in the glass wall adjacent the gap. 

Shortly att;er Ucltillan 18 proposal was published,. constl"flotion 

wu a~ on a SOO fley .synchrotron at tbe 11niveroity o£ Oaliforn!~ 

The ear-iy design employed a vaoutmt chamber c.On.isting or laminAted po.le 

tips aoale<l by rubber gaakets to concentric phenolic ring&. \ri'lich were 
,. 

~e of. glPfl eloth intpregnatecl with pe:rmatil,. See Figa. 1 and 2. The 

best vacuUln. obta~ble with this ,system was approxilt'latel)' 10-' mm of 

. mercury. lihich n.a consiclered mvgi.nal beoause or oxoese.iw ~aa seatterillg 

·1a the :~neral &lcctdo Co:mptilny 70 llev synohrotron when the presswe wu 

l"aieed to thia val~ 

Ao in&ura.nce in oas~ ~f' .unsatist'e..otGJ!Iif o-peration with the ,Phenolic 

wall .... C'QWn cmambGl\' # sutfittient 45° fu6e4 quart~ &egti!Gnts were pttrchue4 

to tom a toroidal tlhaped '98.ouum chAmber. See 'Fig. :s. One ot the segments 

· was modified to form • quarter wave coaxial reeone.tor with accelerating 

gap. the other segments were coated with Dupont f/:4811 air drying -silver· . 
aoluttcm to prevent eollection of atatio charges on the vacuum wall with 

. eot~Saq!Uent c!efleotion or the eloetr<m. ~'It· A radio frequenoy oscille.tox

\'18.8 d,owl.opecl to exo:i:te th~ q'\larta rosonato~. When ditfioul~ies wre 

encoUntered .~· obtainin.g a betatron b~am With the phenol1o walled. vaO\tum 

~hamber:, the m.ag~e~ !\'la8 d.iaacas~bled and. after mote thorough o~penae.tioo 

ot the m~t-.~ field w.s Jlla4G11 t~e quartz resonator and r,.f,. oscillator 

were inatalled. 

' 
and r.r. oaolllator,.. From re-.ding this report., it ma.y appear that designs 

• 

f 



wtn"e all "'*~ c:Yttt before any ,construction or exper1.menting VA\$ done 

. and th-at these d§ign& were 80 accurate that everything WO.l"ked the t1r$t 

tim&. A<S'tu-.117•· d:esign. construction and experimenting praceeded 

·CWn.oul'Tently• prel1minary models were tried and modi.fioations made before 

the designa described her~in were owlved. Description ot the prellminary 

models Md. results ia olldttod for olaritJ. Evon. though more or lese 

standa.rd &~1n-rit1.g i.e involved ·in nmch of the work,. the ln$thods ua.cl 

in· ll\Gking the final cieaigns are emphasiz'Sd i:r:~ thia report in ordef> tlul.t 

lt ma,y tom • tlferul Nf.erco• tor des.tgn ot ,similar equipment for other 

applioations., 

• 



CHAF'l'SR I. Siflohrotron theory and Specifications for the 
Acoeloratot' System 

the ba&i.c idea ot tho synchrotron involves phu.e stability 

11. 

in the. motl<m ot e. cll:arged particle 1n an uial ll'ltlgl'letic o.nd at1m.Itha1 

a:ltei'ntt'ting eleot-rio f"ield. Suppo&o a particle is revolving in a oon

atant m-agnetic field,. passing tb.rou,;b ~eler~ti.ng .. gapa across which ·an 
' 

el ternatlng eleetrio .field is a.ppliea. Suppose that the particle pas sea 

through thtt ao<nslera.ting gaps juGt as tho oleotrle field i• ohangS~ 

through lel"o troll ucelerating to decelerating.. The orbit is ate.tlonvy . 

t>eoause 1;he energy is not o1rumging and Rr must remain oon&tant. to 

show that the orbit. ia .atable, ~r.uppoae the ~icle arrives· at the gap 

too early. -lt i8 ~oelorated.• Which mean& its relativiatio mass_. m 

in.oreasea. its angular ftl(X)ity. &I decreases. ita orbit ~ius in

oreas:es· and the particle· talltt behind in phase until finally 1t arri"fee 

l•w enough to be d$Oelerated,. Then the energy- is decreased by the 

. . -
the particle moves tt.head in pha:u~. again passing ,thr'ough th~ equilibriUIIl 

pb.aae. 

(l) ~ a . t ifex1al e.m.u. • . e 0 lfaxial (e.s.u.) 
a . E 

where E is the total energy. i.noludin& res-t energy. .Meelctration can 

be a.coomplis~ by slowly increasing the magnetic field. Veksler ( 1 ) 

tJta'tes ~hat automatic phasing Will uis't if 

dH << 4 1fVo 
dt 'f;.2 0 

Whore ·dH/dt iB tho rate of ohange of magnetic ti.el4 ~t tM orbit. V0 ia 

the p:eak ~J~plitude ot the r.f. gap voltage and f>, is the period of' 

oscillation of the r .. r,. field. The olectro:ns 1'1111 &t.in just enough. 

\energy fran the r.t,. d.eotri.c field ~ch tum t~ stay in step With the 

tntt.gnotio field. 'l'he phase stable electron 'bunch pL<Saes through the 





aocelera:ttn; ge.p <luring the s~olld quartet" of ee.oh cyol.e when the gap 

wltap is 'd.eorncing trotn p-.k w.lue tl) zero. 

In ordeJ" to h&ve :radial ant\ uie.l s~bility ot the electron 

orbit., the :magnet po~e ti~ are shaped eo ths ma..gnetic field bows .radially 

out11nl.rd, The magnet field shape is given· bY K.erst and 1S~tber:(7) as: 

(2) a, •· llo(t)t ~aj• 

wher• ll0 (t) 14 the flxial c~onent ot zn&gl)etic field at the equilibrium 

1'1l4iu8 r-0 • Hz 18 the ada~ :Co.mponent of magnetic .f'ield at ·the. re4iutt r. 

For radial f'oouo~a~ .. n must be less· than unityJ. tor axial stability n 

must b8· grea.ter ··than ee:ro. 

ln the Univel"Sity o.f' Oal1tomia .synchrotron. th& mngnetio 

field. is 'VU"ied sinusoidally at either a 30 ·or 60 cycle re.te .and. ·the 

trequtm.oy of the eleetric field is held oonstont. the peak magnetio 

,field. 1s lo .• ooo gauss • oorrcsponding t.o an electron energy o£ 300 )lev 

e.t 100 centimeters radius. The rate of chango of magnetic field is 

• 7.5 x 106 gaus~/seo. for SO oycl~ :rate or 1.5 x 106 gausG/see. for GO 
~\'-

cyole 'rate. Wh-en the magnetic field hs.s inol'eaeed to 11 •. 2 gause e1ect.ronrs 

are injected by a diod-e gun at 100 kv,. giving the el..eotrons a V$looity 

55% the velocity of light. Tho electrons~ ar& acoelero.ted by be't;e;~ron 

action to '2 ~v. 98% the -velo-city ot light. The voltage gained per turn 
. . 

by the e).eetrona clue to the rate ot change of field enclosed. by the orbit 

is about 500 volta at the 50 cycle rate, 1000 volta e.'h the 60 cycle rate. 

Tthen the flux bars in the oenter of the me.ohine begin to ea.turate, the 

betatron accelerating voltage decreases and the rate t>f rise of magnotio 

' ·· field in the orbit increases because the induetft.noe of the mag11et deol"eases. 

The electron# spiral in to smal_ler radii. When the electrons have 

ap1rule4 in tQ the synchronous radius (98 em at 47w1 mo) the r.r. gap 

wltage is tul"lled on. During the r.r. acoelerating period the electron 

velocity i.norea.Ges to alm.ost tluJ velocity of light and the radius ioor..,.ses 



to 100 cm at 47.'1 ac. The r.f. gap voltage is t~ned of£ be~ore the 

magnetic field reaChes raaximum and the electrons spiral in to strike the 

target, producing x-re:ys in a well collimated beam tange~tia.l to the 
' 

orbit. 

Jeglecting electron radiation loss, the energ gained per turn 
. . . t 

is aeriitlc! from (1) as: 
. . . . 

· ~c .)OOol . · 
(J)AB8 = . ergs= 2 • electron volts per turn 

·.· 211' 2TI'f ' 

lclillan (2) gives the incoherent radiatiou loss as: 

·. (4) L = 400 1T : (C::2 )4 
electroo volts per turn. 

1\:8 is synchronous energy. 

If the betatron e.eceleratin.g voltage is .represented b;y l1Ef3 , 

the minimum r.r. accelerating voltage is (ills + L - ~E~). Fig. ·t. 

Bhowa ce.lculated curves o£ L and ( ~ E8 + L - ~ r?J ) and measured curves · 

ot ~ I P.> tor 30. and 60 cycle rates. In order to have phase stability 

over·. ail. azimuthal phase angle ~, the r .t. gap vol te.ge should be greater 

than .the .eur"\te of,.Pig. l by the ratio l/sin #S. F. R. Rl<ler, et al(5) 
. . ,.r . ·-.t, • 

found that the General Electric Company 70 Mev syneh.rotr·on ou.tput increased 

~ 25~ for art r.f. gap voltage increase trom twice to six times. the 

rd.DJfl'lli voltage. · l. K. Goward, et al (~) state that to pick up 50% of 

· the beta:tro11 beam the r.f. gap voltage should be twice the minimw:D value. 

Tbet"ef~e, the r.r. accelerating SJStem for the University of Califo~1a 

aynchriru-cm was designed to produce a nominal gap voltage of 5000 volts, 

which is a little more than twice the minimwu value far 60 cycle rate. 

Bcibm and lolq(S} calculate that .;if the r.r. voltage rises 10 volts 
. . 

per cycle Or faster, at least halr the P&rtieles accelerated during the 

betatron phas~ of opQl"ation will ~ trapped 1n the e;vncbronous orbit. 

Their calculation aesumess 



· (a) a.r. turn .... on timing jitter,,or ± 1 microsecond, corresponding to 

! 850 · electron volts spread. :in betatron bewn energy. 

(b) Due to the finite tlme CRer 1'1hlcb injected electrons are accepted 

into stable orbits, an additional i 1.65 Ie"' spread 1n betatron beam 

energy·· occurs. 

Sohm :an.d ·.rolci¥(8) show thAt af"ter the r.f. voltage :Ls turned QD, 

· the radial ~scillat1on amplitude is~ ~iven bJ: 

(;) AI. «S. [ . ! ]l/4 
· r 8 . (1-n)S s;J 

V = r.r. voltage , 
Ea = synchronous energy 
r, .:: S)'llcbronoue rad.ius 

This indicates that some gain in synchrotron beam irltensit7 may ··be ex

pected bf shaping the r.f. voltage pulse to rise like th~ m1n1Dnul r.r. 

voltage ~ ot Fig. 4. However, 1n order to have phase stability over 

e.:·large azimuthAl angle, a pulse :rate of rise of two or three times that 

.shown ill Fig. 4 Should be used. 

• 

B~bm and Folq(8) sb011. that azimuthal variations, t::. B of r.rw.gnet1e 

field. pro~ce distorted orbits, the maximum deviation :x from t.he instan

taneous c.ircle ot radJ.Us r 1 being g·iven by: 
Oo 

(6) L:: 2: (12 .6B . ) .. cos {.D.9 + <X:J.) 
ri .-.=:1: . + n .. l H . 

where 1 is the ha.rmotd.c llVmber ·of' the .a.aimuthal v~ie:tion and a...1.. is the 
. ' . . 

phase of the a.symmet.ry. · Thus 1 a single bump (Bucb ae might be produced 
' .. ' ~ l . 

b7 eddy currents in the ·r .f. accelerator) in the magnetic field changes a 

circ1il.ar · orbit to an elonga~d orbit.. . Two bumps of equal .itude., 1800 
' -' 

apart produce·!¥ the distortion tbat a single bump of the. same ·size 
. . \ ,, ~\ 

pt-oduc:es, tor n 21 3. ...... 

For an inJection voltage ot 100 kv, the magnetic field a.t the 

betatiton orb~t is 11.2 cav.ss. For ~ orbit deviation ot 1 em, 1:::. H can be 

.r:n gauss for a first. harmonic disturbance or .4 gauss for a second 

' 



'(' 

j 

b:arttiOnic d1sturb&noe. 'l'he eddy current field of the reaonatcr extends 

over 45° and will be considered unitorm over this arc. The amplitude of 

the nth harmonic of a rec1.angular recurrent waveform iaa 

(1) 

where: A : amplitude ot rectangular waveform 

d = time over which •aveform extends 

t = timo to rec.urrenc6 of next wave.f,'orm 

· Cn = amplitude of nth harmonic. 

For the f.1rst harmonic with t.he resonator uncompensated& 

Cl =: Z ['1zl·n)~/8] = ··24l 

. U e. field equal to the resonator eddy current field is prOduced 
. . . 

en. the diagonally opposite side of the orbit, the first harmonic amplitude 

· ot the •avef'orm (second harmonic of the electron orbit} is& 

C1 = t [!~?lr/4]:: .4SA 

thus; for 1 em deviation of the electron orbit, the uncompen-
. ' ~ 

aatecl ed41 crorrEmt field of the 'resonator can be .en/ .24 = .3 gauss. It 

a similar field is produced diagonally opposite the resonator, the reso- · 

natot: field ca.n be .4/ .45 :: .9 gauss. 'l'heref'ore, it was plarmed to 
. . 

cotllpenaate the r4taone.tor field with colls which would produce !1 unU'orm 

field .(except ·t·or radial variation due to ~) either at the resonator or 

on th-e. dhgonally opposite side of the orbit. JegleetintJ_ the second 

order ~fleet. of the ...ari&.tion in ed~ current field d.\le. to the variaticm 

ot the escit~- field with radius, the resona-tor eddy our.rent field 
' ,. . l 

should be uniform .withia t .J geusa. For ease of compensation the average 

eddy clit"rent field should not exceed • 9 gause. •. 

. 'lhe ncwm chamber has minimum and lliS..X.1mum ilmer radii or 93.5 
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em e.nd 106.5 em. A tuning rP..nge from 51~1 me to 1.1..9 me was specified to 

allow setting the synchronous orbit at 8Hl radius in the vacuum chamber. 

The bae1~ specif'ioations f.or tba oscillator are summariaed 

be lou; 

{a) Nominal frequency : 47.7 me; variable from 44.9 me to 51.1 .me. 

(b) Resonator gap voltage = 5000 'Volts maximum, ~iable fr~ 500 

volts. 

(c) R.r. voltage pulse length varia~le ft'om 10 to 8~ micro~~Seconda 

in 25 microsecond st~ps. 

(d) a.r. "turn-em time jitter less than ~ 1 miorosectmd. 

(e) In a 'lll'lifarm magnetic field rising l.S gauss per microsecond, 

the eddf current magnetic .field of the accelerator should be 

lees than .9 gauss average and should be uniform within t . .3 

gaust~. 

,. 

' 
j 
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CHAPTER II, the Resonator 

At 47.7 me, the dielectri<l constant and loss faot.or of fused 

quartz are 4.0 and .0004 respectively. Since the :velocity of propagation 

of the TEll wave .in a coaxial rea~tor is C/.ftJ- e , the anguler velocity 

of the wave 1n the quartz will. be l/2 the angular velocity of the syn

chrotron electrons. Therefore, the (iU&rter wave resonator must be lja of 

a circle for operation at 47.7 me. The resonator could be l/16 or l/J2 

of a circle for 2 or ·4 bunches of electrons in the orbit, but the funda

mental wavelength was chosen because or greater ease in obtaining r. r. 

power.. 

Skin depth in copper plating; 

6: l em f=47.7mc 
Y-rr t p. G"" p. = 4 Tl' X 10•9 

cr : .!)81 x 1o6 mho /em. 

(8) 

~"" 9.5 x lo-4 em = .:175 mU. 

If the copper plAting is one skin depth thick, 1/ .t?- or 1~ of 

the power .in the· wave propagates thr()Ugh the copper plating. Thi~:~ limlts 

the maximum Q .gf the resonator to 7. A plating thickness of 1.13 mil 

allows a maxilnt.JB Q qf 400.i 1.5 mils, a Q ot )000. Sinee operating Q's 

ot the order of 500 are des1red, it is necessary to keep the plating 

thiclaless greater than J.. S mils. To allow for irregularities in plating, 

a n~inal thickness or .3 mils was chosen. 

(9) 

(10) 

The dielectric Q of the resonator is~ 
. . . l 2 

QD::. 2rl ' snergz @tor!d. . = 2Trf -"""'·'2c.-c-V ___ _.. 
Energy lost per second · 1 y2 

1 
. ,p t 

- - • oss .~.ac or 
2~ 

QD J, 
loss factor 

Resistance per radian of the resonator is: 

a-==...~ L r-.. 1 + 1....) 
'il' ~ ~ \Co C1 

' 



1rltere: .J. : length of resonator 

C0 :::. outside circumference 

.. ci =inside o1rcUmrerence 

The loss in the copper per second is1 

· . . J1T/2 (1 .. )2 v2nAP 
(11) 10 ~ cos 9 ~ c1 9·= f tr R 

· o . o Zo 

·- (12) ' 

. AsSUJning for simplicity· that the resonator cross-section is 
' ' -

· circular, the capacity per radian of the resonator iss 

(13) 

The energy st.ored in the resonator isa 

(14) 

The Q of tbe copper isa 

(15) 'tu::::. 2-rrt !a ::. 2 -rrf £ z0 2 
· We R 

The Q of tne copper can also be written as: 

(16) Qcu == &; t • 1'cJ·'1 l.n ~ -;::.~ • w-7 (20-r;_t) 
\ 

18. 

The last form is accurate to 2J for dielectric tbiclmess t less 

than ·l/JO the inner circumference Ci• This shows the advantage of havillg 

the quartz as thick ·as practicable without reducing t.he beaDi aperture 

excesa1veJ.7. ·· •• 
Another •41 of m-iting the equation for copper Q is: 

(17) Qcu = 2Tr5/2 • lo-7 t Co· (!..f/2 ~(t < ~) 
. · (Ci + C0 ) p.'} J.. · 30 

Since 1 is inversel.T proportional to frequency for a quarter 

wave resonator, the Q. of the copper plating is proportional to the 3/2 

• 



power of ~eq,u.enc)' if the inner and outer, circumferences ere kept constant. 

The total Q. of the resonator is.; 

(JJ!) 

{19) 

'J.'he -~er .into the resonator un 
(20) . · , p : V'J;AP 

2 Zau 

The quart-z ·aegrueo.ta \',lSed f~ resonators had en average thickness 

·of 1.2 em, 41.0 em outside circua.terence, $) • .) em inside circumference, 

and w~e plated to have a .length along the centerline of 75 em. The 

dielectric oonste:ll;t and lose factor or the quartz were 4.0 .and .0004, 

respective!¥. Using the above equations: 

Qeu=l260 
Qp = 2SOO 

Qrom = 840 

Z0 = 6.2 obms 

zw = 6600 ohms • 
As indicated 1n section C of this chapter, the final measured Q 

Qf the first quartz resonator was 22.5 with the resonator installed between 

t~e magnet pole tips. Using this . .figure far Qt 

ZQAP = 1780 obms 

!he r.f. pulse power irlto the resonator tar 5000 volts at the 

gap 18 ? .o kw.. The average pOl'Zer assuming a. maximum of b pulses per 

second,_ each pulse $500 microseconds long is J~ watts. 

- \ 
CalculAtion of E4d¥ Current llagnetic 1 ipl.diu 

. ~ 
' .. / 

• 
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· It was -planllOd to scribe the copper plating lengthwise, leaving 

a cro&S"l'S~ap to t1e the lengthwise strips together. It was thOUght to 

be desirable to place the cross ... stro.p near the .feeQ.O.point for ease of ~ 
I. 

frequency pulling. It was also planned to arrange the scribe lines 

. vertically SO that the eenter•liJies.':Of the vertically dlsplaeed longi• 

tudinal stri,ps do pot form a u 1n the horizontal plane, with the cross

strJl,p tie~ the ends of the lJ together to form an ad~ current loop. 

See Fig. S(a). 

( 

(a) For an elementary loop of a .long thin strip (Fig.; 5(b)): 

{21) 

V = 2 B J. x • 10-8 volt 

a :_g .Q. e 
- t 4x 

·• 
·1 =i =-Y • 10-8 X dX 

em. . -= .d..J: a = ., i f. • 10-a iJ... HtbL __ 
.-"'31 rr (' ~ 

V =volts 

ll = obma 

(' = 1,72 X 10-6 ohtD CJil 

t .: plating thickness 

~ = vertical £1eld in gauss 
• • 
B = rate ot change of field in gauss/ sec. 

(b). Total vertical field on center-line under one long thin strip: 

(22} 

B;v= ~ • 10-8 f 2 ~ = a4 B_t • 
. 0 ~- E> 

1o·8 [ .S - D tan•l .JL] 
2 2J) 

(23) or 

Far d/D < 1/4 the first term of the series gives accuracy to l$. 

• 
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(c) The vertical field at a point displaced f'X>om the center plane of 

a long thin strip (Fig. S(c))r 
• 

t = B t • 10•8 X cis: 
e 

em..- = ,...u F + x = ,2 j ~ . lo-8 :z dX (p + xl . 
r . r f' (P + x)2 1- 1)2 
. J+d/2 . 

By = ,2 B ~ • 10-8 X (p + J) dz e -d/2 (P+ x)2 tD2 

(24} .. 

Bv ~ a2 D t • 10-a rd ... D (tan•l t:f + di2) .. ten-1 lr .. d/2) 
. e [ . n. \ n 

-l .in (,P + t/2)2 + R!J 
2. (P - d/2)2 + n2 

'for P = o, this reduoe.s to tbe same form a.e 1n (b) above • 

. (d) To obtain the eddf current field from the longitudinal strips a.t 

the sides of the resona.tcn-, thes~ Btrips are approxillated as 1u Fig. 5(d)l 

. . • ·' iG/2 . • ....2 
(25) 1 = I u . 10-s X dx = I u . lo-8 .s;; 

4€. 0 d€ 8 

l = I U ~ 10-8 (& ~ c1x = ! U • laC~ 
z.. c1 e Jo 4 e 2 

(26) . • • • g = ...A...... an 
" ' 

· l is the total ClU'TetJ.t 1n the eddy current loop. g is the 

horizont.al pro3eation o! the distance from the .center-line of the strip to , 

the. •center of aravity or the current... fOl" simplicity in calculaU.ng 
. . 

magnetic fi~ld, alli· the cUrrent is coosidered concentrated a.t the center 

of gravity. 

· SUmming the cOBtributions from each line ot current: 

(27) 

(e) The scribing arrangement and dimensions of ·pig. 16 were chosen 
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(after some calculations with the .abo'Ve equations) as e. ,practical eomprontise 

which should satis£7 the eddy current requirements and still provide a high 

Q reaona.tor. .Fig. 6 shows rad.ia.l plots of vertical field in the median plane 

of the orbit for tour 1 'em strips aligned aba'v& each other and for the wide 

strips at trhe sides of tbe resonator. ! ~&dial plot of the total vertical 
I 

field is also shown. 'l'he v8J"iat1on of total vertical field with height 

. ' above the median plane has beei'l calculated and found to be constant, 

within _the accure.cr. ot mee.'sm-ement of r, over a vertiCal range of 5 em. 

All values were ·calculated ·rm. a plating thickness of' 3 .Us and a rate ot 

rio o£ magnetic field of 1. 5 gauss per microsecond duriDg the betatrqn 

period~ corresponding to 60 cycle operation. 

(f) For the crosa•strap, the first harmonic component of the peak 

field is (!rom equation (7) ., substituting 9 for sin 9 because of the small 

angle); 

'(28) 

o1 = 2A d 
200 11' 

From equation (2.3), fiv· = ''*ei ~ · 10-s hzd~} =A. 

For d = 2.S om and t = 3 mils, A= 4.3 gauss at the median 

plane and C1 = .0.34 gauss tor four -.ert1cal.l7 aligned straps, col"respond.iDg 

to an ar:b1t distortion of' .4S em. Tbe vertic&l field above the median 

plane has been calculated to give the following orbit distortions: . • 53 

em l em a have, • 98 em · 2 em above and 2. 5 em distortion J em above the 

Beat Dev&loped in tbe B.esonator; 

(a) Due 'to idd,y. Currents: 

The maximwa rate of change of magnetic field occurs after the 

• 



betatrOl'l period -when the .f'l:mt 001-s have saturated. Assuming the magnetic 

field ~variation is sinusoidal, Bmsx = 3.77 x 10° gau~/second for the 60 

cycle rate. , 
• 

Ime.x = Bmex. t. 
. ~ 

a2 
• 10-8 T = 20.6 amperes 1n the 1 em strips .. 

· · 'B t d2 · 
Imax =- I max • lo-S - = Z1 amperes in the inner and 106 amperes 

cl € 8 

1n the outer side strips •. 

1'he peak power loss in· the 1 em strips is: 

. W . = ~ = l (d./2 4 -~ 1. 2 x2 • 10-16 • t dx 

. LOSS 2R 2 j-4/2 2.! ~ 
., . 2 42 

y ..1 t r d'] 10-16 :tt 
LOSS =· e . l2Z • wa s 

· For l = 75 em, t = J mils, liLOSS -= J9 watts per strip. There 

ere 44 such strips. A.ssu:ming e. tiaimum of 12 pulses per second, the . .. 

average power loss frOIIl all the l em wide strips is .340 watts. Th& strips 

at the sides w.1ll have a total average power loss of 70 vatts. The total 

average eddy C'Ul'ren~ power loss for the resonator is 410 watts at ·the 60 

cyele 'rate vitb 12 pulses per second. 

(b) »Ue· 'to r.f. pow .. of 7 kw into the resonator for 5000 volts at 
:·".'. 

the gap, ·thE) average r.r. power in the resonator with l2 4000 microsecond 
J": . ~ 

pttlaes ,~r ~eond· is 'J40 watts. · 
·_,. .. ' 

. ~he 'me.xi.m'UJl1 tot.&l average power developeci in the re&onator is 
· ..... r •. ~ . -.· 

' ~h ~ 

then 750 watts •. T;he resonator •as cooled by e. 200 e.r .m. blower 'lbicb 
1.' . .' -~ :. i'; :: ~ . ;·" . . : . . . ' ' 

:wa~ c~!cuiated to produce a· 30 te~t per oeeond flow of air over t.he 
' . 

r~sone.tor and. to e.llow a maximum quartz temperature of 70° C for 20~ C 

ambient air. The temperature should not be e.lloweq to e;xceed 100° C or 
( 

the plating may come loose due to differential expansiotr o.f quartz and 

mf}tal. Also a lcm temperature is desired to prevent flow of grease at 

the vacuum seals. 



The quartz segments were purchased trom the Ameriobn Silicate 

Corporation, Hillside, 5ew Jersey. It is understood that the ·segments 

are produced til·& follows: 

(a) A ~bon rod is heated electrically to h1gh tem~ature. 

(b) 'l'be r\Xi is dJ;pped in a box of silica sand and the particles 

f'use into e. tube around the rod. 

(c) This is placed in a cast iron mold which has been lined with 

refractory sand. 

(d) The carbon rod is 1tith0l'awn and the tube is blown against the 

mold by compressed air. 'fhe result is an opague fused ctuartz segment with 

glazed inside surface and very rough sandy outside surface. 

Upon receiving the segment.s various firing and plating tecbniqu.es• 

were. t_ried. the tollowi.ni is a liet of steps which was found to give the 

most sat.isf'actory and durC!b.le resonator (Fig. ,)8 shows a recommended 

scribing a.rrangement1h 
. . ' . 

(e.) Seal off the ends of the sewnent with thick rubber gaskets and 

copper end plates pressing against the segment. Fill the inside with 

concentrated hydrofluoric acid and allow to etch the glazed inside surface 

for about. 8 hours. 

(b) liith silicon carbide wheele t grind the ends smooth .. to 45°. 

Grind t-he outoide surface smooth and to uniform thickness of between 'J/8 

and 7/lb inch. Grind a groove 1n the o~tside surface of the feedhwnp to 

acce~t the outer conductor f1ng$rS of the transmission line. With a copper 

tube and wet carborundum dust, grind a l l/8 inch hole for the plug t~bicb 

makes contact to the inner conductor of the transmission line. 

(c) Clean the segment thoroughly. Fire in an oven at 1300° F. When 

cool, paint Iianovia Chen.ical and Mfg. Co. #05 Liquid Bright Platinum 



~. 

' '. 

solution over the whole segJilant inside and ~ts-1-de. except for the gap 

and the feed?ump insulation. A.llow to dry at room temperature for one 

hour. Place in o.n oven having a 81Tlall blower for circulation and bring 

the temperat.ure up uniformly to 1300° F over a period of 4 hours; a.llOB 
.. 

oven to cool over a. ·period of 12 hours. When the segment bas cooled to 

room temperature, paint a second coat snd fire similarly. When cool, 
\ 

cheek the surface resistance with ohmmeter probes over each square irieh. 

If any high resistance spots ere found, clean them with e&ndpaper, repaint 

and fire. i':rom the time the segment i..s first el.eaned and fired until the 

electroplating is completed; the segment should be handled with gloves so 

that skin . oils do not hinder firing and plating. 

(d) Paint scribe lines ·on, about 1 mm wide~ with red glypta.l. fhe 

lines are continuous from one e:n.d o£ the sogment to the other end, with 

no cross•st.rap• 

(e) · ln a copper sulphate solution, electroplate copper J ·mus thick 

uniformly over the -exposed platinum surface. A eyanide plating solution 

dissolves the platinum.. It Wt:Ls .found desirable to flash plate at about 

l5 amperes., using a small movable &llod.e to cover the &:r,ee wh1.eh dd not 

plate f'l-om the fixed. anodes. After the complete surface is covered with 

a thin coat~ th~ current is reduced to 5 amperes and the plating is bu:ut 
up uniforml.¥, using movable and fhed anodes. 

' . 
· {!)'·Clean the red g;typtal ·out o£ the scribe lines with Methyl Ethyl 

Ketone. 

(g) CletUl the platinum and copper out of the scribe lines with a 3/4 

z. l/~2 inch carborundum disk motor driven through a flexible shaft. 

(h} Burn out pla.tinum and copper fingers remaining acrose the scribe 

lines by connecting a 5 volt, 200 ampere,,;capacitT transformer across 

&djaeent strips of plating, controlling the transformer primary voltage 
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with o. VtJ.riac. Burn out· high resistance fil'lgera by counect.ing the 110 

, volt 'Variac output through a 25 watt lamp to adjacent strips. Continue 
' 

the process until the res.istance e.cross each scribe line is higher than 

100,000 ohms. 

(i) Make the croae-strap ey-,painting l inch long; 1/8 inch wide 

strips over t!ach scribe line at the cross-strap point with Dupont 1}481? 

a:tr drying sll ver solution. 

(J)Paint. the whole segment inside and out ttith three coats of red 

glyptal 'except for 3/16 inch wide strips at the cross-strap point. 

(k) Electroplate 3 mils of copper on the exposed strips at the 

cros,;-strap .•. Then· remO'Ile the red glyptal with Methyl Ethyl Ketone. 

{l) The "oaxial trunsmission line inner conductor fingers gl"ip a 

· 1 1/S inch diameter quartz plug whieb hae, been plat~ized a.n4 copper 

p-lated .~~ the whole surface, leaving tto exposed .quarts. This plug is 

now :so:f't soldered vacuum tight to the feedbump. Care must be taken to 

appl.l the minimum amount of heat so that. the plating does not buckle. 

The £o~ are a few of the troubles encountered in d,eveloping 

the ~bove procedure: 

(a) If the €la£ed quartz surface is not etched with hydrofluoric 

acid., the plating buckle.s and peel& off when the segment· is heated with 

r.f. power. 

(b) If the sepent is not thoroughly cleaned and fired before paint

ing on the. platinum, areas of the platinum film may be.v·e bigh resistance. 

(c) I!' the platinum solution is painted on thick enough to now, it 

will rtm into depressions and blister·iwhen fired. 

(d) lf 'tbe oven temperature is raised too fast and a. blower or good 

self-ventilation is not used, a. poor platinum coot is obtained. 'l'bis is 

probably due to carbonaceous matter being trapped in the flux which fuses 
• 
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·the plattmim to the quarts. { 

·(e) Silver plating ~!i'W:ad of copper plating has· &.lao been tried .• 

. The steps ere the same as above except ihe.t the ·quartz was i'~~d with 

.. ;. ' ~--. . . " - ~· . 
. • ~1 . . . 
~Ha'ilOVi• twe a {.!quid Bright Gold and tbe silver plating was done in a 

~- • . .i. 

s1f'V'er·. cya.n"-de solut~. It was found that the silver plating. peels. 9tf 

due t:o ~henical abl-~sion much more easily than the· oopper p'lat.iilg ... )'he 
. . . 

> 

··gold: etlcks);o bGtb the silver a.tW, the quartz, SO it maybe that 6UCCe"S8i~e 
> 

layers #'~ ·go~li are separati.n&• 
~ ' '' . 

·~r I 

The instruct1on1J .in reterance (9) have been particularly· helpful 

.ia obtaining a goo4 platinum surface. 

• 

• 
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o. Q Miusmui!MS 

Fig. 7 shoWs the equipment used 1n measuring the Q of the quartz 
\ 

resonator and current flow lines in the model air dielectric resonator. 
' 

Fig. 8 shows the t'est arrangement of pole t1p wedges and resonator. The 

pickup loop was placed in the fringing field at the unplated part of the 

teedbump. The output of the 35 GT test oscillator was loosely coupled 

through. an 8 inch length of 50 ohm line to a probe at the resonator gap. 

Q' s were aetermined by measuring the frequencies for half paer deflection 
I 

ot the galvanometer. Occasional runs of galvanometer reading va. frequency 

were madeyto cheek s,mmetry and freedom from spurious modes. Several 

lengths of coaxial line between the osc1llator and the resonator gap were 

tried to £1nd a l&ngth free from re.sonanees ne.ighboring the 50 me region 

of interest. 

· The calculated Q of the unscribsd resonator is 840. 1'he resonator 

wasffirst ple.tinited and. copper plated without seribe . .:..linee and the Q was 

m•as~ed as 470 at a freq'Q.ency of 47.7 me. .&.tter the 3 ·:X 2500 AJ test 

oscillator was built and power measurements made, the plating was stripped 

with nitric acid to remove the copper and with aqua regia to remove the 

platinum. The quarts segment was replatini»ed and coppe~ plated with 

scribe lines. 

With a cross-strap pai.Dt.ed -.it.h air-drying silYer on bot.h .inside 

and outside sur.faces at the inside edge of the gap, the measured Q was 134 

when the resonator was away frODI the pole tips 1 )o when between the pole 

tips. This large reduction in Q from the value for the unseribed r'esonator 

was not understood. It appeared at the time that it might be due to the 

scribe lines cutting across proper current flow lines. Therefore,·a 

twice sise air dielectric sheet copper replica of the quart resonatos- was 

constructed. See fi.gs. 9 and. 10. Current directions were measured bf 
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£i.nd.ing the pcsit.icn .. of a pic~p loop tot' z'ro magnetic field when inserted 
.. 

io, the. dielectric epace. Fig.. ll is e. smoothed plot of the current flow • 
' . 

lines.. Since the maxim.UJD. deviation .from e.. circular path is about 2 degrees, 

it w~s decided that the low Q was not due to distortion of the current 

flow lines by the scribe lines. 

It was also considered that the vbious stripe, being of unequal 

lengths,, would. tend to oscillate on different frequencies if lens than 

unity coupling existed between the dri-ve strip end each of the other strips. 

This would. tend to lower the Q. The resonant frequency and Q of the quarts 

resonator was meas~ed with no cross-strap with the drive probe placed on 

each s~1p 1n turn. at the. gap. The frequency deviation we.s • .3 me maximum 

and the Q varied from 36 to 9.3 with the resonator away from the pole ·tip . 

wedges. 

The cross-.strap us tilted back .from the gap at an angle to 

' equalize the lengths o.f each strip from high cui'l"ent end to eross-stra.p. 

This inere~sed the Q between the liedges frOIR ,36 to 44. frllen the gap was 

widened back to the tilted strap in order to m~ the electrical length of 

each strip, equal, the Q was still 58. Thus, the increase in Q was due to 

mod.ng .the croas ... str-ap awq from the gap. The cross•.etrap was moved 

further away· fr.om the ga;p and the Q continued to increase up to the 

midpoint of the resonator. Furthet- movement. of the cross-strap caused. 

the Q to. d.eereaee;\.bd the Q beeatBe dependent upon whiCh strip was being 

excited b7 the drive probe at the gap. Fig. l2 shows some of the ail" 

dr)'ing silver erose-strap positions that were tested. The results o.f the 

above two paragxoaphs indicate that the low Q was not due to the differences 

in lengths of the various str.1ps. . 

At first it :was thought that because of non·uniformities in 

quartz thickness, a cross•trt.rap at the midpoint of the r6lsonator woUld 

t 
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allow oor~ent at the high current end to i'low in a strip having large 

quartz thickness, erose at the midpoint and fl011 the rest or the way to -, . 
. I 

charge ~1\ .. '·a. strip having small quartzi thickness an.d hig~ capacity. Another 

poss.1ble explanat.±'on was that the scribe lines, being vel:'tically displaced, 

were distorting the electric field lines. 
. . . 

The electric field lines could 

remain r&4ie.l, ending on current lines which flow dam an adja.e&nt outside 
' 

strip to the midpoint . ot th~ resonator, cross and flow the rest of' the wily 

to .th& current Sfltinode in the orig~al st~lp. lf th$ cross-strap were 

bot-near thu m~point, the current in the outside adjacent strip would 

.rettlr'Jl/t'o· the. origiru1l strip via electric field· lines across the scribe 

line;a. These field lines _would bulge up into the pole tip wedge~ and 

cause additional losses. Ho•ever, it appears that the losses due to 
. 

. elec_tric and magnetic field lines escaping through the scribe -lines into 

the. wedges . were equal since the Q. was decreased the same dlount for 

wedges at one end as s:t the other end of the resonAtor. . The resonaUn-
. t, ·-,, ./ l • . 
was s~ounded with a. radiation shield and no change in Q was observed. 

I . 

The third possible cause considered was that the extra capacity of the 

two bumps near the gap would resonate the side strips at widely different 

.frequencies from the rest of the resonator. This effect was checked 

ro~ly by removing the plating from the iueide of the inner radius bump • .. 
The Q increas.ed 4J e.nd the frequency ,increased 1.5%, i~d.icnting· that the 

·"' ,: . . 

two bumps ne&r the gap were only a small pel't of the total effect which 

was causing low Q1s. 

-ln. order to determine the importance of uniformity of quartz 
/' 

• 

tbicknees.and distortion or electric field lines, a second quartz resonator 

was prepared. A somewhat unsuccessful attempt was made to grind the 
\ 

~tz to uniform thickness. The thickness was held eonetant within ~ 

l/32 ineb and grinding to closer tolerances appeared to be an enormous 
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task. The .first resonator was uniform over most of its surface to the 

same tole.rance. The lines were scribed radially. The resulting Q's with 

this resonator and with the vertically scrib&d resonator are tabulated in 

Fig. 1.3. 'l'he r.adial scribed resonator (Q = 445) is 98% better than the 

vertically. scribed resonator (Q = 225) and has 53, of the calculated Q 

(840) when inst4lled between the·pole tips. 

Alt-ho~gb m~ questions are left unanswered. e.s to the cause of 

lower than cpJ.culated Q, the final measured Q' s are ad~quate for the 

synchrotron application. It appeara\.that the major cause of law Q in the 

fi:rst resonator was the vertical scribillg which developed part of the 

electric field across each ,scribe line instead of containing all the 
\ 

electric field in the quartz between radially aligned strips of pl,ating .• 
\ ~ . ' 

It is difficult to measure with any accuracy the effeet of the lumped 

capacity at the high voltage end due to the two bumps in the quartz. The 
\ 

present data indicates their effect to be·<of t)ae order of 10%. t~ew 

qu&.rti se~ents without these bumps have been purchased and tbetr impor

tance wil,l, be determined qualitatively when these segments are plated and 

scribed. The bumps at the gap in the original quartz segments were 

ordered merely to make the resonator segments symmetrical with the other 

segments of the vae'\lUm chamber, thereby simpli(ying the mold requirements. 
J 

The rema1-n~g. discrepancy between calculated and measured Q is probably 
•'• 

due to variations in quartz thickness, roughness of the outer quarti 

surface, thin spots in the plating and non-uniformities in scribing 

which develop electric .fields across the scribe lines and allow magnetic 

~1eld to leak through the scribe lines. Since the first resonator with 

no scribe· lines had a ,Q of only 470 as compared to a calculated Q of 840, 

it appears t~t further increase 1n Q will come most readily not from 

. improvement of scribing technique but from L'llJ:.r011ement of the quartz 

I 
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eurf"'~e. If higher Q 1s. ever required, the outside surface of the quartz 

coul<\ ~ gl&zed and etched· to prov1'4e a fairly uniform surface •hich 
'~ ' . 

would ·p,old the platiRf·• · It should be noted that resonator 12 with scribe 

lines end e:wa;y from 'he pole tip$ had a higher Q than-;resonator Ill without 

scribe lines. Thitt'.is ·~bably due to the slightly thicker wall o'f 

resonator #2 but "ind1eates that t~ scrib~ lines of resonator g2 do not 
. . ~ 

reduee the Q appreciably away rrom, the pate tip wedges. 

Part of the reduced Q may be du?_to an incorrect loss factor. 

The loss faetor of .0004 was obtained from various t&.bles and was not 

checked experblentall,y. However, the quartz does not get warm near the 

gap when it is too hot to touch at the high current end, indicating that 

the dielectric- loss is a small fraction- of the total. 

• 
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Fig. 14 shows tt&.e t.est equipment used to measure the eddy 

0\U"rent.·magnetic field of the resenator. plating.- The iron circuit 

cotui~te of .flu bare and pole tip wedges from the synchrotron. The 

aw.gnet. coil~consist.s of 10 .turns or ·112 wire around tbe pole tip wedges, 

pulsed ~brougt1 GL4l4 tlqratrons by a 50 microfarad condenser btmk charged 

to 700 Yolts. · The ~atrone were triggered 3 times per second by a . 

pulaer. The resul:ting magnetic field. produced a signal in a reference 

.peeJt1.ng .~prip •bieh ·triggered the·· oscilloscope. The schematic diagram ot 
. ~-' . . . 

the s;y.&,~em le 8h9ft in 1'1($. is •. The taagnet was designed to produce 8,: 

rate ot. Change of magne~ic field of 1. S gauss per microsecond ·ill tbe air . • 
' 

gap. The capacitor baak;. capacity and power su.ppq voltage were made 

varia.:&;le to control the rate of change of field. Two 1 bJ 10 mil'· l inch 

long ·•trips ot peJ'IIal.loy were wound with aoo t\U'11$ of 1}42 enameled copper 
. . 

wire to form ~be peeking strip fflf' measuring the time when the magnetic 

field passed through sero. The output .of this peaking strip was ted t.o 

the &)'nchroscope vertical de.fleetion amplifier. The peaking strip air 

core inductance after aature.t.ion resonated with. the lead and 87Dcbroscope 

capacity to produce a. damped oscillation. The time at •hich the peaking 

strip output signal P*<Ssed through zero 1n the !'!ret c~ele was used &a a 

. measure of the ditf'eremce between the tiae when the reference peald.Dg 

strip triggered the oscilloscope an<l the time when the magnetic field at 

a partiCular point. passed through zero. An ecid.y current eould produce a 

biasing magnetic field which would 4alq the time at which the ·field 

passed tbrottgh zero. These dela7 times were measured at -.e.rious points 

in the a1r gap. with and without the resonator installed. At 1.5 gauss 

per m1croseeonci rate of field chqe; a l microsecond delay corresponds 

to an e4dy current 'l"iel4 of l. 5 gauss. Sinee the eddy current field is 

proportional to the rate of change of magnetic field, the tillle delay 



produced by· a ·given geometry of plating is independent of the rate or 

change of field. Therefore, the actual rate of change of magnetic field 

during the tests is not critical. 

The magnet was designed as}.'follows: 

A = area t:tf coil around pole tip wedges =·2800 sq. em • 

• 
B -=- 1.5 :r 106 gauss/sec. 

Assuming 2~ leakage field, the required voltage per turn ist · 
• • 

• VTURI =A B x 1 •. 2 x lo-8 = 50 volts. 

Assuming a 1000 cycle per second resonant frequency, the peak 

ma~etic field is: 
• 

B11u: -= 2~ t -= 240 gauss. 

Ampere turns = 2.02 x Bzaax x Qap height in inches -=- 1700 

11th 10 turns, I -= 170 amperes and V = SOO volts 

I = 1.07 x 106 amperes per second. 

Th• inductance of the coil around the pole t-ip wedges is: 

L = ¥ = 470 microheurie_s, 
I 

'lor resonance at 1000 cycles, the required exciter capacity is: 
I 

c = 1 == 54 microfarads. 
41T 2t 2L 

Sufficient flux bars were used to avoid saturation. The force 

of the magnetic field is: 
2 

F = L dynes/om2 = 14.8 pounds total. 
8:rr · 

· First and second belt cycles of the magnetic field were tried 

with no measurable difference in eddy current field. fig. 16 shows the 

radial and longitud~al variation of eddy current field at the median 

plane of the -vertically scribed quartz resonator i/1. F.ig. 17 presents the 

.same ~ormation for the radially scribed resonator li2 before. the scribe 

c 
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lines numbered. 1 and 12 were added. At the time of this writing, due to 

the flux bar.s. being used continuously in the synchrotron, the eddy current 

field of 12 resonator with the additional scribe lines has not been 

~~~easured. 

The measured eddy current field from resonator /Jl checks tafrlJ 

.ell with the calculated field at the eenter·line of the resonator. See \ . . 

' . 
Fig. 6. H~e'V'er; the measured radial variation is much J-ess, than the 

calculated 'V'elueSJ this can probably. be, attributed to a poor approximation 

of the side strips (Fig. S(d)).. The calculated curves of Fig. 6 indi-(to.te 

that" a sma~ler .radial" variation would exist if the side strip widths were 
" deareasedf:bt adding another scribe line at each side of the resonator. 

fhe calculated curves indicate a 3~ increase ill useful radial aper.ture ., 

would be obtained by adding these extra scribe lines, assuming a muimum 

allowable variation of magnetic field ot ±. .3 gauss. 

The fiel4 ot 12 resonator is 60!' higher than the f~eld of Ill 

resonator. Sin~t~e fields at the two ends of the resonator are about 

equal, the loop ccmpleted by the cross-strap (Fig .• 5(a)) is apparently 
. . . 

not contributing very much to the ed~ current field. The higher field or 

resonator #2 ean probably be attributed to thicker electroplating. 

·· .· Asiswaing a aaximum allo•able radial variation in eddy current 

field oft • .) gauss, the usable radial aperture of resonator 1/l is 2.7 

inches e.nd. the u~able aperture or resonator #2 is J.J inches. 

The field under the cr·oss-strap of resonator (12 is small because 

the measuremen.ts were made when the erose-strap was formed flith air drying 

silver .instead of electroplated copper. 

No vuiation of field with. heighi;. was detected with either 

resonator but this is not conclusive because of the length of the peaking 

strip ( il inch) • 

• 

• 
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CHAPTER III, The Oscillator 

An oscillator and moaulator had already been developed for the 

accelerator shown in .Figs. 1 e.nd 2. Reference (10) is an early progress 

report of this system. the oscillator used an E1mac J X 2500 AJ forced 

air cooled triode in a grid return circuit and was ,grid modulated by a 

pulser 'of the type shown in Fig. 18. Because the quartz resonator repre· 

sented a dittf'erent load probleJrt, extensive modifications of the pul$er 

were required and the oscillator was larg~*y redesigned, keeping the same 

tube and same general physical arrangement. 

The system was first redesigned to energize tbe unscribed quarts 

resonatCn-, which had a Q of 470, gap impedance of 3700 ohms and resonant 

f'reqtlency of 47.1 me. Chapter I gi~es the basic specifications ~~ri~.tbe 

system. In particular, a tuning range from 44.9 to 51.1 me f¥ld resonator 

gap voltage variable from 500 to. 5000 volts were desired~ To pull the 

resonant frequency of. the un.scribed quartz resonator dawn to 44. ~ me would 

require 5.3 mJBfd. at the resonator gap or 4 times this capacity at the 

.reedpoint where the voltage is half the gap voltage. The Batlle reactive 

energy must be etored 1n either case for the same shift in frequency, so 

4 timee the capacity is required et halt the voltage. Since eddy current 

restrictions prohibited pla.cing·the tuning condenser at the qllBl"tz resona

tor, .th~ concwtuier ··as p+aced at the oscillator end of the transmission 

line •. BJ tuning the condenser the voltage node could 'be moved along the 

transmisdon line toward the quart~~~ to add inductive reactance or away 

· tram the :quartz .to add capacitive reactr;mce at the reedpoint. A low 

impedance transmission line was chosen to keep the movement of the voltage 

node small so that. the transmission line current at the grid loop and 

voltage at the tube plate lfould not very excessively with tuning. A 4t 

inch outside .diameter, Jt inch inside diameter, 15.2 ohm tran$mission 

' 
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line waa chosen tor ease of mechanical assembl3 snd freedom from voltage 

~down across insulating spacers. Af'ter considerable caloule.tion, a 

line length of 105 inches we.e:;,ohosen as giving .a usable tuning range. A 

sl;lorter _line would put the tube at too low an impedance point for osoilla-

tion; a lbnger line #ould put the current maximum too far from the grid-

loop. ('!'be grid loop in the existing oscillator was 26 inches from tbe~ 

tube plate. By completely rebuilding the oscillator t the grid loop could 

bav. been pla.oed nearer the current maxiinum; flith consequently larger 
• 

frequency tuning range.) Fig. 20 shaw.s the calculated voltage standing 

wave along the;transmiasion line, current e.t the grid loop and voltage at 

the tube for various frec;;uenciea and 5000 volts across the gap of the 

unscribed quartz resbnatQI'. 

The determination of required susceptance to pull the quartz 

resonator frequency was done by calculat1~ the susceptance at the gap 

and then multiplying by 4 to get the value at the feedpoint: 

Putting B in per tmit or tzoansmission line chare.cteristic a-dmittance and 

using a SSnith chartt .the other values listed in Fig. 20 were obtained. 
\ 

Power testa with tbie oscillator e.n<i the unseribed quartz 

resonator gave the following results: 

'I'uning range • 46.5 to 48.5 me. 

Voltage at resonator gap ... 6000 volts maximum in va~uum of lo-5 mra 

Hg (ge.p 3/4 incb wide); .)900 volts 1n air. 

TUbe plate voltage .. 1800 volts with .3900 volts at gap. 

Efficiency • )5~ at 47.7 me witb~.3900 volts at gap. . . 
Thil!l system -.ollld not oscille:te at plate voltages below 1000 

volts; eort"esponding to 1600 volts at the resonator gap. 'J'be system also 

• 
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oscillated on two sp~ious modes: l6J me and 69 me. 'l'h(' 16.3 me mode 

appeared to be a resonance in the filament leads of the tube and was 

independent or all tuning. The 69 me mode occurred only at certain 

settings of the cathode stem tuning eondeneer. Both modes were eliminated 

by installing a. ;300 ohm, 16 watt globar resistor at thet•oltage node in the 

transmission line. Higher resistance allowed the 16.3 .me mode to exist • 

.Lower resistance loaded the oscillator excessively at frequencies above 

and below 47.7 me· due to movement of the voltage node. 

After the quartz resonator was replated and scribed, the Q was 

225, with e. gap imped6nce of 1780 ohms and resonant .frequency of 49.7 me. 

The gap width was decreased from J/4 to 3/8 inch to reduce the area which 

could be charged up by injected electrons which are not focused into the 

Betatron beam. Unequal charging of the quartz· surface would deflect the 

Betatron. beam. With the resonator Q reduced due to seribing, the osoilla-

tor would not oscUlate because of the low impedance presented to the 
.. 

tu~. Therefore, a low impedance coaxial section, using zircon as the 

dielectric, was inserted. in the transmission line to transform the rela-

ti'Jely low impedance at the quartz resonator .f'eedpoint to a higher ilnpe-• 
de.noe at the . tube. 

- A coaxial quarter-wave section of zircon was copper plated and 

the resonant frequency and Q were.measured to determine the dielectric 

constant and .J-oss faet.or.. They were 6 • .) and .002 respectively at 100 me 
•· 

and were assumed to be the same at. 50 me. A cylindrical section of zircon 

5t inches outside 4iameter, 4t inches inside diameter was readily avail-_ 

able. After some trial calculations, ,,a, length of 10.5 inches was chosen. 

Fig. 21 shows the resulting calculated voltage wave on the transmission 

line at various frequencies, assuming a minimum total capacity at the 

tube of 100 mmtd. at 49.7 me. This capacity requireEv a 52.5 inch length 

• 



-of 15.2 ohm transmission line from the z_ircon transformer to the tube 

plate tor resonance. Note from Fig. :21 that 5600 volts r.t. are now 

required at the tube for 5000 volts at the resonator gap .at 47.7 me, 

39. 

whereas the earlier design with no zircon transformer required 1500 volts 

at the tube. 

. , The I2a loss in the transmission line is approximatelr equeJ. to 

the potter supplied to the quartz resonator. For 5000 volts at the res<-Jna• 

tor gap, the total power which the tube must deliver is 14 kw during the 

pulse. The impedance presented to the tube at 47.7 me is 1200 ohms. 

With the earlier oscillator exciting the unscr1bed resonator with no 

zircon tran.sfornter 1 the illpedance presented to the tube was 235 obms. 

B~cau~e or the increased impedance (at the tube with the zircon trans

former • the oscillator shOilld have a higher efficiency an& should start 

oscillating at a lower gap ~oltage. • 

Fig •. 22 shows the constant current characteristics of the 3 X 

2500 AJ triode. Fig. 23 shows the calculated tube voltages and currents 

assuming _14 kw output at 5800 volts r.f. with a plate current flow angle 

of 140°. 

F~st h111rmonic current, 11 = 2 
Pr.f • = 4.8 amperes. 

Er.f'. 

From page 447 of reference (11), Imax = Ilf.J9 = 12.3 amperes. 

This establishes one limit of operation on the chart of Fig. 22 at the 

line or equal plate and grid voltages. In this ca~e it is + 400 volts 

and 4.5 peak amperes grid current. the grid bias for cut-off is aoout 

-JOO volts at 5500 volts plate voltage. The peak grid-cathode voltage is 
\ 

determined by all011ing ·.it to remain above cut-off' for 140 degrees: 

L sin 200 -= ~ volts '"'U-K ~vv 

Ea-t = 850 volts 

• 
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The operating grid•cat.hoda bias is 400-850 = -450 volts or 150% or cut-off 

· bias.. G:t:id current flows for the angle: 

9g = 180 - 2 sin-1 ~ = 116o 
FG-1 

From page 447 of reference (ll)t 

d.c. GRID ClJRRENT, Igd.c. = .19 I8PEAK = .s; amperes 

d.c. PLATE CtJR.lUllT, Ipd.. c. = .22 Ima.x = 2. 7 amperes. 

the required grid bias resistance is 450/.85 = .5.30 ohms 

The tot&l cathode emission current is .s; + 2.7 = .3.6 amperes 

The required <i.e. plate voltM.ge is Er.r. - !BIAS = 5.350 volts 

The power input is .3.6 :x 5350 = 19 • .3 kw 

Tube efficiency ~ 14/19.3 = 72%. 

The peak grid-oo.tbode voltage required is 850 volts with 1.40 

amperes in t-he transmission line at 47.7 me. The fe~dback loop size was 

calculated as followsl 

H = ,2 lA.I I cos w ;.t. 
r 

v = ..i i r
2 H dr .x 10-8 = .2 uJ l. I cos w t I r

2 .it x 10·8 
rl . rl r 

v = .4 '"' r .! I in !:6 cos uJ t X l0-8 
rl 

Let r2 = 2.2; inches, !'1. = 1.75 inches, the outer e.nd inner 

radii of the transmission line. 

V = 66 .i., where .l is the length of the feedback loop in em. 

·for V ~ 850 volts, ..l = 1) ~ or 5 inches. 

The feedback loop was actually made 7 inches long and was made 

adJustable. The 1rm.er conduct.Ol" of the trQUsmission line was slotted so 

the loop could be expande~ into the inner conductor to couple all of the 

flux, The loop was formed of t inch strap in order to provide a low 

self-inductance. A condenser was inserted in the feedback loop to allow 

• 
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tuning to ser-ies resonance. The transmission line current lt;.gs the tube 

plate voltage by 900 (negle<:tine in-phase loss current). 'I'he \Tolta.ge 

induced in the feedback loo,p leads the transmission line current ey 9()0, 

so is in phase 'tlith the tuba voltage. With the inductance of the feedback 

loop resona.ted~by the series condenser, the voltage fed back to the ea.thdde 

is in phase with the plate volt.uge. See Fig. 23. 

The tuned coe.xie.l quarter-wave stub was added at the cdhpde 

fo~ two rea~one: 

(l) To act na' an r.f. choke to allow filament "olteg~ to be fed in at. 
., . 

gr~nd. Po:~entie.l. . · 

{2) 'to act as a reservoir of energy to improve the. wave shape Qt the 

cathode-grid r.f. voltage. The impedance of the feedback loop is high 

enough to cause a large voltage drop bebJeen cethode end grid when current 

.flow13. The . ~thode. stub lfas designed with lou characteristic impedance 

(22 ohms) 'so 'that it supplies moat of the grid current during the 116° 

flcm angle with stnell distortion of the cathode-grid \l'olte.ge from e. 

sinusoid. 

!he coupling capacitor from the tube plate tQ ~he inner conduc

tor of the trensmts8!on line consisted or three 1/S x 6 inch titanium 

dioxide .disks which had been pla.tinized and copper plated. The dieke wel'e 

stacked,. with s<>ft.''copper waffles between eaeh pair for contact to the 

copper p~ating. The oapacitt 'we.s tneasured as 2000 mfd. The '119ltage drop 

is approximately 100 volts at tllll i)ower. 

'The plate vol tege was supplied through a quarter-'ll ave coaxial · 

.stub fore-shortened by m9.klng the inner conductor a clloke~ The plate 

voltage was bypassed at the r.f. voltage node by a 300 mm.t'd. pol.¥:.;t.yrsne 

condenser • 

. The pulser (Fig: 13) li•s designed to r-rovide pulse lengths 

• 
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Variable from 0 to e500 microseconds in 25 microsecond StEipD t El.XCOpt for 
• 

the first 25 microseconds in which the pulse length is continously variable •. 

The pulse length is q'W:tntized by the ringing circuit which uses two 6SN7's 

and a 6ii.C7 to put. sharp pulses every 2.5 microseconds on the normal RC 

voltage dec~::..y cUMre of tho first 6J.ill7 of the mult.ivibra.tor. The multi

vibrator circuit is standard. Relay 1 provides quick switching from long 

to short pulses to facilitate tunlng to cutch the Betatron be6lll. V4 ia 

normally conducting. A negative trigger turns off V4, which fires V5 to 

start the pulse. W'nen V5 conducts, the grid vol tc;.ge of V8 is driven 

negative and decays to zero as C1 discharges; when the ringing circuit 

pip superimposed on·~·this decay curve can drive the grid of V4 above 

cutoff, V4 conducts, ·V5 stops conducting and the plate voltE~,ge o! V5 
\ 

rises to supply voltage, ending the pulse. C2 and .R;c isolate V 5 plate 

.rz.om V4 grid voltage so that this rise time is fast. 

The ar:n•s are normally conducting to provide fixeu bias across 

R50 for the 3 X 2500 AJ oscillator triode. 'l'he start of the multi vibrator 

pulse drives the grids of the 807 1s belov cutoff. '!he 3 X 2500 A3 grid 

voltage rises toward gro'Wld potential, the time constant of this rise 

being determined mainly by I\.3 and the grid to ground capacity of the 

oscillator. The grids of the SfJ7 1 s are held below cutoff as long as the 

pulse length by the time constant of CJ and the grid-to .. ground resistors. 

At the end of the multivibratcr pulse when V5 plate potential rises, the 

grids of the SO?' s are driven positive and the plate potential of the 

807 1 s drops toward the cathode potential. This voltage pulse is trans

Tnitted through C4 to drive the oscillator grid far enough negative so 

that the r.f. peaks of grid-cathode drive voltage are below cutoff. The 

time constant_ of C4 aQd a; is made longer than the time for decay of 

oscillations uo th~t the r.f. peaks of grid•cuthod& drive voltage are kept 
I 



below cutoff. During the off period bett1een pulses, the oscillator grid 

volt&ge is held bel~J cutoff by the current of the 807 1s flowing t~ougb 

R.3. Since a. fixed bias a little greater than 300 volts .across a 5JO ohm 

resistor is desireQ according to the oscillator calculations, the fJfJ7 1 s 

should p&ss a little more tnan 570 milliamperes; 600 milliamperes is 

assumed for se.fetlf. At the end of the pulse, the oscillator griQ voltage 

must be dropped more than 700 volts a.nd 900 is z:..ssumed for safety, making 

a; 1500 ohms. With C4 equal to .004 mfd. I the tinte constant is 6 micro-

secol;l<S.s, which is loil{j;er than the decay time of the r •. f. envelope. 

lnoidenta.lly, this 6 microsecond time consta."lt limits< the minimum length . \ 

of ·short pulse to about 10 microseconds at full power because the voltage 

across C4 must decay during the pul.ae in order to transmit the 700 volts 

minimu.~ to dr.ive the r .f. grid voltage peaks below cutoff. A power sUp:fly 

voltage of 1300 volts is required to supply the fixed bias acrcDs RJ,, 

pulse stopping volte.ge across R4 and voltage drop across the 807's. 

The tickler oscillator was installed to eliminate jltter in the 

r.r. envelope starting time. A 2C26A was employed in n Colpitts circuit 

operating at 100 volts plate voltage. The output was coupled through a 

probe to the cathode stem of the main oscillator. \ 

.J 
Figs. 24 and 25 show the te~t oscil~ator constructed according 

i 
' 

to the above design. Figs. 27 to Jl, iilGlusive, show the/ final operating 

model installed in the synchrotron.. "the results of p011er tests evnducted 

on each oscillator are essentially similar. 

The oscillatGr has a tuning range from 46.4' to 49.1 me with 
. 

only the transmission line condenser being tuned, the cathode and feedlmck 

loop condensers being set for the middle of the range. If the cathode 

and feedback loop condtmsers are retuned every 2 or 3 me, the oscillator 

operates properly over toe full range of the transmission line tuning 



condenser, 44.6 to 50.4 me. 
.• 

The maximum voltage obtained in vacuum of better than 1o•S mm 

of meraur7 is 4000 volts across the 3/S inch wide gap of the resonator. 

The maximun gap voltage before sparking at 1 atmosphere pressure is 2.300 

volts. 

To determine oscillator efficiency the temperature rise of the 

cooling air tor vsrious d.c. input powers was measured with the tube 

oscillating and again with all res-onant circuits shorted to stop all 

modes of oscillation. The efficiency of the tube was found to be about 

6()J a:t 2000 volts gap voltage and 47.7 me. 

The r.t. envelope buildup time is approximately .6 microsecond.,. 

The jitter is about .2 microsecond without the tickler oscUlator and less 

than .1 microsecond with tbe tickler oscillator operating • 

• 
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CBAP'l'Bi IV, Operation in the S711chrotron 

Atter a betatron beam was obtained, little difficulty W&:S 

encounters« in catching &lld accelerating it with the r.f. pulse. The 

dependence of x-ray beam intens~ty on r. f. pulse tre'quency, e~arting time 

and voltage is shown 1n Fi£s. 32 1 J3 and J4, respectively. 
' 

The betatron beam was monitored with an anthre.cine crystal 
. 

covered with aluminum foil and mounted on the end of a lucite rod which 

projected through a Wilson seal into the inner radius of tbe quartz 

vacuum chamber. Electrons striking the anthracine produced light which 

traveled through the lucite rod,to a photomultiplier; the output signal 

was amplified and. presented on a synchroscope scretm. With r .r. pulses 

less than 60 microseconds long the syuohrotron beam could be monitoll'ed b)r 

the anthracine without appreciable reduction in photomultiplier sensitivi~ 

due to mapet leakage field. Using long r.f. pulses the synchrotron beam 

spiralled in to strike a uraniwn target next to the anthracine crystal, • 

producing x-ra.ys which Wff!e monitored by e. Zeus ionization chamber. 

lith the fast-rising pulse shape (fig. 35(a)) and a short r.f. 

pulse, about 60% of the betatron beam was caught. producing a synchrotron 

beu which 1'ft&S monitored by the anthracine. • That is, 40J ot the original 

signal remained at the betatron beam position on the synchroscope screen 

and 6()J of the original signal was moved out about 6o microseconds to 

form a second signal. 

Reference (5) indicates that the rate of rise of the r.f. 

envelope was varied from 2 to 20 microseconds without etfeet on the beam 

intensity of the General Electric Company 70 KeY synchrotron. W. Abson 

and L,. s. HolmeaC12) state tha.t the output of the 14 ltev British synchro-

tron did not change for e. range of 5 to 15 microse.conds in the r. f. 

enYelope rise time to half value and that 60~ of the betatron beam was 

c 
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being captufoed and accelerated.. Equation (5) above (which is due to 

Bohm and Foley-(8) ~ indicates that radial oscillations a.t betatron ·capture 

will be minimized and good azimuthal phase stability will be obtained it 

the r .. f. envelope is shaped to rise about two or three times the minimum 

rate 'Shown in Fig. 4. With the normal fast-rising r.f. pulse shape it 

was round thrs.t the least amount of betatron beam was left behind •hen the 

r.f. gap voltage 11as only 400 volts. Of course, the eleetrons accelerated 

by the. r. f. voltage . spiralled into the target in a few microseconds when 

the minilmuri voltage Cl.U"Ve of Fig. 4 cross&d the 400 volt line. Therefore; 

it seemed desirable to have an r.f.•;voltage en~elope which rose rapi~ .to. 

400 volts end then slowly. over about 500 microseconds to full voltage o~ 

about 2400 vo~ts (twi~ minimum for ,30 cycle per second magnet frequency). 

A .;5 Henry choke was .inste.lled in the plate lead of the oscilla

tor to .lengthen the rise time. Luckily, the' resulting pulse shape had a 

£ast rise to about J~.of full voltage (See Fig • .3S(b)). During the otf 

period between pulses the plate to ground capacity of the oscillator 

charges to power supply voltage. ·When the grid of the 3 X 2500 A3 osoilla-

. tor tube is dr.iven above cutoff bias by the pulser 1 the plate to ground 

capacity discharges through the tube to produce the fast rise to 30% 

voltage. The choke then produoe.s s.nt·exponential rise to full voltage, tho 

time constant ot this rise being about 200 microseconds. This time 

constant .is determined by the pate resistance of the 3 ~ 2500 A3 tube 
.. 

and is therefore dependent upon plate voltage and grid drive. With the 

choke .in. the plate lead about SOJ, of the betatron beWil was caught and 

accelerated. at cptiJ'ilum r.r. voltage. Fig. J4(b) CJhows the:t the r.r. pu.lse 

shape with the choke increases the sJnchrotron beam intensity about 20%. 

Above .3.300 gap Tolts, the synchrotron beam intensity begins to decrease 

and the percentage of betatron ~eam~that is caught begins to· decrease. 

f 
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This is probably due to the initial rise being too far above 400 volts. 
' 

The pulse shape of Fig. J4(e) was obtt;.ined by o~ing the circuit 

between power supp~ and oscillator during the period between pulses with 

a ~drogen thyratron~ This Prevented the oscillator plate to ground 
\ 

ca}:tac1ty from charging up and eliminl:Lted the :fast rise to 3o,; voltage at 

the beginning of the pulee. With this smoothly rising pulse shape only 

60J of th.e betatron beam was oo.ilght with optimum r.f'. voltage e.nd the. 

maximum synchrotron ~ intensitt was the same as with the fast rising 

pulse shape of Fig. 34(a). 

·An anthracine crystal was taped to the envelope of a pllotomulti· 

pl~ which was plaeed in the x-ray be&m external to the synchrotron. A 

one centimeter thick. sheet of lead we.s wrapped around the photomultiplier 

c:a..se so that pe.ir-production electrons produced h7 x•rays in ~he lead 

would ·strike the anthracine. The output o£ the photomultiplier was 

amplified and 4tsplayed on a long sweep trace of a BJ'nchroecope which was 

delayed to sh01'1 only photomultiplier signals produced during the .last 

third of' the r.r. pulse. With en r.r. gap ~oltage of 1400 volts the 

synchroeoope trace was fillea with photomultipliler signals. When the r.r. 
gap voltage was incre&sed to 2000 volts, the-number of photomultiplier 

signals de~eased to about 10 per. pulse, indicating that most of the 

electrons captured from the betatron period tire accelerated to full 

synchrotron energy. Bo photomultiplier oigna.ls wue observed during the 

early part of the r.r .. pulse. 

1'he emission current from the injector was varied without any 
. . 

effect on the tilaerreq,uired fol' ths electrons to spiral in and strike the 

target after the end of the r. r. pulse. 'l'his indicates tb&t the energy 

loss du~ to radiation by the electrons is independent of tbe beam cUr.rent. 

J. P. lUewett(l3) has found with the Gen&re,l Electric Company 100 Jaev 
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betatron that cb.anging the beam current does not change the rate at which 

the beam loses energy due. to radiation. Blenett states that if the total 

radiation of a group of J closely spt::.eed electrons is calculated, the net 

energy radiated is proportional to u2 since the electric fields add up 
·' 

and the energy is proportional to the square of the net field. the 

ra!iiation fields due to· a continuous stream of electrons is sel.f·canooling 

so that the net energy radiated is zero •.. Blewett attributes the existence 

of radiation in the betatron to statistical fluctuations in the beam 

density. In an earlier article, L. Arzimovich end I. Pomerancbuk(l4) 

predict incoherent radiation in the betatron due to the spread in electron 

energies · i.ll the beam which· causes them to change their relati'lfe spaei.ngs 

in one t.urn by more thAn the effective wavelength of the radiation.. In 

the synch.rl:ltron the electro~s m-e bunched by the r .f. field. Apparently 

t tile charge density of the bunch is eo small or the energy spread and 
' 

position fluctuati~ns larg& enough so that the electrons radiate inco-
. . 

herentl,y. · W. &. li. -Panofsl.tT has calculated back from measurements of the 

x-ray beam- ·of tho University or California synchrotron ·and found that the . 
number of electrons per· pulse is 3 x 1o6 for a Zeus reading of l roentgen 

per ·hour 'When the Zeus met~r is shielded by l/8 inch of lead. The above 

measurements. of radiation loss versus beam intensity were made with a 

maximum Z.eus meter reading of .J roentgen per ho1.1r. ilclillan assumed 

incoherent radiatioon loss in his origirtal letter (.2) and the curves of Fig. 

4 and specificationa for the oscillator were mAde accordingly. 

· The r.t. pulse length is usually set to accelerate over 90 

degrees of the magnetic field sine wave • the electrons spiralling into 

the target 1n about 150 Dlie:roseconds after the r .f. pulse due to energ 

loss by radiation. The time of intense beam lasts for about 10 m1ero• 

seconds on the external photomultiplier. The electrons would still 

• 
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spi,ra.l inwa:fd to strike tb.e target "hen the r.f. pulse was lengthened to 

115 degrees of magnet field sine wa:ve. fith longer pu_lses the electrons 

spire.Ued out t<J strike the injector. The 115 degree transition time 

corresponds to the 65 degree point on the curve of Fig. 4 1 where the 

radiation lose per turn equals the decrease in energy required due to the 

decreasing magnetic field. Tbe longest r .r. pulse used was 150 degrees 

of magnetic .field sine_we.ve and a strong signal was still obtained with 

the external photomultiplier even though it was f\O longer ln the tangential 

x•ray beam produeed~by electrons striking the injector. 

The betatron· beam was probed a.t three places around the vacuum 

chsmber and was found to be' contained in an aperture. 1 inch high (e.xial) 
.. . . 

and 3 inelies wide . (radial).. The :3 inch figure checksft'eS.rly well~:with 

the expected radial aperture indicated by ,the eddy current field of quarts 

resonator Glti13 plott.ed in Fig. 16.. (The aperture probing was done with 

resonator.#l installed in the synchrotron). Kerst and Serber(?) give the 

frequencies of :ra.d1al e.nd axial oscillations as: 

""r = {1 - .n uJ j 

Since there is some coupling between radial and a.xial oscillations the 

oscillation amplitude$ .should be inversely proportional to their frequencies, 

since the energy in the oscillation remains constant. Thus: 

6.A = ~ D.r 
WA 

Here, ...J r :=. 2TT ~ radial oscillation frequency 

wA = 211""' axial oscillation frequenc1 

w ::. angular veloei ty of electrons 

AA = amplitude of axial oscillAtions 

ll r = amplitude of radial oscillations 

For n = ,, l:lA = '*" ~. For l:lr =- 3 inches, A·A =20linches. 

An n of 9/10 would be required to explain the 1 inch b7 3 inch\·aperture h7 
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the abOTe considere.ticms. From the calculations and measurements of 

•e.rie.tion of eddy current fie~ld with height, the quartz resonator is 

expected to prn-ide a 2 in.eh verlical.p~perture. The limitation on vei'ti-
- ? 

Jte,yrt~c.a- • 

¢al aperture is not . undel"Btood. but mq be due to remnants . end eddy cur-

rents in the pole t_ips •b1eh are not unitot"mly compensated over the 

vertical range by the compensating coils, or it mar be due to an· n of 

9/10 since the n of 'the magnet is adjustable by chengif*gl~the current in 

coUs over the pole facef,l and cannot be measured after these adjustments 

with the quarts ring in p~. 

when the oseillator was first installed e. 2 microsecond Jitter 

was observed in the starting time of the r .f. pulee when the magnet was 

energi~ed at nominal voltage. A.s the magnet ourrent decre.~ed, the 
J 

amount_ of jitter decreased. When the magnet was pulsed it. shook th~ 

oscillator. It was concluded that this :s,hak.ing cau.sed the grid and -

filament wires of the oscillator tube to vibrate, with ·consequent fluct.ua· 

tion ot the amplification factor and cut-off bias. Since oscillati·ona 

begin when the )>Ulser_ bias voltage decays to oscUlator cut-off voltage, 

fluctuat·ion -of. the value of cut-orr bias would cause Jitter. The oscilla-

tor was· vibration J!iO'Wlted with three 40 pound Lord mounts and vibration_ 

end Jitter disappeared. 

The temperature rise of the quarts resonator with blower runn~ 

has not exceeded 2()0•'C with JO cycle magnet Oper!{tion and ) ltv at t.be 

resonator gap. · With 60 qcle operation e.nd 5 n at the gap, a temperature 

rise of about 50° C would be expected. With the blower turned off the 

res()nator runs hot el.lOugh dU. to eddy currents e.lon~ to melt the lubriseal 

at the rubber boot vacuum joints at eac!:l end of the resonator, thereby 

causing a leak. 

• 
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'l'he tJnivereitJ of California 300 iiev synchrotron employs a 

toroidal quartz vacuum chamber. A 45° section of the quartz donut has 

been metallically ~ted and scribed to form a quarter-wave coaxial 

resonator for operation at a nominal,ifrequenc;y o.f 47.7 me. An arrangement 

of scribe· lines:hae been developed to give a Q of 445, with eddy current 

fields uniform eno\tgh to provide a J ineh usable radial aperture. An 

oscillator has been developed to provide S kv peak r.f. volts across t~e 

que.rt.z resonator gap over a frequency range sufticieat to tune the S)'n"" · 
• 

• \ , I" 

chrOiloUB electron orbit f.o either limit of the. radial aperture; 1\.t • " . 

voltage pulse shap~ ha' been tried, with a re$Ultant. 2~ 1ncre~se 1D 
. . 

x•rq ~ intensity. A..bout ~ of tbe betatr.on beam. is caught and 
• 

accelerated b3 the r.r. pulse. 

Bone of the r •. t. pulse parameters have been foun.d to be partieu• 

lerly critical. Jfhen twice llinifaWI r.f. gap voltage U used, an inoonse

quential fraction of tho total x•ray beM is produced during the r.r. 

pulse, indieat.ing t.~at eost of the eloetrons co.ptured from the ~tatr~ 
.•. 

~e.rn are accelera:ted to full energy. Good ace,lerat1on can be o'Pt&.inE!d 

over an r •. f. ·puls~ starting time1 range of 5 microseconds and freq~nc:y 

range of o., megaoy~le. 
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Fig. 1 R.f. oscillator • coaxial stubs and acc$lerating grids for first 

synchrotron. vacuum chamber, whiob consisted of a phenolic inner 

and outer ring ·sealed by rubber gaskets to the magnet pole tips • 

. ./ 
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Fig. 2 End view of accelerating grids, showing beam aperture. The 

capacity of the coaxial grids was resonated at 47.7 me by the 

inductive coaxial stubs attached to the phenolic ring. The 

voltage was unifo~ over the length of the C shaped 135° accelera

tor. Electrons l'lere accelerated at entrance to the inner conductor 

and again at exit 1 the voltage having changed phase while the 

electron bunch traveled tr~ough the inner conductor drift space. 

• 
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Fig. 3 The quartz vacuum chamber. The ends of the 45° segments are 

painted with glyptal to farm a smooth surface snd are sealed by 

rubber boots. 
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Fig. 4 Calculat8d curves or minimum r.f. voltage • 

• 
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Fig. 5(e.) View showing one of loops enclosing vertical field when scribe 

lines are not vertically arranged • 

• 

Fig. 5(b) Elementary loop of a long. thin strip. 

Fig. 5(c) Point displaced from center-line of long thin strip. 

Fig. 5(d) Approximation of side strips. 

• 



RADIAL SCRIBING 

FIG. 5 (a) 
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FIG. 5 (b) 
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F'ig. 6 Calculated eddy current fields of vertically scribed resonator /il • 

.Solid lines are for 10 scribe lines top and bott.om spaced 1.1 em 

apart. See Fig. 16. 

Broken lines are for 12 scribe lines top and bottom spaced 1.1 em 

a.part. 

® - means mef:l.@ured values of eddy current field. 
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Fig. 7 , Equipment used for measuring Q 

A Pickup loop and 1N21 Crystal Rectifier 

B D.c. galvanometer, shielded 

C 35 G'l' shielded oscillator l 

D Power supply for oscillator. 

E Frequency meter with crystal calibration. 

F Oscilloscope for frequency meter output. 
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Fig. 8 Quartz resonator between pole tip ~edges, with experimantal 

zircon transformer in transmission line • 

• 
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Fig. 9 1~iee size air dielectric sheet copper replica of Quartz resonator, 

outside conductor opened. 
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~ig. 10 Twice size air dielectric sheet copper replica of quartz resonator 

for determination of current flow lines in surface. 
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FIG. II 
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IN 
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Fig. 12 Quartz resonator, showing some of the cross-strap positions for 

Q measurements. 
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Fig. 13 Table of Q measurements 

Distanc~ from gap to 

cross-strap, measured 

!long center-line 

1. Vertically scribed resonator 11. 

Q 

away from 

pole tips 

Q 

between pole 

tips 

(a) Rough non-uniform outer surface. Air drying silver cross-strap: 

0 inches from gap 

(Slanted, 0 to 1 3/4 inches) 

4 inches from gap 

8 

15 

134 

178 

233 

259 

.252 

36 

44 

52 

63 

145 

(b) Outer surface smoothed and replnted. Air drying silver cross-strap: 

0 inches from gap 138 

10 226 127 

13 320 191 

15 242 155 

19 160 125 

30 (Current anti-node) 111 66 ~ 

(c) Air drying silver cross-strap replaced with electroplated strap: 

13 inches from gap 

2. Radially scribed resonator #2. 

(a) Air drying silve: cross-strap 

0 inches from gap 

7 

13 

(b) Electroplated cross-strap; 

13 inches from gap 

409 

448 

• 490 

545 

225 

234 

318 

360 

445 

.. 



Fig. 14 Equi~~ent for measuring eddy current magnetic field. 

A GL414 thyratron controlled exciter for energizing magnet. 

B Flux bars from synchrotron. 

C Pole tip wedges. 

D Peaking strip for measuring phase of magnetic field . 

E Peakine stri used to trigeer synchroscope and exciter. 

F Synchroscope. 
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Fig. 16 Eddy current fields of quartz resonator 1/l. 
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Fig. 17 Eddy current fields of quartz resonator I 2. 
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Fig. 19 Schematic diagram of JX 2500 A3 r.r. oscillator 
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Fig. 20· ·calculated volt_age standing wave on 105 inch transmission line 

of first test oscillator. (Quartz resonator frequency ~ 49.7 me; 

no zircon transformer). 
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• 

• 
fig. 21 Calculated voltage standing wave on transmission line with zircon · 

transformer. Quartz resonant e.t 49.7 ac. 
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Fig. 22 Constant current characteristics of J X 2500 AJ triode. 
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• 

Fig. 23 Oscillator operating voltages and &urrents. 
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Fig. 24 R.f. test oscillator with zircon transformer. 
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Fig. 25 R.f. test oscillator and quartz resonator #1 • 

• 
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Fig. 26 Quartz resonator (12, showing radiaJ. scribiDg and .feedpoint 

arrangement. 

• 
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Fig. 27 Final r.f. oscillator installed in synchrotron. 

A Zircon transformer. 

B Globar mode suppressor. 

C Coupling loop tuning condenser. 

D Cathode stem tuning con.de-nser. 

E Line tuning condenser, selsyn controlled. 

F Tickler oscillator. 

G Plate choke stub. 

B Blower for cooling resonator. 

• 
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Fig. 28 Final r.f. oscillator. 
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Fig. 29 Right side of final oscillator. 
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Fig. 30 Final oscillator with halt of transmission line outer conductor 

remoYed. Note titanium dioxide disks 'which couple tube plate 

'to line. lfote polystyrene rods for setting feedback loop. 
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-Fig. 31 Top view.or oscillator installed in synchrotron. 

• 

• 
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Fig • .32 Syncmrotron beam iJltensity vs. oscillator frequency. , 

otes: 

(1) .300 J&ev x-ray beam. 

(2) Injeotdr timed early to obtain eonstent il'ltensity. 

(3) R.f. pulse timing adjusted for JDaximum intensity at each 

f r equency. 

(4) Betatron signal 100 p- see. after injection. 

(5) l!t:;gnet frequency JO eyele per second. 
. 

(b) R.f. voltage at quartz resonator gap= 2400 volts. 

(7} .35 H· bhoke 1n plate lead for pulse shaping. 

• 
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fig. 33 SynChrotron beam intensity vs. r.f. oscillator pulse turn•on 

time 

Notes: 

(1) 300 Mev x-ra1 beam. 

(2) !nj ector timed early to obtain c·onstant intensity. Beam 

about 30% of intensity obtained with optimum injector tiad.ng. 

(3) R.f. voltage at quartz re$onat~ gap = 2400 volts. 

(4) .J5 H choke in plate lead for pulse shaping. 

(5) Magnet frequency = 30 oyclee/eecond. 

(6) Oscillator frequency. = 46.9 me/sec. 
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• 

Fig. 34 Synchrotron beam intensity vs. quartz resonator gap voltage. 

{A) 7 r'- sec. rise to full voltage. See Fig. 35{a) 

(B) • 35 H choko in plate lead of oscillator, producing 7 1-'- sec. 

rise to .30% and exronential rise to 100% voltage with 200 f-l

sec. t~e constant . See Fig. 35{b). 

Notes: 

(1) 300 Mev x-ray beam. 

{2) Injector timed early to obtain constant intensity. 

(.3) Oscillator frequency = 46.9 me/sec. 

(4) agnet frequencr = 30 cycles/see. 
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Fig. 36 Synchrotron beam photograph . 
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