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INTRODUCTION
The synchrotron principle wis piupnsed by V, Veksler(l) in en
gﬁ‘;ﬁalé roceived March 1, 1945, by the Journal of Physics (UsS.5.R,)s
vékaler pointed out that sonsidersbly higher energies could be obtained
‘with the synchrotron than with the betatron beceuse the r.f, sccelerator
field would supply the extra cnergy necessary to compensete for the o
rediotion loss of the elebtrons, In the betatron the maximum energy is
limitgd'ta the value vhers the electrons lose as much emergy by radistion
a8 thay:ga&n per turn from the time rate of change of enclosed megnetic
fields o | :
 Without prior kuowledge of Veksler's srticle, in letters of
September § and 9, 1946, to the editor of the Physicsl Review, E. M.
Mbﬂill&n(g)%ptopoaed‘the synchrotron principle. HoMillan suggested a
possible ﬂagign for a 300 Hov aieatm aecelerator_mhiéh involved injection
. at 300 kv‘, ;‘;»f. accpleration from injection to 300 Meov, and érbit expansion
from 78 to 100 centimeters. o
M. @ Pollook(®) euggested injestion st 50 to 100 kv, betatron
acceiaf#tian'tn'a Yov ond r.f. acceleration the rest of the way to 300 Mev,
.frhs orbit would expand anly.zﬁg thereby allowing a considerable saving in
the sige of éﬁe'magﬁet and vaeuuﬁ eharber, Pollock states in his article
that W, Méll and D, Bohm at Berkeley had independently noticed the
advantage of using $etaxron ecceleration prior to r.f. acceleration.
fo check the vghdiw' of the proposels of Veksler, McoMillen and
Ebiiock, a 4 Hev begatron in Grest Britain was converted to synghrotron
operation by ¥, Ki Gownrd and B; B. Bamw“) +« They were able {:o increase
the energy to 8 Hev. The r.f. eccelerator was & quarter wave cosxial

" resonator bent in & 90° aro end installed anvthe outside of the vacuum



ehmbei-a ‘.mé ménatort m f6rmod of $26 S.W.C. wires 1/16 inch apart .
shorted anly at}the ahtiu#bﬂe. The r.f. elestric field was inhomogeneous
since dn:};y_ wires of resomm; length were strongly exciteds There was
‘rof. power loss in the aquedag coating on the inside of the poréelain
mﬁm charbey end ‘loss‘ in the magnet iron nesy the regonstor. The ref»
electric field cought wnd mcocelerated about 25% of the betatron beam. The

resonator was excited by a OW osboillaﬁor feeding a buffer amplifier at
640 mos less than 100 m;l'bs was developed at the resonator gﬁp and the
Buildup time to full voltage wss about 10 microseoonds.

P. R. Elder, A. ¥, Ouremitsch,Rs V. Langmir gad H, C. Pollock(®)
‘built e 70 Mev synchrotron employing initial betatron soceleratiom. The
rofs aocelorator was @ 57° sector of the toroidel shaped glass vacuum .
chember. It vons isted of Corning 70‘%136 glass coated with silver paint,
electropleted with silver and au‘bdﬁ.vi&ed into langitudins}. at‘fips 5 %o
E 8 mn wida to reduce eddy ourrenmts. The resona‘cor was match&d to a 80 ohm
eocaxial l&m and excited ‘txy an B32-4 aacillator driving an B829-B gride
maulam power mpnﬂm 1000 volts r.f. was doveloped acress a 1/8
inch gap in the resonator plating. The frequ-énc,y of the quartz rescnator
WS, tumd by slidino a s%mrting strap along a section of plating which
hed been soribed to form e f;rmmission line stub, Mﬁv&ment of the shorting
bar ohanged the atzxxh' maetan&e &nﬁ therefore the resenator frequency. The
sy.zza;hmtron ontpﬁt was found to be fa.iily oomta;zt‘ over an ref. turheon
| time équai'tar 0% of the betatrbn accelere.‘hieﬁ times The synchrotron
output was indepsndént of r.f. snvelope r.tsé time over a range from 2 to
20 microseconds and was constant for r.fs voltages above 3 times the
minirun ref. voltage.

A, B, Gurawitsch(ﬁ) hes also used a resonator on the outside of

the vacuum chamber of the ebove Geneyal Bleotric Company 70 Hev synchrotron.

-~
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1.6 mil ;caplpar strips were glued to the wts;ae of the wgouum ﬁhmbe{ and

%0 f:h_a insids of a concentrie support structure end were eﬁézneated to “
i’om a  q‘qp.réer wm"e sir dislectrio coexial resonators The eonﬂﬁetmg

) maﬁing on ﬁhe .’ms ide of tho vacuum chermber was interrupted for $ inches
k&',}aoentl the resonator gap. 'ﬁz;e Q of tho resonstor is largely dependent
upon the dielevtric loss in it‘he’ glass lwaz.l ;zdjmant the gape

o . Bhortly arter Millan'a proposal was published, a@mtmef:ivm
_‘m s*bar‘bed an a 300 Hev synchrotron at the Univerasity of Galiforni&.

~ The sarly glwign employed a vasuwn cheamber consisting of laminated pole
tips sonled by rubber gaskets to concentric phenolioc rings, wﬁich were

mafle of gless cloth impregnated with permafil. See Piga, 1 and 2, The

best vacuum obtainable with this ,Bystem was approximately 1074

mn p,f
‘memur'y, whioh was ponsidered merginal because of excesaive gas 5eatteriin§;
‘in the General Eleetrio Company 70 iev synchrotroa when the pressure was
raiged to v!!f:his value,

As insurande in cuse of unsatisfactory oporation with the phemolis

L | | wall vfwu\:ia chembar, sufficient 45° fused quarts segments wore purchesed

.te f‘crm a téroi&al shaped vecuum chambers Boe Fig, 3. One of the sagmanta

‘was modified ™ fom a qsxarter wave coaxial resonator with accalemtmg
gaz». The other segments were coated with Dupont #481‘? air drying silver

 solution 6o prevent collection of static charges on the vecuun wall with

, c‘ons&qnent doflection of ﬁhe_alwtrm beam. A redio frequency osoilletor
m. émlomd m exoiji:e the quﬁr‘t{r«mm&tm;. #hen di'fﬁaulgias iw_ere
maéuzrbereﬂ in obtaining a betatron beam with the phenolib ﬁamed vaguwa
iihamher, the mgnet was disaasemblad a.nd, after more thorough coxagaeneatim
of the mggmtic field was mada, the quartz resonator and r.f. oseillator
were installed,

| 'fhia report dasoribea the dewvelopment af tha quartz resonator

and ¥, f, osonlator. From resding this report, it may appenr that designs

e
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~ were a1 warked out hefors eny construction of experimenting was done

‘and thut these designs were so acourate that everything worked the first
timsa Aa*tuully, design, éonstmc{*.ion and experimenting proceeded
'aom}urrent}.yg preliminery models were tried and modifieations m« before
the designs deseribed herein were evolved. Description of the preliminary
" models and results is omitted for olarity, Even though more or lese

3 s,ﬁmﬁwﬁ enginesring is jnvolved in much of the work, the methods used -
in making the final designs sre emphesized in this report in order thet

it may forn & ﬁ&e’:ul roference for design o.f similar equipment for other

‘applications,



ll.

CBAPTER I, Synchrotron Theory snd Bpecifications for the
Acselerator Sys_t-mn
The basic idea of the synchrotron involves phase stebility
in the motion of e charged particle in an sxial megnetic and szimuthal
alternating eleotrio field. BSuppose & particle is rew;lmg, in e conw
stant magnetis field, passing through scoelsrating.gaps across which an
alternating elestrie field is applied, Suppose that the particle pesses
through the sccelerating gaps just as the clectric field is chamging
through gero from accelsrebing to deselerating. The orblt is stationsry
because the energy is not changing end Hy. must remain constent, To
show that the orbit is st&hie, suppose the particle arrives ut the gap
too earlys It is sccelerated, which means its relativistio mass, m
inoreases, its mgular volocity, &/ decrémas, its érbit mdius in-
cs'raasa{ and the particle’ falle behind in phese until finally it arrives |
late emugh _*-bo be decelorated, Then the energy is decressed by the
- alternating electric field, m desressss, &/ inoresses, r decreases and
the particle moves ahead in phase, sgain pa:ss ing 't;mugh the equilibrium
phege, '
(1) &= _€Baxiel oumu. = €0 Baxial (g.0vu.)
™ - %

where E is the totel snergy, 'inolﬁding; rest energy, Acceleration can
‘be asccomplished by slowly increasing the magnetic field. Veksler(l)
states that eutomatic phasing will exist if

aH 4T Vs
—r— <« R

where dH/dt is the rate of change of megnetic field at the orbit, Vo is
the peak gmplimﬁe of the r.f. gap voltege and T) is the period ’of
oaeﬂlatién of the r.f, fields The electrons will gain ;}ust; enough
| energy fram the r.f, electric fiold each turn to stay in step with the

'mgnetic fields, The phese steble elsctron bunch passes through the
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meelemting gap during the smons& guarter of aach eycle m the gap
voltage is deoreﬁaing fram peslc value to zero.

In order to heve radial and axial stability of the électron
orbit, the magnet pe?e tips are shapsd 20 the magnetic field bows redially
ouhmrd- The magnet _field shape is givén by Kerst and’Sérben‘(? ) as:

®  f . Gt |

where H,(y) 18 the axial m@qam of magpetie field at the equilibrium
redius r,, By 15 the axial somponent of magnetis field at the redius ra

For rediel foousing, n must be less than unity; for axiel stability »

o mmt be grea‘mr ’chen LOT0,. v ’ oo .

v In the Ihiversiw of Gaiifmia synshrotron, the magnetio

field is varied s-inwsai&glly a% oithor a 30 or 80 cyéle rate and the
frequmaey of the electric field is held constant. ‘ﬁm peak magnetis
£ield is 10,000 gauss, gorresponding to an electron energy of 300 Nev

at 100 centimeters radius. The rate of eﬁange of magnetic field is

o756 x _%06 gm.x‘svs;/sec. for 80 'eyu'lé rate or 1.5 x 108 gauss/sece for 60
eycle ‘:i%. When the magnetic field has increased to 1l.2 gauss electrons
are injeoted by a diode gun at 100 kv, giving the electrons & velocity

~ 55% the velocity of lights The electrons are sccelerated by betatron
action to ‘2 Hev, 98% the velooity 'of. light, The va}.tago gained per turn
by the slectrons due to the rate of change of field enclosed by the orbit
is sbout 600 volts at the 80 oysle rats, 1000 volts ab the 60 oycle m*i:s;
When the flux bers in the ceater of tﬁe mehiﬁe begin to saturnfe, vthe
betatron accelerating voltege decresses end the rate of rise of magnetic
field in the orbit increases because the inductynce of the megnet decreases,
The electrons spiral in to smaller radii. When the slsctrons have
sp.&faﬁeﬂ in to the synchronous radius (98 om at 47,7 mo) the r..r. gap
voltage is turned on. During the r.fs acoelerating period the slectron

velocity inoresses to almost the velocity of light and the redius inorenses
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to 150 em at 47.7 me, The r.f. gap voltage is turned off 'b_ef:t:ore the
magnetic fi_eld reaches meximum and the electrons spirel in to strike the
target, producing -x-z"ays in 8 well collimated beam tangeétigl to the
orbit. R | |

- v Heglacting electron rediation loss, the emergy galned per turn
is. derhzﬁd frcm (1) as:

(B)AEB = -——% ergs 2-02-2- electron volts psr turn

v ﬂoﬂi.nan(z) gives the incoherent radietion loss as:
s L o [ Eg \& .
(4) L = 400 f (;;gﬂ electron vol;a per turn.

EB' is synchronous energy.
“If the betatron accelerating voltege is repcresent»éd by AEp,

the minfoum r.f. ae&elemung voltage is (AEg + L - DEp). Fig. 4
ahoua calgnlated curves of L end (AEB +L - OB ) and measured curves :
‘of AEy for 30 end 60 cycle rates. In order to have phase stability
uier"an" azﬁmzthal ph&se emgle #, the r.f. gap volt.age should be greater
fmmd the.t the Geﬂea-al Electric Compsny 70 Mev synchrotron output increased
only 25% for an r.f. gap voltuge increase from twice to six times the
ninimun voltege. F. K. Goward, et a),(é.) state that to pick up 50% of
 the betatron been the r.f. gap voltage should be twice the ainimum velus.
’Therefore, the r.f. accelerating gysten for the University cf California
synchrmron uaa dasigned to produce a nominal gap voltage of 5000 volts »
which is a li.tt.le wore than twice the minimum value for 60 cycle rate,

Bokm and ?oldy(s) calculate that if the r.f. voltage rises 10 volts
~ per cycle or fester, at least half the partieles accelerated during th'e
bet.atien phase of cperation will be trapped in the synchroncus orbit.
Their caléulnt;ion agsumest |



.

" {(8) Rofy turn-on timing ;nter of + 1 microsecend, correspmding to
o 856 electren volts spresd in betatron bear energy.

(B) Due to the finite time over which injected electrons are accepted
into établd'brbits, én aﬂditional:t 1.65 Kev spread in betatron beam
,energy ogcursa,

Bohm and Foldy(®) ehow that after the r.f, voltage is turned on,
' the radial oscillation amplitude ig given by:

o8 <[l EIES g

rg LQm)’E r, = aynchrenoua radius
This inaientea that some gein in synchrotron beam intensity may be ex-
: p&ct.ed ‘by shapjng the r.f. voltege pulse to rise like the minimum r.f,
voltage curve of Fi.g . 1;. However, in order to have phase stability over
a.s‘l&rge szimathel angle, & pulde rate of rise of two or three times that
shown in F:.g. A ‘should be used. .

v Bohm and Foldy‘s) show ‘that azimuthel variations, & H of magnetic

_tield mo@ce distorted orbits, the maximum daviatien x from the instan~

tenecus circle of redius ry being given by:

._ {6) | f; z (ﬂ2+n - l) - COS (QO-HQ)

where £ 1s the hermonic muber-of the ssimuthel varietion and &y is the
phese vof“ the -'asymmetry. Thus, a single buzp (such &s might be produced
by eddy éux‘rants in the r.f. géééiérater) in the megnetic field changes a
circular pﬁ}qi.t to an éiohgahad orbit. Two bumps of equal magnitude, 180°
- apart pﬁbdt;ee' 18% the distortion that a single bump of the same size
producas, for n  2/3. ™G |
| For en injection valtage of 100 kv, the magnetic field et the
beta‘bton orbit is 11.2 gausa., For an orbit deviation of 1 cm, A H can be

" W07 gauss for a first hermonic disturbstce or .4 gauss for & second
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" hartionic disturbence. The eddy current field of the resonatcr extends
over 45% and will be considered uniform over this are. The amplitude of'

the nth harponic of & rectangular recurrent waveform lss

o e o 4 4 redn 5%
™ G 244 [—-——-‘-'I'—'%@

)

where: A = amplituds of rectangular waveform

d = time over which waveform extends
B %imo to recurrence of next waveform
. Cp = amplitude of nth harmonic. - B

‘?or the first bharmonic with the resonator uncompensated:
s 4 [t ] ,
_If a field egqual to the resonator eddy current field is produced
on the diagenally opposite side of the orbit, the first harmonic amplitude
"of the waveforn (second harmonic of the electron orbit) is: '
[;2973146}==.45A
Thus, for 1l om deviati@n of the electron crbit, the uncompen-
sated addy eurrent field of the resonator can be .07/.24 = .3 gauss. If
a similar field is produced diagonally,apposite the resonstor, the reso-
:natotffiéld can be J4/.45 = .9 geuss. Therefore, it was pianned to
| sompensate the rhaonator field with coils which woulﬁ produda a uniform |
field {except iow raaial varlation due to n) either at the resocnator ar
on the diagonally opposite side of the orbit. Heglecting the second
arder eff&ct of the variation in eddy current field dué to the variation .
of the e:citing field with radius, the rescnator eddy current field
shﬂuld be uniform within £ W3 gauss. For Bagde of compensation the average
ed&y currant field should not exceed .9 geuss. |
| The vaowun chember has minimum end meximum inner redii of 93.5
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em snd 106.5 ¢m. 4 tuning renge from 5.1,‘1 me to 44.9 me was specified to
allow setting the synchronous orbit at sny radius in the wvecuum chember.
‘The b&aigé specificatione for the cscillator wre sumnarized
below: | _ |
(a) Hominal frequency = 47.7 me; variable from 44.9 mc to 51.1 me.
(b) Resonstor gap voltage = 5000 volts maximum, veriable from 500
ﬁolt.é.
{c) R.f. voltege pulse length veriable ..I;'_rom 10 to 8500 microssconds
inl 25 microsecond steps. |
(4) R.fu turneon time jitter less than + 1 microsecond.
{e) In a uniform megnetic i‘ield rising 1.5 guuss per microsecond,
the eddy current magnetic field Voil' the accelerator should be
less than .9 geuss averdge and should be uniform éithin + .3
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o CHAPTER II, The Resonator

4. DESIGH
At 47,7 me, the dielectric canétemt snd loss factor of fusded

quarts #re 4.0 and .0004 respectively. Since the .valc;city ‘of propagation
of the TRE wave in a coaxigl resonator is C/Vpr € , the angulsr velocity
of the wave in the quartz will be 1/2 the engular velocity of the syn-
chrotron electrons. Therefore, the querter wave resonator sust be 1/8 of
é. c'iréle i;«;r 'cper&tion_at 47.7 me. The resomator could be 1/16 or 1/32
of & cirele for 2 or 4 bunches of electrons in the orbit, but the funda-

A

mental wavelength was chosen beceuse of greater ease in obt;ainingi rof.

power,
Skin depth in copper plating:
(8) § cedee om £ = 47.7 me
Varfp o y.-.:l»‘l'f:tl('ﬁ‘"a
. ' - T = +581 x 10® mho /em

 4=9.5 % 10% on = .375 mil. |
- If the copper plating is oh_e skin depth thick, 1/ e2 or 13% of

thé pbwer An the wave propugates through the copper pleting. This limits
“the maximxm. Q of the resonsftor to 7. A plating thickness of 1.13 mil

. allcws 8 sﬁaxiﬁm Q of 400; 1.5 mils, & Q of 3000, Since opersting Q's

-~ of tﬁe order of 500 are desired, it is necessary to keep the plating
thiclmqss’ grester ihan 1.5 mils. Po allow for irregularities in plating,
& noninsl thickness of 3 mils was chosen. '

Thp dielectric § of the resonator is:

. . c v2
(9) Q= 2wf . EoerEy stored ___ = prf % , .
Energy lost per second %i‘f + loss fector
-——-—-L——-—-—-- '
loss factar
Resistance per radian of the resonator is:
(10) p=24 (1.1
_ ™ o8 G, C4
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where: L = length of resonstor
Co = outside oircurference

.Gy =inside circumference

The 1oss in the copper per aeccnd iaz

"(il) LR [/ (-gég:cos 9) a9z g.ﬁ%*.’a
BT D zc-_égln.sz
N Ve Cs

Assuming for simplicity that the resonator croas-sec‘hion is

circular, the capaci.ty per radian of the resonator is:

13y - ¢ = 3.&.:.512....
. 1n 5'9

’ The energy stored in the rescnator iss
(14) Wg = (Voap ein €)% £ o= g-vcapg
: (4]

The Q of the copper isi

15) w=2me g _2nr 22
( ), : %a Vie R °

The 4 of the copper can also be written es:
- (6) ansL . 10‘7 In °° =23f . 1077 ( |
o™ Zﬁ gc;‘

_ The last form is accurate to 2% for dialectf‘ic thickness ¢ less‘
than 1/30 the inner circumference Ci. This shows the advantage of having
the quartz as thick a8 practicable without raducing the beam aporture

excessively. - - o 5
" Another way of writing the equation for copper Q is:
(17) Qu = 25/2 . 107 .....f‘ﬁ.?......( )1/2 f-lﬁ(t <)
. ' | (€4 + Co) L 30 _

Since L is inversely pro;:artional to frequency for a quarter

wave resonator, the Q of the copper pleting is proportionel to the 3/2
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power of frequency if the inner. and cuter circumferences ers kept constant.
The tatal @ of the resonetcr is: -
18)  QromaL. ——3—
| G %
The impedence at the gap iss
9 ek
The 'pouei' into the rescnetor is:
s '___ v
T 2 2gp

. (ab) PR P

| " The qmtz segrents m;;Sed for resonators had an average thickness
| of 1.2 cm, 41.0 om cutside éircmferenee, 33.3 em inside -eifcumferencé,
~and were plated to have & length along the centerline of 75 ca. The
dielemic-‘cbnatant and loss factor of the querts were 4.0 end 0004,

respectively. Using the ébove equations:

Qoy = 1260 ,
Qropas, = 840

8y = 6.2 ohms

Zw = 6600 chms _ N
As‘ indicated in section C of tﬁis chapter, the final measured Q
of the first quartsz resonator was 225 with the resonater installed between
the magnet pole tips. Using this figure for Q:

Zgap = 1780 ohus
The r.f. pulse powerr into th'e_ reponator for 5000 volts at the

gep 18 7.0 ke. The average power assuming a maximum of & puises per
seéand,_ each pulse 8500 microseconds long is 360 watts,

Calculaticn of Eddy Current Magnetic Fﬁ}_@lds:
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R 'vIt wes planned to scribe the copper plating lengthwise, lesving

a crosssstrap to tie the lengthwise strips together. It was thought to

be 'de'airla’ble to place the croaa-sta‘aj: near the feed~point for mase of -
frequency pulling. It was also plenned to arrenge the scribe lines

 vertically so that the center-lines.of the verticelly displaced longi-

A

tudinai st'.i-i;:»s' do not form & U in the horizontal pleme, with the crosse-
strap tieing ‘bh_e ends of the U together to form en eddy curreat loop.

See Fig. 5(a).

(a) For an elementary loop of a long thin strip (Fig. 5(h)):
v =28 L x - 1078 voit

R‘gie
t ax

_Y _Bt . q 08

i"n‘%& 108 x dx
@) ce233_ 2B . 1082 ‘
(!gzl)_.dng,rrr &% - 10 &

¥V =voltis ]

B =ohms

¢ =1.72 x 107 om cm
t =plating thickneas
' n_;, =ve§-t1ca1 field in geuss
. B =rate of change of field in gauss/sec. A
{b) Totel vertmal field on center-line under one long thin strip:

( - '
- : -sf‘” .,./.._B._a-—-e[.@. » -1.9'.]
H,, £ 10 ﬁ-’ﬂl-ﬁ £+ 2078 4 - p tan"d L

(23) or

'ayﬂé,.(g.&-m—e[_a_ &, ‘]

24 D2 160 DA 17361:6

Far d/D < 1/4 the first term of the series gives accuracy to 1%.
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(¢) The vertical field at a point displaced from the center plane of
e long thin strip (Fig. 5(c)):
i.: E‘é& . 9‘8'8 dx

L

= afd EEX . JéLJE-& + 1076 x dx

r . r +q/ (p x)2 t+ 92
2
~s2Bt . 108 x (P+ x}
e Y 2 Tr 22t =
()
Ev;a&-ﬁ-e.*'w‘a%-n (tan"‘l-(-——-—w'b 2) - ten-1 {B.= d/2)

For P = 0, this reduces to the same form se in (b) above.
{d) To obtain the eddy current field from the longitudinal strips at

the sidés of the resonator, these strips are approximated as in Fig. 5(&)#

N 42

(25) I='!E,.ﬁ-10‘3f ,xahEB_&-m*%ﬂ?.

R a e - o é ¢ 8

o eMhgiae (Pra.Bht. 188
2z a4 ¢ o 4t 2

) 26 ';.‘: - =qg-’w'

(26) o €= 375

1 ;a the totai'éﬁéieﬁt 15 £he eddy current loop. g is the
horizontal projeatian ef %he distance frem the center-iine of the strip to-
the "eenter ef gravity of the currant.“ For simplicity in calaulating
magnetic field, 8ll; the eurrent is canaidsreé concentrated st the center
of grevity.

Yo Suﬁming the contribntians from each line of current:
@) By = 2,212

(e) The sceribing arrangement end dimensions cf‘Fig; 16 were chosen



{after some ¢g1cu1£tions with the above equations) as aupracticél compromise
shich should satisfylthe éddy current reqniréments‘anﬂ still provide a high
@ resonator. Fig. 6 aﬁcwé radial plots cf vertical fleld in the ﬁedian:plane
of the ordit for four l'em strips aiigned above esch other and for the wide
stripb at-the aidéa'of the resonstor. A redial plot qf‘the total vertical
flelavis elso shown, The.variatien of total verfical field with height'
:abOVG'thejmedian,pléhe has been calculsted an& found to be constant,
Qithin_the_accuracy'of mpéhuremsut'of r, Over a vertiéal‘rgnge of 5 cm.

All values ﬁore'caleul&%edlfa% @ pleting thickness of 3 milsjané a rete of
rise of ﬁagnétie field of 1.5 geuss per microsecond during the Betatrgn
.period5 sorresponding to 60 eycle operaiion. |

{£) Por the cross-strap, the first hermonic component of the peaek

field.ia (fram o@nnti@n (7), substituting & for sin © bescause of the small

angléjs

| From equation (23), EHy =45-e-u - 10-8 4‘%] =A.

(28) 1= .53 - 20712 'éi'éz &,
For d = 2.5 cm and t = 3 mils, A = 4.3 gauas at the medien
plane and €3 = .QBL gauvss for four vartiaaily aligned straps, corresponding
to an arbit ﬁistar@icn of .45 cm. The vertical field above the median
plane has béén calmlated to give the following orbit distortions: ..53
~ om 1 om above, .98 cn 2 cm above and 2.5 co distortion 3 em above the

- medlan plane.

Eeat'nevaléped in the Rescuator:
(a) Due to Eady Currents:

The gaximus rete of change of magnetic field occurs after the
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beétatron period when the flux bars have saturated. Assuming the magnetic
field variation is sinusoidsl, Bpax = 3.77 x 106 gauss/second for the 60
cycle rate. |
' 2
:max = Bmax -8 g = 20,6 amperes in the 1 cm strips.
Ima.x = .g .ﬂgﬁ... 10“8 --. = 27 amperes in the inner and 106 amperas
in the cuter side strips.
| ' . ‘The peek power loss in the 1 cm atripa iss
soss = = 2 V2, Ry 0222 0% ¢
b4 -d/2 i?i.Q

(29 | amss = M K-dB] watts

m- L= 75 cm, t =3 mils, Woss = 39 watts per strip. There
ere L4 - su&h strips. Assuming a #isximum of 12 pulses per second, the R
ayerage-power loaa fremvali.the 1 em wide strips is 340 watts. The strips
a8t the éides will have & total average pdmér loss of 70 watts. The totel

average'eddy~current power 1053 for the rasomator is 410 wattes at &he‘éo_

cyele rate with 12 pulses per second.

(b) Dne to r.f. power of 7 kw 1nt0 the rsscnatcr fcr 5009 volts at

the gap, the EVarage r. f. pawer in the resonator with 12 4000 mierosecond

"vpulses per sacand is 340 uaﬁts.

Ths maximnm total average power daveloped 1n thé resonatcr is

) A 4

_then 750 uatts.i The rescnator »&s eooled by a 200 c.f.m¢ blower ﬁhich

f"was c&lcul&tEd to proﬁuce a 30 foct par sscond flow of alr over the

resonator and to ellow & meximum quartz temperzture of 70° ¢ for 20° G

ambient air. The temperatﬂre ahculd not be allowed to exceed 1000 G or

the ylating ney come loose due to differential expanaion of quartz aznd
metgl. adlso & law temperature is desired to preVgnt flom of grease at

the vacuunm seals.



The quariz segments were purchased from the American Silicete
~ Gorporation, Hillside, Rew Jersey. It is understcod that the segments
sre produced as follows: ‘ )

(a) A qafﬁon fod is heated electrically to high temperature.

{b) The rod is dipped in a box of silica send and the particles
fuse into & tube around the rod.

(¢) This is pleced in 2 cast iron mold which has been lined with
refractory send.

{d) The carbon rod is withdrawn and the tube is blown against the
mold by compressed air. The resuit is an opsgue fused quartz segment with
glazed inside surface and very rough sandy outside surface. |

4 .Upcn receiving the ségments various firing and pleting technigues®
were tried. The following is a list of steps which was found to give the
nost Satisfactéry énd duraile resonator (Fig. 38 shows a recommended
scribing arrangémentﬁs. |

v(é)'Seal off the ends of the segment ﬁi;h thick fupbéf gaskets and
copper ené'plates pressing ageinst the segment. Fill the inside with
ecncentrated hydrofluoric scid and sllow to etch the glazed inside surface
for-aboﬂtt&lh?urs. '7 | . - |

© (b) Fith silicon carbide wheels, grind the ends smooth to 45°.
Grind the outside surface smooth and to uniform thickness of between 3/8
‘and f/lb inéh. Grind a groove in the outside surface of the feedbump to
sccept the outer coﬁductarvfingers of the trznsmission line. ¥ith a copper
tube end wet carborundum dust, grind & 1 1/8 inch hole for the plug which
makes contact to the imner conductor of the transmission line.

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

cool, paint Hanovia Chemical and Mfg. Co. #05 Liduid Bright Platinum



o

25.

solution over £he whole segment inside and cubaide.axéept for the gap

snd the feedbump insuletion. 4Allow to dry at room temperature for one
hour. Plece in en oven having & small blower for circulation and bring
. the tgmpeéaﬁure up uniformly to 1300 F over & period of 4 hours; allow
oven to cool over a peried of 12 hours. When the segméht has cooled to
room temperature, paint & second coat snd fire similarly., When cool,
check the surface resistence with chmmeter probe; over sach squsre inch.
If an& bigﬁ réaisﬁanee apots are found, clean them with sandraper, repeint
end fire. From the time the segwent is first clesned end fired until the
electroplating is completed, the segment should be handled with gloves so
~ thét skin oils do mot hinder firing and plating.

(d) Paint soribe lines on, about 1 mm wide, with red glyptel. The
lines aée continuous from one end of the segﬁent'to the other end, with
no cross=straps |

(e) In a copper sulphate solution, eleetroplate copper 3 mils thick
uniforsly over the exposed platinum surface. A cyenide plating solnt}on
dissolveé the plétinum. it was found desirsble to flash plate at ebout
;15 amperes; uaing & emall movable ancde to cover the areus which do not
plate from the fixed anodes. After the complete surface is covered with
& thin coat, tha current ia reduced to 5 amperees and the plating 1s built
up unifarmly, using movable and fixed anoded.

- (f}-clean the red glyptal out of the scribe linés with ﬁethyllﬁthyl
Ketone. | | C |

(g) Clean the platinum and copper out of the scribe lines with a 3/4
x 1/32 inch cari»ofun&um disk motor driven through a flexible shaft.

(h) Burn out platinum and copper fingers remaining scross the scribe
lines by connecting a 5 volt, 200 ampere.capacity transformer across

adjacent strips of plating, controlling the transformer primary voltage

-
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with'd'vaﬁiac. Burn out high resistence flngers by connec%ing the 110
ivolt veriac eutpnt through a 25 watt lamp to ad;acant strips. antinue
the process until the resistance across each scribe line is higher than
100,000 chws. . : N |
| (1) Hake the cross-strap by painting 1 inch long, 1/8 inch wide
strips over each scribe line at the croas—strap point with Dupont §£8I7
air drying silver solution.
| (j)”?aiﬁt,the whole segment inside and out with three coats ofvréd
_ glyptai}axcept for 3/16 inch wide strips et the cross-strap point.A
(k) Eléeéraplate 3 mils of copper on the expeged strips at the
"cross—str;p.;»Than'remove the red glyptal with Methyl Ethyl Ketone.
| 'Xi) ThéjgoaxialAtr&namiseion line inner conductor fingers grip &
"1 1/8 inch diemeter quartz plug which has,béen platinized and copper.
plaﬁed»gyéﬁ the yhble surface, leaving no exbcsed quarte. Thie plug is .
now 36?% soldered vacuum tight to the feedbump., Care must be taken to.
apply the minimum emount of heat so that the plating does not buckle.
_ The follofhg éra a few of the troubles encountered in developing
v'the above procednre
(a) If the glazed quartz surface is not etched with hydrcfluoric
acid, the plating buckles and pesls off when_the segment is heated with
r.f. power. .
{b) If the ségm&at is not thoroughly clesned énd fired before paint-
ing on the platinum, areasluf the platinum film may have high resistance.
{¢) If the platinum solution is ﬁginted on thick énough to flow, it
will run into depressions and blisterﬁwhen firédi
{d) 1If the oven temperature is réised too fast and & biower or good
self-ventilation is ln'ot used, & poor platinum coat is obtained. This is

probably due to carbonaceous matter being trapped in the flux which fuses
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the plaxinum to the qparts.
(e) Silver plating instead of copper plating hag alao been tried.
‘:;The steps ere the same &8s above except that the quarts was firad with
v‘amia%type M Liquid Brignt Gold and the silver pleting was done in s
aigvgr,cyan;de aglutioq. In was found that the silver platingvpaelsloff
&é&lto'm§éham1cal.abfesioﬂ much more easily than the'copﬁer.platihg. Tho
*-gnld aticks ta beth the silver and the quartz, so it may be that auccesatve
| layers «o;i' gold are separating. ' | ,
R instructions in referance (9) have been particularly nelpful

.4n obtaining & good platinum surfaoe.
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: iffig. 7 shows the equipment used in meaguring the Q of the quarts
resonatér #nd current flow lines in the model air dielectric resonator,
- Fig. B-éhéws the ﬁeﬁt arrangement of pole tip wedges and resonator. The
pickup loop was placed in the fringing field at the unplated part of the
feedbump, The output of thé 35 GT test oscillator was loosely coupled
through an 8 inch length of 50 ohm line o a probe st the resonator gap.
Q's wérq determined by wmeasurilng the freguencies for helf power deflection
of the galvanometer. Occesional runs of galvénometer reading vs. frequency
were made:to check symmetry end freedom from spurious modes. Several
lengths of coaxial line between the oscillator and the rescnator gap were
tried to find a length free from resonances neighboring the 50 me region
of intarest.

Tha caleulated Q of the unscribed rescnator is 840, The resonatcr
waa‘first platiniﬁed and copper pleted without seribe’lines end the Q vas
méaauréd as 470 at.a_freqnency of 47.7 me. After the 3 X 2500 A3 test
' oscillatof was'bniit'and poner messurements made, the pléting‘waa airipped
with nitric acid to remove the copper and with aqua regla to remove the
pletinum. The querts segment was replatinised and copper plated with -

seribe lines. - | | |

Kith a erosa-stra@ peinted with air-drying silver.on both inside
and outsidevsurfaceé et the inside edge of the gap, the measured Q xas 134
when the resonator was sway from ihevpole tips, 36 when between the ?ole
'tips; This large reduction in‘Qvfrom the value for the unscribed resonator
was not understood. It appeared at the time thet it might be due to the
scribe lines cuttlng ecross proper current flow lines. Therefore, s
vtwice size air dielectric sheet copper replica of the quert rescnator was

constructed. See Figs. 9 and 10, Current directions were measured by

v
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finding‘thé ppsitionféf Q'pickupviooﬁ‘for Zero ﬁagnetia fielé when 1ns§rted

invthehdiéleetric épage. Fig. 11 is a smoothed plot of the énrreﬁt floﬁ. .

lines. _Sincé the maxinnm»deviatién from & circular path_ié about 2 degr;es,
it igé Gecided thet the low § was not due to distortion of the current

flow lines by the scribe lines. | '

" It was also considered that the vdrious strips, being of unequal
length§,¢would‘tend to oscillete on different frequencies if less than
unity adapling existed between the drive strip and each of the other strips.
This wanld tend to lower the Q. The resonant frequency.and Q of the quarts
réSongter was me&sﬁred with no cross-etrap with the drive probe placed on
each strip in turn at the.ggp. The frequency deviation wes .3 mc maximum
andlthe_Q veried from 36 to 93 with the resonator éway ffom‘the pole tip.
vwedge$;  J _

‘The cross-gtrap mas tilted back from the gap at an angle to
equaliie thé»lengths of each strip from high current end to cross-sirap.
This increased the Q between the wedges from 36 to 44. When the gap was
widened back to the tilted strap in order to make\thé‘elecﬁrical 1engthief
“each strip,equal, the Q was still 58, Thus, the increasé in Q was cdue to
| m§ving &he”crossest:ap‘amay from the gap., The cross-gtrap was moved
fﬁrﬁher'awaj-fram the gep snd the Q continued to increase up to the
midpéint of the reﬁanatof. Farther ﬁevement of the cross-strap caused
'.thafﬁcta-daéréaséuand'tha Q became depeméeﬁt upon which etrip wasvbeing
excitéd by the drive probe et the gap. Fig. 12 shows some of the air
drying silver cross-strep positions that were tested. The results of the
above two paragraphs indicete that the low § was not due to the differences
in lengths of the farinus strips. |

At first 1t zes thought thet betause of non-uniformities in

quartz thickness, 8 crosse-strap at the midpoint of the resonator would o
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allow current at the high current end to flow in a strip having large
quartz thickneas, cross at the midpoint end flow the rest of the way to
charge up 8- strip having small quartzxthickness end high capacityyv Another

posaible explanaiion‘uaa that the scribe lines, being verticslly displaced,

were distorting the elaetric field lines. The electric field linéé could
| remain radial, ending on current lines which flow down an adjacent cutside
'strip to the midpoint of theé resonstor, cross and flow thé rest of the way
‘-to the current antinode in the originel strip. If the cross~strap were

not near tﬁa midpoint, the current in the‘eutside adjacent strip would

,returnyf;”thévoriginﬁl-strip via electric field lines scross the scribe
lines. These field lines would bulge up into the pole tip wedges end
vcause additional 1osses. ﬁowevcr, it appears that the losses dus to
eleetric and magnetic field lines escaping through the scribe lines into
the‘weéges were equal since the Q was deereaaed the seme amount for
-wedges at one end as at the other end of the resonator. The resonator
:was sngrounded with e raaiation shield and ;; change in Q was cbserved.
?he third possible ceuse considered wes that the extra capacity of the
two_bﬁmpS‘near ihe gap would resonate the side strips at widely different
‘frequanciés from the rest og the ¥esonator. This effect was checked
ioughi& by removing the plating frcmithe inside of the inner radius bamp.
The Q 1néreased 43 end the frequency”increased 1 5%, i%dicating’that the
two bumps nesr the gap were only a small part of the total effect which
mas causing low Q's. ; : ‘ .

In. order to determine the 1mporténce of unirormity of qﬁartz
thickness and ﬁiatortion of electric field lines, a second quartz rescnator
nwae preparéd; A somewhat unsucceésfui attempt was made to grind the
querts to uniform thickness. The thickness was held constant within +

1/32 inch and grinding to closer telerances appeared to be an enormous
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task, The'first resonator was uniform over mo&t of its surface to the
aéme tolerance. The lines were scribed radially. The resulting Q's uith
this resonator and with the vertieslly seribad resonztor are tabulated in
| Fig. 13. The radisl seribed resonator (Q = 445) is 984 better than the ~
vertically scribed resonator (Q = 225) and has 53% of the calculated Q
(840) when inStglled betwesn the pole tips.

| Although many questions are left unenswered &s to the cause of
lower than calculsted Q, the finﬁl measured Q's ere adequate for the
synchrotrpn epplication. It appeara%that the major csuse of low Q in the
first resonator was the vertical scribing which developed part of the
electric field across each scribe line instead of conteining all the
elactric field in the quartz between radislly aligned strlps of p&ating.
It 1s difficult to measure with any accuracy the effect of the lumped
capacity gt the high voltage end due to the two b?mpe in the quartz. The
present ﬁata.iﬁéicétes-their affect to hbjof the order of 10%f. New
quartz_seggénts.without these buéps have been purchased &nd théir impor-
tance willabe.determined.Quaiitatively when these segments are plated and
seribed. th6~ﬁumps»at the gap in the originel quartz segments were
ordeied méraiy to meke the rasonator.segments aymmetrical with the other
segmenté-of the vacuum chamber, the}eby aimpligying the mold'requireﬁants.
The remaiﬂgng»diéerepancy between calculated and measured Q is probably
due td-variatibns in quarts thickness, roughness of the outer quartz
surface, thin spots in the plating and non-uniformities in scribing |
which develop electric fields across the scribe lines and allow magnétic
field to leak through the scribe lines. Since the first resonator with
no scribe lines hed & Q of only 470 as compared to a calculated Q of 840,
it appears that further increasse in ¢ will come most readily not from

 improvement of scribing technigue but from improvement of the quarts
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surfggé. if highér Q 1s ever required, the outside surface of the quarts
‘coulq be glazed and etched to provide & feirly uniform surface which
would’ pcld the platipg " It should be noted that resonstor §2 with scribe
lines &nd agay"from &he pole ti?s had & higher Q than;rescnator #1 without
scriba linéé."Thi§ﬁi8“pﬁpbably due to the 9lightly'thicker well of
resonator #2 but indicates that the seribg 1ines of resonator 2 do not
reduce tbe Q appreciably away from the po;e tip wedges.

Part of the reduced Q may be dup to en incorrect 1oss factor,
The less f&ator of 0004 was ebtainsd from various tebles and was not
cheéked experimentally. However, the quartz does not get werm near the
gap when it 18 too hot to touch at the high current end, indicating that

. the dielectric loss is & small fraction of the total.



33.

j-v ?ig. 14 shows the test equipment uaéd to meesure the eddy
uurroﬁthagnetic field of»the'reéan&tor,plating.i Tha‘i;an circuit
consists of flux bars and pole tip wedges from the synchrotron. The
‘ magnet eoilgcoasists of 10 turns of #12 wire around the pole tip wedges,
pulaed through GL414 thyratrons by & 50 microferad cendenaer bank charged
to 700 volts, The thyratrons were triggerad 3 times per second by a
pulaeﬁ; The resulting wagnetic field produced & signel in a reference
-pe&king atrip which triggered the osecillcacope. The sahematic.diagram‘of
the system is shown in Fig. i5. The magnet was designed to prodnca a
rate of change of magnetic field of 1.5 gouss per microsecond in the air °
£8P« The capacitor bank capacity and power supply Voltage were made
variable to control the rate of change of field. Two 1 by 10 mil, 1 inch
1ané”s£rips of permailoy‘were wound with 800 tﬁrnavof-ﬁéz enameled copper
“wire to form the peeking strip for measuring the time when the magnetic
- field p&ésed through zero. The cutput of this peaking strip ;aa fed to
the synchrcscope vertical deflection emplifier. The peaking strip air
rcere induetaneo after aaturation regonated with the leed and aynchroscope
capacity to produce a damped oscillation. The time at which the peeking
étrig'nntputmsigngl pagsadvthraugh zero in the first eyele wag used &8 &
.ueasurq of the diff&rénga\betieen the time when thé reference peaking
strip tfiggered the oscilloscope and the time when the magnetic field at
v;s particﬂlar pcinﬁ passed through sero. Am eddy current would produce s
biasing megnetic field which would delay the time at which the field
passed through sero. These delsy times were messured at verious points
in ghe air gep, with and without the rescnator installed. &t 1.5 gauss
ﬁpf microsecond rate of field change;, & 1 microsecond deley corresponds
to en eddy current Tield of 1.5 geuss. Since the eddy current field is
ﬁroportional to the rate af'change of magnetic field, the time delay
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produced by a given geometry of plating is independent of the rate of
change of field. Therefore, the actual rate of change of magnetic field
during the tests is not critical.

The megnet was designed as!follows:
A& = area of coil around pole tip wedges =2800 sq. cm.
B = 1.5'x 108 gauss/sec.
Assuming 20% leakage field, the required voltage per turn iss
Vpggy = 4 B x 1.2 x 1078 = 50 volta.
Assuming a 1000 cycls per second resonant frequency, the peak
magnetic field is:

B = 240 gaues.
max 21ff 24 &

Aupere turns = 2,02 x Buax x Gap height in inches = 1?00
~ With 10 turns, I = 170 emperes apd V = 500 volts
i =1, d? x 106 smperes per second.
| ' The inductance of the coil around the pole tip wedges is:

L= I 470 microhenries.

‘ Iv
For resonance at 1000 cycles, the required exciter capacity ;s:
= _1 = 54 microfarsds. |
 4mw2r%y,

Sufficient flux bars were used to avoid saturation. The force
of the magnetic fleld is: N
2
F= 5—— dynes/cm2 = 14.8 pounds totsal.

' First and second helf cycles of the magnetic field were tried
with no measurable difference in eddy current field. Fig. 16 shoms: the
radial and‘longitadinal vatiation of‘eddy.egrrent field at the median
'plane of the #ertigally seribed quﬁrtz resonator #l., Fig, 17 presents the

sane information for the radislly scribed rescnator #2 before the scribe



35,

lines nurbered 1 and 12 were added. At the time of this writing, due to
the flux bars.being used contimuously in the synchrotron, the eddy current
field of #2 rescnator with the sdditionel scribe lines hes not been
méasuréd.
i ' .fhe meassured eddy ocwrent field from resonator #1 checks fairly‘~
ie@l with'the'dalculated field at the center-line of the resonator. See
fig;‘é. queiéii thevmeaaured_radial variastion is much less than the
oalcnlaiﬁd vgluesg this dén probably be attributed to a poor appfoximation
i of the side strips (Fig. 5{d)). The calculated curves of Fig. 6 in&icate
that .a smaller r&dial variation would oxist if the side strip widths were
"decreasedxby udding another scribe line at each side of ‘the resonstor.

The calculatea curves 1ndicate a 30% increasa in useful radial aperture .

" would be obtained by adding these extra scribe lines, assuming & maximum
nllowable veriation of magnetic field af + .3 geuss.

' The field of #2 resonator is 60%f higher than the field of #1
resonator. Sinceigbe fields at the two ends of the resonetor are about
equal, the loop coﬁplated by the croéa-strap (Fig. 5(a)) is appsrently
not,cbntriﬁuting vefy.mueh to the eddy current field. The higher field of
resgonator #2‘¢ag probably be attributed to thicker electroplating.

‘f'Aaéﬁming & maximum alloweble redial varistion in eddy current
field of + ;3'génas, the usable redial apaiture.of resonstor #1 is 2.7
incheéland the useble eperture of resonator #2 is 3.3 inches.

The field under the cross-strap of resonator #2 is small because
the ﬂéesuzements were mede when the cross-strap was formed ﬁith eir drying
silver insteed of electroplated céppar.

‘No variation of field with heightwas detected Qith either
resonator but this is not eonclﬁsive because of the 1ength of the peaking

etriz (1 inch).
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CHAPTER I1I, The Oscillator

An oscillator and modulator had already been developed for the

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

report of this gystem. The oscillator used an Efmec 3 X 2500 A3 forced

~air cooled triode in & grid return circuit and wes grid modulated by e

pulger of the type shown in Fig. 18. Because the querts resonuator repre-
gsented a Gifferent load problem, extensive modifications of the pulser
were required and the oscillator was largely redesigned, keeping the same
tube end sam; general physical arrangement.

' The system was first redesigned to energize the unscribed quarts
resonator, which hed & Q of 470, gap impedance of 3700 ohms end resonant
freqpency of 47.7 me. Chapter 1 gives the basice specifications ggrgxhe
system.-.In particular, a tuning renge from 44.9 to 51,1 mc and resonator
gapavoltage ﬁariable from 506 to 5000 volts were desired. To pull the
resoﬁant frequéngy of the unscribed quart% resonator down t0 44.9 mc would
require 53 émfd. et the resonator gap or 4 times this capascity at the
feedpoint where the voltage is half the gap voltage. The same reaciive
energy must be stored in éither case for the sane shift in frequency, so
4 timés'the capaclty is required et half the volitage. 8ince eddy current
restri&tions'prahiﬁited placing -the tuning condenser at the qumrts resona-
taf,}thg céﬁdéﬁeér”was placed at the oscillator end of the trensmiasion

line. By tuning the condenser the voltage node could be moved along the

’ transmiaéionvline<teuard'tha quartzito add induetivawreaetance or away

 from the quartz to add cepacitive reactance at the feedpoint. A low

1mpedance transmiasion 1ine was choser 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 would not wary excessively with‘tuning. A 4%

inch outside dlameter, 3} inch inside dismeter, 15.2 ohm trensmission
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line wes chosen for ease of mechanicel assembly and freedom fromvvoltaga
ﬁﬁﬁkﬁown scross insulating spacers. After comsiderable caloulation, a
1ina length of 105 inches wes;chosen 28 giving.a useble tuning range. 4
vshbrter_iine would put the tube at too low an impedance point for oscilla-
tion; a longer line.uould put the current maximum too far from the grid.
~ loop. fThe gridvloop in ihe existing oscillator was 26 inches from the-
. tube plate. 'By completely rebuilding the oscillator, the grid loop could
‘have been plaaea nearer the current maximum, with conaequently ‘larger
fraqaency tuning range.) Fig. 20 shcms the aaloulateé voltage sthnding
wave aloqg the;transmission line, current at the grid loop and voltage Bt
" the @ube fof vérioﬁs frequencies and 5000 volts across the gap of‘the.
unscribed quartz resoneter. |
' The determination of required susceptance to pull the quartsz
resonator frequency wes done by calculating the susceptance at the gap
and then multiplying by 4 to get the value at the feedpoint:
(30) B= +} é.. cot (‘" L)
. 2 £o
Putting B in per unit of trensiission line characteristic adﬁittance and
usmg- a Smith chart, the other values listed in Fig. 20 were obtained.
Power tests with this oscillator end the unscribed quartz
resonator geve the following results:
, 'Tuzging range = 46.5 to 48.5 me,
Voltage at resonator gap - 6000 volts meximum in vacuum of 10’5 zm
Hg {gep 3/4 inch wide); 3900 volts in air.
-Tﬁbe-pléte vuitage - 1800 volts with 3900 volts at g#p.
Efficlency - 35% et 47.7 nme Fith%B?OO volts at gap.
This system wolild not oscilleie at plate voltages below 1000

volts, cqrfesponding to 1600 volts at the resonator gap. The system also
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oscillated on two spurious modes: 163 mc and 69 me. The 163 mc mode |
appeared to be'a resconence in the filsment leeds of the tube and was
independent 6f ell tuning. The 69 mc mode 6ccurred only at certain
settings of the cathode stenm tuning condenser. Both modes were eliminatqd
by installiné_a 300 ohm, 16 watt globar resistor at theivoltage node in the
transmission line. Highef resistance sllowed the 163 mc mode to exist.
Lower resistance loaded the oscillator excessively at frequencies above
end below 47.7 me due to movement of the voltege node.

v | After the quarts resonator was replated and scribed, the {Q was
225, with @ gap impedence of 1780 ohms and resonant‘freqnency of 49.7 mc.
The gep width was decressed from 3/4 to 3/8 inch to reduce the area which
could be charged up by injected electrons which are not focused into the
Betatron bean. Unequal charging of the qusartz surface would deflect the
Betatron beam. With the resonator { reduced due to seribing, the osbilla-

tor would not oscillate because of the low impedance presented to the
tube. Therefore, a low i;pedance coexial secticen, using zircon as the )
dielectric, was inserted 4n the transmission line to transform the rela-
tively low impedsnce at the quarts resonatog.feedpoint to a higher impe;
" dance at. the tube.
¥ éoaxial éuartarunave section of zircon wﬁs copper plated and

the reSQnant-freqﬁency and Q were measured 1o determine the dieiectric
constant, snd loss factor. They were 6.3 and .002 respectively at 100 mc
';nd we{e'assumed to be the same af[ﬁo me, A cylindrical section of sircon
5¢ inches cutside dismeter, 4} inches inside diameter &as readily aveile
able. After some trisl 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 mmfd. at 49.7 me. This capacity requires-a 52.5 inch length
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‘of ‘15,2 ehm.transm;saion line from the sircon trensformer to the tabe
plate for resonence. Note from Fig. 21 that 5800 volts r.f. are now
required am'the ﬁube fof 5000 volts at the rescnator gap at 47.7 me,
whereas the:earlier-design with no zircom transformer required 150C volts
at the tube.

. The I%i loss in the transmission line is approximately equel to
the péﬁer supplied tc‘the quartz resonstor. For 5000 volts at the resbha-
ter gap, the totel power which the tube must &eiiver is U4 kw during the
pulse. The impedsnce preséntéd to the tube at @7.7 me Ls 1200 chms, |
With the earlier cscillator exciting the unscribed rescmator with no
zircon trensformer, the impedance presented tc the tube was 235 6hms.
B%caﬁpe of the increased iﬁpedance at the tube with the zircen trans-
former, the oscillator should have & higher efficiency and should start
oscillating at a lawér gap voltage. *

Fig. 22 shows the constant current charecteristice of the 3 X
2500 43 triode. Fig. 23 shows the caloulated tube voltages‘and currents
assuming 14 kw output at 5800 volis r.f. with a plate current flow angle
of 140°,
| 2Pr.g.

LR 4

Eirst harmonic current, I1 = = 4.8 saperes,

From éage 447 of reference (11), Igayx = I1/.39 =12.3 amperes.

This ast#blishes one limit of operation on the chart of Fig. 22 gt the
liﬁe of_ééual plﬁte snd grid voltages. In this cade it is + 400 volts
end 4.5 pesk emperes grid current. The grid bias for cut-off is sbout
=300 volts.at 5500 volts plete voltage. The peak grid-cathode voltage is
determined by allowing it to remain ebove cutooffrfor 140 degrees:

By.x #in 200 = 300 volts |

Eg.g = 850 volts
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The operating grid-cathode bias is 400-850 = -450 volts or 150% of cut-off
'bias. Grid current flows for the mgie‘z‘

0, = 180 - 2 sin-2 EBISS - 116° .
g = 1 1 R ,

Frpm‘page 447 of reference (11):

© dec. GRID CURRNT, g, . = »19 Igp,. = .85 emperes

d.c. PLATE CURRENT, Ipg o, = +22 Igax = 2.7 amperes.
The required grid biee resistance is 450/.85 = 530 ohms
The totel caﬁﬁoﬁe emission current is .85 + 2.7 = 3.6 ampetgs
The r‘equired d.c. plate voltuage i‘s; Ep.f. - Epias = '5350 volts
 The pomer nput 16 3.6 X 5350 = 19.3 ke |
Tube efficiency 1,/19.3 = 72%
' The peek grid-cathode voltege required is 850 volts with 440

anperés in the transmission line at 47.7 éxc. ‘i‘he feédback loop size was

caleuleted as followss

H.:.:.?..L.EJ&.‘:’.& | H=s2wlcos w
r r
. S I'zo' . !‘2 o
Vv=A Har x 2078 = ,2 WL I cos Wt ar x 1078
V= .lmrf‘ 21 0052 cos wt x 20-8
)

Let rp = 2.25 inches, r] = 1.75 inches, the cuter and inner

radii of the tranamission line, _
V=266 L , where L ie the length of the feedback loop in em.
"For V= 850 volts, L =13 cu ar 5 tnches.

The feedback loop was actuelly made 7 inches long and was mede
adjuat.ab_lé.- The inner conductor of thé trensmission line was slotted so
the loop could be expanded' into the inner conductor te couple all of the..'_
flux: The loop was formed of 4+ ineh strep in order to provide a low
eelf-inductaﬁce. A condenser wes inserted in the feedback loop to allow

L/
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tuning to series resonance. The transmission line current lags the tube
plete voltage by 300 (neglecting in-phase loss current). The voltage
inéuéed in the feedback loop leads the transmission line current by 90°,
so 1s i@fphase with the tube voltege. With the inductance of the feedback
loop :eéona£ed4by the series condenser, the veoltage fed back to ﬁhe'cathdde
ig 4in phase with the plete voltuge. Bee Fig. 23.

The tuneé coexiel quarter—waée stub was added at the czthode
, férvtwo-raaﬁénsé )

(1] To uct Bs an r.f. choke to allow filament voltege to be fed in at
- -grcund potemtial. v

| - {2) To act &8 & resarvoir of energy to improve the wave shape of the
cathode~gria r.f. vol;age, The impedance of the feedback.loop is ﬁigh ‘
enough to cause & la:ga vo1tage'&rop between cethode &hd‘g:id when curreét
fieﬁa. The cathode stub was designed éith low characteristic impeéenee
(22 ohms) 30 that it supplies most of the grid current during the 116°
flow angle nith amall distortion of the eathode-grid voltege from &
siuusqid.

.The'cbupling capacitor from the tube plate to the iﬂ#er conduc-
tor of the treﬁémihaion line consisted of three 1/8 x 6 inch titanium
dioxide disks which had been platiniged and copper plated. The diske were
stacked, with ﬁoft copper weffles betwaen aaeh pair for cortact to the
copper p;atigg. The eapacity wes measured-as 2000 mfd. The voltege drop
is appféximataly 100 volts at full power. |

"The plate voltagé was auppliéd through a quarter-wave cbaxial'
-stﬁb fore=chortened éy making the inner coﬁductér a Chokéi %ﬁe';iate.
voltage &as bypasse& st the r.f. foltage node by a 300 mmfd. pélyépyféne
coﬁdenser; | : o

¥

_fThe pulser (Fig;.la) was designed to provide pulse lengths
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veriable from O to £500 microseconés in 25 eicrosecond steps, except for
the.first 25 mlcroséconds in which the pulse length is continously varieble.
The pulse length is quantized by the ringing circuit which uses two 6SN7's
and & 64C7 to yput sharp pulses every 25 microseccnds on the normal RC
voltage decey curve of the flrst 6aG7 of the multivibrator. The multi-
vibrator circuit is stendard. Relay 1 provides gquick switching from long
to short pulses to faciiitate tuning to catch the Betétron beam., V4 is
normally conducting. A negetive trigger turns off V4, which fires V5 to
start the pulse. When V5 conducts,the grid voltuge of V8 ig driven
negative and decays to zerc as Cj discharges; when the ringing circuit
pip superimposed on.this decay curve can drive the grid of V4 ebove
cutoff, V4 conducts, V5 stops conducting and the plate voltage of V5
rises to supply voltage, ending the pulse. Co and?Rz isolete V5 plate
from V4 grid voltage so that this rise time is fast.

| The 807's are narmally conducting to provide fixed bias across
B50 for the 3 X 2500 A3 oscilletor triode. The start of the multivibrator
pulse drives the grids of the 807's below cutoff. The 3X 2500 43 grid
voltege rises toward ground potentiazl, the time constant of this rise
being determined mainly by E3 and the grid to ground capacity of the
oscillator. The grids of the £07's are held below cutoff as long as the
pulse length by the time constant of C;5 and tbe grltho—ground resistors,
At ﬁhe end of the multivibrator pulse when VS plate potential rises, the
grids of the 807's'aré driven positive and the plate potential of the
807's drops toward the cathode potential; This voltege pulse is trans-
mitted through Cy t¢ drive the oscillator grid far encugh pegative 80 .
that the r.f. peaks of grid-cathode drive voltage ere below cutoff. The
timevcanstant_of C4 snd RS is made longer than the time for decay of

oscillations sc that the r.f. pesks of grid-cathods drive voltsge ere kept
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below cutoff. During the off period between pulses, the cscillétof grid
.volt&ge is held below cutoff by the curremt of the 807!'s flowing through
R3. Since a fixed bles a little greater than 300 volis .scross a 530 chnm
- resistor 1s desired according to the oscillator caleuletions, the 807's
should paés & little more then 570 millismperes; 600 milli&mpares is
agsumed for safety. &t ihe end of the pulse, the oscillator grid volisge
mist be dropped more than 700 volts and 900 is ussumed for safety, making
R5 1500 ohms. With C4 equal to .004 @fd., the time constent is 6 micro-
 seconds, which is longer than the decay time of the r.f. anvelopé.
'in&iééhtally, this ¢ microsecond time constant limitsithe sinigum length
of short pulse to about 10 microseconds at full poﬁer because the voltage
acr¢és‘84 must decay during the pulse in order to transmit the 700 voits
ninimin to drive the r.f. grid voltage pesks below cutoff. & power supply
voltage of 1300 wvolts 1s required to supply the fixed bias acfoss R3,.
pulse stopping voltegs across R4 and voltage drop ecross the €07's.

The tickler oscillator we's installed to eliminete jiﬁter in the
r.f. eavelope étarting time. 4 20264 was employed in a Colpltts circuit
operating at 100 volts plete voltage. The outpul was coupled through &
probe to the cathode siem of the main oscillator. (

Figs..ZA and 25 show the test oscillater constrgéted according
to the above design. Figs. 27 to 31, inclusive, show theffiﬁhl operating
model instailé& in the synchrotron. The results of pewe? tests dbnducted
on -each oscillater are e#aentially‘similar. |

The oscillatoer has a tuning range fr#m 46.4#t5 49.1 me with
only the transmission line condenser being tuned, thé cathode and feedbuck
loop condensers being set for the middle of the renge. If the cathode
and féedback loop condensers ars retuned every 2 or 3 mc, the 6scillator

cperates properly over the full range of the transmission lime tuning



condenser, 44.6 to 50.4 me.

The maximum voltege cbteined in vacuum of betéer then 1077 mm
of mercury is 4000 volts across the 3/8 inch wide gsp of the resonator.
The maximum gap voltage before sparking ét 1 atmosphere pressure is 2300
volts.

“ To determine oscillator efficiency the temperature rise of the
cooling air fer var10us dec. input pouers‘was measured with the tubs
" oscillating and agsin with all resonant circuits shorted to stop all
modes of oscillation. The efficiency of the tube was found to be ebout
60% at 2000 volts gap voltage end 47.7 me.

The r.f. envelope buildup time ip approximetely 6 microseconds,
The jitter is about .2 microsecond without the tickler oscillator and less

than .1 microsecond with the tickler oscillator operating.

L]
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CHAPTER IV, Operation in the Synchrotron

After a betatron beam was obtained, little difficulty was
encountered in catching and accelerasting it with the r.f., pulse. The
depandsﬁcefof x-ray beem intensity on r.f, pulée fréquéncy, starting tinme
~ and voltage is shown in Figs. 32, 33 and 34, respectively. |

Tﬁﬁ betatron beam was monitored with an anthracine crystél
covered with alumimm foil and mounted on the end of & lucite rod which
projected through é Filson séal into the inner radius of tbevqparﬁz
facuum'chambera Electrons striking the enthracine produced light which
traveled through the lucite rod to a photomultiplier; the output signal
was smplified and presented on & synchroscope séreen. With r.f. pulses
less than 60 microseconds long the synchrotron beam could be monitored by
the anthrécine without apprecisble reductiqn in photomultiplier sensitivity
due to magnet leakage field. Using long i.f._fnlses the synchrotron beam
spifalled in to strike & uranium terget next t¢ the anthracine crystal, .
| prdducing.x-fays which were monitored by e Zeus ionisation chamber.

With the fast rising pulse shepe (fig. 35(a)) and a short r.f.
pulsé, about 60% of the betatfon béam was éaught, producing a syﬁchrotron
‘beem which was monitored by the enthracine. * That is, 40% of the original
signal remained &t the betatron beam position on thé synchrosccpe screen
and 60% of the originai signal was moved out aboui 60 microseconds to
form a second.signal.

Reference (5) indicates that the rate of rise of the r.f.
envelope was veried from 2 to 20 microseconds without effect on the beam
intensity of the General Electric Company 70 Mev s&nchrotron. W. Abson
and L. S, Rolmes(lz) stete that the ocutput of the 14 Hev British synchro-
tron did not change for a range of 5 to 15 microseconds in the i.f.
envelope rise time to hslf value and that 60% of the betatron bean was
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being captufed and accelerated. Equation (5)Labove (which ié due to

Bohm s&nd Foléy(a)) indicates that radial oscillations &t betatron 'capture
will be minimized and good asimuthel phase stability will be obtained if
the r.f. envelope is shaped to rise ebout two or three times the minimum
rate shown in Fig. 4. With the normal fast-rising r.f. pulee shape it
was found that the least emount of betatron beam was left behind when the
r.f. gap voltage was only 400 volts. Of course, the electrons accelefated
by thé,r.f. voltage epiralled into the target in a few microseconds when
the mihimuﬁ voltage curve of Fig. 4 crossed the 400 volt line. Therefore,
iﬁ scemed»desir&bla'to‘havevan r.f.~veltage envelope which rose rapidly to,
400 volts end then slowly, over about 500 microseconds to full voltege of
sbout 2400 volts (twice minimum for 30 cyele per éecond magﬁet frequency).

| A .35 Henry choke wes instelled in the plete leed of the oscilla-

tor to lengthen the rise time. Luckily, the resulting pulse shape hed &
fast rise»to about 30%.of full voltage (Ses Fig. 35(b)). During the off
period between pulses the plate to groun& capecity of the oscillator
charées to power supply voltage. When the grid of the 3 X 2500 A3 oscilla-
_tor tube iz driven ebove cutoff biss by the pulser, the plate to ground
eapacity>diséhnrges through the tﬁbe to produce the faat.rise to 30%
voltége. The choke then produces en.exponential rise to full voltage, the
 time constant of this rise being about 200 microseconds. This time
‘eonstént,is dotermined by the plate resistance of the 3 X 2500 A3 tube

and is thérsfore‘dependent upon plate voltage and grid drive. With the
cheoke in the:plate lead about 80% of the betatron beam vae'caughf &nd
accelerated at aptimn§ r.f. voltage. Fig. 34(b) shows thet the r.f., pulse
shape with the choke increcases the Bynchrotfon bean intensity about 20%.
Abovs.33a0gép volts, the synchrotron beam 1nténaity begins to decrease

and the percentege of betstron beasm.that is caught begins to decresse.



4—7.

This 1s probably due to the initial rise being too ?ﬁr above 400 volte.

The pulse shape of Fig. 34(ec) was obtuined by opening the circuit
between power supply end oscilletor during‘the period betmeen pulses with
a hydrogeh thyratron. This prevented the oscilletor plate to ground
capacity from charging up and eliminated the fast riss to 30% voltage at
the beginning of the pulse. With this smoothlyvrising pulse shape only
60% of the betatron beam was caught Qith optimum r.f. voltage and the,v
meximum synchrotron beam intensity was the same &s with the fast rising
pulse shape of Fig. 34(a).

 An snthracine crystal was taped to the envelope of a photomulti-
plier which was placed in the x-ray beem external to the synchrotron. 4
one centimetervthick,sheet of leed was wrapped sround the photomultiplier'
case 8o that peir-production electrons produced by xerays in the lead
uould'stfike the anthrecine. The output of the photomultiplier was
'amﬁlified and displayed on & long sweep trace of a synchroscope which was
delayed to show only photommltiplier signals produéed during the last
third of)the r.f. pulse. With en r.f. gap voltage of 1400 volts the
synahrbséape trace wes fiiled with photomultiplier signals. When the r.f.
ga?-voltééé-ﬁaé incressed to 2000 volts, the number of photomultiplier
sign&le«daéreaseﬁ to about 10 par,pnlsé, indicating that most of the
electrons caﬁtuféd from the betatron period are eccelersted to full
synchrotron energy. Ho photomultiplier signels were obeserved during the
early.pért of the r.f. pulse. |

The emission eurrent'frqm the injector was veried without any
effect on the timerrequired for the electrons to spiral in and strike the
terget after the end of the r.f. pulse. This indicetes thuat the energy
loss due to redietion by the electrons is independent of the beam currfent.

J. P, Blenett(13) has found with the Genersl Electric Compeny 100 Mev
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betatron that changing the beem current does not change the rate at which
the beaﬁ loses energy due to radiation, Blemett stetes that if the total
radietion of a group of N closely speced electrons is calculsted, the net
energy redisted is proportional to H? since the electric fields add up
and the energy is proportional to the square of the net field. %he
radiation fields due to a continuous streasm of electrens is self-canceling
go that the met energy rediated is zer@.\ Blewett attributes the existence
of radiation in the betatron to statisticel fluctuatio#s ih the bean
denaiti. In an eariier article, L., Arzimovich end I. Pomeranchuk (14)
prediét incoherent radiation in the betatron due to the spread in electrom
energies in the beam which causes them to change their relstive spacings
in one turn by more than the effective wavelength of the radiaticn‘v In
the synchrotron the slectrons are bunched by the r.f. field. Apparently

- the cherge density of the bunch is so smell or the energy spresd and
’positian fluctuations large encugh so thet the electréns‘radiata inco-
herently. - ¥. K. ﬁ.-?anofsky has calculsted back from measurements of the
xX-ray béa§£6£ the University of Gé}ifofnia synchrotron and found that the
number of electrons perjbulse is 3 x 10® for o Zeus reading of 1 roentgen
~ per -hour uhe@_the Zeus meter is shislded by 1/8 inch of lesd. The above
messurements of radiafion loss versus beam intensity were made with &
maximum Zeus meter reading of .3 roentgen per hour. ﬁcﬂiilan assumed
inccherent radiatton loss in his criginel letter(z) and the curves of Fig.
4 and spscifications for the oscillator were made accordingly.

" The r.f. pulse length is usually set to acgelerate over 90
degrees of the magnetic field sine wave, the electroms spiralling into
the target in sbout 150 microseconds after the r.f. pulse due to energy
loss by radiaticn. The time of‘intense beem lasts for about 10 micro-

seconds on the external photomultiplier. The electrons would still.
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spiral inwafd to strike the targst vhen the r.f. pulse was lengthened to
115 degrees of magnet field sine weve. With longér pulses the electrons
spirelled out to strike the injector. The 115 degree transition time
corresponds to.the 65 degree point on.the curve of Fig. 4, where the
vradiation'loss per turn equals the decrease in energy required due to the
decreasing magnetic field, The longest r.f. pulse used was 150 degrees

of magnetic field sine wave and a strong signel was still obtained with
the external photomuitiplier even though it wae np longer in the tangeﬁtial
x-ray besm préducedrby electrons strikingAthe injector..

The betatron beam was probed at three places éround the vacuum
chamber and was found to be contained in an aperture 1 inch high (axial)
and 3 inches wide (radiel).. The 3 inch figure checks{feirly welliwith
the.expzeted radlsl aperture indicated by ﬁhe addy current field of quarts
resonator £l es plotted in Fig. 16. (Th& aperture probing was. done with
~ resonator. #1 installe&'in'the synchrotron). Kerst and Sarber(v) give the
frequencies of radial and axial'os§illationa as:

Jp =ylen o 3 wy= VO W
Since ‘there is some coupling between radial and axial oscillations the
ocseillstion smplitudes should be inversely proportional to their freguencies,
since the energy in the oscillation remeins constnt. Thus:

AL =2 Ar
wa

Here, w p = 27 : radial oécillation frequency
uQA:= 21r3 axial oscillation frequency
w g.angular velocity of electrons
A4 = amplitude of sxiel oscillastions
O r = smplitude of radisl oscillations

For n = %, DA = 71?‘ Dr. For Ar = 3 inches, D4 =201 inches.

"An n of 9/10 would be required to explain the 1 inch by 3 incheaperture by



50,
the above consideretions. Frow the ealculations snd measurements of

variation of eddy current field with height, the quartz resonstor is

expected to previde 8 2 inch verticalgﬁpetture. The limitation on verti-

Caz7

cal aperture is not understood but may bs due to/?:gg;:g;Jaﬁd eddy cur-
rents in the pole tips which are not uniformly compensated over the
Ivertical range by the compensating ;oils, or it may be due tovaﬁ‘ﬁlof
9/10 since the n of the megnet is adjustable by changﬁgggtha carrent in
colls over the.pole faceg and cannot be measured after these adjustments
with the quarts ring in place. |

| ﬁhﬁh the oscillator was first installed a 2 micioséconq ji@tet
| uaé cbserved in»ﬁhe startiné time of the r.f, pulee ihen tﬁe magaét;vas
anefgized #& nominal voltage. 4is the magnet cu:reni decre%séd, the
a&cuﬁt;of jitter éacréﬁsed. %hen the magnet was pulsed;itfshéak the
’ osciilator.. It was concluded that this shaking ceused the grid end
filament wirgs of the oscillator tube to vibrate, with'éonséquent fiuctusa-
tion of tﬁé amplification factor end cut-off bias. Since oscillatiﬁna
begin when the ﬁulser bias'vo1£age decays to oscillator cut-off voltage,
flueiu;ticnaaf,tbe value of cut-off biﬁs would cause Jittér} The oscille-
“tor iééiQiﬁfaticn mounted with three 40 pound Lord mﬁunts and vibration
and jitter disappeared.

| The teémperature rise of the quertsz resonator with blower rﬁnning
has gdﬂ exceeded 200 ¢ wi£h 30 cycle megnet opergtion and 3 kv at the
réaehatqr'gap.‘ With 60 #ycle operatidn end 5 kv at the gep, a temperature
rise of sbout 50° C would be expected. With the blower turned off the
resonator runs hot enough due to eddy currents alome to melt the lubriseal
ét_the,rubber boot vecuun joiﬁts at each end of the resonator, thereby

. causing o leak,
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SUMMARY
The University of California 300 iev synchrotron employs &

toroidal quartz vacuum chember. A 45° section of the quarts domut has
been métallically coeted and scribed to form & quarter-wave ccaxial
resonstor for operation at & nominalfrequency of 47.7 mc. An qrrangement
of scribe lines hes been developed to give a Q of 445, with eddy current
fields uniform encugh to provide a 3‘inch vusable radial aperture. 4n
qacillator has been developed to provide 5 kv pesk r.f. voits across the
qn&rt?iyesénatér gep over a freqﬁeney range sufficlent to iune the syn-- :
chrdnahé'eieotron‘orbit to either limit of the radial'aparturQQ R.f. -
valﬁagé pulse sheping beg been tried, with a résultantﬁzeﬁ 1n;regaé in-
x;réj bean intensity. About 80% of the betatron beam is caught and |
accel&rated by the r.f. pulse, . v

o _ Bone of the r.f. pulse parameters have been found to be particu»
larly eritical. ¥hen twice minimum r.f. gep voltage is used, an inconse-
_ quential fraction of the total x-ray besm 1 produced during the r.f.
pulse, 1ndieating that most of the slectroms captureé from the betatron
beem are aacalerated to full energy. Good acceleration cen be obteined

‘over an r.f. 9ulaa starting time range of 5 mleroseconas end £requency

'range of 0.5 megacycle.
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Fig. 1 BR.f. oscillator, coaxial stubs and accelersting grids for first
synchrotror vacuum chamber, which consisted of & 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 ecaxiasl grids waes rescnated at 47.7 mc by the
inductive coaxial stubs attached to the phenolic ring. The
voltage was uniform over the length of the C shaped 135° accelsra-
tor. Eleetrons were accelerated at entrance to the inner condﬁctor
and again at exit, the voltage having changed phase while the

electron bunch traveled through the inner conductor drift space.
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Fig. 3 The quartz vacuum chamber. The ends of the 45° segments ere
painted with glyptel to form & smooth surface and are sealed by

rubber boots.
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¥ig. 4 Celculsted curves of minimum r.f., voltage.
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Fig. 5(a) View showing one of lcops enclosing vertical field when scribe

lines are not vertically arranged.

Fig. 5(b) Elementary loop of & long thin strip.

Pig. 5(¢) Point displaced from center-line of long thin strip.

Fig. 5(d) Approximation of side strips.
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RADIAL SCRIBING
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Fig. 6 Calculated eddy current fields of vertically scribed rescnator #1.
Solid lineg are for 10 scribe lines top and bottom spaced 1.1 cm
apart. See Flg. 16.
Broken lines ere for 12 scribs lines top and bottom spaced 1,1 om
apart.

® - neans peagured values of eddy current field.
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Fig. 7 Equipment used for measuring Q

A

o v O oW

Pickup loop and 1IN21 Crystal Rectifier
D.c. galvenometer, shielded

35 GT shielded oscillator]

Power supply for oscillstor,

Frequency meter with crystal calibration.

Ozcilloscope for freguency meter output.
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Fig. & Quartz resonator between pole tip wedges, with experimental

zircon transformer in transmission line,
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Fig. 9 Twice size air dielectric sheet ccpper replica of Quartsz rescnator,

outside conductor opened,
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ﬁig. 10 Twice size air dielectric sheet copper replica of quartz rescnator

for determination of current flow lines in surface.
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FIG. Il

SMOOTHED PLOT OF CURRENT FLOW LINES
IN

UNSCRIBED SHEET COPPER MODEL OF QUARTZ RESONATOR A

GAP END OF

// -
~
—~ ~ -/ QUARTER
WAV E
RESONATOR

SHORTED END
OF QUARTER
WAVE
RESONATOR

SOLID LINES ARE SMOOTHED PLOTS OF MEASURED CURRENT FLOW LINES
DOTTED LINES ARE EQUIVALENT POSITIONS OF SCRIBE LINES IN-QUARTZ RESONATOR ad



Fig. 12 Queartz resonator, showing some of the cross-strap positions for

Q measurements.






Fig. 13 Table of ( measurements

Distence from gap to Q : Q
cross-strap, measured away from between pcl&
along center-line pole tips tips

1. Vertically scribed resonator #l.

(a) Rough non-uniform cuter surface. Air drying silver cross-strap:

0 inches from gap 134 36
(S8lanted, C to 1 3/4 inches) 178 44
4 inches from gap 233 ' 52
8 259 63
15 252 145

(b) Outer surface smoothed &nd replated. Air drying silver cross-strap:

O inches from gap 138 ! -
10 226 127
13 | 320 191 :
15 242 155
19 160 125
30 (Current anti-node) 111 66

(e) a4ir drying silver cross-strap replaced with electroplated strap:
13 inches from gap 342 225
2. Radially scribed resonator #2,

(a) air drying silver cross-strap

0 inches from gap 409 234
i 448 318
13 0 490 360

(b) Electroplated cross-strap:

13 inches from gap 545 L4L5



Fig. 14 Equipment for messuring eddy current magnetic field.

A

B

b T - B

GLAl4 thyratron controlled exciter for energizing magnet.
Flux bars from synchrotron,

Fole tip wedges.

Peaking strip for measuring rhase of megnetic field.
Peaking strip used to trigger synchroscope and exciter,

Synchroscopse.
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Fig. 16 Eddy current fields of quartz resonator #1.
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Fig. 17 Eddy current fields of quarts resonator # 2.
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Fig. 19 Schematic dlagrem of 3 X 2500 A3 r.f, cscillator
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Fig. 20 ‘Calculated voltege standing wave on 105 inch transmission line
of first test oscillator. (Quarts resonator frequency = 49.7 me;

po zircon transformer).
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*
Fig. 21 Calculated voltege standing wave on transmission line with sircon

trangformer. Quartz rescnant st 49.7 me.
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o

Fig. 22 Constent current characteristies of 3 X 2500 A3 triode.
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Fig. 23 Oscillator opersting voltages and &urrents.
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Fig. 24 R.f. test cscillator with zircon transformer.
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Fig., 25 R.f. test oscillator and quartz rescnator #l.
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Fig. 26 Quertz rescnator #2, showing radial scribing and feedpoint

arrangement.
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Fig. 27 Finai r.f. oscillator installed in synchrotron.

A

B

[ B - I o

Zircon transformer.

Glober mode suppressor.

Coupling loop tuning condenser,

Cathode stem tuning condenser.

Line tuning condenser, selsyn controlled.
Tickler oscillator,

Plate choke stub.

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 Finsl oscillator with half of transmission line cuter conductor
removed. Note titsnlum dioxide disks which couple tube plate

to line. Note polystyrene rods for setting feedbeck loop.
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Fig. 31 Top view of oscillator instslled in synehrot.ror‘x.
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Fig. 32 Synchrotron beam intensity vs. oscillator frequency.
Notes: -
(1) 300 Mev x-ray beau.
(2) Injectar timed early to obtain constant intensity.
(3) R.f. pulse timing adjusted for meximum intensity at each
frequency.
(4) Betatron signal 100 p. sec., after injection.
(5) Megnet frequency 30 eycle per second.
(6) R.f. voltage et quartsz rescnator gap = 2400 volts.

{7) .35 H echoke in plate lead for pulse shaping.
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Fig. 33 Synchrotron beam intensity vs. r.f. oscillator pulse turn-on
time
Hotes:
(1) 300 Kev x-ray beam.
(2) Injector timed early to obtain constent intensity. PEeam
sbout 30% of intensity obteined with optimum injector timing.
(3) K.f. voltege at quartz resonator gep = 2400 volts.
{4) .35 H choke in plate leed for pulse shaping.
(5) Megnet frequency = 30 cycles/second.

(6) Oseillator frequency = 46.9 mc/sec,
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Fig. 34 Synchrotron beam intensity vs. quartsz resconator gap voltage.
(&) 7 p sec. rise to full voltage. See Fig. 35(a)
(B) .35 H choke in plate lead of oscillator, producing 7 p sec.
rise to 30% and exponential rise to 100% voltege with 200 po
sec, time constant. See Fig. 35(b).
Notes: :
(1) 300 Mev x-rsy beanm.
{2) Injector timed early to obtain constant intensity.
(3) Oscillator frequency = 46.9 mc/sec.

(4) Magnet frequency = 30 cycles/sec.
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Fig. 36 Synchrotron beam photograph.
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