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ABSTRACT
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S

A description is given of the frequency-modulated oscillator and
its associated rf circuits as used in the 184-inch cyclotron for accelerating
deuterons to 190 million wolts or alpha particles to 380 million voltse. A
9C21 water cooled tube is used in a grounded-grid circui®t which is tightly
coupled to the single-dee reéonant circuit so that the oscillator follows
the frequency of the dee over the wide range required. During mormal
operation the oscillator delivers sapproximately 20 kw of rf power to the dee
system at an efficiency of 80 per cent, giving 20 kv at the front of the
des, although the oscillator is capable of considerably more output. The
frequency is swept from 12.5 mc to 9.0 me apnroximately 100 times per second
by a rotating condenser comnnected to the dee by a half-wave transmission
lines Much of the history of the design, end reasons for choices made, are
given, as it is felt this may be useful to others designing frequency-modulated

oscillators for coyclotrons.

DESIGN OF THE RADIO-FRECUENCY SYSTEM FOR THE 184-INCH CYCLOTRON

By K. R, MacKenzie, F. He Schmidt, J. R. Woodyard and L. F. Woubers.
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Design of the Radio-frequency System for the 184-Inch Cyclotron
by TEnre

K. R. MacKenzie*, F. H. Schmidt*% J. R. Woodyard
end L, F. Wouters

GENERAL FEATURES

The design of the radio-frequency system for the 184-inch cyclotron
was started about April, 18946, shortly after the successful demonstration of _
the synchro-cyclotron principle by the 37-inch cyclotron at Berkeley(l),
Initial thoughts regarding the exact form of the design were varied, but a
single dee with some form of mechanical frequency modulation by e rotating
condenser were fairly certain featurese. Consideration was given to the
arrengement in which a rotating condenser is mounted directly at the rear
of the dee, but eventually it was decided to build a high power version of
the system used on the 37-inch cyclotron. This system had been tested, and
although cumbersome, it seemed easier to design and build and was known to
work; in retrospect, the exceptional ease of operation of the 184-inch cyclo-
tron may be attributed in no small méasure to this dscision end to the experi-
ence gained with the smaller synchro~cyclotron.

The rf resonant system thus consists of & single dee and separate
rotary capacitor connected by a transmission line, operating with a node near
the middle, i.e., essentially the half-wave mode. The frequency range required
for 200 Mev deuterons is 1l¢5 to 9.8 mc.; additional leeway is provided for
tolerance and adjustment. It may be worth-while to review the considerations
involved in the initial choice of this arrangement for the 37-inch and

subsequently for the 184~inch cyclotrons:

*Now at the University of California ot Los Angoles,
*¥Now ot tho University of Washington, Scattle,

(1)Richnrdéon, lMcoKonzic, Lofgron, Wright, Phys. Rov. 69, 669 (1946)
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1. The rotary capacitor could operate outside of the magnetiec fieidi

2. Dec and capacitor design and comstruction could proceed independent-
ly. (This saved considerable time, as the dee design was essentially complete
before a number of basic questions regarding the rest of the rf system hed
been answered.)

3. Meny of the problems involved in the design of the canacitor had
been worked out.

4, Vacuum systems for the cyclotron dee and for the capacitor could be
independent; little was known at that time concerning the rglative vacuum
requirements of the two units.

5. It was shown in the 37-inch cyclotron, that positive bias on the
dee very often increased the beam current, and it weas felt desirable to retain
the possibility of similarly biasing the 184-inch dee. In addition, a bias on
the dee is the surest way of providing a sweeping field to remove electrons
trepped in an rf discharge.

Be The oscillator could be coupled to the rf system in air near the
nodal point of the transmission lines, greatly simplifying oscillator design
and adjustment.

7. The system is readily adjusteble to give the desired shape of dee
voltage versus frequency.

The 37-inch cyclotron had been intended as a model to test only
the synchro-cyclotron principle in the case where the relativistic mass incroase
was 11 per cent; with a similar choice of rf system for the 184-inch cyclotron,
it bocame more neearly a true scale model than originally anticipated. A now
oscillator was then built for the 37-inch cyclotron, mechanically similar to
the contemplated 184-inch oscillator, of which the construction and theory of

operation have been described in a provious pspor(z).

(2) Ke R. MacKenzie and V. Waithman, Rov. Sci. Instr. Doc. 1947,
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For the accurate determinabtion of rescnant system dimensions and
cheractoristics, as well as coupling and performence of the escillator, it
was necossary bo build a scale model of the complete 184~inch rf system.
These tosts were not started until a most probable mecheanical layout had boen
completed, based on approximate calculations. Final mechanical design and
model tests were then initisted simultaneously, &and tho former was altered
from time to time as indicated by rosults from the lattor. Howevor, bocausc
of its rolatively straightforward nature, the design of the dee was alrcady
almost completo.,

DESIGN OF RESONANT SYSTEM

As mentioned, the theorctical frequency shift required is 1l.5 to
9.8 mc.; at the timo it was considered undesirable to have the frequency-time
curve convex upward in sny part of the uscful range. It was thus decided %o
allow most of Whafever extra range was provided, at the high froquency end;
the ions could then start (as well as finish) where tho curve waes concave
upward. The desirsble froquency limits were tontatively set at 12,5 and 9
mce In order to insure that the highor limit would be sufficicntly high,
the initial layout was designed for oporation between 13 and 9.5 me. It was
plenned to increase tho line length in order to lower both limits if nccessary,
by insertion of em extre line section. For this reason, thc oscillator and
rotary condenser are mountcd on a truck which can move back as much as 3 foeot
on rails. The rail arrangemont also pormits more facilc assembly and dis-assembl:
of the rf systom as woll as withdrawal of the doc face plate (elso mounted on
a truck) from the vacuum btank.

It was obvious, that if the rotary condonscr wes to be in a
negligibly woeaek ficld, the line conncoting the dec to the condenser had to be
quite long, and consequently of the lowest possiblo impedance (eround 10 ohms).

An easy wey to roducec impodance was %o add lincs in parallol, which had the

~
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adventage ovaf a single low iﬁ@édancb lino, that somothing like en optimum
retio of inner to outer conductor could be maintainod.

Since it soemod mechanically dosirsble to support both the doo
and the rotary condenser stator assimbly on sets of four large insulators,

a four lino system was the natural choice, The arrangement shown in Figs,

1 and 2 has the adventage of permitting almost any desired degroc of coupling
to the oscillator without thoe usc of auxiliary trensmission linocs. It con-
voniently pormits an oscillator structure which fits in the distence between
the capacitor snd the doe tank,

The inner transmission line conductors consist of rolled shect copper
ceylindors with appropriate cut-outs for tho coupling loops, water lines and
so forth. They are supported dircctly by their connoctions to the correspond-
ing doe and condenser insulatprs. The outer transmission linc conductor
consists of an aluminum angle framo mounted on a truck, with provisions for
increasing its longth by roplaccsble end sections. This frame is tho support
for copper-lined masonitc panels, rcinforced on the cdges by aluminum =znglose.

To minimize rf power lossos, all stocl surfaces cxposcd to rf
ficlds are copper-platecd. Wherover pressuro cqntacts exist outside of the
vacuum sys‘btoms, good contact is cstablished by the use of strips of thin soft
copper sheet backed by foem rubbor pads. Oscillator doors end transmission
line covers are lined in this manncr all around their edgos; under prossurc
from suitable c¢lemp, thesc contact strips doform to mateh the irrcguleritiocs
of the surfaces which thoy contact, hensce increasing manyfold the contact
arca for rf curront flow.

The dew design progressed quite rapidly, the prinecipal criterion -
being that the vacuum gap be sufficient to withstand 50 kilovolts rf at the
accelorating gape. Conscquontly, a minimum of 3" spacing was employed in the

vieinity of the open front end of the dece; ncar the rear ond, (i.0. supported
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ehd) a minimim of 2" was allowedi @h 8hapc, the deo tapers from & maximum
width of 15'3" to a width of 413", At the same time thickening from a height
of 7" to o height of 36" at the back end (Fig; 3) where the vacuum space bulges
out around the pole pieces as illustratods Its structure consists essentially
of a oopper covered frame having cross wise reinforcing members, at the back
of which are attached four long sturdy threaded shafts. Those shafts support
the weight of the dee on the four dee insulabtors, the mechanical system being
so erranged thet the upper two insulators are under purc compression, the
lowor two under purc tension. The threads permit slight~latcral and vertiocal
adjustment of the dee position. The rf current is carried through the in-
sulators by means of large shect copper cylinders.

The rf liners arc simply copper sheots bolted to the magnot pole
faces within tho vacuum chamber. Their rear odges are crimped over the odge
of the vacuum tank opening so that upon fastening the dee facoplate, they
contact a coppor sheot lining on that fact plate, thereby completing the rf
current return path within the vacuum systome. On the air side of the dee face
plate, the return path for the current c;rriod to tho condenser by the trens-
mission lines, is formod by the transmission line housing, whose cnds are
firmly connected to the insulator fleanges both at the dec face plate and at
the condenscr vacuum tenk covor platos

The condeonser copics the 37-inch rotery capacitor design in its
fundemental aspocts(s). It is similar in goneral oppcarance, but of course
hes many morc sets of blades &3 shown in Figs. 4 and 5. A total of scven disks,
two foot in diemster, with 24 teeth cach, arc used in tho rotor; the 8 stator
rings with a meatching gét of blades are mounted by mcans of four cylindrical
stoms onto tho four large insulators, which are in turn festoncd to the cone

donscer vacuum tank coveor platee. The rotor ground coupling capacitor consists

(S)F. He Schnidt, Rev, Sci. Instr.,‘lz, 301 (19486).
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of soven solid rotor disks spaced 05" from a similar sot of grounded diskse -
In order to provent approciaple bypeassing of rf current through the steel
rotor shaft, the rotor parts are fastoncd to the spaft by means of two doughnut-
like zircon insulatorse. The shaft is hollow and carries water cooling through
& concentric pipe arrangcmeﬁt to tho scalod hollow space within the rotor in-
sulator. Because of the residual capacitancoe of the robtor to its shaft of
100 ppf or so, it is neocessary to protect the boarings at each ond of the
rotor shaft by sets of brushes which bypass the residual rf current.

The condensor rotor is mounted on the somo steel plate as the stator
insulator assembly in order to facilitabe alignment of tho two scts of tcoth.
The entirc weight of the roter is supported on a set of beearings fastoned to
this plate. It is drivon by a romovablo shaft which ongages the rotor et
the other ond and which also serves as & means of inbroducing the cooling
water., This permits easy accossibility since the shell-liko caopacitor vacuum
tank, and the driving shaft, togethor with the vecuum pumps are mountod on a
truck which may be moved completoly out of the way on the rail systeme Tho
rail arrengement is shown in Fig. 1. In practice during ropairs and ovorhauls,
the capacitor cover plate (which is also mounted on its own truck), remanis
undisturbed. As was later detormined, the cffective capacity range of this
rotary condenser is 400 puf to 2400 uuf.

It should bc menticned thet cxtonsivo air amd water cooling is
provided for all surfaces carrying rf curront, since opcration at a power
lovel as high as 100 kilowatts wes criginelly contempleted. The condenscr
stator rings end support stoms arc cooled by copper water lines soldercd to
thom, as are thoe insulator flanges ond dec support stems. Likowise tho doo
and liners have a labyrinthian network of cooling pipes. All such pipcs at
rf potontial are brought to sets of hoso connections in the vieinity of the

nodael region; these connocting scctions also scrve to cool the transmission
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lines. Tho water cifcuit is comploted to ground potontial by mcans of sets
of flexible polyethylone tubing, oach several foet longs Trosted wator of
low conductivity is usod here to minimize currcont loekege rosulting from tho
dee bias voltage.

Air blast cooling from & blower is direccted onto the rotary condon=-
ser insulators; this air coxits mainly by being funncled past the dec support
insulators. On its way through the fransmission line housing it serves to
cool the ocuter panolse. Total air flow in this systoem is about 2000 c.fem.

A major structural and clectrical problom in cenncetion with tho
resonant system dosign was posed by the feed-through support insulators used
for both the doe and tho condenser stator stomse Those arc 15 inches in dia-
moter and 18 inchos long. A test apperatus consisting ossentially of a high-Q
quartcr-wave rcsonant linc wos construotcd(4). At tho open end of the line,
tho insulators could bo operatcd under simulated vecuum and eleetrical cyslotron
conditions. Over 50 kilovolts rf could be devoloped ccross the }nsulator at
+ 13 me by a 5 kilowatt oscillators Dimonsions and clectrical arrangement arc
illustrated in Fig. 6. Under the most soverce test conditions, air blast
cooling of tho insulators was found NGCoSSarye

The sume apparatus was omployod to measure broakdown betwoen btost
condenser blades under conditions likely to prevail in the ectual rotary
copacitor. It was found that o 080" gap botweon copper or coppor-plated
surfacos having a roasonsble polish would held a maximum of 50 kilovolts at
13 mc at 2 pressure of about 5 x 10-6 me. It wes thorefore oxpected that a
voltage of about 40 kv could be held in the oporating unit. The behavior of
the capacitor and of the insulators in actual practice will be discusscd.

SCALE MODEL TESTS

The design had thus progressod a long way, cven though a numbor

(4)F. He Schmidt, High Frequency Insulator and Vacuum Broackdown Tests, AEC
Roport No. MDDC-473 (Declassified)
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of dimensions woro not well estaﬁlishod. The rotery condenser capacitance
and the transmission lino length werce perticularly uncertain, but bocause of
tho flexible arrangoment, they could be ceasily adjusted within roasonably
cortain limitsi For tho accurste dotyrminoticn of these valuos, as woll as
for determining rf power requirements end testing oscillator layout de;igns,
it was nccessary to build a scalc model of the rf systome For rcasons of
convenience, a quartor scalo was choson (Fige 7). Tho resonont froquoncy

is then incrocascd fourfold and all inductances end capacitances are roduced
by o factor of four. Tho froquency range is thus arcund 40 to 50 me, which
is still not too high to be handled by ordinary triodcs. For avgivon doo
voltage, the required power is doublod. If en egecuratcly sceled vorsion of
the coupling errangomont is usod, tho impedence as scen by the oscillator is
halved, the Q of the scaled system being one~half the Q of the actual
systom.,

The critorion uscd for determining the capacitance end linc length,
bosidos that imposcd by the frequency range, wes that the capacitor voltage
should not oxcoed the doo veltage ot tho highost frequoncy. This is of courso
realized if the minimum capecity of the condonser just cquals the cffoctive
capacity of tho doeos. The basis for this adjustment of the resonant systom
is that sinco the insulators arc the woakest link in the rf systom, it is
proforeblc to arrenge mattors so that the condonser insulators arc not undor
any worse condition than the deo insulators.

The scalc model tests immocdiately showed that under such conditions,
the line length in air would have to bo about 10 fect; at 12.5 mec the required
capacitance would then havo to be 700 ypf; at 10 me it would have to bo 1850
wif's Tho dee end condenser volteogo bccaﬁo cqual ot about 13.5 mc whorce tho
minimun capacitance is 500 yuf. This indicated that the offoctive doo

capacitance would be 500 puf, covon though a capacitance moasuremont indiecated
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if to be 1600 puf. To the extont of this difforenco, the doo acts os o -
line; because of its appreciablc size relative to a wave length.

In the initial scale tosts, a lorge parallel plate condenscr heving
polystyrene insulation was substituted for the rotary capacitor. Variation
in capacitance was obtained by changing the gap. For the final frequency
and power measurements, & quarter-scale rotary capacitor which is shown in
Fige 8 was employed, It was correct in all respects, except tgat the ground
coupling capacitor and zircon shaft insulator were omitted. A stack of copper
disks was inserted in the rf current path behind the rotor to simulate the
loss in the coupling capacitor. The tests with this model showed that the
minimum capacity was so low that the condenser voltage was slready 25%
higher than the dee voltage at 12,5 mce. Padding capacitors were then added
to the transmission lines at the condenser insuletor flange in order to
increase the minimum capacity and provide some degree of frequency range
adjustment. Their effect st the low frequency end is negligible, however,
since the voltage node has then shifted quite close to them.

Initially the model condenser blades were bare steel. As had been
expected, the Q dropped by a factor of two at the lewest frequency, so all
surfaces were copver-plated. Measurements then showed that the condenser
should ebsorb only 257 - 30% of the totel rf input power when fully meshed.

The initial estimates of power loss in the resonant system disregerd-
ing losses in the rotary oapacitor, indicatéd an rf power requirement of about
75 kilowatts for a dee voltage of 45 kilovoits. For these tests, a tepeteges
35 T oscillator was connected to the front edge of the dee, the model resonant
circuit acting as the tuned plate impedence. Power measurements were made by
comparison of input powsr for the seme optically determined plate btempsrature

under oscillating and under non-oscillating conditions.
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THE OSCILLATOR

The choice of a grounded grid oscillator was an almost foregone
conclusion in view of the unequalled success of this arrangement in all
recent Radietion Laboratory rf installations requiring high power at
moderately high frequencies. The oscillator circuit was chosgn identiéal
to that of the 37-inch oscillator, sinée this type of circuit produces the 4o~

(5)

girod " /'rf dee volbtage rise during acceleration (Fige 9)« Full power is
needed only at the lowest frequency, 37~inch experience indicating that
average power was about 25% less than maximum powers,

The only commercial tube suitable for grounded grid opération in
this power range is the 9C21, rated at 9 amps plate current for 17 kv plabe
voltage at 12 mc. It was planned to install this tube together with its
associated circuit elements in a large shielded enclosure whose rear wall
would form essentially one side of the transmission line housing, as shown in
Fig. 10« In its final form the oscillator tube jecket is supported by a
large ceramic insulator near the right side of the oscillator box. A
" horizontal partition shislds the cathode circuit from the plate cirocuit, the
tube being inserted in its jacket through a suitable hole in that partition.

The choice of a 4=-line resonant system makes it very easy to douple
plate and cathode loops thereto with the shortest possible uncoupled lengthse
These emerge through the resr wall of the oscillator box, each opposite a
transmission line, end fit into slots cut in those lines to achieve maximum
coupling with adequate high voltage clearance. These slots may be seen in
Fige 2. The end of each loop is thus automatically located opposite the
particular tube electrode to which it connects. The plate loop (lower) is
directly grounded to the oscillator box at its other end. The high voltage
power supply thus operates with its positive side grounded, eliminating the

necessity of supplying low-conductivity water to the tube jacket, the water

{5)

Bohm end Foldy, Physs Reve 72, 649-661, Oct. 15 (1947).
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lines being piped through the plate loopé The dethode ib@p (upper), which
is bypassed to ground at its far end by means of a ring of 10 fixed vacuum
condensers (about 500 wuf total), sorves as one side of tho filament heating
circuit, the other side consisting of 4 heavy cables passing through the
loop. The ring of high~vacuum condensers also acts as the cathode cir;uit
phasing capacitor to correct for the phase difference introduced betwesn
cathode voltage and plate voltage by the cathode loop self-inductance,
Adjustment is obtained by exchanging one or more of the condensers for one
or morc of different value.

The grid is grounded for rf voltage by a similer ring of fifteen
50 wuf capacitors. The total capacity is chosen so thet in conjunction
with the grid lesk, its charging time is small enough when compared to the
charging time of the resonant circult to prevent intermittent oscillation.

In this coupling loop errengement there exists a negligible amount
of coupling between plate and cathode circuits, consequently that parasitic
mede in which most of the encrgy is in the plate loop, cannot be excited.

The degree of amplitude modulation depends on the plate-loop resonant
_ frequency, decreasing in percentage as this frequency is raised as far asg
possible above the cyclotron frequency. On the other hand, if the plate-loop
resonant frequency cen coincide with a harmonic of the dee system frequency,
& serious dip will occur in oscillation emplitude as the fm cycle passes
through that frequency. Since the tube capacity end loop inductance put an
upper limit to the plate loop frequency of about 20 me, it was nocessarily
lowered by addition of the vacuum capacitors shown between water jacket and
ground, until the frequency was under 18 mc (twice the lower limit of the
cyclotron frequency). Again, this can be adjusted by exchange of vacuum con-
densers, hence serving as & convenient means of control of the percentage of

amplitude modudation.
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This argument does not apply to the filement loop, so that its
frequency was mede as hipgh as posiible by taking groatpains to reduce the
self-inductenco not serving as mutual inductance in the dee circuites This
has the desirable effects of reducing the phese shift bctwoen cathode and
plate rf voltage, and of insuring‘thab the excitation represents a fairiy
constant fraction of the dee wvoltage, Aoctually, because of the dec voltage
risoc with lowered frequency, the excitation_also rises, although not quite
so rapidly. This is desirablo, since the tube must supply considerably more
power at the low frequency end, and consequently requircs morec cathode driving
voltage. While this power incroase is principally duwe to the increase in
dee voltage, it is also in part duec to the fact that the condenser lossos are
greatest when the teeth are fully meshed,.

In connection with the problem of oscillator design, the impression
should not be gained that the design finally attained and described herc was
initially so definite. Vhile all of this actually salready existed on drafting
boards, the oscillator model tests described below gave the confirming evidence
which resulted in construction and asscmbly. In particular, the principal
unknown which could only be roughly ostimated was the matter of loop size and
coupling.

It is perhaps worth mentioning a few additional facts about the
components and their arrangement bofore proceceding to the matter of model
oscillator testsa

The filement heating powor is provided by & specially insulated
transformer having appropriately poor regulation characteristics to meet
tho specifications of the tube manufacturcr in conncetion with limiting the
initial tube hcating current. A set of line phase factor correcting con-
densers can bo seon in the photo in their rack above the filament transformor.

The secondary is encloseéd in a slottod Faraday shield which cxtends eway from
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the transformer and is connected peripherally to a copper sheet duct within
which copper bus bar conducts the filament current into the upper left-hand
oscillator compartment. Thoe transformer is alr blast cooled, both by residual
gir flowing down through the duct, and by a small blowor directed onuthg
primary and the coro. The bus bar terminates on two large mica condensers
which bypass any residual .rf current to ground and which sorve as supports

for the two filament chokos. Thesc are necossary because of the rf phasing
voltage appcaring at the end of the cathode loope. Their upper ends arc
connected, one to the cathode loop itself, tho otherto tho 4 concentric filament
leads previously mentionede. Throughoutvthe filament circuit, the two sides
are exténsivoly‘bypassod to esach othor at strategic points, to prevent rf
voltage from appearing across the tube filamont or the transformer winlinge

The grid choke is likewise nocedod becausc about 8% of the pléte
rf voltage appears across tho grid grounding capacitors. The grid loak is
mounted on insulators on one of the oscillator house doors (scc below);
connection is mado automatically by a pair of élips and jacks which cngage
when the door is shutes This resistance consists of twenty-cight 10,000 ohm,
200 watt resistors in series-parallel, (1400 ohms net) and constitutos onc
good reason for supplying air blast cooling to tﬁo oscillator enclosure.,
Because the grid circuit is at high dec. yoltage, e special circuit was
dovised (Fige 9) to allow tho grid ourrent to bo road directly at the
control deske.

Peak reading voltmeters are installed to read rf plate voltage,
positive rf grid swing and rf cathode oxcitation. To prevent thc disastrous
consoquences of positive decs grid swing, a rectifier is bridged across tho
grid leak. Its filamént voltage is derivcd through a smell shiclded trans-
former from the 9C21 filament supply. |

The walls of the oscillator onclosure arc made of 1/4" stool, as
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arc the 4 doors; the innor face, or back, is made of 1/2" steel. Consequently,
this house serves as a magnetic shield for the oscillator tube, A crude
replice (L/16 size) was tostod by tho magnetic measurements group at the
Rediation Laboratory, using tho 1/16-scalc 184-inch model magnet, end t&is
shielding was found sufficiontly offective, the field being cut from 140 Gauss
to loss than 20 Gauss. This is furthor roduced at the 9021‘elemonts by moans
of & 1/2" stoecl sloove slipped ovor the cooling jacket. The megnotic force

on thoe oscillator box amounts however to 450 lbs. In addition to the hori-
zontal steel partitionthere is also a central vertical partition. 1In the
upper half it consists of a pblystyrene plate, which acts as en air stroam
beffle end as a support for the grid choke.  In the lower half it is made

of stecl as a further rf shield between platc circuit and the filement trans-
former located in the lower loft-hand compartment. To reduco loss from oxposed
iron, the inside of the oscillator box is copper-plated. When shut, the doors
are firmly compressed agéinst an "rf gasket" arrangement as doscribed in
connection with the transmission line housing, by moans of numerous largoe
hinged C-clomps.

Air cooling is supplied to the right half of the box by a blower
whose air blast is dirccted on the tube filesmont seals by means of polystyreno
guides. F}om thoro the air is funnelod past the ring of grid bypess condonsers
end the grid and enode scals by cylindrical polystyrcne guides. On the loft
side, a socond blower cools tho grid leak. The air thon leaks out through
the filement lead duct as described, and around tho cathode phasing capacitors
to supploment the air cooling to the transmission linc box.

- OSCILLATOR MODEL TESTS

For the purposc of coupling loop measuroments, it was nocossary
to cloctrically duplicete in the scalc model, the behavior of the 9C21. The

only low-power tube thon evailable which secmed to fit tho scale requiremonts,
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ag woll as having oasiiy todossiblo oloctrodes, was tho Eimac 304TL. This
tube operates with about the seamo effoctive plate rosistanco as the 9C21,
but since tho load impocdance in the model is roducod by a factor of two
(because of the non—scaiing of Q)Iit was nocéssary to uso two tubes in paral-
lel. This arrangement had the fortuitous circumstance of having scalcd inter-
eloctredo capacitances about cquel to those of the 9C21. Howovor the 304-TL
roquircs approximstoly twicc the relative grid driving voltage. With a 1/4-
scale version of the coupling loops, the 304TL's wore thus underdriven by
almost a factor of two and oporated at around 40% efficiencyvat tho low-
frequency ond of tho renge. This corresponds to sbout 75% officiency in the
actual oyclotron oscillatore Opcration of the model under thosc conditions was
thus much morc difficult than of tho full scale oscillator, but had tho ade
ventage that if tho model worked, the full scalc version was oven more cortein
to work. Bocausc of this non-lincar scaling of officiency it bocsame oxtremely
difficult to predict the emplitudc modulation shapo from the behavior of the
model. The 1/4-scale model oscillator is illustrated in Fig. 1ll.

| Tho model platc loop wes made as long as possiblo consistont with
tho rosonant froequency eritorion proviously discussod. It turncd out that
this was just large enough to properly match the oscillator's capabilities;
at maximum induced doc voltago, the tubo should operatc at its maximum
curront and voltage ratings.

Tho cathode coupling loop was adjusted to operaete well with 304TL's,
also koeping in mind the design criteria alrendy mentionede. It was originally
planncd to make this loop adjusteble, since the required 9C21 driving voltege
was the most obscure characteristic of the entire rf systom.,

In lieu of this arraﬁgomont, a fixod loop was installod in the
full-scale oscillator (in full roalization that it might have to be roplaced)

bascd on information obtained from an oxcet dummy oscillator model, as shown
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in Pige 12. In this model, a true quartcr-scale oscillator box, coupling
loops, condenscers end dummy 9C21 werc reproduccd. The interclectrode
capacitics wore duplicated by midget capacitors, the internal grid support
inductanee was duplicatod by small wires, the vacuum capacitor rings wore
duplicated by ring-shaped polystyrono-insulated cepacitorse Thc scale ;e-
sonant systom was thon excited by the tipetoge 35T as described, and moesurc-
monts were mado at the various ¥dummy" cloctrodose Togethor with the known
charactoristics of the 9C21 and tho bohavior of tho 304TL model, the rosults
of thoso tosts gave the most accurato possible ostimate of requirced loop size
and coupling.

OPERATING CONDITIONS AND EXPERIENCES

Initial tosts of the full scale rf system shown in Fig, 13 dis-
closed a re-entrant cavity resonetor mode betwoen the two pole picces of the
magnot with the vacuum tank walls as the return circuit resonant noer tho
lower froquency limit. This was casily suppressed by strapping the polo
pioces togother at their outer edges It was also found that tho frequency
renge did not cxtend low cnough by elmost one megacycle, oven aftor extonsive
padding of tho rcsonant systom. Since thé extra line section had not becn
made, tho ocasiest solution was tho romoval of onc of the two transmission lines
not associated with tho oscillator coupling systom. This moro than sufficicnt-
ly roduced the froquency limits (about 10%). Whilo the effeot of this change
hed previously boon meoasured on tho medcl, it.had not Eoen soriously intonded
thet e corroction be made in this woy. The consequent roduction in officiconcy
was of no importance, as the high rf dec voltage of tho 40 kv was not found
necessary. The ovidont discropancy in transmission linc length was oventually
traced to o cumulative orror of cbout two inches in various small orrors in
model dimonsions, |

The plate circuit rcsonant frequency turncd out to be too closc to
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the soccond harmongd of the lowor limit of frequency modulation as ovidoncod
by sovore amplitude modulation. Considersble plate cepacity was oventually
addod to improve this situation. The lack of sonsitivity of the beem to
even such severe smplituds modulation is of particular intercst, Fig. 14
plots the emplitudc and frequoncy modulations es a function of timo. IAsofar
as cathodc excitation is conerncd, it appears adoquato over the froquency
range of aeuteron accoloration, though not boing as great as anticipated ab
the oxtrome low freoqueéncy end.

Under vacuum, some difficulty was cxporioncod due to discharge in
the large spaces around tho doo., It was casily shown that rf fiold conditions
cen oxist which pormit olectrons to cxascute rosonant oscillations at thosc
froquencics and tho appearance ofltho discherges seom to fit such a theory
fairly woll. In tho particular case of thoso discharges gquito for romovod‘
‘from the immediate vieinity of tho des, whore tho rf fiecld isvrolativoly
woeok, tho picture of rosonant cloctrons fits better than does the picturc
of the non-rosonant typo.of discharge as exists in Philips ion gages. It
is suspoctod that socondary electron multiplication ("multipactor action")
moy also bo taking place. This does not procludc the Philips gago typo of
discharge near thoe dee, sincc hore an clectron has amplo timo‘and oenorgy to
porform numcrous vertical oxeursions during o positive rf cycloe. All dischargos
were oliminated by cutting down the available volume by means of perforated
shiolds aroﬁnd tho’sidos of the doe, by adding a groundod "dummy" dec =nd by
applying o negative bias to the dec as shown in Fig. 15

Thore is sufficient maegnetic ficld at the rotary condonsor to
allow a Philips gago discharge when positive bias is applied; a negativo
bias is thercfore imporative. Fortunatecly the bosam docs not secm sonsitive
to bias, as it ofton was in tho 37-inch cyclotrsn with positive bias voltago.

Tho incroasc in beom obtainod thoro, may presumably have boen duc to just
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such a dischargo which inoreased the ioh supply ncer the ion source.

Several doys after tho beam wes obtainod with but 15 kv rf dee
volﬁago(ﬁ), troubles occurred with tho rotary capacitor, characterized by
increasing sparking and mechanical stickings This was found to'be dus to
warpage of the copper-plated stainless stecl disks used in the bypass con-
denser bocause of poor heat conduction. Spacings were increased, but this
afforded only tomporary relief. Copper replacemont ports then becemo avail-
able ond no further difficultios have occurrod since their installation..

The blade gap only hol&s cbout 30 kv rf and this may bo attributable
to the lossenod cloarance (.08" insﬁead of .08") in the final unit, in addition
to the scvore overall roughoning of tho surfaces by discharges taking piaco
during bakoout and somotimos during operatidn. Occasional water loaks ocour
around the rotor insulator geaskets, but these have heon insufficiontly fre-
quent to warrant any major rovision.

Tho rf insulctors have given no troublo whatever since installeation
ono year &go, though at the timc of assembly, their fragility was ovidoncod
insofar as shoar forges wore concorncd. The carc teken in insuring that only
pure tonsion and compression forccs would be applicd was thus woll justificd,.

The avorage powor roquired for o givon dee voltage is cssontially
the somo as predicted from the model ond is around 40 kilowatts for an empli-
tude variation from 20 to 30 kilovolts through the fm cyclo. Provision was
made in the power supply for arbitrory amplitude modulation by inscrtion of
throe parcllel 893 power triodes in the d.c. plate powor cireuit, but thoy

have been used thus far only as curront limiters and voltcge adjusters.

The authors wish to cxpross their gratitude to Profossor E. 0.

Lowronce and the staff of tho Radiation Leboratory for advico énd oncourage-

ment throughout the progress of tho work., In particular, tho assistanco end
(G)Brobock, Lewrence, et al, Phys. Rov. 71, 449 (1947)
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Alvarcz havo been greatly apprecia%e&. The authors also wish to thonk
cortain groups of people in the laboratory who contributed ro small part
to the successful oporation of the rf system for tho 184-inch éyclotron..
The model tosts and high voltage tests wero conducted by J. Riocdol, R,
Anderson, F. Yoator and W. R, Baker. The motering and control circuits
wore devised by C. Park and J. C. Kilpotrick, and the mochanical parts
were designed by J. Boll, R. Potors and O. Callshan undor the dircction

of Wo M. Broheck,
This paper is based on work performcd at tho Radiation Laboratory,

Uhivorsity of California, Berkecley, California, undor contract No. W-7405-

Eng-48, with the Atomic Enorgy Commission,
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Figure 2. Trans=ission linecs
shots for tne couplin_ loops
Figure 104.




Fizure 3a. 184"
Cyclotron dee,
faceplate ang
sucport insulators
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Flzure 3b. Yead-on
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Fizure 3c. View of
vacuum tank from dee
faceplate side. Note
rt llner arrangement
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Figure 5b. Rotary condenser vacuum tank.




Figure 5c. Close-up of
stator teeth after
operation.
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Flgure 7. General view of 184" =y~lotron model osclllator.
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Figure 8. Close-un of model rotary condenser.
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Close-up of the unper deck of
fllator, snow.ng from left to right the
ak, fllament chokes and by-pass condensers, cathode
phasinz capacitor ring(in rear), and grid capacltor ring
surrounding the 9c2l1 oscillator tube.
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Figure 10d. Rear view of osz.ilator showin; r
couoling loops. »
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Figure lla. 304 TL
model os~illator-
front views

Figure 11b. 304TL
model osclllator-
rear view.




Figure 12. 9c2l s
wires used to simu

le model "dumuy" osciilator. Note thne
te condenser and 5rid lead Inductances.
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Figure 15a. View inside cyclotron faclng the dee
and showlng the grounded "dummy des",
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Figure 15b. View along edze of the dec showing
ri dlscharge suppressingz shields.












