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introduction 

The specifications of the TRIUMF RF system have 
been covered in previous literature.lw4 This paper 
describes the design concepts of the TRIUMF resonator 
structure and traces its development from models to 
final installation in the vacuum chamber. The 1.8 MW 
transmitter and transmission line are described brief- 

IY. Problems encountered in testing and commissioning 
the RF system are discussed, and the paper concludes 
with a summary of RF system performance over the first 
two months of cyclotron operation. Details of the RF 
controls are given in a separate paper presented to 
this conference. 5 

The Resonator 

Des i gn 

The resonant accelerating electrodes, or dees, 
form the heart of the RF system. The basic design con- 
cept of the dees arose from three main considerations: 
their p’lysical size, unparalleled in any other cyclo- 
tron; the early decision to eliminate all insulators 
inside the vacuum chamber; and the axial injection of 
the ion beam. The addition of third harmonic to the 
accelerating voltage was also envisaged. The dees are 
evolved from a section of coaxial transmission line, 
as shown in Fig. 1. A resonator structure of this 
size, with an acceierating gap over 53 ft long, would 
obviously have to be constructed in segments, and 
naturally models were used in arriving at the final 
design. 
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Results of measurements on the first halt-scale 
copper-sheathed models confirmed the following funda- 
mental assumptions: 

a) The upper and lower row of resonator segments 
are tightly coupled by the RF magnetic flux 
wlen flux guides are used. 

b) T?e coupling capacity between the high-voltage 
hot arm tips, dee-to-dee, is sufficiently high 
so that only one coupling loop need be used. 

The geometry at the centre of the dees, 
tailored in order to accommodate the electro- 
static inflector, still allows high quality 
factors (Q) at both the fundamental and third 
harmonic frequencies to be achieved with very 
good voltage profile along the accelerating 

gap. 

Two possible ways of tuning the natural 
frequency of the resonator can be employed: 
deflecting the segment tips at the hi’gh- 
voltage end, and varying the cavity volume 
with pockets at the short-circuit end. 

Prototype Measurements 

The next step in the development of the TRIUMF re- 
sonator system involved the central region cyclotron,6 
where full-size resonator segments, fed via the trans- 
mission line/coupling loop assembly, were tested under 
vacuum at the full design voltage of 100 kV. The most 
significant result of these tests was the verification 
of all theoretical assumptions and computer programs7 
used for the design of the CRC resonators and later 
for the main cyclotron. All the basic components were 
tested, and all the problems of the entire RF system 
were studied, measured, and understood, including im- 
pedance matching, resonator tuning, voltage holding, 
vacuum performance, and multipactoring (since the dees 
are grounded no dc bias can be applied). Stability 
measurements called for an improved mechanical design 
of the hot arm, and the importance of perfect electri- 
cal contacts between the resonator segments at the 
root was recogn i zed. The tuning elements were tested 
and improved. The coupling loop assembly and vacuum 
feedthrough, which contains the only RF insulator 
exposed to vacuum, were redesigned for water cooling. 

Manufacture and Preparation of the Resonator Segments 

With all the changes implemented in the design, 
the contracts for fabricating the resonator segments 
and the cooling manifolds were awarded to local manu- 
facturers in early 1972, and in the fall of the same 
year the last tests on the RF system outside the vac- 
uum chamber were started, using only one dee. As a 
result of these tests only two improvements were 
necessary. The centre resonator segments had to be 
shortened by approximately 3% to achieve the maximum Q 
at the third harmonic frequency. The low mechanical 
stability of the hot arms caused variations in the re- 
sonant frequency of the dee of ltl.2 kHz, which is pro- 
hibitively high for a system with a Q of 6000. As 
expected, the main stimulus causing the segments to 
oscillate at their mechanical resonant frequency of 
4.7 Hz, mechanical Q = 50, was found to be pressure 
fluctuations of up to ~0.5 lbf/in.’ in the resonator 
cooling system. This effect was later suppressed by 
installing a smoothing tank in the closed system, and 
reduced further by applying Coulomb dampers8 at the 
tips of the resonator hot arms. The remaining vibra- 
tions of the resonator segments are of the order of 
+O.OOl in., resulting in power fluctuations of about 
42. 

Upon completion of the tests each of the 80 seg- 
ments went through the following procedure: 

a) A leak test on the cooling I ines 

b) Ultrasonic cleaning in a 10s Oakite $33 
solution for 10 min 
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c) Soray rinsing by cold water and hand brushing 

d) Spray rinsing by water at 17O’F 

e) Drying in air at 140°F for I h 

f) Outgassing at 230°F in a vacuum of <IO-” Torr 
for 6 h 

g) Cooling to room temperature at 10e5 Torr 

h) Final leak testing 

i) Sealing into plastic and storing 

Resonator Installation in the Vacuum Chamber 

The installation of the dees was certainly not a 
simple task. Each resonator segment is approx 16 ft 
long, 32 in. wide, 6-l/2 in. high, and weighs 600 lb. 
Although the hot arm is relatively rigid, its current- 
carrying ‘skin’ is only 0.1 in. thick and flexibly 
attached to the heavy supporting frame. The ground 
arm is not self supporting, and the whole unit is very 
fragile and vulnerable. All the components (24 tons 
of segments and 4 tons of cooling manifolds) had to be 
lifted and moved into the vacuum chamber through a 
vertical opening of only 46 in., with many obstruc- 
tions at the periphery. Special installation equip- 
ment was developed and built, and the installation 
crews were trained in simulated conditions outside the 
vacuum tank, observing at the same time the strict re- 
cuirements of high vacuum cleanliness. 

3uring the actual installation three teams of 13 
people worked a total of 14 shifts a week for seven 
weeks, compared with the 42 days scheduled. 

A view of the installed resonator array appears 
in Fig. 2. 
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17 spite of all the precautions that could be 
reasonably enforced in an opcraiion of this character 
and scale jrhe vacuum chamber :~as totally enclosed in 
plastic curtains .?nd prei$#Jrired with filtered air; 
the swo r ke rs :JO re ‘.+ hite protective clothing witl- only 
the i 7 faces uncovereri) , the <ort,,ini,l,Jt ion of the 
vacuum chamber was lruch higher than desired. The fol- 
lcwing cleaning proved useful, but the Quantity of 
organic !mattcr in the t‘:nk. i:, still disturbing. 

Besides cooling, e,?ch :,egmert Iha5 a pair of pneu- 
matic lines fl,r icLuatirg the turing t:ie:ilents located 
in the shorting bar <at :~FL rc%~Ir. Al 1 icdi5 ‘sni niani- 
foljs ~~t’re hel iuill tcsti‘~i for Icakc, first by ~p~~ping 
on the lines and finally by pressurizing them with 

helium when the vacuum chamber was evacuated. 

The dees were aligned in two steps. Prior to re- 
sonator installation the crucial mounting points for 
all segments were aligned vertically to better than 
to.01 in. The geometry of the accelerator gap was then 
established within kO.03 in. or better in the horizon- 
tal plane by direct measurements. Since the vacuum 
chamber deflects significantly under the vacuum load, 
the vertical alignment had to be done in the following 
steps: The positions of the hot arm tips (which form 
the accelerating gap) were optically surveyed, the lid 
was raised and shims placed. In most cases two i tera- 
tions were sufficient to achieve a tolerance of 
20.03 in. The upper and lower centre segments are 
rigidly connected by a latching mechanism to ensure 
mechanical stabi 1 ity. Special care was given to the 
central region defining the geometry of the injection 
gap. 

Preliminary Tests 

lriitial measurements on the resonator-transmission 
line assembly were carried out in air. At low power 
levels the standing-wave portion of the transmission 
1 ine was easily tuned for opt imum set-up, and the fre- 
quency, quality factor and the tuning range of the 
system were found to be within expected tolerances. 

The complete RF system and controls were then 
employed to power the dees only to 10 kV in order to 
avoid any damage by sparking. The main purpose of this 
operation was to test the system as a whole without the 
limitations imposed by multipactoring, and to verify 
that the cooling circuits of the dees, transmission 
lines and coupling loop, as we1 1 as the temperature 
monitoring on all 80 segments, were working. 

During the first measurements in rough vacuum an 
RF power level ,of less t+an I W was necessary to keep 
well below the first multlpactoring level. At that 
stage the dees were adjusted not only to resonate at 
the nominal frcquencv but at exactly three times ihr 
fundamental, anJ the reszective qJal i ty factors were 
measured. This provision allows the simultaneous in- 
jection cf the third harmonic frequency without any 
further modifications inside the vacuum chsmorr. 

The high-power tests on the RF system proved tlat 
the control systerr was work.i?g to expectat iols, and no 
difficulties were experienced in overconipg the muit’- 
pactoring regions. 

Conditioning of the Dees 

Conditioning is the term applied to the process by 
which the resonators are outgassed; the r?icrostrCcturt 
of the faces exposed to RF is cleared in an electric 
discharge under intensive pumping. The vcltage +oldi?g 
of the electrodes under conditioning I-eacieb its design 
value, often expressed in conjunction with sparking 
rates. 

The resultsof measurementson the IO-times smaller 
CRC have shown that the main gasload during the condi- 
tioning of the dees consists of water and hydrogen. 
The latter comes from two sources: from the stainless 
steel surfaces, abundant in the CRC and TRIUMF, and 
from water molecules dissociated in the electrical dis- 
charge. In TRIUMF t+e pumping speed for water is very 
‘+igh because cryogenic pumping at 80’K and 20°K is em- 
sloyed. The hydrogen load is handled by an auxiliary 
pumping system of turbonolecular and titanium-sublima- 
ticn pumps, representi a pumping speed of approx 
10,000 Usec at lOui Torr, and approx 1600 %/set above 

_. 5 * 10eE Torr. 

This feature of the vacuum system turned out to put 
hevere limitations on the speed of progress during the 
conditioning of the dees. It was therefore decided to 
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increase the pumping speed for hydrogen by installing 
four LN2 baffled diffusion pumps, originally used on 
the CRC, thus providing adequate pumping speed over the 
full pressure range experienced during conditioning. 
This improvement, and the repair of one serious leak 
in the resonator cooling system, allowed the condition- 
ing to proceed much as expected. 

RF Power Source and Transmission Line 

The high-power components of the RF system are 
shown in Fig. 3, This is a fixed-frequency system, SO 

no tuning of the transmission line or transmitter is 
required during operation. These devices have suffi- 
cient bandwidth to accommodate the full range of reso- 
nator frequencies, 22.9 to 23.1 MHz, which occur under 
various conditions of start-up and high-temperature 
bakeout of the vacuum chamber. The frequency range 
during cyclotron operation is 23.05 MHz ?r 3 kHz. 

The Transmitter 

Designed and manufactured by Continental Electron- 
ics Mfg. Co. of Dallas, Texas, the transmitter has a 
maximum tested power output of 1.8 MW, which is 
developed by four power amplifiers, each utilizing two 
Eimac 4 CW 25OOOOA water-cooled tetrodes. The power 
amplifiers are driven by a 100 kW intermediate power 
amplifier (IPA) stage through a power divider and 
phasing network of passive components. A series of 
three hybrid cocrbiners brings together the four power 
amplifier outputs at a single port where the transmis- 
sion line is connected. Any combination of two, three 
or four power amplifiers may be used, thus increasing 
the system reliability. As each power amplifier can 
de1 iver 850 kW, tWo wil 1 provide enough power to run 
the cyclotron, although normally all four are in ope- 
ration. The dc power supply, rated at 2.6 MW, limits 
the RF power output to 1.8 MW in this configuration. 
1 .2 MW is required to excite the resonator up to 
100 kV, with a maximum of 1.65 MW needed under condi- 
tions of full beam load when third harmonic is added. 
The transmitter output may be fed to a 50 Q resistive 
soda-water load for testing up to full power. An 
electronic crowbar across the dc power supply is fired 
in the event of a power amplifier tube arc-over. The 

(2) 4CW250.000 
i 30kWI PA #3 

crowbar may also be triggered by the facility’s hard- 
wired safety system since this is the fastest means of 
disabling the cyclotron. 

Not shown in Fig. 3 are the transmitter’s input 
stages. A 1500 W stage drives the IPA grid, and is in 
turn driven by a 20 W untuned transistor amplifier. RF 
input drive signal level for the transmitter is 10 mW. 

Transmission Line 

A coaxial transmission line 100 ft in length is 
used to convey the RF power from the transmitter in the 
shielded RF room to the cyclotron. The first 60 ft is 
9 in. o.d., 50 Lz line, operated under matched condi- 
tions, i.e. with virtually zero standing wave. This 
section is connected to 40 ft of I1 in. line operated 
with high standing-wave (VSWR- 6). The standing-wave 
section extends to the vacuum feedthrough where the 
coupling loop is located. In order to vary its effec- 
tive electrical length there are three tuning capaci- 
tors mounted on the line: at the junction with the 
matched 1 ine, at about 8 ft further along, and at the 
coupling loop. The standing-wave 1 ine therefore pro- 
vides a convenient means of setting up correct matching 
between the coupling loop and the source. A further 
advantage of operating part of the line with high VSWR 
is that the system is rendered less susceptible to 
severe mismatch caused by a resonator spark or by gross 
detuning between the driving and resonator frequencies. 
If such a mismatch occurs, the standing-wave line 
reduces the reflected power on the flat line and thus 
protects the transmitter. Under normal conditions the 
power dissipated by the whole line is less than 1% of 
the forward power. To assist in setting up the three 
tuning capacitors, 40 voltage probes are installed on 
the standing-wave line so that its voltage distribution 
may be monitored.5 Part of the standing-wave line is 
shown in Fig. 4. 

Vacuum Feedthrough and Coupling Loop 

The RF power is passed into the vacuum chamber 
Jsing a coaxial feedthrough. The insulator is a ceram- 
ic cylinder as used in high-voltage vacuum capacitors, 
a great improvement both mechanically and electrically 
over the disc seal used in the CRC. Both inner and 
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Fig. 3. i3?.ock ,&xpnn of the RF qotem high-power components. 
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outer conductors of the feedthrough are water cooled,as 
is the coupling loop itself. Fig. 5 shows that in order 
to avoid excessive power dissipation in the loop and 
feedthrough, the system must be operated at the resonator 
frequency , as defined by minimum loop current, ot- more 
sensitively by the loop current leading the resonator 
current by 90 deg in phase. As was first learned with 
the CRC, satisfactory tuning upof the transmission line 
for efficient power transfer to the resonators with free- 
dom from parasitic resonances and minimum stresses on 
the RF hardware cannot be achieved unless theresonator 
is driven at its natural frequency as defined above. 
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RF System Performance --.-- - 

The present operation of the TRIUMF cyclotron does 
not require the fine RF stabilities set out in the fol- 
lcwing table. The exact valueof the dee voltage has ‘35 
yet not been determined; this wil I be done by further 
beam ncasuremelts. The resonator tuning range was 
fould to be $4.6 kHz, and no problems were encountered 
in activating the <automatic tuning control. Ten of t?ta 
144 tuning foils have shown signs oi overheating, so 
their life expectarcy is questionable. Apart from this 

all the hardware in th; RF system has performed most 
satisfactorily during IO:0 h of oprrdt iilr for re50ni?Lo 
tests and conditioning ard beam commi~~‘onirlg, .3s we1 I 
as about 700 h of cyclotron operation. fit no tirle i-av~ 
parasitic asci I lations appeared In the resonator ;Ind 
trarsmisr,i:,n 1 i7e. In the event of a ~,3dt-k zhe b&c eel 
age IS aJtomaticalIp restored in less than 2 sec. The 
53arking r,3tc has improved in tl)fs t .uc mo ‘I t I7 5 i immr I ,: t I.: 
ly preceding this confrrenc? fron 2 zpar,ts dr- hour to 
. ^^ 

r 

2 

t- 

I in i-j h or average over a 15-l/:! h operating d,,y. :.:I 
one day no si’<?rhs occurred. Tll i s i I~IF ro%JJer;e?t h,ic, l)(i?o 
caused mainly by adopting a standard rrcondi t ior ing ar,z- 
cedure fol lowirq venting of the v,~c!.I~I chairher, duri’,:l 
which the de*s are leld at ‘50°F for 12-16 11 with on:y 
the diffusion pumps oFerJt in<> in order to r<:move as muc-7 
contarnlnat ion <AS pos’l iblr fr-cm :hca ta,lk. 

Dee vcltage 
Energy cain per turfi 
Voltage stability 
RF frequency (nominal) 

10:: k’i peak 
400 hei’ 

+2.j part: in 10L: 
23. 15 MHz 

5th harnonic of ion 
rotat ion frequency 

27.5 parts in IO* 
+4 kHz 
26000 
I.: MW 
300 kW 
640 in. 

Frequency stability 
Resonator tuning range 
Q 
Power dissipated at 100 LV 
Maximum anticipated beam load 
Dee width 

Further Developments 

It is envisaged that in about one year’s tine the 
simultaneous injection ot third harmonic power will be 
implemented in order to improve cyclotron performance. 
Since the dees have been built and adjusted to accept 
both frequencies, as verified at low power, further 
work to achieve flat-topping is confined to equipment 
outside the vacuum chamber, and can be done without 
iiterrupting cyclotron operation. 
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