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Summa ry 

The TRILMF cyclotron includes seven major same thickness. Its foundation consists of a monolithic 
components requiring large industrial contracts: the concrete slab 3.30 m thick at the centre and 2.44 m 
magret ccres, coi Is, D.C. pobder supply, vacuum chamber, thick at the periphery. The slab also support5 1,580 
support structure, RF resonators and RF power supply. metric tons of heavy aggregate shielding, placed direct- 
The first five component5 are discussed, Together with ly around the cyclotron. 
actual perforrrance data. The RF components have been 
described recentlyi and will be installed in the cyclo- 

The cyclotron is shown in figures I and 2. The 

tron in about t\,o months. The costs of these compon- 
right half of the picture shows the top secTion rai>ed 

ents plus associated building, engineering and inspection 
as required for installation and maintenance. 

fees arc giveI. 

Introduction 

The idea to build a cyclotron to accelerate H- 
ions from 3CD keV to SC0 MeV2 3 4 resulted in rather 
5evere mechanical design problems caused by The large 
extraction radius of 780 cm. The conventional H shaped 
magnet would have been prohibitively costly, as may be 
deduced fron the fcllo+/ing tabie5: 

Cyclotron Extraction Radius 
[cm1 

8erl~:einy i84 in 208 3,600 
Dubna 270 7,000 
Leningrad ?16.5 7,800 

As the magn~=: steel is usually the largest single 
cost factor in a cyclotron, i t was worth’nih i le spending 
the extra effort, both in model srudies and mechanical 
enginrerlng, tc achieve a six-sector magnet design with 
i steel ‘zcight gf cnly 3,600 netric t,>ns. W/s is 
5:i II considerabiy rrore -,han other cyclotrons, except 
those iisted ir the table. 

; I-, ” C(’ ,trca~ - \ - ] - ii Citliat*d in i, 3Y.5 x 3,Z.Y m \,ault, 
,,ih;cn Iii I I e,/eP,tual 1:; have 5.2 m thick concrete walls 
ar,d a rc-movaale prc<trr:.sed ccncrete beam roof of the 

Magnet Cores 

Magnet steel must be chosen for good magnetic 
properties, availability and economy. While high perm- 
eabil i ty is desirable, uniformity of magnetic properties 
;hroughout each sector, and from one sector to another, 
is the critical requirement. A low carbon steel, AlSl 
1006, with specified low limits on impurities, was 
chosen as meeting uniformity tolerances at a minimum 
cost premium. Use of fully killed steel, to minimise 
segregation throughout the ingot, also contributed to 
unformi :y. Plates, casting5 and forgings were consid- 
ered but plate was chosen as most economical when con- 
struction was ir,cluded’ 7. 

Using plate5 rolled to good flatness tclerances, 
it was possible to consiruct the sectors: as shown in 
figure 3, using rlclme-cut as-rolled plate. Only thz 
pole pieces were machined. Each upper or lower yoke is 
composed cf five sub-asseirblies or blocks. Each block 
consists of a number of plates set side by s:de, bolted 
tocether tichxly, ant vieldeo along their edges for 
rii;idity. Block size b<as iimited to 90 metric tens, to 
match available crane capacity. For each sector, upper 
;I,~cks and pole xiecc=-s are bolted into a unit which can 
ie elevated for maintenance. Lower blocks, poles and 
the vertical yoke are bolted intc a unit, :hen ncur,ted 
on the support columns. 

F / rc 1.: re 1 
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Figure 2 
Cross section CJF th.e cyekdrcn 

There are many holes through the pole plates and 
return yokes through which the tie rods pass, that 
connect the vacuum chamber lid and bottom to the support 
structure and to the floor. By spacing some of the 
7.5 cm thick return yoke plates, 7.5 cm square holes 
were created in an inexpensive way. These holes allow 
enough room for the tie rods to move as much as 2 cm 
when the vacuum chamber expands during bake-out. 

Each magnet sector was completely assembled at the 
Imanufacturers to ensure that the exacting mechanical 
tolerances were met. It was then match-marked and 
broken down into its 22 component pieces. These were 
shipped in nine open rail cars installed with impact 
recorders to check the shipping instructions not to 
“hump” tnese cars. In Vancouver, delivery to the site 
was by truck. 

The same nine cars and blocking were used for each 
i:-ii pment, which took 8 days, from Lauzon, Quebec to 
Vancouver. including return of the empty cars, loading 
and unloading, a quick turn around time of one month 
per sector was achieved. 

Magnet Coils 

The six magnet sectors are excited by two common 
c1 rcular coi Is which are designed to give 800,000 Pnpere 
Turns. Each coil has a cross section of 0.5 m x 0.5 m 
and a diameter of 18 m. Due to their size they could 
not te made as single units and transported to site for 
asiemb ly. A conceptual design study8 determined that 
the coils could be made in 60” segments and that the 
conductor material should be aluminum to minimise 
capital ccst plus ten years power consumption cost. 
Suhsctquently it was cstabl ished that the 60" segments 
bhould be joined together py welded inscrts t,,hich 
slcJuld act as expansion joints and that only I5 turns 
‘;,nilirl be nsed pe. r coi! to a>/cid a mj,, ‘+i tude S: COO1 ;“g 
conrectionj in the restricted space available. 

Each coil segment is made from 15 electrical con- 
ductivity grade extrusi:ons each 2.95 cm x 4;.75 cm 
lamnatrd ,vi.rticnlly. A conductor insulation wrap 
0.4!1 ,“I-I tk,ick ‘was used and the conductors were further 

spaced by epoxy fibre-glass boards and sheet to give a 
conductor to conductor spacing of 3 mm. The epoxy was 
of the B staged Epoxy-Novalac type with NMA hardener. 
This assembly was cured to bond it together into a 
common mass. The segment was then protected by covering 
it with 6.5 mm aluminum plate epoxy bonded to the sur- 
face and joined at the corners by welded tabs. Conduc- 
tor cooling is achieved by means of two parallel 12 mm 
diameter paths in each extrusion. The ends were plugged 
and welded and right angled connections were drilled. 
The ends of each conductor were cut to exacting toler- 
ances and machined for welding with a J type groove. 
On site, each coil segment was installed and welded to 
the adjacent segment by means of V shaped connectors 
which also serve as flexible expansion joints. 

In order to allow the upper coils to be elevated, 
a disconnect switch shown in figure 4 was installed. 
The switch uses 40 commercially available spring loaded 
contact fingers for each conductor. The mating sur- 
faces are silver plated. The connecting part is guided 
into alignment hy gl:ide firgers a:/r?;ch znsurc initial 
alignment within 0.6 mm before entering the spring 
loaded contacts. 

D.C. Power Supply - 

The power supply is rated at 110 V DC and 26,700 A. 
It is stipplied at 12.5 kV, 3 phase and is composed of 
an isolating transformer, a primary regulating trans- 
former, and a I2 phase delta-,&ye, delta-delta rectifier 
circuit. This is followed by a transistor pass bank 
which is the secondary regulator. The current is sensed 
by a water cooled shunt designed to give one volt out- 
put at full current. The current is maintained at I 
part in 10’ over an eight hour per;od. The reference 
signal is derived from a digital source stable to 3 
parts in IO”. The variable transformer has proved 
to be unsatisfactory and wi I I be replaced by an on-load 
tao changer capable of f !5X voltage variation. ‘di lerl 
the supply is switched on, the magnet inductance I imits 
the current build-up rate. This range ii sufficient to 
cover voltage changes due to the coi 1 temperature rise 
,>nd uncertainty in the fin.21 current settilg. 
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The buss connection to the power supply was made 
from the same conductor material as used for the coi Is. 
The assembly is braced to withstand short circuit 
currents and is protected by a sheet metal enclosure. 

Vacuum Chamber 

The IT.2 m diameter vacuum chamber is made of 
$316 stairless steel, chosen for its low permeabi 1 i ty 
even after heating such as caused by welding. Chamber 
bottom and lid are made from plates, 250 cm x 620 cm 
x 2.2 cm thick, welded together using a full penetration 
submerged arc welding method. 

The vertical side walls have a thin central 
secticn to reduce activation due to ions lost in the 
acceleration process. They are constructed as a ladder 
lying on its side with the ‘side rails’ made from 18 cm 
x 3.8 cm material and the ‘rungs’ from rectangular 
tubing, 11.5 cm x 3.8 cm x 0.3 cm wall. The latter is 
covered with a 0.125 cm thick sheet welded to the ‘side 
rai 1s’. This way the average wall thickness was re- 
duced fron 3.8 cm to 0.4 cm, while maintaining rigidity. 

The location of the tie rod support points on the 
lid and bottom is determined by the maximum permissible 
deflection of the plate under vacuum, (0.125 cm). On 
this basis, 332 support points were required for a nom- 
inal 84 cm spacing. 

The chamber lid seal consists of two polyurethane 
O-rings of rectangular cross-section. Since the rad- 
iation level of the seal will be about 50 Mrad/year, a 
seal life of at least 12 months at full operation is 
anticipated. Engineering studies to determine the 
feasibility of using a radiation proof remeltable metal 
seal, indicated that a very complicated and costly 
design would be required in order to cope with the 
therma I stresses during formation of the seal and bake- 
out of the chamber. Aluminum wire seals are used on 
all small flanges while the exit ports are sealed with 
lndium coated lnconel X C-rings. 

Cooling coils are attached to all outside surfaces 
of the chamber by means of welded clips and soft solder. 
These coi Is are used for removal of the heat produced 
by the trim coils as well as for bringing the temper- 
ature of the chamber to 140°C in case bake-out of the 

-i 

Figure 3 
w. _i ,/ * .;‘,I :I- ii,,~c,,~., i, ;,~;Z,,Y:: 

Figure 4 
The disnomcct be?ueev; top ncd imtr;x ,.miT. 

chamber is necessary. 5f; sets of profile and 78 sets 
of harmonic coi Is are interspersed between the cooling 
coils mentioned above. These trim coils, made from 
magnesium-oxide insulated conductors are also secured 
to the outside of the chamber by means of tack welded 
clips. Cooling and trim coils as they appear on the 
chamber lid can be seen in figure 5. 

Prior to installation the vacuum chamber was 
evacuated to 1.5 x 10S7 Tort-. No leaks cculd be 
detected using a Helium leak detector with lo-” Torr 

. . ?,‘T,CC :ensi t’v, ty. The tot?! leak rite j”cltAdi”g ot.,t- 

gassing, was 2 x lo-’ Torr .%/set. 

Support Structure ar,d Elevatinq Jacks 

During cyclotror operation the 2,500 metric ton 
atmospheric load is supported by the large 12 arm over- 
head structure and by means of nJr,erous secondary beal‘i‘s 
and tie rods. An integral centre structure supports 
the tips of all 6 upper magret halves, the dead #weight 
and the magnetic Icad, and transmits this load , plus a 
portion of the atmospheric load, through a centre post 
in the vacuum chamber to a central column cluster below. 
The 12 outer ends of the cverhead structure are supported 
by columns as shown in figures I and 2. 

The lower support structure, illustrated in 
figures 2 and 6, consist5 of 6 central columns, plus 
3 cuter co1 timns under each x3gnet iector. The syi tew 
supports the cyclotron and accommodates normal cxpan- 
sion by column flexure while maintaining accurate com- 
ponent aligr,ment. In the event of a moderate earth- 
quake, co1 umn s t i f fnesses twe re chosen to pe rmi t 
relative motion between the cyclotron and its foundations 
with a reliable return tc zero after such an experieficc. 
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Figure 5 

This cha-acteristic is supposed valid up to an esrth- 
cuake st-ength of 0.1 g, a I in 100 year probability, 
bet we ::ave no experimental data as yet . . . 

Tile 2,5CG metric ten atmoipneric load on the 
\;.;CUIITT lid and the bottcn is transferred via a total of 
66L tie reds to the structure above and fourdation 
; e I <j:l . -urn buciles for adjusting tie rod length are 
3 r r_ v i de i? : r level the tank and to oermi t accurate 
.; ~igr,ment of the re:sonators w!:Tch ,Jre mounted on the 
:ai;b inner surface. 

1.i i t h tnc c;clotrcr cpen, the overhead strut tu -e 
full:, .upport’- the u;;jer Imagnet halves, about ?,OiiO 
.A-e i r c + r; ” 5 , including &amber Ii%! and magnet coils. 
Ll:.‘,ac i.23 j,., ~cc~-mr;l is-cd b\/ ;~eans of I? r,:,nchrcn i arc-d 

:rid+ ,:‘.c+II:~::‘~:.-, edi!-) ccns:rrini; Sf t~,c gC r:etr:c ton 
.yaci:i . ..z :.cr*<~.+ j~chs, two 6C : I i i n’j I e dr, rim sear s: peed 
-. !113c.::, .:i,; ? ;c’:r,ii,,: “4 ihi ir:b.icthn motor. r.pF”:“- 
s“‘t‘.; ,, LO ,;;i:?‘)tt‘; ,i?-e ,-F’qL: ,esj for a fiJl 1 !.22 n; ‘1,-r, 

: <- ‘1, i ,< ‘- : 13 t > r rlu’,t >E’ lrai;ed ~unifcr:,l~; ,a~d :he 1 i Ft- 
-1 ;f;int’, r:k,s,t >t, IL,,!:: le~ei :~.;t:iin 5 -oler.::i-ze :I 
rr. ..‘:‘.,, , .,A ‘.,‘t by the ‘.tvi‘ ‘evcl in t7e bolts joining 

r -8.. I_ ,jril ‘: !. I~;ck.‘; 

I ,:-;I-l,,- i<::,.,i’ ,ii ,,f ;h,- ‘,i-siiir’, ii, fi xrd i: 
I- i 4~ i I gu i i:i. 5:) ! ,1!‘1r.1 f i t t I: (1 ,V i t h s ‘j I” <’ r i c .J I ‘-; he 1 I ‘: P a 
;, 1 2 5 C’il ?i i17cti.r spiqct pin 8: II i a ch 1 i;l.-i f r ‘it r t i c a 
#.Jh i’ r’ UT‘I, t ?.1: r-h<. ip?t I- card . :~>cr h,~l~~;ts of :I;t: 

‘;,!r-t”‘t ir;rC-, 1:‘~: ri- located ‘xi rh i 7 C .25 n’n. 

i ngi 

ii, : I n.lbict i,.,ll nx~iors ,-ire r,ync?r3niieJ bs/ logic 
$7nn t r-t> I 1% 450 Hz xynchrn tr,7w;duccr is mounted n t 
i’<,c:, <Of 1:li’ :;,i I ,vf i;.cki ng .:c ir ti. 
11, p’,;p’r:‘,-r.,,\ to :si- jr,, . ’ h 

The Sol tc,ge outp it 
i: I- 4 Ye i , The ou~puz from 

.iiih , f a t i i-i,‘ i I, con-pared &b/i th J con‘rmn -eference t rans- 
~hm:r .sI:~ i.~t: (Ji fft:rence ,vol tager, are LScd to contr-ol 
tll.~. c.j*i’ti(’ nr::.orq in in on-off (node. vri I t‘lge corn-- 
.~.:~r-.~~:,r’, .gr? S,C t tc gi’,e :ht: following s-,equence of 
s;pe’ r,3 b i on : 

Equivalent distance between 
jack transducer voltage and 
reference voltage 

limit ----- 

: 0.125 0.25 mm ll”, 
c 0.375 llm 
d 0.625 mm 
e I .5 nm 

Control action 

A’1 motors shut cff 
Drive brakes actuated 
Drive motor stopped 
Drive motor started 
Al 1 motors stopped 

It is a feature of the system that the j;:ck eIev- 
.iting speed i; fa:;ter th,:-n tile “referec?ce” ip’~‘i. D~ri IIC: 
nornisi operntion the jacking points ar? control led wi Lhin 
,-he ii7’tts d and c and ~.~ner~ation I-ils ~~?ot,.,n that rl’e 
iprtsad in t-a/e’, ii nc,r~:~l\\/ -1:3t :li tnin 3.25 I:)). The 
system 15 reversible and special logic is uie,? to cress 
over the re’erence and siqral 5.‘~;~ tagec, It is ~:ece,~~~zr~~ 
that tke riciorc ~cceleratc~ quickiy bec.3~1sc ,a ofe second 
delay is s~ificirlt ‘.o shut down t/l;7 .!/?~:~le ‘,y ,LV!-I. The 
drives are ,iutcmaticaIIy iz8:ntro11rd except 1311 an rut of 
iimit trip, khen it ‘s nt~ceisary to rldke d r:anual acjuit- 
nent tefczre the syitf:q can b,b :,tartcd again. 

Erection, (41 ignment and Deflection 

The magnet cores, coi Is, vacuum chamber and support 
structure wereerected in a double shift operation, srhich 
took 14 months. A detailed erection procedure had to be 
followed to save time and produce the required accuracy 
of al ignnent. 

Both the magnet gap and the inner surface of the 
vacuum chamber are inaccessible for surveying when the 
cyclotron is in its closed condition. To achieve centring 
of the vacuum chamber, :I-e inner surfaces ‘were levelled 
under no load conditions and reference marks were scribed 
on the tie rods. Under vacuum, ti-e tie rods were read- 
justed to bring the scribed marks into alignment. 

The lid seal relies Fritially on an interference 
fit as shown in figure 7, aided evertually by the atmos- 
pl-eric Icad on the edge of the lid. There are no bolts. 
ilitl: the outer tie rods the i id periphery was .r;djusted 
to produce 4 - 8 nn Yr,?erfer-encc, cn closing as designtd. 
T?e lid is flexible rr.ough tc t,:.!..e this utflectlon. T?e 
seal proved to be vacuum-tight when closed the First t;me. 

T::e support struzt~rc com3cn~~ni~ ii $ d VJ c U’, n 13 k x10 e 7 
tie reds ihave -ignifi,cant deflect’ons #dirinq cperatinq 
ccrioi tion%i ccc~~arrd to t+l r,on-c?er<iti:ng .o~!cs. ; :; c ‘-cl i - - 
that the vacuurf ;ha:ilb,er is centred r,itrjn tne nagne: sap 
and ii fiz- c15’~r i ?1- ;nnr*r cnriS~cc; ,xi-.-r ooer~tlng, :he;$-, 
ceflections ‘..ere allowed for in the rrccti,,- prccr;:, 

Figure 6 
.‘, ,; :r+ :’ ,; !- -,v :. ‘;,,>,,{: ‘,,ill, > ; ‘. ;,,.; 
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The most significant adjustment was to raise the centre 

of the magnet 2.5 mm relative to the outside with no 
vacuum load to compensate for the compression of centre 
supports under vacuum. The magnet gap varies by approx- 

imately 1 mm at the centre, due to the vacuum load. The 
major deflections are shown in figure 7. Changes in 

atmospheric pressure and temperature cause vertical de- 
flections of the order of 0.25 mm. Similarly the add- 
ition of concrete shieiding around the cyclotron will 
cause settlements of the order of 0.25 mm. 

cost 

The table below lists the cost of the various major 
pieces of equipment discussed in this paper, along with 
the ccst of installation and erection. The cost of 

buildings, services and shielding, shown for comparison, 
includes building space and some services for experi- 
mental facilities but shielding only for the cyclotron. 
Costs of the various remaining equipment, mostly built 
in-house, are shown in i tal i cs, as none of these are 
complete at this time and the figures shown are our best 
estimates to date. Associated costs, such as Consulting 

Engi neers ’ and Inspection fees are also listed. 

Development costs, such as beam dynamics studies, 

magnet model and centre region cyclotron model studies 

are not shown, and neither are the costs of commissioning 
ard management. The table may therefore be used only 
as a useful guide to determine the replacement value of 
the facility. 

ICanadian k$ 
I 

cortrac 
p\us 

extra: 

Office, Office, Lab 6 Workshop bldg Lab 6 Workshop bldg 540 540 
Excava t i on Excava t i on 181 181 
Cyclotron foundtn 6 bldg substruc. 2,272 Cyclotron foundtn 6 bldg substruc. 2,272 

‘Ilain bldg steel superstructure ‘Ilain bldg steel superstructure 994 994 
j j C rar,e5 C rar,e5 209 209 
/Bldg finishes 6 machine services /Bldg finishes 6 machine services 1,388 1,388 

~~~~~~~~~~~ ,)I9 

r, - 

;SIte 5upervi5ion and irspectiur 
I Engin?L,ri’ fees 

F 
supI? e c 
equl pml 

492 

lnstln & 
5rectn 

283 I 24 
63 

Tri :i coi 1 ;c’wr ik~pql i,:s I cj 
RF re~cn7ti;“; 

I RF p:htir .i:,3;‘1’2 -k ‘1 i- ,i :i , r; ; , 5 i $3 n 1,13, 

C J E T 2 T ;‘. L v, ~3 j : r cyil,3tron contr jets fLl) 

5i te I up~~r’;i::1cs7 end insTcc:ion 
Er~int~er>’ “ecs 

-- 

3 12 
226 

‘;... Ji. , ,‘I.~ ..I ,‘,,I,., 
..‘;_ i T !.’ 

LUf$J-,;-;L ” / --t,i;:ic r.” i~~‘,!Cl,,i is) 

SUBTOTAL CYCL51TPON (.+ + b) 

Total 

540 
181 

2,272 
994 
209 

1,880 
410 

50 
711 
5 5 5 

65 

7,071 
133 

1,094 

307 

761 

1,100 
1,231 

9.128 
171 

1,265 

., ,.m 
, > ,’ 

TOP RAISFD 

I I I I I I I I I 1 

Figure 7 
i’;~ctiim ~C,.iu~iUO 7, .?-7.“p ,YiTd p,; :, p 2,x 5?’ &-,/y ,: ,& ::,7?:1 
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