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Some of the design problems peculiar to TRIUMF are 
discussed. These problems arise from the large size of 
the nagnet (4~300 tons) and low average magnetic field 
which in turn are required oy :he necessity of avoiding 
electric stripping of the H- ions. Gas stripping of the 
ions requires the low operatin%> pressure of 4 x 10m8 
torr. Problems arising froln the acceleration on the 5th 
harmonic of the ion frequency and their relation to the 
unusually tight tolerances on t.he position of the accel- 
s-;it;lg electrodes are discussed. Some preliminary 
results of the magnetic field neasurements are presented 

Introduction 

it. the 1965 meeting of the National Accelerator 
Conference at Washington, D.C., I gave an invited 
paper’ comparing a number of possible accelerators in 
their performance as meson factories. These types of 
accelerators included: 

The Sector Focusing Cyclitron (,Yc”j 
The Negative ion Cyciotrc,n 
The Ring Cyclof.ron 
The Linear Accelerator 
The Separated Orbit Cyclotrcn 

At that time the only project l,*!hich had received appro- 
val ‘was the ring cyclotron (SIN) at Zijrich, Switzerland. 
Since that time approval has been given to the construc- 
tion of a 1 inac (LAMPF) at Los Alamos and later for a 
negative ion cyclotron (TRIUMC) at Vancouver, Canada. 
Recently, preliminary approval has been given for the 
construction of a linac near Moscow. Other papers at 
this conference will discuss the current status of SIN 
and LAMPF so I will confine my discussion to TRIUMF, 
which is based on a sector-focusing cyclotron accel- 
erating H- ions to intermediate energ;es. 

As a neson FactrJry, TRI UMF wi I I have several 
Important arvantages: 

a ) The energy will be continuously variable 
from 160 to 520 ,YeV. 

13 j Two or nore beans can be rimul taneously 
brought out of the cycl’oti-on at differing 
ene rg i es. 

Cj The macroscopic duty factor cf :he bears 
id i I 1 be i 0 C ;’ . 

dj ilrde: certain condirions it will be possible 
:o extract d rati, tex frcrl the cyclotron 
*:ditn an energy re~:r>~~:t i<>,r FliHM cf 0.013. 

f j T:?e capital cs3st is ~much le’;n and the operating 
csi t i 5 lower than 0 I i::dc of zs3parClble c~erqy 

T A e / i i t co i I- t h;li asc,umed i9crrasinq i:;portdnce in 
; c i I: 1; t ,/ i’ .3 ; , - ‘_ i.i? .-li.:ail’, c.’ the ana’y;is <of ti-c cc.;ts 
c; ’ :ile +ctu;/ co-s:ruction ,:’ TRIUMF .arc ,3i,/e!- in a 
,j,,3r2~- ?L phi* :npFererc’* I++ .analysis ind:catcs th.3t 
tntl c:,:.t ,31- Lh2 c~/clo:ros phs i~‘l:liini~ ,aius builA:ng 
L,d i:,;u ><: *l-e ‘,J:olc facil it>/ (incl‘iding the ixperir-c.ntal 
?d I I c , ,-I ,, i, I> e e r ‘: 2 0 , 13 0 3 ) ilo 0 . Th i 5 due,, n:t include the 
5i,mr- 1 iTi’ CI~ .jri-cr <:xp’2ri-e7t21 i-,ici I : :‘~i or tPe cost 
,y f J..“.,< I ,d:-‘Er: , ,Pl<iJ\?i ‘, ) i‘iC 

~2.1 i n;l ;,,i r:tcd ‘it,: the 1~!~,.~nt.,17e~~ ro ibc. expects:J 
.--r-m T? I ;MF: i: i, il’i prii.i,~r,~ purX,c in this F;Iper to 
j’ ,c,;--, --,;ci :A :,-c ,,-cbli,r~s ..iirh /‘,lv+: 11-i ~,t+n in t ?e 

,lt’ j i 8-j 7 $;‘.-I ,A:-,i,‘.,;, ,,;t ;,;,i of ii-,e ‘.>,Y ! / ::j, ,,!-, j ;I-, :.,<2, !:een 
~:t~scr~t~~c. :?I I.Ld?<:‘t ‘,. 

The H- ion is a somewhat fragile entity with its 
second electron bound only tr/ith 0.75 eV. In order to 
preserve it until the desired accelera:ion has been 
achieved, two conditions must be satisfied. First, the 
chance of even a distant collision with a gas atom must 
be small - i.e. in the case of TRIUMF the effective 
bachground pressure in the acceleration chamber must be 
kept down to 4 x 10m8 torr in order to keep the beam 
loss from this cause to 22. Second, the maximum magnet- 
ic field must be kept fairly low. A magnetic field of 
5.8 kG at 530 MeV transforms to the rest frame of the 
H- ion as an electric field of 2.02 MeV/cm according :o 
the relation E = 0.3 6yB. The tunnelling effect of this 
electric field results in a lifetime for the loss of the 
extra electron of 70 psec. With a maximum magnetic 
field of 5.8 kG and six-fold symmetry, the requirement 
of net axial focusing of the ions requires an azimuthal 
variation of the field such that the average field at 
the 500 MeV radius is 4.6 kG. This in turn requires a 
final radius of 310 in. and results in a magnet Meigh- 
ing about 4000 tons. A look at Figure 1 wil I give an 
impression of the size of the magnet - it shows mos:: 
of the TRIUMF staff on the six-fold lower sectors in 
January, 1972. 

The Maqnet 

tls we see from Figure 2, which ‘was taken early in 
the spring of 1972, the magnet is reaily composed of six 
separate magnets with common excitation coils2. The 
erection of the magnet was completed in October, 1972, 
delayed 3 to 4 mcnths by labour difficulties. The de- 
sign of the magnet is also shown ;r Figure 3 and we see 
that some of the radial variation of the magnetic field, 
required to compensate for the relativistic increase of 
mass, comes from the variation of the thickness of the 
yoke’with radius. This results in a saving in steel but 
also reduces the rragnet efficiency to approximately 352. 

In developing the design of the nagnet a l/20 scale 
model has constructed and tested and then a l/l0 scale 
model was made according to scale drawings of those used 
for the full scaie magnet. The agreement betiveen the 
results cf the two models :das ccnsicerrd to be sat is- 
factcry to an accuracy of I’?. The l/IO scale xcdel wai 
co,?structed of plates or /itSI :CO~ sieei of tne sxie 
c “. 2 i: ; ; a 1 1 n i ! ~ isi’ 3’ t b <i c L’ I I c c .I I p n-ar~rrjt in,1 ,t i rh 
thickness cf plates, e;c. scaled down accor,i;rgl:~. 
Field measurements or the full scale magnet v!tre carried 
.mt for atout 3 b,eehs tilitji ti-c transt.;;,mers zn trc- 
po’.ver ~;upoly iourchr;ispd in the USI’;) burs:oj cut. -1, i 5 

occurred ‘in January, apd ‘50 :ve Iha,Je not yet cc’tfn :ij:ie 
t,i i‘,rlplet.e oilr ~,taiUi-Clie-:i. 

,; qui :c .;~rj.-: ;i ic 83 i fierzn<c :‘:rii r,;LAd .,Pt,lec.l i.ki 
l/:0 scale r!cdeI ant7 :hi. filli ‘.caie rlignet. ,r o-der :o 
,- 2 CJ L i I: LJ:c. Ji;f*~,-ep,~c 2: ,‘lJ,, ‘5 !>r:,..,itJl,~, -?f .-:r.riel ‘.,jS 
2iiowcd to vdeiieit c.1~6 in. (co-rL!scsrdinq t:, 0.6 ‘n. in 
iuil :calej ;./iere.3i ::ic biq 73qnel .,:-.,u 1 f;i ic icr:: 1 I ‘{ t-at 
jq.Flcct tv :zos~: tlT.lr 0.32 in. 

!Jnder I ller,c ccnd i t i CP~., , ::hr ~‘XQ r i ,f!r i , .I‘,::rr, i ? 
F i q u r c 4 a ,inil Ficluru $2,. i i t;u r 1: 4;s ,/Io..l’i :I.* i..l t :‘c I- 
,ul-pr iiiriq iii ir<-rt’:;ci< :,sz::,,,ti’n !.:ir ;,:c.Jvl .,:d t :+2 !;iq 
.. : -, F, L: : i ‘: ! -,:* ~-.;,<;.!I s,,.qr/ :, i,;n . f !‘i. :)T i .lir r ha I 2 .,c ‘.iqe 
of tl-e iwgni:tic f il:l,-f a: r’qui ~:>Ir’ol ,:~i: i,,:i,,X fr;:-ipi’r.: 
turns). F; gure 4b :IO:.!:, t-e corrpari ,or if ihc l,<illi 
fr~<~:-lency ot:!.ained aftrr i .c.ct roniiinq rb,c ~v-r-,iqe field. 

‘;I? / I.“F i I 1 ,iii.ti ,1-‘,1:. 11 ,-,vi I;:, the: ‘J;:i‘,iir ,i ty or :.l!:~ji-t~?, $ i non f r.i:,i’ I. IJ? ver 5 i ty , IJ go I ‘y t : cj i f x,’ ,J t ‘,,’ ; t: t ,I, .- i f -1 p II 
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W2 did not have sufficient time to trace down the reason 
for this discrepancy befc,re the power supply failed. 
However, a comparison of the results from the flux coils 
510vn in Figure 3 on the big magnet vs. the results from 
the m0de1, indicates that there is alnost 25% m0re flux 
flowing in the yokes near the centre for the big magnet. 
This is consistent with the main discrepancy in the two 
fields - i.e. an average field at low radii to0 high 
by approximately 100 G. The other discrepancy is a 
desirable one - i.e. The required excitation on the 
big [-lagnet is perhaps IOZ’ less in power than for the 
model. One possible explanation which we are investi- 
gating is that the permeability of the steel on the big 
magnet is better than on the model, possibly because of 
the difference ir the treatment of thick and thin 
rolled plates. Our measurements indicate that we will 
cure the problem by winding bucking coils at the six 
points ,narked B-B’ and adding 150 tons of steel to the 
yoke. This is being done while waiting for replacement 
transformers for the power supply. 

RF System 

The RF power required for operation of the res- 
onator system at 100 kV across the tips of the segments 
is 1800 kW, including 200 kW of beam power. Figure 5 
shows the divider and phaser which accepts the power 
from the intermediate power amplifier (IPA) and pro- 
vides the proper impedance and phase relationship5 
between the various amplifiers5. Flexibility in the 
combining of the outputs of the four power amplifiers 
is achieved by the combiners shown in the figure. In 
the case of combiner lil, the output .0f PAI and PA2 
wil 1 add at port $4 but will cancel at port 83, so 
that normally the power lost in the waster load is 
zero. Or, the other hand, turning off 0ne of the ampli- 
fier; lwil I result in the Ipower being split between tile 
useful load and the waster load. The same situation 
holds for combiner $3 except that in this case the 
output of all four amplifiers is combined. 

Efficient transmissi(>n of the output of two, three 
or four amplifiers can be achieved by changing the con- 
figuration of the system. The system passes through 
the multipactoring region of the resonators on frequency 
synthesizer drive and then changes to the self-oscill- 
atory mode. This mode will be followed during the first 
few minutes of operation while the resonator temper- 
atures are charging, but k/hen the frequency begins to 
stabilize, the operator wi I1 s&itch back to the 
iynthzsizer drive. %a11 chanses in the frequency of 
the ressnators can be eift,cted by moving tuning plungers 
in the roots of the resoniltors. The resonator system 
.z .xdi up “; 30 ,cgmenrs oi Wilicn itO ;2(1 above the 
Imedian plane and 20 below) form one side of the dee 
and the other 40 f0rm the othe- side. 

qap 
The 5cgme7ts 

rr2;onate ar ,iik of the Stt harmonic (23.1 tiHz) of the 
i 3n fvequency and zievieiop a vol tagz difference of 100 
kV bct,~en the tips 0r 20C k\i across the dec gap 
(400 CCU energy gain pe: turnj. Notice that the seg- 

rcrt’: :Ji 11 <also ire,onate <>t 3Z4,‘k Of the I jli harmonic 
0 f i kc ion f requcncy. Thus flat-tnppirg of the volt,lge 
‘e,,+vc comes natural ly ‘n tki; type cof acceler,2tipg 
e I ec t rde t/e0 vi t t-y. 

After ‘3” ‘qitial period devoted tc elimination c;f 
:,‘a-;l.it.imz> i,i t?e ,~mplificrs, the RF ,amplifier svs:en 
‘;.a5 !.ezled a: fd: I power (1800 kW) into a rehistlve 
1 c, d d P I ‘-, 0 d” .1!>‘>cnibly cf hdl f of the re:,onalors (40) 
:has a,:e’r ‘e;tcd ;r air [up to ihe maximum vol t4ge before 
or,,;et of c,park inq. For the teit th(: I*.nglh of u:lt’irr:d 
‘.t-iln:,missI-Jr: line ifiqur2 5) ~,d’, i:vcn longer ihan it 
.,ill be :n ij;c t~pcrd.ing ~:r,oiiiol. 

.;t 5.>!+.:’ t,n the re%on>tnr ii>‘>, the inp’,t power 
r?qi,i r,:J ‘.u:~ I j0 ?W *,0 ih,lt the ,;oi t,lce $>n the 50:: ‘An- 
t xii-L 1 i ni.: ;..,5 3.6 <v. Thz ‘/ol I.~CJC on thf: 3/2h 1 in?’ 
‘v~Irit.c: f-s-’ 2r) is.!: <rt ti-e ;).u; io 4.6 hi! ,tt t~-ie ~:r;upli?~~ 
iOOF. h/cJ te t 4.3 t ,jnly ilne coup1 ini] loi;p is d..,ed, ,lnd 
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yet the voltage difference along the 50 ft length of 
dee gap was less than 1.5%. It is very gratifying to 
note that no parasitic5 raised their ugly heads during 
this test, and t+is gives US considerable confidence 
for the future. 

Our experie-ice (0n the Central legion Cyclotron indi- 
cates that capacitive coupling between the resonator 
banks is sufficiently good so that only one coupling 
loop is required for the whole cyclotron. One problem 
has shown up on the test which was not unexpected. 
Since the “?ot” arm $>f a resonatcr segment must be 
self-supporting over a distance of 10 ft (h/4), it 
must be rigid, which means it is susceptible to mechan- 
ical vibration. In the test, it was found that the 
natural frequency of the resonators varied over +I.2 
kHz in the 23 MHz due to a mechanical vibration at the 
resonator tips of 1.005 in. This modulation is too 
large in the self-excited mode because TRIUMF operates 
on the 5th harmonic of the ion frequency, and it is 
too large in the driven mode because the Q of the 
resonators is &OOO and too much power would be re- 
quired while the system was off frequency. The viSra- 
tion appears to be due to noise in the water cooling 
system. The solutiorl to this problem is twofold. 
First, a surge tank will be placed in the water I ine 
and second. some individual damping units will be 
appl ied to the resonators. Under test , these units 
have reduced the vibration amplitude by a factor of 
10 but they will only be installed if they prove to be 
necessary. 

Vacuum System 

Figure 6 shows the bottom of the vacuum chamber 
being turned over after ihe cooling coils and the trim 
coils were attached. Last year the chamber was pumped 
dohn readilv to a Dressure of 1.5 x 10m7 torr. 14 mass 
analysis showed that the partial pressure of nitrogen 
was less than IO-* torr. The main pumping system con- 
sisted of cryopanels cooled by He gas at 20°K and 
shielded by panels at 80°K. The tests indicated that 
the cryopanels begin to pump yJithin 30 min and cool to 
their tiorking temperature in less than 2 n. The 
mechanical pumps bring the Dressure down to 10pL tcrr 
in 90 min and so that means 4 h total to achieve a 
pressure of 10m7 torr. One conclude> that it will be 
quite feasible to defrost the cryopanels and return to 
operating pressure within the period of an 8 1 mainten- 
ance shift. It also appears quite feasible to achieve 
the desired operating pressure of 4 x IO-” torr. The 
noble gases and hydrogen will be pumped 3y turbc-molecu- 
lar pumps and sublimation CUXDS. 

The Central Region Cyclotron 

Yhe CRC ccnsists of a prototype ion source and 
axial injection systefr 2nd a full scaie model ,0i the 
central region of the cyclotron, capa>lc of accelerat- 
Lng ion5 ?o 3 KeV. The lnjectiol? system is 80 ‘t long 

Jnd employs 50 electrostatic quadrLpolei and 6 electt-c- 
static 45” bending electrodes. The resonators (dees) 
which arc used are ‘ull scale prototypes. i?n the ba,; is 
of the perf-or::l.r,nce of the CRC the fol IowiTg predict ions 
can be made viith confidence about thz TRItiMF cyclotron: 

a) Th e resonat,Jrs ‘wi 1 I ,cperate ‘*,,i :.hout sparkins 
at 200 kV ldee to dee and the frequency and 

‘J ) 
voltage const.ancy wi I ? bc adequate. 
With the ,lid of chopper and buncher. ‘2:’ of 
the ions lcavinq the ion source can hr .icr?l- 
crated t:, 3 Mt:V. Theorelical :,tuc:ic:,, ani: 
. I- _. : ^ ,,, cy au4.5 d.pi ~-Te:tctr i~rdicacc L~7;;t the io5selj 

cl 
‘ram 3 HeV tc 500 Me\/ :wi ii not be very large. 
G,od beam cu,~l ity ccrn bc ~r,aint,linrd throuqi: 
Li-e proii:siei 0C injection ,41:1-i ini ti.11 
,?cce!i:i-ation. 



In the process of obtaining these assurances, 
however, a number of interesting problems have been 
encountered and overcome6. One problem was the com- 
paratively large effect of a radiai component Br of the 
average magnetic field B on the axial displacement AZ 
of the equilibrium orbit at radius r. This is anal- 
ogous to the displacement of the centre of oscillation 
of tne weight on the end of a spring by an additional 
force ano so we can write 

G= Br 
r Tr+ 

where vz is the axial focusing frequency due to both 
electric and magnetic forces and 1 represents the 
spring constant. >.I zL 

Thus for a given B,, the displacement AZ at a 
particular momentum rB is some 25 times as great in 
TRIUMF as in an ordinary cyclotron with the same vz 
because B near the centre is 21 3kG. Additional coils 
are being placed around the upper and lower centre 
support structures shown in Figure 3 in order to re- 
duce 8, to a negligible value. Asymmetric excitation 
of some of the circular trim coils can also be used 
for this purpose. 

Another problem7 arises from possible misalignment 
of the resonators forming the dee gap. Because the 
axial magnetic focusing is relatively weak near the 
centre of the cyclotron, the ions are susceptible to 
the net axial impulse given by crossing the electric 
lens of an asymmetric dee gap. The experimental re- 
sults are discussed in a paper6 at this conference. 
Ten pairs of correction plates above and below the 
median plane [as shown by Figure 1 in “1 were used to 
compensate for arbitrary misalignments set up in the 
resonators. The effect of the correction plates on 
the beam is shown in Figure 7. The uncorrected beam 
is shown in (a) where we see that the misalignment has 
‘lad the effect of giving an upward impulse to the ions 
at 0’ phase (largest radius) while the phases where the 
electric focusing is stronger (smaller radii) have been 
kept nearer the median plane. The corrections effected 
by successive correcting plates are shown in (b) and (c) 

The injection system of the CRC is equipped with a 
chopper which can select particular phases of the in- 
jected ions. Since the electric lens focusing forces 
are paramount at small radii, the axial extent of the 
beam varies dramatically with phase as shown in Figure 
8 after 2-1 turns. The extension of the phase accept- 
ante, .which will be available when 3rd harmonic RF is 
adced, has been discussed3. 

As a result of the use of tril-1 coils to reduce B, 
and the use of the correcting plates to conpensate for 
resonator ,iii sa I ignment, the tiansmission of the beam 
through t+e first 6 turns contained in the CRC 
approaches I GO:‘, as shown in Figure 9. This figure 
<also shows the separation of the successive turns as 
recorded on a thin different’al probe. 

Crbi t Dynamics 

The lo.& magnet;c field ‘r TRIUMF and the fact that 
the RF frequency is placed ~11 the 5th harwnic of the 
ion frequency *esults in higher sensitivity to some 
ditto-tiols in the acceleratron process. For example, 
acceleratisr on the 5th harrn,nic requires a five tiles 
greater accuracy in isochron-zation both in the radial 
v,?riation of the magnetic fit:ld and the constancy of 
ills. iieid <ird I’? dpjp, Ld F rtque>iiy. FUI iii; J red>oII, 54 
tit-cular trim coils are bein< provided. Al SO, in cer- 
tain critical regicns, the l,,L harlTonic’ in the magnet- 
/c field nust be kept below 0.2 G. For this purpose 
I3 seti iof harmnic coils are provided. The radial- 
longitudiral cou31 ing effect is also more critical in 
the ioki er-crqy region of T&!IJMF than i5 ordinarily the 
c a 5 e . 
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The External Beam Lines 

In the initial operation of TRIUMF, two simultan- 
eous lines of differing and variable energies will be 
extracted as shown in Figure 10. The more intense beam 
of 100 uA will be used for meson production. One pion 
channel will have energy variable from 50 to 250 MeV 
with 7+ intensities at the exit of the channel of 3 to 
30 x lo7 n+/MeV-sec. The intensity of the FI- beam will 
be down by one order of magnitude. From another target 
further downstream, a stopping 77 and p channel will be 
taken off at an angle of 135” from the target. The 
number of u- mesons stopping in the secondary target 
from backward decay will be 1 x IO7 u-/set gm/cm2 over 
an area 25 x 25 cm. The number of stopping u+ will be 
3 x lo7 u+/sec gm/cm2. 

The other proton beam line from the cyclotron will 
proceed into the proton hall where it will be divided 
alternatively into two lines, one with a maximum cur- 
rent of 10 UA and the other rated only at 0.1 uA. The 
latter will be used with a magnetic spectrometer and 
for coincidence experiments, while the former will be 
used with a liquid deuterium target as a source of 
polarized and reasonably monoenergetic neutrons. 

Conclusion 

Despite the technical problems described here, the 
labour difficulties in the construction industry which 
caused a delay of 4 months, and the burning out of the 
transformers in the main magnet power supply, which is 
delaying us by 3 months, we hope to accelerate a beam 
‘very early in 1974. The facility wiil be operated at 
an average of 1% of final intensity for the first 6 
months and at 10% of final intensity for the second 6 
months of operation. The experimental program wi 11 get 
under way as soon as a good beam has been successfully 
accelerated. 
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Fig. 1. LOWER SECTCRS OF MAGNET - JANUARY, 1972 

Fig. 2. MAGNET YOKES COMPLETE & VACUUM CHAMBER 
INSTALLED - MARCH, 1972 
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Fig. 9. THE SHAPE OF THE BEAM PROFILE AT DIFFERENT 
AZIMUTHS FROM THE DIFFERENTIAL PROBE. THE 
TOP CURVE SHOWS THE TOTAL TRANSMISSION 
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Fig. 10. THE TWO EXTERNAL BEAM LINES AND THE PLAN 
OF ItitlK INITIAL INSTALLATION 
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