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STATUS AND RI3SULTS FROM THE TR30 CYCLOTR.ON CENTRE R.EGION MOnEI, 

W. Klecvcn, I’. I,anz*hl. h~rDonaI(!, IL’? Milton, P.W. Schmor, H.R. SchncGdcr, Ii. Jayamanrta. 
.l. Swat, W. IJzati and W. Gyless 

1’lill~AfF: 4004 U’r~dm~ok .Iinll, limronver, B.C., Cflrmcla I’fi?’ ?A 9 

Al)StrXt _--- --. 

ii full sci~:v rnoi!i!l for this cc:utw wgi!lu of ilw romlect 30 IvlrV. 
:E,O ,!A H- cyclntror (‘l’lc30) has bran corstruc-ttd. to test the C!P 
hip of criliral ~:ornporicvits and to stutly Iwarn propertics arId spat’? 
rharg~ c~ff~~c~~s out to fhr 5th turn (I LIP\‘). ‘l’he ion source snd in- 
jertion line iystr>rl~ duplicates that used ill tl8c’ ‘1’1130. ‘1‘hf~ rflrtrr 
rty,ioll cali Iv, ivcww d with diagnoslic prohcs at four difti-rrwt X- 
glrs. ‘i’hr ~~orn~nlized ci rrulat ing cwitt.a~~crz- iLs estimated from beam 
pdilc rll~~ilF~1r~1r1~~~~ts a~(’ 1 .;a mm mrad (radially) wtl I .R71. mm 
mrad (vrrtically). The radisl cvntwing errc~r of t11v lwam is IPS~ t ban 
1 .5 mm. Afftw initial irsls t,hc> masiniunl illtrn+ly achic-vcv! at this 
5th tltrrr is 650 /LA This rorrr~spo~~:ls with n transmission rflicienc-g 
IIf 12.5% for a tor:tiniloui (rlor~~bilnclrc~tl) illlbut 1 )ivim Yo siClrilic,;i!lt 
spaw charge cfj’+i-fs arc ohsrrv4 up 10 fj’i0 /1,2. 

I+i)r thr, ‘I RX hunching is I:ot a nw1t lwr;~usc~ of 1hv higli vui 
wnl av;iilal~It~ from tlrc sours. NCvrfth14Pss. it wa5 rr~nsidiwd uwful 
10 study hrb;!In l)unchillg for t hr! (‘(wtrv I311~ion +clo!rorl ((-‘Ilr’). 
Sornc of thiw rcilllts iw rlrsc-ri!wr!. 

1. lnt,rotllrc.liiul --._.. 
I)ririlrg tl <’ psL lilo yi~:h TRlt~hIF ha\ hiei c(sr)lwr;itiilg viii II 

Flrco 1~1~1~~5lrit-, 1,(1l ill tlehigtline arl~! roilhtrurtivg tlir, II- iv)lcyf~ 
prod~:~.fi,~l~ r,yrli,tri!n I’R3O [ 11 The li35ir ~(~,lllil’~,irll~rlt:: fur I his !I,+ 
chir~r are i) an arr4vaWd t,rwm intcw4ty of ilt Irnst XT’0 11.4. ii) iw 
wtt~risl Im~n linil\ ~~;tc:h (~;~p;~ble of cr1rrvut5 111) to 2l)O 102 ant! iii: 
wcrg>- variatio 1 frurn ls5 te) XI MeV. ‘I he c‘~rntlwt rtquiws that lh(, 
c:yrlot ran h, mrLstmcted and rommis~ionr4 u’it hill n tirn~ pried of 
mt mow tlkm 1X ninnths. III ordt~r to 1~: able 11) test iti iiii wrl> 
stage the dwig~i of critical compur~r~~ts like the spiral inf!+~rtor and 
tlw (1~~6: c.ollfigllr;lt’r)rl ill the wtltrc,, ii full scale rnotlcl of the, ‘I’IW! 
IYWI 71 rrpiiw v,as li!lill.. This V~r~lrc~ Hi$rni Cyrlolri,ll i (‘RC’J / i)rL I)( 
elsn IISW! to at’ldy hram propcitirs. spaw ~hargr rffdv-ti antI iis 8 1001 
in ai-hic~?~ig ai I~igh as I~<wil)le curl~,titi. ‘l~l~ib pay I‘ II< b(...:lwh t!lt, 
esp~rim~nlal arrangtmwt alit1 thii rrhults olit;iirwd so far. Hf~-;tlw 
4)f thv high currents a\~aiInlile from thf> ion SOUT~I~. lh~ 1~ill11 irljw i/v! 
into thr ‘1’1~30 is I:ot bunrhrd. IIowt:~c-,r, with the exist.ing ~1 up id 
thcb (‘II!‘. not IIIU& ;tt!rIiiir~rraI r~frll~t wie Iquirlvl to iristall a114 Icsl 
a simplr, hirrchw. 

Ikxt ttincr scalllier 

‘I‘hP (‘I?(’ RCC~‘l(‘r;lll+ tht* first ii\? 1 I,r,,b iI, l,l, “,i”,~;y i$f I LIP\‘, 
rorrwq~ondilig with a radius nf z 12 cnl. l‘hr pcilc rztdilir is Ifi cm. 

Isoletlon vnlve CRC 
/’ 

Turbo “UIilLl .- -. __ /’ 
‘. ii’ Beair: stup /” ,.-.- i’ _, 

2. E:xpwimrnt,al Arrnngcwwnt 

A schwnatic wtwiwv of tlLr ~~xpcvlmrnt,al set up is fiivwt in 
Ia‘ig. 1. The main parts arc’ the ion sol**cc, lhe ilijwlioil Iiw ;~nd tht, 
(ht w Krginn (:yclot.ron. 

The ion sourw IISP~, makes fcasit+ acrrlwatrt! Iw;im GUI rrnt+ 
in tht- TR30 of 500 11.4 or more. I1 ib the high hrightntw dc multicusp 
source dev&;wd at ‘I‘RlU,\II~‘, from which an H- cnrrt~~( ilf 7 rnA 
has bern extracted within a normaliwd emillance of 0.35~ mnl-mrad 

at an arc power of 3.5 k\V. The emittanrr scanner. rontailrctl in the 
diagnostic box ran he employed to stlldy the inflrlrnct~ of sourw mod- 
ifirat ioIls on the% quality of I he lwiinl. Two wts of $1 wring rnagnri s 
are mount.ed directly aftrr thr, sours rst.raction sysiw~ to correct 
arty displarnrnent of thr beam. A drt itilt’d dcwriptio:~ of thcx so,t~w 
has hrrn given in Ref. 2. 

An important fiat 111-v of 1ILc injc,clirln lii~tt is the h;uw ch;agr~ 
ncvt,ra.lization of tht~ 25 k~\’ H- brant. ‘IYic maili ad~i~nl;~~~~s of 
thi: nw t hilt t ho ii~jwl.ii!u liti<- set lings Iwcomc: jul4wsilj. indr~pen- 
dmt, and that emittanre growth dur to nowliriear space cirargr force+ 
is avoidw!. The basic rlcmc,nts in thr injection li1.v w: the tv,,.) 
r~uadrupolrs and !hr~ soiivciid. ‘I’hf) two rlrladri1pol4v ciln Iw rclt;ltt,fi 
around the optical axis. ‘I‘hc rnezisurwl Iw;~.nl I ransrnisioil iti lo t hr, 
c~clotrot~ variw approximatc~ly 30X fur ~ju;ldrlij~~lv rrlt;itiosis ovw thv 
ruli range of fc)O degrrw. The aperture radii of the aoltwtid (5 cnl ) 
and the quadrupoles (2.5 cm) has Irwn rhmcn such tllat tilt. w[lit 
t,anw growt.11 d110 t,o i~lih;iiiorrs i: 1~~5 tlmv 2% [:$‘. ‘1%~ ~msiticiri r:l 
the sours with rwpct to Lhr ryclotron was opfimii.4 in ordrr :IJ 
oht ain high twam l.ranLuiissioll through t hv illjwli~~n line. ?I‘> l)ir;:lly. 
hr au ion scw*w c’urrcwt (II 3 m.4 WC’ lf~oh( ’ ;\;,j)r’)xirtl;llc,l!. ii10 pil 
on thr bram lint rollimator and 100 pA on thr inflcc-tilr cc~lli~~~~~to~. 
A tilir4 spiral inflr,tl~u will! 31~ vlwtl-ic‘ ht~lr~lirlg r;rili~~z- i)i 3.7 liiul ii 
uod to lwnsl 111~ lwarti illto Ihr> nlodiilu pl~uv 21. tlJt;II voltagi~ of 
z 1.1.5 k\’ ai‘rosc thil n mm onlrancr al)PrturP is iwrvlt I! Rv r,plir:ili:~~ 
tr;tnsnlission. No significanl twirnr spill (5 100 /04 ) ii otlwrw4 (PII 
t,l!r> clrctrotlt~s. ‘I‘l~e r,plir;sl p~‘o~wrli~~ of llics iliflwt<~r wwo PI ui!iwl 
exI?rtsivilly [4- 71. 
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Fig 

Diagnostic box cry0 pump 

1. Lay-Out of thr expcrirnental arrangl~nrrwt showing 1 IIP ion-souve. injeclion Iin<> and C’rn1.w Krgiol. Cyclotl 
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!On leave irom lh Uhiversitp of Slaniloba, Chada 
f FSh Ir,itll,tri< k Llil 7551 :Alil+~rbridgi~ Way. Hi: ht:lon,I II C’.. (‘.in;3fla ‘r‘i,X ?bi 
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‘I’hc tnagnetir field was mw3urt:d witl~ a Ha!1 probe mcwntwl 
on a computrrizrd X-Y mapping marhinr. ‘I’hr maxirmlrn phase slip 
calculawd from thr field map is lrss t,han 12’ rf, which ww colrsidrrrd 
tolerable. Unlike thr ‘I’H30. the rf of the CRC runs in a self-excitwl 
mntlc. The dec-voltage ws determined by .X-ray cntl point nwasurt’- 
ttlonts using a (:e semironductor detector. For SO k\: operation an 
rf-power of ‘v 8.5 kVv’ is rrquired. Dre-voltagrs at different rf poww 
IevA www also deterrninrd from ont’rgy gain per turn data ohtainrd 
from thr, mcrtsured turn spacings. The c~nergy gain as a function of 
radius was found to wry Y 10% due t.o rf phaw slip Thr r~sulis 

_( agrrrd wrll wth T,~P X-ray callibrations howrvcr. The ( RC can bt, 
arrr~ss4~rl wilh tiiairrwstic prohr!: al. filur diffrrcwt angl63 j two in op 
posit? valleys and two in opposite hills). Diffwrnt probe heads have 
been made such as radial differential and wire probes to d?tern!inr ra- 
dial brarn prr~filr~s and vsrticiil crntcrir+r, prolws and a 5.finprr prohc 
to dt:tc?rminr vertical hlaani profilw. Thr prtrh brads arc driven hy 
cn~npul~r contrtrllrd strppil~a rnotorh. 

3. Hrsults --_.. 

In tho hqr,iuni~~g of Ortr~twr I!F!) rhc, first twam was achieved 
;i.itl~ iln intvl~iify t,f 100 /dA1, I’iguw 2 ‘ihow’~ lhc, inlwsity distribllf Lorl 
nf thi5 bcwn ah a funrt ion of radiu4, nvaiuretl in the middle of a vallq 
with a ratlial diffvrrntial prohr, Since tllr input beam is dr, the, rllajor 
part <If it H,i!l t)(: 10~1 in the ciLI:lrds of ill+, ryl,lotron. i\h citli 1W Sl’f’l’ 
from t‘ig. 2, a sigilificarit part of thr brwn is ar~c~l~~r;lttvl up t.0 thr tiryt 
i~tlf turl~ ! two F;;ip crr:,siirl~z.) l,ui t,hivi i. lo+t hvtivrw1 turn 0.5 anti 
1.5. In thr nwl full I.nrn, another Xl’%1 of lhrb hrnrn is lost vrrtic;ill> 
duo to tltv ~I~~fwu~sing ili.iion c~fthc atwlcrating ~~Iwtric fivld for large, 
ncyqative rf ~,II;Is~~F. N,) further losx:s ATC~ olbwrw~d hrgond tlir> swwnd 
turn. 

‘1‘11~ m~i~.iu~tvl IO0 /‘,I l~a~u inlrnsiry aw~>~iut~~l for 11% oft ht, 
in])ut lrram ilt tl v inflwtor f3ltrilnCt’. corrPspnnding to an rf phase 
acrcpt HI:C~ of A0 deF;rew. ‘I’h<, m:aimum intensity at thr 5th turl! 
oht.ainrd SO far is 650 1rA for a source rurrwit of ii inA. I’or this cast 
wr wvria al)l~~ tf> riiiw I hr translni:sion to 12..5$:, hy iucrcasing t,llt> 
di~~~-~ol!aev from z 50 kV 11) z 55 I;\:. l;iglirc- 3 shows I he m~~asurrd 
licartl tr:i.nsmission from the ent~alrci~ of thr inflrrtor t0 tlir 5t.h tllrn 
as ii flrnclion of d~v-\-rrltagt‘. This ruwslir~wt~ni was donr using :I 
smaller version of the; ‘I’R30 s~urct~ which producc~ I tn.4 II- in a 
r~orlu;rlizwl rImit t ante of 0.12~ Inn1 mra~l. Ibr tllis wlilt;l:lc-t~ t II<’ 
tranevcrsc bc~;rrn loswi: in the first fwv tl~rus are srnallcr thrn t% 
thp TR30 snurrv, lading t,o an rf ph:iw ii< cq)tarlc*~ as high ah S-1 
tlegrtvs. ‘I‘hp drop in tr;msmishiorl for high dtv vnltagcs is ra~~srd hy 
c~xci~s\iw clrvgy qain in thy first turn rt,sulting in thr twam hitting 
a wrt ical pwl at lhc I bird gap rrossing. No loss of bransmissinn 

Iill I 1 I I I 
i 

I>, 
,/ “__P :,--. 

., +_, *., I I 
‘,,“. 

I f ; i~-y‘~~~ 

i’ : 

~~..,~,f%$~?~~) 

I 
j I 

i! ‘8, 1 v “\; 
I’ I\ 

I I I i n 0 ,rj r: I / 
‘! \’ 

I \I\ 8..’ 
I j, 

‘1 I ‘i 
I *ii!t-rt~,l!l.!l 

2 I\ 
\ /l \ I\, i’\ 

II r ‘1 , \.Y- 17 i _&>., :: +\ 
IL 

_,. 2JJ,z..;aIr& Jr4 
T----‘-l 

i.‘+* ,f.“& 
I 

r 1.1 i; 1: ,- Cl 8C !i i- 1 lf:11, 110 ‘zr:, 1 T,,i : 
,,ji,,‘, i’,- I,, 

,‘,: 

.,;: 17 
,-\ 
._ 

‘F, *;\ 
,.,) ICI 

( 
I’/ 

5 

2 I,, 

II 

4 4 

L 

..I~.~II,* * f>.,ib 
c..-“’ ’ t I],,“,: i). 1,:r: ‘-,-,I, I n- c ‘.l cc 

.” -0. iv ‘-3 
il 

__ “. 
*. 

/I 

‘I 

L” 

7. -<i 
‘* <I 

q’,: 3 -I ! .:: j-,‘J :-, ,1 

(j< /’ L,L’lt :;qc (L.? ! 

I 
ii., ‘.‘F’ 

Fig. 3 Trarlsmission of tlw beam from the- entrwca of Ihe infltvlor 
to tlw 5th turn as function of thr &r-voltage. The measurement 
.*a3 donut fior a 3rnaIl,~r v(brsii)n r;T the TWKI wurcf havir~g an remit- 
tancr of 0 1zn mm-rnratf. 

with incwasing Iwarn intrnsity indicates spart’ charge f0rw.s art’ not 
hig]Gficant at least up tn 650 jd,l. hlorwwr, tllr injtWion line settintv 
arf found to be almost intensity irtrl~~I~~~~~~l~~]il,, in(lic.ating good space 
charge neutraliz;ltii.ln 0f thr beam. 

‘I’hr vertical lwarn profile was tr~tv~.sured with a S-fingrr probe. 
The rn;uilnul~t half bi53111 5i7c way found to be 2.5 mm (rnb) wrre- 
spwding with a cirwlating normalized rmittanwof=:1.8~ mn-mrad 
(aith a. calwlatrd vaiue for v, of 0.4). A rough wtimatr of the radial 
rmittance can br obtained from the differential probe! SCXE such as 
given in Fig. 2. Since the maximum in Pnrh of thr peaks corresponds 
with t IIP rcwt raid of t hv phaw ~parr distribution, the IbroadPning of 
the turns at the right hand side of the peaks is solely due to ra- 
dial emittance. The tuasimum width (runs) of this rdgc for diffcrcnt 
turns and different azimuths is found to he Y 1.5 mm. This cor- 
rrsp0ntls to a circulating norm;tliwd emittanw of ZI .7K mm-mrad. 
‘I‘hr cwittanre grwvt II factors (5.1 vertically and .I.!) radially) are in 
rr~;wctnahlr agrwrn~nt with tht* factors 4.0 (vrrtirally) and 1.7 (radi- 
ally) ft,nnd ironI rnatc,tlina ralculatiolls donr with thv coluputt~r Code 
‘I’ll nYSOI”I’R[X.!q. 

Figurc~ 4 shows tlw nwasurwl orbit centrt~ tlispl;lcw~c9t of the 
beam ab a function of turn nurnhrr for four dw-voltages. This rosuit 
witi obtained from dilfwcni ial probe> s~‘ans in !H’O opposit? WlleJ-s. 
using the formula y, = (I’, +- ;$I$ - 3f$ - f$j/P, whew PI and 13 
are thr radial pfwitiolis of the turn5 in o*e vallry. P: and f$ t.hc+r 
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Fig. 4. Measured off-cenlrring of thr beam for four dee-voltage3 as 
obtained from two differential probe scans in two opposite valleys 

Fig. 2. Diffvnt,ial protv wan in the valley of the (XC:. 
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positions in the opposite valley and yr the projection of the orbit 
centre on the mid-valley line. This formula is accurate up to 2nd 
order in the energy gain per turn. For the design dwvoltage (Xl k\‘) 
the beam centering error is less than 1.3 mm. Similar measurements 
were done in the hill gap. The projected orbit centre displacement 
on t,his azimuth is smallrr than 0.5 mm. A radial emittance growth 
factor of 2.6 may be expected[lO] f rom the measured off-centering of 
1.3 mm. Also investigated was the iniluenrr of asymmetric inflertor 
settings on t,he orbit rentre displacement. Since fringe field effects will 
be differeut, one might expect a different radial kick at the inflector 
exit. The nwasurmlents show howwc~r that the horizontal steering 
by this mcrhani~m is minimal (less than 0.5 mm orbit centre shift for 
an asymmetry in inflector voltage of 2 kV). 

All of tha: foregoing rneasurcmmts ww done with a rlc input 
beam. To detwmine what improvcmeut wrruld bc possible with a 
bun<-her. n singIrT Z-gap first harmouir bunchcr was installed in the 
only space available along the irljwtion line, brtwccrr thr diagnos!ir, 
box and the isolation valve (we Fig. 1). The transverse beam size at 
this location is approximately equal to 13X. i.?. the distance trnvellrtl 
hy the beam in one full rf prriod (zz 3r1[1). Transit timr effect,s aw 
thwefore important. Particles at the edge of t hq beam have a t ran 
sit time factor which is considerably larger than nu axis, rwultirrg 
in a transverse lol:gil:ldinal coupling that reduces the bunching cffi- 
rienry. Morrovrr. the non-linear brhaviour of the radial drfocussiug 
at the buncher gaps li~mmc~s also more inlpor!ant. A semi-artal~tic;tl 
Inod~l wa.c dcvt>loIwd to study t !I~SP rffwt.s as a function of beam and 
bunchc>r pararilctt~rs[l 11. 

In Fig. 5 we give the calrulatwl emit tancr growth due to rf 
phaw mixing in thr radial phase space as a funrt ion of the bran1 
+wv*lolw (hunc:~rr aIwrt lbr~ radius is 2.0 (,r:i). Tl I<% solid line illustratt~s 
thr result for a linwr aI’I,roxinl~ttioI1 of ttic, transverw optics, whorei~s 
thra dashed lint, corrwponds with th<> ac.tlial non-linear op’j~s. l*‘o: 
thr CRC hram (f., Y 1.5 cm, (jrr;f =5or IIiiIl-mrad (0.35r min.rnratl 
nornializcd)), an cmittaucr grw~t,h of 1 IT mm-nrrad (O.OX;r mm-mrad 
normalized) is predictrti. 

The measured huurhing rlliciency ai function of the accelerated 
unbunchcv~ brarn rurrcnt is showy in ts’ig. 6. .4t lw,v intensities there 
is a factor of 2.5 increase in current. ‘l’his is in rrasonablr agrwrtlcai 
with the fach of 2.8 pwdir 11~~ by f,tlr, wrr:i. arliil$ir~al mods!. Ai 
higher currents thr 13ffiricwry drops due to longitudinal space rhargr,. 
Ilowwrr. at 200 /dlZ Lhrr0 is still a gaiu of allrlwt a fwtctr of 2. 
htoreovrr, a FubSt antiA itnl~ro\~c~trlcr~t woul~l lw possibh by rrdrtcing 
the beam size in thr bnnchr~r ap~~rturc. 
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Fig. 5. Calculated emittance growth in the 2.gap first harmonic 
buncher due to rf phase mixing. Thr solid lin? assumes a linear 
approximal,ion of the optics. The dashed linr corrrspnnds wit.b 
thr actual non-linear optics. 
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