
ASPECTS OF TH E DESIGN OF AN 8 MeV CYCLOTRON AS INJECTOR FOR A 200 MeV SEPARATED-SECTOR CYCLOTRON 

Z.B. du Toit , S.J. Burger , P.J . Ce l I iers, G.S.Z. Gua sco, L. Roe l s and H. A. Smit. 

Nat iona l Ac ce le rator Centre, CSIR , POBox 72, FAURE , 713 1 , RE PUBLI C OF SOUTH AFRICA. 

Abstract.- Ce rtain cha racter i st i cs, des i gn aspects a nd calculations for th e magnet, dees, ex traction 
system a nd centra l regi on of the inj ec tor cyclotron are re ported. 

1. In troduction. - A k = 8 MeV so l i d pole cyc lotron 
(SPC 1) i s be i ng des i gned and bu i I t by th e NAC as an i n
j ector for a k = 200 MeV separated - sector cyclot ron 
(SSC) which has an e ne rg y ga in factor ranging from 25 
for protons to , 20 for the heav i e r ions. I

' The beam re 
quirements fo r t he var ious fi e ld s of appl i cat i on are 
fairLy d i verse 2,. Good qua l it y proton, deuteron, 
3He 2 and a - beams up to maximum e nergy a nd IO WA beam 
in tensity as we I I as heavy ion beams up to Q/A ~ 0.25 

a re requ i red fo r nuclear physics and r e l ated ex pe riments 
whi Ie 100WA beams must be supp l i ed at inte rmed i a te e ne r
g ies for neutron therapy and i sotope p rod uction. 

2 . Mag net. - In desig nin g the SPCl mag net, we a imed at 
a good eff i c ie ncy by fol l owi ng t he guide l ines given by 
Howa r d et a l 3,. Some of th e parameters a nd cons idera 
tions wh i ch had to be ta ken i nto account , a re the fol
l ow i ng. Th e ext ract ion radiu s of 47.6 cm and the maxi 
mum average magnet i c fi e l d of 0.86 T at ext ract ion are 
f ixed by the matchi ng conditi ons to the SSC. At 
least 140 mm c l eara nce between the r f -I iner pl ates i s 
requ i red for the rad i a l insertion of an i on sou rce for 
heavy ions . I t mus t be possible to raise the upper 
yoke and po l e assemb l y f or easy access to components 
in s i de t he vacuum chamber. Du e to the relative l y sma ll 
pole d i ameter, the ave rage pol e gap s hould no t be too 
l arge, ot he rwi se excess ive trim- co i I power i s required 
to obta i n a n i sochronous field. Th e r e sho uld be su ffi
c ient ax i a l focuss i ng to keep the beam he i ght l ess than 
- 25 mm for th e 100WA proton a nd deuteron beams . Th e 
injector wi I I be used f or medica l appl i cat i ons , and 
down - t ime should be kept t o a minimum. Al I component s 
s hou l d therefore be easi Iy accessible for maintena nce. 

Fi gure 1 shows the f ina l dimension s of the 54.5 ton 
magnet wh i ch we be li eve to be a fair comprom ise between 
a l I the requ ireme nts t hat were laid down. The two 11 2-
turn vacuum impregnated co i Is for the magnet were con-
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Fig. 1: Dimens ions of inj ector magnet. 

Fi g. 2: Seal ing between vacuum chambe r and feedthr oug h 
ring. 

st ruct ed from 16 . 5 mm x 16. 5 mm OFHC copper co nductor 
wit h a 9.2 mm diameter duct for coo l in g water, the total 
cop pe r we i ght being - 1. 85 tons. Ei ght layers of 
windings were used for each coi I, and two adjacent 
l ayers form one coo l ing circuit. The exc itati on current 
i s s upp l i e d by a 14 0 V 100 0A powe r supp l y with a stabi 
li ty of 2 in 10 5

• 

To make the in s ide of the vacuum chamber re latively 
access ibl e , the upper yoke, po l e a nd feedt hr oug h ring 
can be I if ted by means o f two 100 mm diameter screw 
s hafts positioned on either s i de of the magnet. Ea ch 
sc rew i s d riven by a high-torque l ow- speed hydraul ic 
motor a nd the sc rews are sy nchroni sed by means of a 
roll e r chai n . The sea l ing between th e vacuum chamber 
and the I id i s shown in figur e 2. 

Al though t he o riginally spec i f i ed max i mum average fie l d 
at ex tra ct ion was 0.86 T , a va lue of 0.95 T was assumed 
fo r the des ign of th e magnet. Du e to a recent reque.st 
fo r 320 MeV j He 2+ and and 220 MeV a - beams f rom the 
SSC, it wi I I now be ne cessa ry to push the magnetic fi e ld 
up t o - I T. This requires an exc itat ion current of 
- 960 A a nd a tota l power of - 90 kW whi ch is close to 
the I im i ts of both the power supp l y and the coo l in g 
system. We a re, howev e r, fai rly conf i dent that this 
fie l d can be generated . 

The f i e ld ca l cu lat ion s were pe r fo rmed with a 3-dimen
s iona l re l axat ion pro gram which does not take saturation 
e ff ec t s into acco unt. An est imate of the satu ration 
ef f ec t s co uld howeve r be made wi th a 2- d imensiona l 
re l axat ion program and it showed that, as coula be 
expected at these re lat i ve l y l ow fie l ds, satu ration 
does not play an important role. 

An in teresting feat ure of ou r design i s that the sectors 
are s hift ed radially outwa rd s by - 60 ~m so as to obtain 
a n azimuthally averaged fi e ld which i s a l mos t flat 
in the r ad i a l direction. By doing this a nd by adding 
s hims 5 mm thick and 50 mm wi de on eac h sec tor at the 
extraction radius, the amount of trim-coi I power re
quire d t o produce an 8 MeV i sochronous proton field 
was red uce d f rom severa l ki lowatts to me re l y 40 W. For 
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Fi g.3: vz -values as a function of radius for three re
ference part i c les. 

the 4 MeV isochronous proton fie ld, almost no exc ita
tion current was required through the t rim- co il s. The 
degree of isochronism obtai ned, i s illustrated by the 
fact that the phase of a proton, acce lerated in the 
trim-coi 1 field, never deviated by more than 20 rf from 
the phase curve obtai ned in an i'deal isochronous field"' 
Th e v - va lues for three refe re nce particles a re s hown 
in fi§. 3. It must be s tressed, however, t hat t he trim
coi 1 fields are based on fields ca l c ulat ed for the given 
pole geometry . Th e rea l fi e ld meas urement s are due to 
start this month and we hope to be able to confirm the se 
resu lt s soon . 

By moving the secto r s radially outwa rd s instead o f 
giving them a radial profi Ie, we a l so gained the 
fo l lowi ng: The vz-va lue s we re increased (up to 50%) 
in the centra l region " , machining costs were red uced 
and more s pace was made avai l ab l e in th e valleys. The 
az imutha l l ength of the harmonic coils, espec i a ll y the 
inner set, could therefore be in c reased making them 
more effective. 

3 . Dee-an Ie and beam behaviour in r ad ial hase space.
In SPCl the rf freque ncy ranges from .6 MH z to 2 MH z 
and the 2nd and 6th ha rmoni c modes are being used for 
the acce lerat i on of particles. With 90 0 -dees acce l e ra 
tion occu r s at peak vo ltage . The use of 80 0 dees,however 
wou l d a l Iowa decrease in distance between the e l ec tro
static channe l and t he f irst magnet i c chan nel wh ich is 
better for extract ion. Furthermore, the sma ll er dee 
capac i ty would permit the high-freq uency position of 
the s hort-circuiting plate to be further away from the 
magnet, which i s des irabl e from a mec hani cal desig n 
point of v iew, and the bigger dummy-dees woul d a l low 
mo re space for the in sta llati on of d iagnost ic equ ipmen t . 

Th e work of Schulte 6 1 , howeve r, indicates that due to 
coup l ing betwee n the longitudina l and r ad ial phase space, 
a radial broade ning of the beam ca n be expected if off
peak acce lerat ion is used un der the fol l ow i ng conditi ons: 
acce l e rat ion on h ig h harmoni c numbe r s, low beam e nergi es 
and accele ration near the v r = 1 resonance. If 800 

-

dees are us ed i n SPC1, a ll these facto rs ex i st when 
part i c l es such as 12C, 20 Ne o r low energy a -pa rticles 
are acce lerated . A s tudy of the radial phase s pace 
behaviour of various beams of particles was t he re fore 
un dertake n . 

Ca l cu lations with a computer code were carried out fo r 
a proton beam having an energy and radial emittance of 
4 MeV and 50n mm.mrad respect ive ly at extraction 
(2nd harmonic) and a 6 MeV 12C3+ beam havin g a radial 
em i tta nce of (a) 12n mm.mrad and (b) 57n mm.m rad (6th 
harmonic). Fo r each case e i ght partic les, l yi ng on an 
e igen - e ll ipse, we re acce l era t ed from near the ion source 
up to extract ion. In the case of the 4 MeV proton beam 
no apP3rent dif6erence between the phase-space diagrams 
for 80 - and 90 -dees was observed. I n the case of the 
phase-space diagrams for th e 6 MeV 12C3+ beam, however, 
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Rad ia l phase e lli pses at 1800 on 2nd, 5th and 
9th orb it s for 12C3+ beam accelerated in 800 

(left) and 900 (right) dee systems with CP - phase 
corrections and havin g an emittance of 12n mm . 
mrad at the extraction e ne rgy of 6 MeV . 

a distortion of the phase-space d ia gram as wel l as a 
prgno unce d broadening of the beam could be seen when 
80 -dees were used. Th e d i stort ion disappeared after 
a correction for central particle phase was appl ied . 
Figure 4 s hows the phas e diagrams for 80 0

- and 90 0 -dees 
at an azimuthal ang le of 180 for the 2nd, 5th and 9th 
orbits. I t is c l ear that the beam accelerated i n the 
800 -dee system spreads during acce l e ration to more 
than five t imes t he size of the beam of the 900 system 
in the extraction region (i.e. the 9th orbit). Even 
with an em i ttance of 57n mm.mrad, no s i gns of in sta -
bi 1 ity could be detected in the case of 90 0 -dees. 

These resu lt s c l ea rl y s how that an 80 0 - dee geometry 
i s not acceptab l e for accelerat ion in the h=6 mode and 
as a result, SPC l is now be in g designed with 900 -dees. 

4. Extraction.- Th e extraction system for SP C1 consists 
of one electrostatic channel (EC) extending from 1770 

to 2190 and two focuss in g magnet i c channe l s MCI and 
MC2 (figure 2 of reference 1). A maximum f i e l d st rength 
of 90 kV/cm on the EC i s required to ext ract the 8 MeV 
proton beam. I f the outer set of harmonic coi l s is 
used for ext raction, the fie ld strength can be dec reased 
by - 1.3 kV/ cm per gauss of f ir st harmonic component. 
Thu s , in principle, the fie l dst rength cou l d be redu ced 
to 60 kV/cm fo r 8 MeV protons. Fo r the lea st favourable 
case (i . e . 4 MeV, 100~A proton and deuteron beams), 
the calculated extract ion eff i ciency i s more than 90%. 

Extraction sta rt s before v r = 1. Durin g subsequent 
transit through the frin ge field, the particles expe
rience a very st rong ax i a l focuss in g force and the 
beam crosses over sha r p l y inside the dee (fig. 5.) The 
dee is cu t away at thi s po i nt to al low the use of an 
active magnetic focussing channe l - 10 cm. l ong. The 
required gradient in this channe l i s 24 T/m for the 
8 Me V proton beam and 16 T/m fo r the 4 MeV beam. When 
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Fi g . 5: Axial (A) and radial (R) envelopes for a n 
8 MeV, 12n mm.mrad deflected proton beam. 
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Fig.6: The geometry of the magnetic channel MCl as 
a passive channel (a) and an active channel 
(b). The resulting flux densities for 4 and 
8 MeV passive channels (c and d) are contrast
ed with the active channel results (e and fl. 

used as a passive element with a cross section as shown 
in figure 6, the desired gradient for the 4 MeV beam is 
obtained, but the corresponding gradient for the 8 MeV 
case is only 18 T/m.4) Activating coi ls wi 1 1 therefore 
be used to increase the gradient. Figure 6 shows 
the calculated maximum and minimum gradients obtained 
in the two fields under consideration when 14 600 
ampere-turns are used. The first harmonic component 
caused by the field perturbation due to this channel 
is small. At 40 cm we calculated 10- 4 T and at 45 cm 
7 x 10- 4 T. 

In the second focussing channel, extending from 3500 

to 3650
, an average gradient of -4 Tim is needed to 

produce the required beam properties at the first 
dipole in the beaml ine. As we want this channel to 
provide horizontal steering as well, we are presently 
designing a C-magnet for this purpose. 

5. Axial acceptance calculations.- Prel iminary calcu
lations have been initiated to determine the possible 
influence of the acceleration gap height (H) and the 
inclusion of a magnetic cone field on the axial accep
tance of SPCl central region. The electric field in 
the acceleration gaps was approximated by a Gaussian 
distribution and the vertical acceptance was determined 
by calculating the transmission matrix by means of an 
orbit code and projecting the acceleration gaps on axial 
phase space at 900 behind the puller slit. In figure 7 
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Fig. 7: Axial co-ordinate of gap 1 ips as projected 
onto phase space at 0 = 90 0 (behind the 
puller) for 8 MeV protons. 

the z intercepts in phase space of the projected gaps 
are plotted as a function of radial distance with the 
gap numbers indicated on each curve. Also plotted as 
horizontal straight 1 ines are the maxima along z of 
the projected eigen-el 1 ipses. 

The three sets of curves were obtained for a gap height 
of 40 mm with and without a cone field of 80 G, and a 
gap height of 20 mm. Similar curves were obtained for 
• 4) 
Z 

We found this representation very useful to evaluate 
the effect of different parameters on the axial accep
tance. Noting that the curves show singularities at 
those positions where the ions cross the median plane 
one may deduce an average vz-value from these graphs. 
The results yield vz-values of 0.1, 0.12 and 0.13 
~es~ec~ively. Increased focussing, i.e. greater V z 
IS Indicated by a shift of the whole pattern towards 
smaller radi i (lower gap numbers)\whi le increased 
acceptance is indicated by a raising of the minima. 

Another parameter to be studied by this method is the 
starting phase. We also intend using these curves 
to determine the optimum position for the axial sl its. 
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