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ANALYSIS OF THE MAGNETIC FIELD MEASUREMENTS 
OF THE MILAN SUPERCONDUCTING CYCLOTRON 

G. Bellomo, P. Gmaj, M. Pinnrdi nnd L.RosJi 

LASA - INF‘I’G and University of Milan 
Via Fratdli Cervi 201, 20090 Segrate (Milano) I 

Al~st.ra.ct: The analysis OC the magndc field measurem?nts 
of the Ylilan S~1~~er~~~~~(luctil~g C’yrlot r<nl is rcpctrd. ‘I’hc be- 
lial;ic)ur of t1.c~ avrrage field and of t,he main harmonics have 
hrrn irlwstigat.rd over t.h? op+:ratirlg rangr (& -2 2f4.8 Teda). 
AIL ~~l~dr~,st;uidi;lg of 111~ n~i~gnctic fic,ltl in~prrfdioris, utaildy 
consisting of a largr 1”’ harmonic, has I)een reached and the 
ro~~ll~il~rlt.ii~nr~ I’ IIII~ ihe tlifY~~writ t.c-81l1p~~~urrits of the machine 

(tnailt coils, (ryvstat, pole stct,ors, yokr) evaluated. Finally an 
ihlliilvbih of 1111~ large forws i>cting 011 the evils is prewntd. 

The first field mapping of tlbe Milan Supercondllcting Cy- 
clotron was c~arrirtl out in Fcl~niary ‘X9 and a preliminary anal- 
ysis \vitll thr ltiilin rt~slilts Ilap hcrii ~rr~portril in [I]. Pollowin~, 
a. major c-ha.ngr in the schrdnle, the next field mapping is fore- 
s<v*: in spti11(: ‘!jl irt LNS iu C’atauia [2j, ‘Lhc~let~w t.l~r allalysi5 
has l)wu pushed as far as possiblt’ iri sipte of the reduced num. 
brr of’ rtiaps irnd 1a.ck iIf so~nv fu~d;~m~~?,al data. The hardwarr 
utiiizd in the mwtsui.ements has IIFPII drsrrihrd elsrwhere [RI. 
Tl IC A~s~~~I~I r.(,nsihts of :* J)iir iril,h WI flil) coils, 1 ctn spz~wd. 
nio~-ing with a Iniiiiruuirh a~~gular S?PJ) ill 2”. The sensitivit!: of 
t II<- Jiip rc,ils 1s I .X \‘d/‘lCd>l anti 1.hr.y 1iarr htw1 calihritk~l 

iu it coI~velliic~nal ulitgurt at 1 ..5 ‘l’rslii. 
‘I’ll<, ~l~r,~~:~llr(.i~~(,i~t a.ccuracy was cher~k& Ihy investigating 

ill?> I,r~lli*vii,llr UC tli,~ zi”c’r”&,’ -1 fil-lt! aili t!lr i~irirasr of l.lic irctri 
field in thr, ~angr 2L 5 Trsla: it was found t.0 he withhi t 3 
(:arlss c1r alwu1 “0 flip coils; solrw show31 consistent tleriittion 
fr~tn lirir%arity, whrw~as 5 Ilil) coil5 hail a.*~ cwabic behil\dolll. 
silcll tllat th~*ir vii111w wcrc rrpla~c~l II:,, a fittillg. 

A syst~mat ir wror was dct.c~leti during the harnlcmic ;tnaly~ 
sis ZL~~CI wits l;lt ta:’ checked with ~~~~~l~~~ni~~~l Illei~sllre~n~nfs. Th<, 
crmr was B :jirlcalike 0.05” supxiruposwl on tllr uotninid CY))~ 
st.zmt 2’ step; aud was founrl hy investi,qat.ing thr vnriatioris of 
the l)“‘! and 1”’ hrtmwrGc w11en the rrliltive position between 
the fiip coil ha.r and the angular driving systenl was changed. 
Sl1c.11 a*, errc)r dew-: niut inflcence neither t,hP average field alld 
the main ha.rnlonics 11~01 t,he 7”’ one hut strongly affect5 a.11 the 
olhc~r iinpd~c-tiolr harlm)nic6. 

Main Field _----- 

Averagr Field : Fig. 1 shows the operating range of the 
cyc,lot wn magnet in the space of i?s rnaiu coil excitations. Thr 
two coils cor:lbine to make a field which is nearly isochronous 
for a givrn ptrticlr, thereby greatly itducing tile rrcluird trilrl 
coil power. The n coil is closrr to the mdian plane and is 
higg:rhr t hnn 1 hcz ;i coil. Superiniposed on tile oprrat.ing rangr is 
a regular grid of points; t.hcse were the excitations that. served 
as the basis for the Inapping array. The grid has been ohtainec-i 
by the int rrs+ctic)ir of the the magnetic flux con?our lines, 31,, + 

I#? - cmsf., with the lines givrn by O.r!r,, - r;j 7 m71.~1. (0.8 is 
approxiruat.ely the turn ratio Arfj:N,,). 
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Fig.1: operat ii)g tljagtan~ with thP nlapping grid. Contour lines d 
the magnetic flux (dashed) ant1 of the difference in Yd harmonic 

;rn~plit ude ((;auss j at radius 7% cm. 

cfncc the air cow field of thtx coils is suLtra(.td froul tile 
mcasurcd average field we ohtairl the “iron” firltl. It has the 
calculated radial shape ztnrl small level difft-rrnrr of thr order 
of 100 Gauss, wc>ll within t,hcl coils capahi!ity. ‘I’llr~ iron field 
increases smoothly wit.h the firld level and was possible to fit 
B,,,>(r) in t.hr whole rangr by ntrans of a. third order polynon~ial 
at -1% Gauss rxcvpt for the maps along t,he lnininluni flux line. 
5cc fig. 1. 111 particular 1 he tn”p at kfl -h)?f~vll of tlic grid 
shows a sharp change in the iron firld. probably &cause the 
the B coil begilts to dr-magnttixr the circular iron pole. 

FiPld-P\~~du!a!.ion : The 3’” harmonic is alniost coilstwit 
over the whole operating range of the cyclotron and within 1% 
of the calcu1aut.d value. In fig. 1 are plotted. with solid lines, 
the contour lines of t,he increase of thr 3rd harmonic amplitude 
front t,hr minimum valur (map in tllc left corner) at r-72 clli. 
The variation is less than 100 Gauss while the field level in- 
crease from 2 up to 5 Tesla; the phase is cwbti~nt jvitllin 0.4’. 
The behaviour of the amplitude is surprisingly different from 
that reported for MSU K1200 [4], b ein our increment contour g 
lines almost perpendicular to the flux contour lines, whereas 
the phase shrnvs the same’ trend with a smaller range. This 
fact is not easily cc-)lnpr~~hellsible, bring the Inaglwtic structure 
of thr two cyclotron very similar. 

Proul fig. 1 one c&n see a weak cl~~pe;~danw r.)f the 3’” 
harmonic on the i,,‘I, along the minimum flux contour line, 
whereas at, hipjim firld it ulain1y drpcnds on I,. This confirms 
that whrn Ia goes to negative w.Jues and I, is relatively small 
the nqnetization st,n:ts to changr. The wliule analysis, in- 
cluding also the higher harrnoriic~, shows t,hat the assuuiptior: 
of full sat.uritt,ion of the iron poles used for the machine desigu 
is quite good also at I3,r 2 Tesla. 
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Trim Cc&L The behaviour of bhe trim coils shows R strong 
dependaurr trn the field lwcl, especially below 3 Tcsla. Whilr 
thr efficiency peak at 4 Tesla is 15% higher than the air core 
calculation, at 2 Tesla it’s 40%) ltigher, and also the radial 
profile is som~ltow modified [l:. The dependanre of the trim 
roils efficiency Ott the field level and radi~ts was found lout is 
not presently ])ossible io evaluate all the parameters lwcausr 
more dat,a are required, especidly nicbre ntaps at low field. 

Shiintning : Only a sum11 correction is ttwdrd: a .I .5 milt 
thick shim ftotr; r-83 ctn to r=90 cm CTVPI‘ the fuli width of 
the pole tips. It’s wrll within Ilira ttlargirt left. for thr calc11l3 
tion uncertair.ty A tnodification of the central plug is nrrtlerl 
init. it. was drcidrd tc-1 wait for t11 * cr)tifirm:ttiim iit t I:r tlrx1. 
tneasurefnent~s. hecause some tloltbls are pjvett by a flange that. 
was fa>uttd slightI>- rnqqnrt,i:sc~~l (il wR.5 it~irlr out of dill;~ri;ttl 
stainless steel than ordired). 

Field Itnperfecticm A nalwis 

The imprrfectiotts of the n~agnrt have beet1 investigated 
mnitlly l)y looking at the ittiperfcctioti lrartrmnics. The lSt hat- 

trtonic is twlow 6 Gauss frottt the magnet cettt,er to 11-75 clll, 

from where it starts IO incrrase suddrttly, rraching a tttaxi- 
ulutn 0: 40 Gauss new the pole edge. i5lthough it. was clear 
that some of the 1”’ ltarntonic was due to t hr &-center of the 
measuring system, the correction wits tli>t possit,lr urtt,il wit5 
foutld out tlte atte;ltlnr stq) mm 

Aftrr retttovittg t,his wror, tile ilttl~Prfrctian hartrtonicrs, frotti 
2’ld to 7”’ were wed to evaluate thcs off-cntt er of the nteasuritq 
systetr~. The -ialuc is of ihe order of 0.3 ttttu arid it, dtangrs oi 
k-O.05 nit11 whrti t.ltr sj’sf,etn is disnto~~rtt~rd and rrasset~tl~lrtl. 
The 0.3 nitit off-center has a strong ittfluertcc *it the 1”’ haI.- 
inonic tteii:’ (Iii% <Axtraction wgion. 111 fig. 2 the 1”’ anr! the 
21td hartttonic. l)rfore (dashed lines‘) and aftrr [solid iittcs) t.lt? 
off-center corwction are plotted vet-sus radius for thrtac rcpre- 
srrlt%l,ive firld l<~~;els. 

Coils Centryin~ Tltr horizontal links supporting the wssrl _____. 
of t,ttcs supcrconductirtg coilh cxpcriettccd large fi)rceF during 
excitat,iotl of the magnel. Aft.t~ s01tlf’ efrurt it, was f0uiid a 

pwitiot~ of t,ttP cnils that. a,Ili~~~~d to cover the wtto!C operating 
diagram; that is call& “wferrnc~~ 1msiti5.~tt” and it was kcapi 

during all the mapping. 
The roils in the reference position give a I”’ hartttottir a~ 

it. was rxpprtd by the experience of Ihr ot,lter superrottdurt,- 
ing cyclolt~tts. \Ye had mrne difficulty t,o find out i,hr coil 
displacement from the mapping cetttler. Ai tulle end of t11c 

mapping WC ntov~d t.ttc cc-)ilL c O.F, rntu from the rrfrmnce *>c> 

sition and we tneasurrd the firld alou:! the line I, .=- I;i up t 0 
3 Tesla in orrlrr to get the 1 st ltartttc)ttic fomi fact ,.)I‘ for a coil 

displacement, By using the uut,ermost flip coils imrl srlectittg 
the current dependent component of 1” barntonic, we got that 
ilie evil tlisptawntr~rtt v;as n\,c)llt !. I : I .Z 10111. 

utlrol.~illliiteiy all tltr analysis wiib utitde difficult by tlw fact. 
tllii! we tlid not ntcitsurt’ tltc form fitclcjrr: (i.e. I”’ tlnrtliutrir vs. 
radius for a unit displacentent.) for each coil attd the trteasrtwd 
one, for the coils wit,h equal current, looks quit.r different from 
11te air coil calculation. Aftrr some effort we got both the u and 
/? singlr form factors 113’ difffwmcc hrtwvcrn tnaps with diffrrertt 
currents, see fig. 3. 

!r_on.Polr_Cloiltuil)ut,ioll: LVe can now subtract from tlte mea- 
sured ftelrl tlie cont,rihutiott of the ttiaitl coils to the lJ’ har- 
monic and we get, the cotrt~rihution from thr iron In ihe Ion 
field region of the operating diagram, T%, < 3.5 Tesla, the yoke 
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Fig.2: I If anal 2"" harmonic aniplil odes vs ratlius 

sttoultlti’i give a significant, contrihuliott, whereas tltr irot: 
in the polar regiclrt shi~ultl give a ionstattt r-~,tii,riGutiott (;c cleat 
indication of its saturation is thus wry small varialicru of t ltr :I“” 
ltarttioriir ovri‘ tile wltolr range,!. Thr most sigttificattt cotttri- 
htt1ions can cottic froui a dispizcemeltt of the irttl*r wall r)f the, 
ct’postat ~acutttti r-lrattibrr, matlr oat. of sofl ircm 1.0 ittcreasc, 
the tnagnrtic polo ra.tlius, atid ftwttt an asymmetry of the p111r 
secti>rs. 

T11c varuuttt clta~~~lwr wall iz twu~tcl, :i cm thick antI with it 
gap of 14 cltl and it has a very Iwculiar 1 It harmonic fortit fiicl,ol 
(cvtttputed with unifomt rnagnl~t.izatiotl at sat.uratiott). b’rom 
I ltc analysis its tliaplawtttent front thr mal)pittg cattier ttirti: 
out. to be ahout. 0.3 inni (this value was checked lat.rr o*i with 
:tlw t tatiical 1lle3sur~nlmI~) mtl thr c,.)r~~~s~)ott(lill~ ccptrt rit)ltt icbtl 
!u tlte 1” ltartim~ic cat, 1)~ iul.itractrd. 

Ttt<i retttittteltt hartnortic sltc~uld cottt<x frotu ilte sectors. ‘AC- 
7 unlly t ttr phase vs. rar1irt.i plot follows strict.ly t IIC spii,al ilttglt, 
of t.lte sectors. rxcepl for I_ ..: 15 c-r11 wtiert a 0.1 titttt tlisplaw 
n1e11t id t,tie plug 1” L <USC' it I 3: tlanucHll~ Im111p of al~ilut 2 c;luxs. 

The polo tips give a tnaxitnutll 1”’ hamionic atttI~li~utle of fj 
C:allss ai r -- 83-X-1 (‘111. 

All the 1”’ hartttottic cotttributims we haw discussed art’ 
plotted versus radius itt fit?; 4a. Of course all t,ht aitalysis pr+ 
cess has some uttcert,aittt,y, trmitlly because of the difficulty t,cr 
get tlir correct form filct0lX of tlica lwo coils. Ncvclrt tielrss 1 his 
attalysis showed to be cotisistrnt~ at, almul 2-B (Gauss OVCI‘ tltf~ 
whole operat,ing diagram of tttr machine. 
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Fig.3: mras~~rrcl (solid lines) I”’ hnrmottir givtm t!p coil 
displaremmt ccrmpared with thf air corP calrrllat ion, fm 33 :- 1 

nun and I, = 16 = 1000 A. 
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Fig.4: a) I’ttmrnmnir c~omponents for map at 1750/1750 (4.8 

rlv~l;r). 7’11r lo-~~~r graph shows thP inrrensr of thp yoke contrihutiorl 
with the iielti (3.8, 3.3 RIICI 4.8 ‘I’~sla), c0lnpart4 with the calrr~l;lt~ed 

one al. liuaximurn field. 

\i~c& ~!r)rlt.fi!~~~tion ‘I’hr holes drilled in the yoke midplane 
arc’ supposed to give a significant. contril,rltion to the 1” har- 
IIIOII~C whrn thr yoke sppr0~~~1~e.s sat uratlcmz i.e. for R,, 2 3.5 
T~la. an<1 its colltril>utioll shrn~ld : ;) inrrrasr sIlmothly with 
t!lr radius, ii) present a phsr atruost constant vs. radius, iii) 

I~avc~ a strict ~~~rrrliitic~n with t,hr tot.al fiux in the nlagltet antI 
ii WRlI 4t.j”Wl”WF. on ti1c 1,/I,. 

Aflc-r I.L~IIIOV~I~S all t,lir 1” Ililrrrl~~rlic~ r-~nllpon~nt pr(~viousl:i 
dc3cl~il,r(l 011’~ hits t,he I”’ harrnollic pII-lttcd in fig. ‘lb. ‘l’hr 
t1n.v st*liil c1il‘\‘rs lirtong 1c~ mqc with fit*ld increasing fro111 
:(.S to LX ‘1rsl;i: t,lic- l)li;isc> is t,hr sanic for all of t,hetn, being 
4~<~lkslalll 'i'Li. radials fi)r r ;- 70 cm. 1’1 1P tlolh=d (‘til‘l‘c COI‘TC- 

sp”ndS to tll? calculitted 1”: harmonic amplitude producrd by 
the prrforntid>ns of the yoke assuming uniform magnet,ization 
at hatllraiioil valllc. Drspit~c of sonar difrerrncez the result agree 
at a r~aso~la.l~tc Ievel.‘l’aking into arcount that, this result, comes 
aftrr. sllllt.l~ac~i~‘ll of r I, c0nlril)uti~,lis, we lvlir~vr t,bat, it’s 8 1)ror~1 

of ttit reliability of the analysis. 
Following the rcsutt,s of t hr harlllonic. analysis, wc drcidrll 

to put a.rltli?i~~nal iron in a yoke hole in order to correct its first 
hal.ltlrrllic ii.*,, 1 to hxv? a 1wt,trr sg.4cnl to renter thr raCll,.lfll 

chamber of t Iir cryostat. Rrdurtion of the coils contribution ip 
c-onItwtt-vl ICI t,tle frprcc- ailalysi3. 

Forces on the Coils 

The forces between the coils and the iron showed to be larger 
t,han expected. The horizont.al link systenl, done with 3 pairs 
of Ti rods wit,11 Cr; = 9.X lnm and 1 2 ,500 mm, has a rigidity 
11. :- 5.5 torl’nlnl. In fig. 5 the forces measured on the link 
are visualizer? with bars giving the amplit,ude and the direc- 
tion. Due to : his forces, during excitation the coils nI<ovc from 
the refcrrnce pusiCon of ‘:- LO.25 mm. The possible sources of 
thww f~rrccs !~nvr hwn analysrd wit.1~ thr following formula: 
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* = i;,@l, + r-;rnIo - (& + $/I[{) x 
ik(R, i- @B,* + *A,<,) + +(B,~ + CB,?O ,- qBa+l, 

where C,,p are const.ant, coefficients reprcsent,ing the forces 
coming from the holes drilled in the yoke: ip is the magnetic 
flux scaled to the maximum value. Enclosed in square brackets 
is the dependance on the coils displacement, described with 
three constant coeflicient,s: n, for the pole influence; 84 for 
what. scales wit.h the flux; R+ to take into account the effects 
on the yoke magnetization when the IL3 is driven negative. The 
dimensionless parameter 9 is to take int.o account the different 
magnetizat.ion of the iron due to different I,iI,; along a COW 
st,ant, flux line. The actual displacement of the coils is the sun, 
of the reference position displacement go, as given by the first 
harmonic analysis, and the further displacement as measured 
on the radial links. 

The formula fits the forces of fig. 5 at better than 10%. The 
coefficient of the fitting indicates t,hat : i) the forces on 13 are 
much larger than that, acting on u; ii) major part of the forces 

comes from the yoke; ii;) the cont,ribution due t,o the radial 
penetration of the yoke is a lesser part, Calculations with 
uniform magnetization assumption or with Poisson code were 
found uot suficirnt to rxl)lain the fort-es brhaviour, expeciall! 
for the yoke depenttance. 
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Fig.5: F’orces acting 011 coils at thr griil points. 7111~ bar orirrttnt,ir,n 
gives t,hr i’or~ tlir~rtion \rhen I,, is thr x-axis and I,j is the y-axis, 

As a conclusion we decided to increase by a factor two the 
rigidity and the st.rengt~h of the radial links, in order 1c.t reduce 
the movements of t,he coils inside the operating diagram and 
t(i l)r al)le to rrdurr the coils displacelrirnt front the magnet 
cent,er. In fact WP think that a reduction of a factor two of the 
coil 1” harmonic is indisprnsa.ble. 
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