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Abstract 

Two prol,ot,ype quadrupol~ iiiagnets for the 2.0 GeV PLS 
storage ring have been built. and their magnetic properties 
have been measured. The pro!,otype qua.drupoles have a C- 
shaped core geomet,ry t,o facilit.ate installation of the vacu- 
u111 chainl)ers aiid pIlot, hralu lines. Pole end chamfering 
exprriinrnts to reduce I2-polr and 20-pole errors, and core 
shimining expr‘riniCnt,s t.0 coniI)cnsate the effects of t.he core 
asymmetry, Iiave been perfornied. Aft,er conipensat,ion, a.11 
iiirilt.ipole error levels arc 1~s I,lia.n the tolerances set by 
the beam dynamics requirenlc,nls. 

I Introduction 

The PLS st.ora.gc IEiug lat,t.icc, is a Triple Dand Achrollrat, 
strrict.llre wit Ii 12 sup~rlWrio(ls and a, 280.56 m circuni- 
fcrence. Kacli suI~erperiotl I~as mirror symnictry ahout, 
tlic central tlipole. I’:ach half superperiod cont~ains six 
qnatlrupolcs; t.hrpe in the disl’rrsive section and three iu 
the non-dispersive st,raigli(. sc,c.l.ion. 

There are six different, t,yI)cs of quarlrupole magnct,s; 
Ql throligli Q6. All typts IISC sanle lamination. All srt 
quadrupole rnagl1ct.s are desigiicd to have a C-shaped core 
geomet,ry t,o facilitate installat ioii of t,he vacuum chamber- 
s and phot.ou beam lines. Core lengths are 204 mm for 
Ql antI Qti, 314 mn for Q3 and Q4, aiid 494 111111 for 
Q2 and Q5. Magnet (,ypes wllich are tile same lengt.11 d- 
iffer in their coils. Srrics powered magnets use a large 
cross srct,ioli coiitlucbor, aucl ilitlivitlually Ilowered tllagllcl~- 
s IISC a siiiall cross sect,ioib coiltllict.or. Dotli types of coils 
Iiiivf~ the sanie rxterior tliiiiensiotis. The niajor parameter- 
s for QI and Q2 are slioml~ ii1 ‘IMle 1. Tlie end view of 
t,hc prot.ot.ypc Q2 magiirt. is SIIOWI~ in Fig. 1 Ql antI Q2 
t.yI)e pro(,otype quadrupole ii1ag11~1t.s have heen built., and 
t,lle resu1t.s of t#lre niagucf.ic Int~asurrmcnts are sumlllarized. 
Uotli I)rotolyIzi use t,he sliinllcr cross section conductor. 
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‘Type of magnet 
Max. field gradient [T/m] 
Core length [mm] 
Pole tip radius [mm] 
Good field ra.dius [mm] 
Ampere-turns (efliciency=0.994) 
Number of turns/pole 
Current [A] 
Volt.age clrop/magnet~ [V] 
Current density [A/mm2] 
Power dissipation/magnet [kW] 

Ql 
18 

204 
36 
30 

9338 
68 

137.32 
35.24 

8.39 
4.84 

Q2 
18 

204 
36 
30 

9338 
16 

583.63 
58.86 

8.89 
8.08 

Table 1. Major parameters of Ql and Q2 type quadrupole 
magnets 

II Manufacturing 

The poles profile of t!hese qua.tlrupoles is designed by con- 
formally mapping a pole profile from a dipolr geometry 
which satisfies the required field quality. 

The steel used is the sanle low carbon st,eel material used 
iu our dipole magnel#[l]. The bore diameter is 72 mm. Die 
clearance are kept to within 25 microns along the critical 
pole profiles. Sorting the Iainina.t,ions within a magnet type 
will be performed iu the production phase. Since the lami- 
na.tion has no symmetry axis for flipping the lamination to 
relnove material thickness variations, the material will be 
flipped bejore punching. 

The core assembly is glued, using a full coverage epoxy 
~IIIII be(,ween each laminat,ion. Each core is stacked using 
a fixture wil.h precision reference surfaces. The epoxy is 
cured while t,lie core is under compression iii t,lie precision 
fixture. Aft,er stacking, the core is compressed by fixture 
bars which go complet,ely through t.he core. 

The coils are constructed as an inclined pa.ncake. A hol- 
low copper conductor (4.6 null-square wit,11 a 2.5 mm hole) 
is wo1111d in four layers of 17 turns each. The conductor is 
insulat,etl wit.11 0.13 n11n hick hy 20 mm wide Dacron tape, 
half lapped, and coil pancakes are “ground wrapped” with 
0.25 tmi thick by 20 mn wide fiberglass hpe, Iia.lf lapped. 

Afl,cr the coil pancakes are iustallrtl on earl1 half core, 
the t,op and bottoin halves are joined wit.11 stiff tie bars as 
SIIOWII ii1 Fig. 1. The two halves are aligned by means of 
skcl dowrl pins in two V grooves. 
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Figure 2: I’rofiles for lmlc-et~tl clballlfers 

harmonic field on quadrupolc i1iaguet.s. Allowed mullmipole 
-. - E errors (0=6,10,14.. . ) are iutlllcetl eitlier by iinlberfect, pole 

sllapiug or by erld fieltls, aijtl cau be correcbetl by clioosiug 
a proper profile on t.lie pole-ellds. 

Pole rol,atiou is achieved I)y placing shims iii the “V”- 
grooves slmwu iii l’ig. 1, ‘I‘II~~ effects of core Iuotious oii 

2*, *IT 

iirultipole error fields are givt>u il1 I<. llall)acll’s [2] per- 
turbaliou table. For ibp = 3(j IIIIII, the opt.itnuni required 
shinrs for 90” “ V”-grooves are calculated to be 0.404 inni 
for groove 1 and 0.202 i~iiii for groove 2. Ilowever, with 
t,l~e iliteiition of sligllt overcorill,ellsat.ioii, we chose sliiiiis 

Figure 1: Eud view of prototype Q2 magl~et. 
of 0.46 uuri for groove 1 and 0.23 mii for groove 2. ‘I’he 
expect.ed sextupole error level wit,h these shillis is 

III Magnetic Measurements o..Lsfi 30 
-1.11 x 10-a + o.1G79:lii- = 

30 
1.54 x 1F4 

III-A General 

Magnetic Ilieasurelllelkts arc Inatle to iuvestigate uiagliet.ic 
efficieucies al, dilferelit, escit at.ious, t.0 dekrnliue au accept- 
allIe pole-elitl profile for t,lre l”.o(lilctiou Illagnet design, I,0 
correct asyilulletric core effect.s 011 uliiltipole error fields, 
and to fitid au apprqbriat,e procedure for asseull)liug Inag- 
1ret.s. A prototyl)e quatlrupole rohtiug coil is used to mea- 
sure iutegrakd field propert ic,s and tiiultipole error levels. 
‘I’lle rotating coil has two wiutliligs; an iuiier and au out-er 
wiudilig. ‘l’lle voltage resl)onse of eacl~ wiikding is t.lie same 
for the fuutlairieutal field, alid is tliffereut for niult.ipole er- 
ror fields. ‘I’lie fuiitlnulelikil field is measured with tlke out- 
er willding. E‘or t,lle lliult.ipole error field Ineasurelueut, a 
iiull nwasureinent. is used. ‘The wiutlings are cmuectetl ii] 

series, wil.li opi)ositig l)olaritks, so tllat. Ihe respol~se of the 
fundailielital ficltl is Ilulled, resultilig in a better sigual to 
noise rat,io for t.lle lnult,ipole error field IlleasIIrelllc:llt.s. 

III-B Measurements and Compensations 

For t,lle as-assc~mt)led (uncllaulfered) (22 inaguet, the nlul1,i- 
pole error coiilpoucuts are measurc:d. All iiiull.ipole errors, 
except 11~3 alid u=c) are I~clow the t.olerauce level. 

The 11~3 iuull,ipoli~ error origiuaks front l.lle asyuimetb 
ric, C:-sllap~~d geoiii~~try autl call be cori~erktl by rot at ional 
Ilrotious of he 1)ol~~s. ‘1‘11~ u=6 uiultipole error is an allowetl 

wliicli is well helow tlie specilic~tl sext.upole raudom t.oler- 
ailce of 9.0 x 10e4 for the Q-1 iiraguet,. The measured sex- 
t,ulmle error level afler sliininliug is 1.1357 x 10e4 which is 
close t.0 (.lle value prcdictetl by I.lle pert\lrhtion theory. 

Next, t,lle n=6 mulhpole t‘rror is reduced by pole-end 
chalnferiug. The llleasured Ilornlal 11=6 component at 

I = 100 [A] and a normalixat,ion ratlius of 30 uun is 
-1.770 x 10W3, aud tile specified 11~6 syst.ematic and ran- 
dom t.olerances for the Q2 nlaguet, are 1.68 x 10e3 and 
3.3 x 10T4, respect,ively. The reasol1 that pole-cud rham- 
fers reduce the Ii=6 Iihult~ipolc error cau he uutlerstood by 
au aualogy to t.lre correction of II=~ nlultipole errors in a 
dipole lilaguet[3]. I ii a quatlrli])ole magtiet, tli? length of 
t Ilree diuic:usiotbal friiige fkl(ls will he lougest. at tlie center 
of t.he pole aud slrorkst at l,lit> pole edge where the gap is 
narrowest. The recluirecl cuts cau be approximated with 
a st.raiglit chamfer as in Fig. 2. III Fig. 2, tlie additional 
iron at each of the pole edges provides a friuge field I)ullqI 
and iut.roduces a n=r) multipole field in opposite polarity 
to that from the fringe fields of t.lle origiual uucllanifered 
uiagnet,. ‘I‘lte amount. of u=fj iiiultipole error colnpensa- 
tioii with a slraiglit, clianifer dej~eiids ou I,llc dcpt,ll and 
llie ailgle cut 011 tlko pole. ‘1’0 tlekriniiie a proper chain- 
f(:riiig profile, we l.est, four tlillhrer~t~ cliainfer profiles. The 
optiii1ui11 cuttiilg tlept.ll autl clittiug aligle is fouud to be 
I, = 17.5 iii111 aud CiP. Wit 11 t Iris profile, the measured 
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Figure 3: Nornmlized n~ultipole error vs. n~ult ipole nl1lrher 
for the sliinuiied alltl cha1rrferecl Q22 llli~~ll~t 

11~6 error is -5.‘L5 X 10W5. I3y designing the pole profile 
well, so tlial. tl1e coiil.ril~utioii of u=G error iri the cellhal 
region of t.lie liiaglict is siuall, t.lie Sallie pole eucl profile 
sliould work 011 any Icugtli quatlrupole rnitguet. 

After clramferiug tjlle pole-eutls autl sltinuning the core, 
all inultipole error levels are measured over the full excita- 
tiou ralige, autl t.lie results are giveu iii E’ig. 3. ‘l’he result- 
s sliow tl1at the described sliiins and pole-end profile are 
good eiiough t.0 set all iiiult.ipole error co~i~po~leiits below 

tlie specified crikria. 
Quadruple escit.atiou properties are nreasuretl 011 tile 

uuchal11fertd Q2 1nag1iet aucl tile chanlferetl Q 1 aud QZ 
niagirets. ‘Ure chamfer augle is 62” witli respect to tlie pole 
faces, aiid tlie tleptl~ of cut is 17.5 null. Before taking (Ida, 
tl1e mapet curre1lt. is cycled three birnes from 0 Amperes 
t.0 130 Aiiiperes to coiitlit.ion auy liysteresis effect.s. ‘I’llen, 
the niaguet,ic h&Is are nieasured at eacli excitatioii cur- 
relit. The current nornralizecl quatlrupole field S r,l?‘dl/Z 
is inaxiiiiuiii at I N 82 [A], anti is 2.277 x low3 [T-m] for 
tl1e wcllanlfered Q2, 2.062 x 10m3 rlI’-m] for the chant- 
fered Q2, a11d 0.885 x IO-” rI’-m] for the unchalnferetl Q I. 

A plot of efhieiicy c J T,B’(l)d/ 
[ r”o’(r=a?.s,dr 

-1 
J 

versus curreii- 

t is sliowri iii Fig. 4. ‘Lsuiiiiug hat tlie’contrihi~tioiis of 
friiige fields to the effect.ive 1cugt.h are die same on botll tile 
chanlferetl Q I autl the cllal1lfered Q2 magnets, and usiug 

(Le// = 1)~;~ $- LJ,.illye), aiid fro111 die field iiitegral mea- 

sureliieiit A _ n 1709? 

LQ1 
- A = 2.330 at 1=8’L.O; [A], we have 0 fl7309 

c/J 

LJrithg.5 = A(3.0 nm. ‘l’hen, the effechve length of t.lre (21 

aiid Q’L iiiag1if~t.s are LCJ,, - Q1 - ‘LlR iiini, LyfJ = 508 riiiii re- 
sl)ecl.ively. l‘lle field gradieuts calculated with the effec- 
t.ive leiigt.lis coiiil)ales well with die t,licoretically (/I = (X8) 
cnlculattvl f?‘. 

‘l’lie measured Illagtlel cfficitwcic5 art: greater Liliill S!I.5% 

for all escitntioiis, ilkdica(iiig l,l~~t (Ilc I~kc~ls of sat,uriit ion 
are accept,al)le for I>nt.li i11at;uets. 
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Figure 4: Differt~lice i1r uorll1;llized S i*,B’dI versus current: 
Nor1lralizetl at I=&?.6 A. *c; ilS asseIlll)ld, A; clialilferetl 
aucl sl1ilumed Ql, alItI +; clla111ferect aud sllimllled Q2. 

IV Conclusion 
Prototype quatlrupole niagiic,k for the PLS storage ring 
liave beeu designed and l)iiil(,. They feature asyninirt,ric 
iroii cores to facilihtle tlie iiislallatioii of l.l1e vaciiuiii cl1ank 
hers and plioton Ileani lilies. I(esulls of niagiiet,ic iiieasure- 
ilieiit,s of the prol.ot.ype r~~~a~lri~pc~le iilagnets are sunii)ia- 
rizetl. ‘I’0 ineel. tlie sl)ecificat.ioiis sel. by I.lle heaiii tlyiraiiiics 
reqiiireiii~iils, eiitl clia111feriiig alicl sliiiriming esperiinents 
are performed 011 the Q’L iiiagiicit, wl1icli has eight. reniov- 
able pole-end pieces. ‘1‘1 ie corrected nlagiiet Iias au elficieii- 
cy > W.5% for magnetic fieltl gratlieuts G 5 17 [11‘/111], and 
higher order multipole error I~vels are less t,liau the speci- 
fied tolerances for all excitations, indicat,iiig lliat tlie inag- 
net has appropriat,e propertim for the 1’13 Storage Ring 
quatlriipole iriagiiet. 
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