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Abswact Ma_efc Desim_ of the Dipole

Several designs for the Superconducting Super Collider The baseline dipole cross-section DSX201, designed at BNL
dipole magnet have been analyzed. This note discusses the (1), is shown in Figure 1. It consists of 45 mms in two layers, the
mechanical and electromagnetic features of each design, inner layer has 19 mms of 30 strand cable, the outer 26 mms of 36
Elecu'omagnetic and Mechanic,_d analyses were performed using strand cable. There are three wedges in the coil inner layer and one
hand, computer programs and finite element techniques to evaluate in the outer. The DSX201 gives good harmonics and field margin
the design, and is being used for test magnets. The cable dimensions have now

been changed slightly necessitating a new design, being developed
in SSCL.

Introduction

The objective of the cross-section design is to provide the
The Superconducting Super Collider requires about 8000 desired field harmonics and conductor margin while keeping

dipole magnets with an aperture of 50 mm and field intensity of 6.65 superconductor volume and design complexity to a minimum. At
T. The salient parameters of the magnet are shown in Table l. A the SSC, coil locations are optimized to give the desired harmonics
concerted program of development and testing is in progress at using the code COP6. Fields are calculated analytically (the iron is
BNL, FNAL and SSCL, to prove design concepts and prepare for considered to be circular and infinitely permeable). The
industrialization. The following paper describes the de.sign studies configuration is optimized to give the best RMS fit to the desired
carried out on various aspects of the cold mass design for this harmonics, subject to certain constraints such as minimum wedge
pal'tictxlarmagnet. Design studies on the 2D magnetic and su'uctm'al size.
aspects, coil ends and magnet ends are reported. Different design

With DSX201 the iron yoke contributes approximately 22%
options, evaluated for magnet ends, are also reported, of the total field of 6.65 tesla. Satur,.don of the iron with increasing

Table 1. Main Parameters of the 50 mm dipole Cross-Section current affects the transfer function (the ratio of the central field to
current),b2 and, to a smaller extent, higher harmonics. This has

" beenstudiedusingPE2D® (2)which isa commerciallyavailable

CoilInnerDiameter .................50.00mm finiteelementcode.The b2 saturationcan be controlledto some
CoilOuterDiameter .................99.42mm
Yoke InnerDiameter................135.62mm
Yoke OuterDiameter ................327.3mm
ShellOuterDiameter ................340mm
Coil StraightLength .................14gg0mm
Overall Coil Length ................. 15165 mm LScmocu. Mm
Nominal Induction Bo .............. 6.65 T
Ratio of Peak Field to Bo .......... 1.048 O O
Operation Current at Bo ............ 6553 A
Resultant of EM Forces at Bo ... Fx 963 Nhnm
in the First Coil Quadrant ....... Fy 409 N/mm o o

Inner Layer mm
Number of mms ................... 19 Lm,,mv,mm&,
Cable Geometry ................... 1.326, 1.588 x 12.12 mm 2
Number of Strands ................ 30
Wire Diameter ...................... g08 mm
Cu/Sc Ratio ........................ 1.5

Outer Layer mAt_ ,tr. 0 o
Number of mms ................... 26
Cable Geometry ................... 1.064, 1.270 x I 1.68 mm2
Number of Strands ............... 36 O _s_ O
Wire Diameter ...................... 648 mm
Cu/Sc Ratio ........................ 1.8 zoa.,m

NbTi Filament Diameter ............ 6 I_m
L___Ji

Figme I. DSX201 Cold Mass Cross-Section



extentbycapful$irin|,_dk_tJonoflhcyokeali|ninon[key.1"no McchJnJcLl]::)csi,no4'2DCrossSection
" vw-iadonoftnnsferfuncdonandh_monicswithcurrentisshown

InFiZur¢_.Thespec_cado_sonr,cldhw'monicsdictstedby bc4m InthefrarncworkorthemechanicalstudiesfortheSSC
upcnun_needsisshownwithdesignvaluesinTable2.Hzrmonics dipole,thrc_possible|cormoic$arccnv_scd.
w'eczprcsscdaspansin104ofthemainfieldevaluatedata Icm

" radiusgrointhemagnetcenter.A contourploto4'themagnetic
potentialislivenin£lm_ 3. C.ascI:S_nlcsssteelcoll,_sandhorizontallysplityokeO).Case2:S_less steelcoU_ andvcr6c_lysplityoke(4).

For obtaining the conductor marlin, IxLk fields are Case3: Aluminiumcollarsand v¢.nicallysplit yoke with ana,lun'_niumbat insertedinI_ yoketocono'olI_¢ lap(3).
calculate.dan=,l_cAll_._d with PE2De. ForDSX201 0_ ratioof
pe_ to cenmLIfield ts 1.048. CriticalSurfaceM_gin is usually Stu_es wcmcs.n-ledoutfor thesethr_ gcorncu-ics,in the
expressedas a pcl_cntag,r,mountabovethe spcci['ledfield (or contextof optimizinglundund_stsadingthe designsand an:noc
current). DSX201hu ac_lculatednutrginof 10%above6.6Tesla. intendedforc_nnpmson.

Table 2. Dr.si_dandOp6rnizedvaluescd'lowheld htrrnonicsin Fisun: i showsthenudndimensionsd' thecrosssectionthat
primeunitsof I0_ ford_ DSX301Cross-Section is_quitesimilar for ali the Ioludonl. The two coil Llyershiv=

diHerentsuperconducdnllcable,with thinnerso'andsIn the outer
i v_s l bs' I b.'] ,_' I hs" I bi0" I bl2' I layer to havelhcMapf_aon($ndinl) of thecurrentdensityto the
I D=sir_ I 0 I 0 ] 0 ",05] :t(,04to,05)j 0_.05 ] Ot,0$ I maximumfield se._nbyfl_ winding.Ali thewed|es _ of col)pe'.
lOsx=d I o I o l.( 0o41 o.044j 0.014 ]-O,001 l Thec°ils_u'esun°unde'dbylaminatedc°llmwhich_u_cl_nl_l- together by keys at the midplane. The iron yoke is split in two

symmca'ic pins which are mounted around the collars under a
compressive force. They are clamped around the collars by-i

_.l _ , , _ , , , stainless stool cylinder,madefrom twowelded hldves.

s, - - --- - The mechanical analysis hasb¢_n lxrformed by handand
with the finite el_t code ANSYSO (6). In these caIcula_ons

. cre.cpchmc_crisdcsoflhccoib werenotutkcninto accountand.II
si I • .v_ i lhc coils chmlctcris6cs src usumed toIX linearand follow Hcoke's

l • "_l l
I • • _, I law. The magnc_cforceswerecslculatedinANSYSe usuminI a

' ' I = • 's I inr'mi_epenmabil/ey[ " ... J

e, . Thema.inobjecfveoflhcdesignb tohavenorek,ionofcoil
unaer tension and to havethe coils always in contact with t/_

u collars. To avoid or Umitthecreepeffects in the coils (flow of the

I insulating matcrMs) lh_ mainlyoccurat roomtempcnttun_it is v_/important to haw the coil prc_ u studi as possible at roo_
temperature.To estimatethisvalueonemayassumean infinitely
rigidmech_c_ suucsumsothat theradialLorcnu fon_ on thecoils
may be ignored. Funh_, assumin|zcm friction, the _muth ,I
forcesarebalanced.Also,thestressesdueto thebendingmom_u

._, in thecoils are neglected. A rust idea of theminimumIX_U_._sin
s _ i s . s s ; s thecoilsat room le.mpcnttumal thepole loca6onisgivenby:

esO}

Figu_ 2. V_'iadon of_fer Functionm_dHmaonics with Bo Opo_ =_-_ :1:AasE
in whichW isthewidthof theinsulatedcable,E Young'smodulus
of the coil, and_ a is thediHerenceof the integratedthemud
conm_ctio__t Ixtweon4 and300K fmcedisandco,lm and

,_ _ _ isd_ in=l_=l _rnud_l Lo_,mzforceinlhc

The calculationshaveshowathat.insome aspecu,the
t_ diffa'ent |eometr_ hive commonbehavim'.For ali U_ schemes

the horizontaldeflec6on_tcr collm'in|b ver_,smallin absolut_
t© valueandalmostncgSgibiccompm_ tod_ _ defiecdon.This

can Ix cxpls_.d by consideringthecoUm'as a ring in whicha radial
p/e.ssureanda force actingIn verdcaldirectionareapplied. The
oeste,cdondue to tl_ Ixndingmomentacting at the midplane Ipven
by lhc vertical fo_ counteractsthed_flect_n due to thep_.ssu_

For the fire |comctry two different shalxs of collars haw

Ixionanalyzed(roundandand-ovidcollars(thevcrticsd axis is less

than the horizonud)). The requiredprestress in the coil zt room
tempcrllum bl simulatedwithanlucimuthal pressun_of 70lad $6
MPa on the hs'Slandsecondlaye_respectively. For bollsthe
analyseslhcuimulhd polest_.sscshavealmostthesamevalues
mentionedabove. For the s_oM geom_l_ whichusesanother

UI,ltmU,lited Oy I}__ Orshimsal the horizont_midplan_
Figure3.ContourPlotoflhcl_tgnctPotentialintheDSX201 sm=v_uucsofthepolemessb comparable_othe p_vimu solution.

Cross _ For the third geometrythe preseress_s simulated by using
interferences at pole locadonsand an insertioo of shims at the



_ intcrfcrtnccrrc thetame. In thethi_ ca_cwith AI cx311tnthe Calculaled Aver.ge Pole Strcss for the

values_re 35_nd 30 MPa respecuvciyt_ mc:nncrar_ mc _ c_
. lays.

For ali cases,wcl_ng is simulatedwiththeoutercylinder
a.;mu_udly guessedwith, a tensionof 2_..MPL i F_. _c fl_ _ _ COiIS_

uv,tsesby atx_ 75_ ThevlIue.:m 62_ !or thero.net._. ?J .
_a f_ _eout_co..ThiscanIxcxpl_ _ng m._ m

h,dv. and no tap _tcr waling, w_.u¢In me ml_n_ncn: is an
average i_ (it is tapered)of aboutu.zs mm tna we:_ i. |

Jr li I . . : I

drives the two yoke helves to oc lh ¢olltaft pct'w_,_ni_;u mb, CurreSnt t S ;tS ,S 4SSquared (A^2'£6)
d_pt,_mos,_:,t_b:efor_e.in,,,,nal.__, f_._ _

lays. Also, the maun.g_orceon u_entif-yol_.,,in me vcru_/-p,,,,; Figun:4. Ctlculated AverageAzimuthalPole S_'essundo' various
is 830 N. The uimumaJ s_ss m me out_.c_h_(:' o_s r_tcn_tnge LondingConditionsfortheHor_n_ly SplitDipole
fm the thirdlooselybut reachesthT_OSt4X} M,t'atormcotrcn.

Ene_zadon a_B= 6.8T: ALUMINIUM BAR DIPOL£

The value of the outwtrd mslnetic force is about 10(X)

I I ii
75% o( thisforce istsken by me co,an. IL_ to vert)c_ y sp t.

imdconuictat the ha-imnudmidplsnc_4-2 K__t__"_.n .mcY%**.I.m ii i i
the collars In the .w__d I .eomewY, .t_t.eu_ls ulx_. 07w_ ',,Icollm andthe_ tsmmsnutte_to.me_.g.e.Due tome m_r

to tpproximate:y_7'b. A_t_uu.c_muonunce_ mcp_.
_ iron_,k__n clo_ ,_.._.:_....:o_n.._._. \

At full excitation thecoils in: sdUmacomlxe.s.uve,siteam me _z
s_s,_esfortil thecues m _lmou_ _ _th __tvente.vu_
of about 3S MPe for the innerendouter mayer. -ir_: maximum
_v_ s_ mthecoUsisabout 90 MPL

.cxs _. _Im_.. ava_ge--. "mr,a"-- .o_ :' II

coil Ii.le s_ss ma' the ¢oun¢ or'd_ Idxwc.mc.nugned..km_n.,l_
conditionscim be seenin filp:_.4 endS tur.uw,nonzon,-,,yspur g
and aluminum t_r yoke carla, muons mpecevuy.

_lan_e_endc_'1ends

The SSC Cold Mass magnet ends consist of several _ 10 -40 -,o 6 ,o _'0 ,'0 ,'o so
compo_ts whichmclndetheend_ miler endclamps,end
plates_ endyokes(see_g_e 6).._th fl_ee__ce__co.,,_i_.c_. CURRENT SQUARED (A ** 3 " 10 E 6)
yokes,theseco=po,c,.,._,,c_y ,__ ___ --_; ,._-,.-_-
mc _pacon0_ ucung co:tsm me_ L_ ,__r_,_vPL'_',_,__ - i=ilm _. CiIc,lat_! AvcrIF Azimudvd Pole Sucu u_._=v_k_us
skin wherethe ironyokeItminauonsem (secrqgmcu; ..u m:v LoadingCondi_onsford_ AluminiumBarl)ipok

provides some binge f_.ld n:ducdon, o(_ lu_Ung_p ts det_ bymi_irni_ngsu_in c_c.ru and

twislof theconductors. EndeffeclShave been studiedto determine
Highimcrntl s_ in_ conductord_n| winding occur lhc exact magnetic length o( a dipole ts well ts to improve field

from bends "thehardway (7). These highsm:sses can createturn qu_ity in theends. By shifdn$ thepoints at which_ch coil begins
tomm shorts causedby insulados damage_ d¢lFa.d..afim,of _ iu bendthe integratedharmonkscimbe minimized. This is done in
su'ands when: the superu:,nducdngfilamen_ b¢ca_..i_ln mterr_ twoages; firstthe fields fm'eachmDire calculatedtntl_ctlly and
stresses also affect the coil to coil consistency mnconauctor the_ minimized wider iri. Then a TOSCA (2)model
placemcnL The selection of an appropriateend geometry can is produced of the coils together wi_ iron. using tn auxilitr/
minimize these pmbkms. "rhe.ipoupe_l..mea.ofme,ni.cab .ksis pmipa_whichconverts theout1__ hem BEND into anumbe_ro( 20.noded tx'kk elements. The effective kngth and the intelFate4
used to minimizethestressandsmlmtil the cml enel,An innn:teiy htrm_i_ is calculated. If neccssa_ryIhe coil offsetscanbe na.thin "luidinl strip"which is numericallyderived ,'_singprogram
BEhTI){8)is-placedimide the cumm block. The optimal locauon iterated. Once the end ieomem/hu been analy_cally op6mized,

s_,cc shape, are Inodw.edfrommmpe_ papas developed at
Fermilab(9). AH end partslacluding keys, saddles, fillcn end
sptccn aremade fromO.lO.

3
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Collet ASS_L_-__ ____ EnOYok-__ Col)at (3) Considering 316 LN stainlesssteel asthe dipole magnet

skin material, stressesin design A, (the end skin with welded end
. yoke),arc46% oftheallowablestresswhichistheyieldstressat4

End Plate ......... K and 1000cycles.With designB, (lap-jointedend skintoend
yoke),theend skinstressesare66 % oftheallowablestzcss.

..

D4DSKIN_ MPa

0) D4D SKIN Wrl]'lW_/]_) _qD Y01_ 414

Beam Tube , _ VVSK_Wn_U.n_D_ _o.,ColletEnd Cap Ramp YokeCy1Inder _ mt_u_vcvazp^mueuer t_o
Sp I Ice o) c..._wrrHmoYvo_e _ tt_

Figure6.ColdMass,LeadEnd

Table3.End SkinSucssforVariousConfigurations

C_llet EM C"lamnDesign
"lhc followingconclusionsarcdrawn:

The colletend clampassemblyiss radialclampingschernc (a)A substantialincrementofstressesintheend skinifthe
usedtosupportandrigidl.yrestrainthema.guetends._ outersteel endyoke isnotweldedtotheskin.
clamp hassninternalcornealshape.The mner matenalts0-I0znd (b)The magnitudeoffrictioncoefficienthasnegligibleeffect
ismade ofa fourquadrantconstructionwitha matchingexternal on theskinstacss.

conicalshape.The leadend assemblyisidenticaltothereturnend (c)The marginsofsafetysrc1.17and 0.51fordesign(A)
exceptitincludeshollowedoutareasattheverticalpartingplaneto and ('13)respectively.
accepttheinnertooutersplices.Clamping isaccomplishedby
applyingaforcetothesteelclampand(}-I0parts.The assemblyis Acknowleder_its
completed by wcld/ngthe end cap to the clamp.

This work was carried out undcn"the auspices of the head of
theMagnetDivisionTom Bush andhisdeputyRogerCoombcs who
alsostimulatedtheinterlaboratorycollaboration.

The end plateisa 3g mm thickstainlesssteelplateusedto

apply a compressive load to the collared coil assembly. The end References
prate supports the axial force developed during the excitation and
tmprovcs qucnch performance. I. R.C. Gupta, S.A. Kahn and G.H. Morgan, "DSX201 -

Coil and Iron Design for the SSC 50 mm Magnet with
Mechanical De_ of magn_et end Wider Cables", to be published.

Low cycle fatigue stress limits must be observed for a 2. PE2D® and TOSCA e. Trademarks from Vector Fields
magnet shell (skin) design to realize long term operational Limited, Oxford, England.
scllability. Critical bending guesses under pre-load and thermal load

arcfoundintheend skinsofthedipolemagnet.Thesesucssescan 3. J.R.Turner,"MechanicalAnalysisof the W6733H
be minimized by utilizing an end yoke extending from the body yoke Cross-Section". MD-TA-143, July 1990.
to the end platr,.

The proposed end shell design (I0) aims at enhancing the 4. J. Kerby, "50 mm Vertical Split FE Conclusions",
magnet reliability and safety by minimizing the local bending Prtscnted to thc 5 cm Task R:)rce.May 23, 1990.
stresses at the skin where the collet coil end assembly begins and the

iron yoke laminations stop. The analytical gcsults and .p._..positions $. G. Spigo, = Preliminary Assessment of the
aim to optimize the desi_ so as to limit skin _ wsthin the low Mechanical Strength of a Dipole with Alum/nium
cycle fatigue limit, specsfically in the seam weld zone. "lhc finite Collars, Vertically Split Yoke and Curved Aluminium
clanent code ANSYS @was used to analyze the sbell under thermal, Bars to Control the Gap from Room to Working
structural and magnetic loads. The skin was modeled with shell Temperature', MD-TA-I_, June 1990.
elements and the end yoke was mndclcd with two layers of solid

elerncnt with six degrees of freedom in each node to ensure 6. ANSYS e. Trademark from SWANSON Analysis Inc.,
displacer compatibility with the skin. Mechanical pre-stress on Houston, PA, U.S.A.
the skin was input with a radial pmssurc of 7 MPa. Thermal loads

are input with an initial temperature at 300 K and cooldownto 4K. 7. R.C. Bosscrt, J. M. Cook and I. S. Brandt, "End
The body yoke was modeled with areas cut-out to rclncscnt the Designs for Superconducting Magnets", presentedhelium mbe andbus cavityto accountfor local stiffnesseffectson
skin guess. "lhc salient results of the analysis arc tabulated in Table at Brcckenridge Workshop, August 14-24, 1989.

3. S. J.M. Cook, =An Application of Differential Geometry to

(1) The best result can be achieved by welding the end skin SSC Magnet End Wmd/ng', SSCL-N-720, April 1990.

toaKawasakisteelendyoke.Thisdesignwillreducethepeakend 9. R.C. Bossen,J.S.Brandt,J.A. Carson,H. J.Fulton
shellstressby 50%,comparedtothedesignoftheend skinwithout and (3.C. Lee,"AnalyticalSolutionstoSSC CoilEnd",
anend yoke.The radialwidth(thickness)oftheend yokewouldbe FERMILAB-Conf-89/M, March 1989.about 19 mm.

(2)Thcresu]tsofnon-linearamtlyseswithaKawasakisteel I0. K.K. Leung, "Nonlinear Stress Analysis ofSuperconducting Dipole Magnet Shell ", MD-TA-167,
end yoke lap-jointed to the end skin indicates that the critical end September 1990.
skin mess is increased by 40% in comparison to the design of end
skin witha spo_weldedendyoke.
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