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Mametic Desim of the Dipole

. Several designs for the Supercond~cting Super Collider
dipole magnet have been analyzed, This note discusses. the
mechanical and electromagnetic features of each design,
Electromagnetic and Mechanical analyses were performed using
hand, computer programs and finite element techniques to evaluate
the design.

Inmxluction

The baseline dipole cross-section DSX201, designed at BNL
(1), is shown in Figure 1. It consists of 45 turns in two layers; the
inner layer has 19 turns of 30 strand cable, the outer 26 turns of 36
strand cable. There are three wedges in the coil inner layer and one
in the outer. The DSX201 gives good harmonics and field margin
and is being used for test magnets. The cable dimensions have now
been changed slightly necessitating a new design, being developed
in SSCL.

The Superconducting Super Collider requ~es a!;lOut 8000
dipole magnets with an apenure of 50 mm and field ln~ens1ty of 6.65
T. The salient parameters of the magnet are shown In Table 1. A
concened program of development and testing is in progress at
BNL, FNAL and SSCL, to prove design co~cepts and ~pare ~or
industrialization. The following paper descnbes the design studies
carried out on various aspects of the cold mass design for this
particular magnet Design studies on the 2D magneti~ and strue~
aspects, coil ends and magnet ends are reponed. Different design
options, evaluated for magnet ends, are also reported.

Table 1. Main Parameters of the 50 mm dipole Cross-Section

Coil Inner Diameter .
Coil Outer Diameter ..
Yoke Inner Diameter ..
Yoke Outer Diameter .
Shell Outer Diameter ..
Coil Straight Length ..
Overall Coil Length .
Nominal Induction Bo .
Ratio of Peak Field to Bo .
Operation Current at Bo .
Resultant of EMForces at Bo .., Fx
in the First Coil Quadrant .•..... Fy
InnerLayer

Number of turns .
Cable Geometry .
Number of Strands .
Wire Diameter ..
Cu/Sc Ratio .

Outer Layer
Number of turns .
Cable Geometry .
Number of Strands ..
Wire Diameter ..
Cu/Sc Ratio ..

NbTi Filament Diameter .

50.00mm
99.42mm
135.62mm
327.3mm
340mm
14880mm
15165mm
6.65T
1.048
6553 A
963N/mm
409N/mm

19
1.326, 1.588 x 12.12 mm2
30
.808mm
1.5

26
1.064, 1.270 x 11.68 mm2

36
.648mm
1.8
6~

1

The objective of the cross-section design is to provide the
desired field harmonics and conductor margin while keeping
superconductor volume and design complexity to a minimum. At
the SSC, coil locations are optimized to give the desired harmonics
using the code COP6. Fields are calculated analytically (the iron is
considered to be circular and infinitely permeable). The
configuration is optimized to give the best RMS fit to the desired
harmonics, subject to certain constraints such as minimum wedge
size.

With DSX201 the iron yoke contributes approximately 22%
of the total field of 6.65 tesla, Saturation of the iron with increasing
current affects the transfer function (the ratio of the central field to
current),b2 and, to a smaller extent, higher harmonics. This has
been studied using PE2D* (2) which is a commercially available
finite element code. The b2 saturation can be controlled to some

FiI'R 1. DSX201 Cold Mass Cross·Section



Mcchanical [)r:sirn of 2DCrou Section

In the framework or thc mcehanical sludic. for thc sse
dipolc. lhru possible ,comeDics~ cnvisa,ed.

Case 1: SlIinJcss Sleel collars and boriz.onca1ly split yokc (3).
Case2: Sl&inlcss steel coDars and vcn:icaJly spUI yokc (4).
Case3: Aluminium collars and vcnically splil yoke with an

aluminium barinacned In the ~ke 10 conlrOl chc ,Ip (S).

Scudies were carried OUI for IJlese IIvee,eometries. in chc
conlell of oplimizin, and undcrstandin, the desi,ns and lit nO(
inlended forcomparison.

Fi,urc I shows IJle main dimensions of IJle aosssection ahat
is quite Similar for aU abe soludons. The IWO coil laycrs havc
different supcrconductin,cable. with abinner strands in thcouler
layer 10 have abe ldapllbOft (Jradin,) of Ihc current densiay 10 IJle
maximum field seen byIhcwindin,. AIlIhc wed,es are of copper.
The coils are surrounded by laminated collan which are clamped
lo,elhcr b)' IteysII abc midplane. The iron )'oke is split in IWO
symmetric paras which lit mounted around the collan under a
compressive force. The)' are clamped around the collan by-I
sl&inless Stccl c)'linder. made from rwo welded halves.

The mechanical anal)'sis hu been performed by hand and
wiab Ihc finite element code ANSYS. (6). In thesecalculations
creepcharacceristics of Ihccoilswere noa takenintoac:counl and aU
the coilscharacteristics are assumed 10be linearand follow Hooke's
law. Thc mapetic forces werecalculated in ANSYS. assumin,a
infinice penncabilil)' iron.

The mainobjective of thedeli", is 10 bavcnorclionofcoil .
undcr Icnsion and 10 havc Ihc coils always in conllCI with the
collan. To avoidor Umilthe creepcffects in abc coil. (now of IJle
insulatin,materials) dtll mainl)' ClCQIfatroom IcmpcnlW'C it is YCf'J
imponant 10 have Ihc coil prestress as small as possiblc II room
lC~peralUJ'C, To csomalC thisvaluc one ma)' assume an inrllliacl)'
riaid mechanical SINCIure so ahatthe radial Lorena farce onthecoils
ma), be ianoM Funhu. IIsumina zel'O fm\ion. abc uimu\l\al
forccs are balanced. Also.IhcS1l'CSSCS due 10 abe bendin, momcnas
in &he coils are nCIJecled. A rtrlt idea of Ihc minimum prescrcss in
thecoilsII room tempcrallft II \he pole location isliven by.

2Ff.
Opolc -'SW1:4a·E

in whichW is Ihcwidth of Ihcinsulated cable,E Youn,'s modulus
or Ihc coil, and ACI is Ihc diffcrcncc of ahc inacrraled thumal
COftcraction cocIficienl between .. and 300K forcoils andcollars IIId
Ft is Ihcintepa. uimUlhal Lorenaz force in Ihccoil

The calculationa have shoWD that, in some aspeeas, Ihc
differenl,come. have common behavior. For aU ahcschemes
abc horizontal dcfl~cion afcer coUariA. is 'Ie? small in absolute
value andalmost DCIUpble compared 10 ahcvenicaJ dcf1eetion. nus
canbeelp1ained byconsiderin,lhe coDar asa rin, in which a radial
pressure and a force actin, in vertical direction arc applied. The
denecdondue 10 Ihcbendin, momenl aclin, II chc midplane liven
by IhcvenicalfORle counleracu thedcf1cc1ion due10 the pre.ssuR.

CoParinl

For ahc rtrSl leomccry two differenl shapes of collars have
beenanal)'zed (round and and-oval collan (Ihc verdeal ws is less
than Ihc horizontal). The required presuess in Ihc coil II room
acmpcracure is simull\ed withanazimuabal pressure of 70 and S6
MPa on abc fim and second layer respectivcl)'. For both Ihc
anal)'ses ahc azimuabal pole stresses have almosldte same values
menlioned above. For Ihc second ,eomcary which uses anochcr
shape of coDan (cUipticaJ wiab a horiionlalmajor axis) &he presarcss
is Simulated by Ihc1nscnion of shims II Ihc horizon'" midplane.
The valuesof ihc pole SU'CIS is comparable 10 Ihcprevious soIuliolL
For &he third 'COIDCary the prestress i. simulated by asin,
interferences at pole loCadons and aD insenioa of shims II Ihc
hnrbm..' rnictnIiInfo. Fnr f'M'.h 1Ii".Ir."WI'rhr. vahW'lA f'I thr.shim.. . .. ..
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FiJUft2. Variation of Transfer Funcdon andHarmonies wiab Bo

FiJUfC 3. Conaour Plotof IhcMapa Poccndal iIllhc DSX201
OouSecaioa

,.. _-...._--r-....,.---,r---,....-,--""T"-...,

eatenl byc.ucMsidn, and \oeation of IJle ~ke ali,nmenlke)'. The
variation of cransfer function and harmonics with c.urrent Is shown
in Fiprc 2. The spceifications on. fieldh~ies dlClIlCd by~
apenure needs is shown with desl,n values InTable 2. Hannonici .
arecapre.ssed as pIN in 104 of the main field evalua,ed al a I c~
radiul from the ma",cc unlcr. A contour plot of lhe ma,nCllC
pocentiaJ is pvcrt in fi,Uf'C 3.

For oblainin, Ihe conduclor mar,in. peak fields. are
calculaled analytically andwi\l\ PEW•• for DSX101 \he nuo of
peat 10 (Cncral field II 1.048. CriticalSurface Mar,in il usuall)'
expressed al a percenta,e amounl abovc lhe specified ficld (or
currcnl). DSX201 hu a calculated marlinor l~ above 6.6Tcsla.

Table 2. Desired and Optimized values of lowrlCld harmonics In
prime uniu of 10'4 fOf \heDSX201 Cross·Scc:lion

IAI~Etfi}(·!OI)_
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Calculared Anr1a:t Polt Srress for the
Horluntally Splil Dipolt10,.-------- ----,

and inlerference IR \he s.alm. In Ihe &hireS UK wi&h Al coll&t1lhe
(Rquircd) pole azimuth&! coil strUses arclower than before ll'ld the
values arc 35 and 30 MP. respectivelylOf &he innu and the OIlIer
layel'.

45

:
c

I
I
I
I
!

..
c

I

--0- IIlIlctCoil SU'UI

---- ()ar Coil SU'UI

·1 1 tI 2S :II
Current SqUired (AA2·E6)

FilUre 4. Calculated AVeRie Azimurhal Pole Seress under various
Loldinl Conditions for theHorizontally Split Dipole

Coo)-doWD 114,21.

Due to the fact that two yoke halves arc closed at room
tempcnlW'C. the -pole seress in thecoilsforthennt two lcomelrics
decruSCI by about 18MPL Forthethird, where theoutercylinder
drive. thetwo yokehalves co be inconllCt between 120and 100K.
thedrop Is almostRCllicible for the inner and6 MPafor the outer
layer. Also.the matin, force on lhc h&!f.yokes in the vertical plane
is ISON. Theazimuthal scress in the outercyllnder doesnotchanle
lor the third'COCDCcry burlaChes almosr ...so MPalor lbcothcra.

Asv;mbl ln•

For all uses. weldinl is simulated with Ihe outer cylinder
azimuthally stressed with a lension of 207 MPL For the fint
.eomecry. this adds appRlldmalel1 13 W. with roundeolian and1
MPa with and~val ones to both the innerand oulercoil•. For the
second lcomecry the increase Is also around the valuesmentioned .
above. For the thirdusc theweldinl noticeably In<:reases the pole
stresSeS by about 75... The values arc 62 MPa lor the innerand53
MPa lor the outer coil. This can be nplained bw'in,ln mind ill
diffuent mcchaniea.J SINClW'C. In faa In the lint two solutions.
beforewcIdin,lhcRshould not almost be ,ap between thetwo yOke
halves and no ,ap alter weldin,. whUe In the third. there fs an
aven,e ,ap (it i. tapered)of about 0.28mID afterweldin,.

Eneq;prign II B. 6,1 1: ALUMINIUM BAR DIPOLE

10

The value o( the outward malnede force is about 1000
N/mm. For the rlfStleorDCay the ea.Jculations showtharmorethan
15" 01this force is taken by thec:oJlan. Due to vetticaJly splityoke
andcontact at the horizontaf midplane &IU K between theyokeand
the eolian in the second ,eotnClry. aImocl~ il taken by the
collan and the rest is nnsmiucd to the yoke. Due co the lOwer
ri.idit)' 01 the Aluminum coUan In the third 'eotnCtr')' the value
docrcuca to appollimacely 37... AtfuD uciwion sinceaD the ,IpS
in the iron yoke remain closedand therefore. u foreseen. there is
~tica1Jy nochan,e in theazimuthal SIl'CSl for theoutercylinder.
At fun excitationthecoilsare SliD ina compressive SlIteand thepole
stresses (orall thecues arc almost thesame withan avcrqe value
o( about 35 MPa for the inner and outer layer. The maximum
compressive suess in thecoUs is about 90MPL

PIou 01 IbechanJCS in theavcrap azimuthal innerandouw
coil ~Ie snlS over the course01 the above mentioned Ioadin,
condilions can be SCCft InfiJUrel4 and S lor thehorizontally split
and aluminum baryokeconfiauralions respectively.

MalJ'ClandcoiJcnds

The SSC Cold Mus ma,net ends consist 01 sevenS
com~es which include the endspac:cn, coDer end clamps.end
plates and end yokes (seePipe 6). With Ihccxccpdon of the end
Jokes, Ihcsecomponcnes mechanicaJlyl1lPPClft and rilidSy restrain
the supcrconduetin, coilsin the11II'- 1'1ie end yOke supporgthe
sldn where the iron )'Oke laminations end (see Flpre 6) and also
provides some&in,e fldd ftduction.

ail Wjodjol
Hip internal stresses in the c:ondllCtClr durinl windinloccur

from bends "1hc hardway· (1). These lIilllSll'CSSCS can createtum
to tum shons causedby insulation damaae and dcpadation of the
snnds where the superc:onductin, nlamenes break. Hi,h internal
stresses also affect the coil to coil consistency in conductor
placemenL The selection of an ap~te end ,comcuy can
minimizethcscproblems. The arou~ m.eIhod of stacldn, ubJes is
used co minimize thescress and Strain ill thecoilends. Aninfinitely
thin ·,uidin, strip· which is numcricaJly derived usin, pro,r&m
BEND (8) is placed imide thecurrent llIoct. The optimal Jocalion

C c

I I

LICCL

.to 0 to 20 ~O 40

CURRENT SQUARED (A •• 2 • 10 E '>
Fipre 5. CalcuJated Avcnae Azimuthal Pole Scress under various

LoIdinI Conditions fOf the Aluminium Bar Dipole
\

~ the ,uidine S1rip is delermined by minimizin.slnin tnerlY and
twistof the conductors. End cfl'ects havebeen sNdicclto determine
the euel mapetic lenldl ~ a dipole u well u co improve field
9ualicy in the ends. ByshirlinJ the poinll" which eachcoilbelins
Its bend theinccpatcd harmonics canbe minimized. Thisisdone in
twO SlIp$; first thefields foreach coil arc calculated analYtically and
~ Iwmonics minimized without iroa. 1ben I TOSCA. (2)model
.. produced 01 the coils to,elhu widl iron. usine an auxiliary
propllll which convenstheoutput InMn BEND intoa number of20
nodcd brick clementi. The effective !en,th and the intCJrlted
hannonicl is calculated. If necessary die coil offsces can be reo
icemcd. Once the end ,eomtlry has been analytically optimized,
surfacesh~ are producedfromcomputer propams dcvCloped at
Fcrmilab (9). AU end pans lncIudill' keys, saddles, fillers and
spacc:n arc made from~10.

3



Collet Assy

End Plate

Beam Tube

Yoke

Figure 6. ColdMus, LeadEnd

(3) Considering 316 LN stainless steel as the dipole magnet
skin material, stresses in design A, (the end skin with welded end
yoke),are 46% of the allowableseesswhich is the yield stress at 4
K and 1000 cycles. With design B, ( lap-jointed end slein to end
yoke). the end skin stressesare66~ of the allowablestress.

00SICIN SIlES1 WI'a

0) OOSICINWlTHWBlB>OOYaCB 414

(2)00SICIN WITHlAIftDENDYaCB 600

(J)ooSICINwm«l1rENDYaCB 115

(4)3I6LNlDlVCYQ.EFA11CU!1JMIT 910

(5) CASE3WITH IlOOYYaCE, 71K 116.5

Table3. End SIdnStressfor Various Configurations

Adcnow1r.demen~

This work wu carried out underthe auspicesof the head of
the MagnetDivisionTom BushandhisdeputyRogerCoombes who
alsostimulated the interlaboratory collaboration.

The following conclusions aredrawn:
(a) A substantial increment of stresses in the end skin if the

endyoke is not weldedto the slcin.
(b) The magnitude of friction coefficient has negligible effect

on the skin stress.
(c) The margins of safety are 1.17 and O.SI for design (A)

and (B) respectively.

Collet End Camp Desim

The collet end clampusembly is a radial clamping scheme
used to supponand rigidlyreslrain the mapKIt ends. !hC? outersteel
clamp has an intemalcomcal shape. TheIMer materialIS G-IOand
is made of a four quadrantconslJ'Uction with a matching external
conical shape. The lead endassembly is identi~a1 to th~ return end
except it includes hollowed out areu at the.v~ca1 pamng.plane to
accept the inner to outer splices. Clampmg IS accomphshed ~y
applyinga forceto the steelclampandG-l0 pans. The usembly IS
completed by welding theendcap10 the clamp.

End Plate

The end plate is a 38 mm thickstainless steel plate used to
apply a compressive load to the collared coil assembl~. ~e end
plate suppons the axial force developed durmg the excnaucn and
Improvesquench performance.

Mr&byjcaJ DWm ofma&Det end

Low cycle fatigue stress limits must be observed for a
magnet shell (slein) design to realize long term operauonal
reliability. Critical bending stresses underpre-load and thermal load
arefound in the end skinsof thedipolemagneL These stresses can
be minimized by utilizing anend yokeextending from the body yoke
10 the end plate. .

The proposedend shell design (10) aims at enhancing the
magnet reliability and safety by minimizing the local bending
streSSeS at Ihes\cin where thecolletcoilend usembly begins and the
iron yokelaminations stop. The analytical results and F.l?positions
aim 10 optimize thedesi~ so U 10 limits\cin stresses Wllhin the~
cyclc fabguc limit, specifically in Ihescam wcld zone. The fimte
clc:mcnt eede ANSYS. wu usedto analyze the shell underthermal,
IlI'Uetural and magnetic loads. The skin was modeled with shcll
clcments and Ihc cnd yoke was modeled with two layers of soUd
clement with six degrees of freedom in each node to ensure
displacementcompatibility with thcsldn. Mechanical pre-stress on
thes\cin wu inputwitha radialpressure of 7 MPL Thermalloads
are inpUt wilh an initial temperatUre at 300K and cooldownto 4K.
The body yoke wu modeled wilh areu cut-out to represent Ihe
helium tube andbuscavity to account for local stiffnesseffectson
skin streSS. The salientresultsof theanalysis aretabulated inTable
3.

(I) The best result can be achieved by weldingthe end skin
to a Kawuaki steel cnd yolcc. Thisdesifl' will reduce thepeakend
shell stressbySO~, compared to the deSign of the end skin without
an cnd yoke. The radialwidth(thickness) of the end yokewould be
about 19mm.

(2) The resultsof non-liDca!u,w~ wilh aKaw~ IlCeI
end yoke lap-)ointed to Ihc end s\cin andicates Ihat Ihe macal end
sldn stress is increased by 4()t, in comparison to Ihedesignof cod
·skinwilha spot welded end yoke.
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