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DESIGN OF THE Nb3Sn DIPOLE D20 LBL--32072

* D. Dell'Orco, R. Scanlan,C.E.Taylor DE93 002578
LawrmceBerkeleyLabccaUxy
1CyclotronRoadM.S. 46-161

Berkeley,CA 94720
• U.S.A.

Abstract- The designof a 50 mm bore superconducting collarsare composed by two symme_c pieces assembledin
. Nb3Sndipole witha shortsample fieldof 13 T at 4.3 K anda pack of 90 laminations, each thick 1.37 mm. The straight

currentof 5500 A/tm'nis presented.The magnet is composed section and the endsare w be collared.Af_" collaringwith a
by two doublepancakeMyers.The innercable has 37 swands prestress of 15 MPa, the yoke will be put in place and a
with a swanddiameterof 0.75 mm anda Cu/Sc ratioof OA; stainless steel shell 25 mm thick will be weldedwhile the
the outercable has47 strandswith a diameterof 0.48 mmand magnet is in a press. The pressload _ to weld the 1 m
a Cu/Sc ratio of 1.15. In orderto obtain a high transfer long magnetis 10 MN [5]. Anal_ procedm_ is to wind a
function and low saturationeffects on the multipoles, the rectangularwirearoundthe yoke with a tensionof.500 N until
stainless steel collar is elliptical and the iron yoke is "close the desiredprestressand winding thickness are reached.The
in". The thin collar itself providesonly a minimumprestress windinglayer has to have a highradialstiffness in orderto get
and the full prestressof 100MPa is given by a 25 mm welded the right closing force on the yoke gap aftercooldown.The
stainless steel shell or by winding a wire aroundthe yoke. design coil prestress of 1I0 MPa on the inner layer and
Aluminum spacersare usedas assemblytools andas a means 90 MPa on the outer layerprevents the coils separationhem
to control the gap size in the verticallysplit ironyoke. This thecollarwhen themagnet is energizedat 13T.
paperpresentsthe magneticdesign andthecalculatedstressmi

straindistribution in structureand coils. A I m model called _ A, s_xcE,
D20 is to he built and testedat LBL. "7 __/- s.s. S_LL

I. INTRODUCTION

The superconducting dipole D20 (Figures 1-2) has 2

layers of Nb3Sn coils each woundin a doublepancake.The _ vo_._cableparametersareshown in Table 1. The innercable has37 _ s s

\\0.4. The outer cable has 47 strands with a O_,_eter of
0.48 mm and a Cu/Sc ratio of 1.15. The innerwire hasbeen
designedso that it can be used in a higher field magnet. The
coils will be fabricatedusing the "wind andreact"technology
andvacuumimpregnatedwithepoxy. The reactionprocessfor
Nb3Sn requires keeping the coils in an oven at 700 "Cfor a
week. The cables will he insulated with a Mica-Alumina
Silica 1/2 lapped tape 0.12 mm thick. This magnet has a
structure very similar to the superconducting NbTi dipole
D19, built and testedat LBL,thatreachedat 1.8 K the fieldof
10.06 T [1-4]. In D20 as in DIg, the yoke is "close in" to
have a highertransferfunction.The elliptical yoke is usedto
minimize the effect of the iron saturationon the sextupole
componentof the magnetic field.

Figure 1:D20 magnetcross section
The D20 model will have a circular iron yoke for

convenience;howeverforan applicationsuchacolliding beam
accelerator,a twin-bore configuration,which is moreefficient II.MAGNETICDESIGN
in use of iron,would be used.

The goal of the magnetic design is to design a magnet
The two double pancakelayers of coils will be collared with a short sample field of 13 1",50 mm bore diameter,

with an elliptical collar 9 mm thick at the middleplane. The 50 mm maximum winding thickness and 9 mm collar
thickness. The field goal was chosen to extend the technology
of acceleratormagnets to high field superconductorssuch as

• * This work was supportedby the Director,Officeof Energy Nb3Sn; in addition to development of cables with sufficient
Research,Office of High EnergyandNuclearPhysics, High currentdensity, D20 provides an opportunity to test such
Energy Physics Division, U.S. Departmentof Energy, under cables in a realisticapplication.
ContractNo. DE-AC03-76SF00098.
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_---L._ the numberof turns in each blockand the dimensions of the
wedges.The goal was to get the highest centralfield,keepthe
multipolecoefficients low, get wedges not too sharpandhave
the turnsas radialas possible. With these approximationsthe
shortsamplecentralfield achieved is 13.15 T with acurrentof
5000 A/turn; it is lower than the previous currentbecauseof
the wedges. The short sample field is limited by the outer

• layer.

Table 1. D20 Cable Parameters
D20 Inner Outer

Cable Cable
StrandNo. 37 47

ii.i,

Stranddiameter(mm) 0.75 0.48
Cablewidth(mm) 14.1 11.52

KeystoneAngle (o) 1.11 0.87
Mid-thickness(mm) 1.60 1.11
Cu/Scratio 0.4 1.15

[Azo/turn (mm2) 11.676 3.956
Acu/turn(mm2) 4.670 4.549

The thirddesignphaseconsiders the realironpermeabili-
Figure2:D20 coil cross section ty and determinesthe collar elliptical profile and the yoke

outerradius.This analysis, performedusing the finite element
program ANSYS [7] and a routine [8] to compute the

The magnetic design has been done using three multipole coefficients developedatLBL, concernsmainly the
successiveiterations: sextupole variation with the current. At low current the

• infinite permeability circular yoke, circular sector sextupole depends on the collar ellipticity; at high currentas
coils, no wedges; the yoke approachessaturation,the flux leaks outof the yoke

• infinite permeabilitycircularyoke, stackedturnsand and the sextupole drops rapidly. The goal has been to reduce
wedges; the change in sextupole from low field to the operating field.

• finite permeability elliptical yoke, stacked turnsand The yoke outerradius was set to 381 mm and the ellipticityto
wedges. 1.02. After having found the optimal collar ellipticity, the

cross section was adjusted in orderto have zero sextupoleat
In the first design phase, the coils were modeled as low current. The main dimensions of D20 are shown in

circularsectorswithoutwedges and the numberof strands,the Table 2. In Figure 3 are shown the load lines of the magnet
stranddiameterandCu/Sc ratio wereoptimizedfor both layers, andthe short sample curves. The transferfunction at the short
This step has led to the design choice of two doublepancake sample field is 2.22 x 10-3 and it is 14% lower than at low
layers becausethe two single layersolution requiredthe use of current.The sextupolevariation from low currentto the field
stiff cables and also low Cu/Sc ratio due to limitations in of 13 T is 1.8 units(Figure4).
maufacturinghigh currentdensity strands. In this phase a
higher field dipole that would use the same D20 innerlayer Table 2. D20 MainDimensions
wire was also considered.The design hasbeen performedwith D20
a in-houseprogramthat computes analytically the magnetic
field and the multipoles, and with the optimization program BoreDiameterimm) 50
MINUIT[6]. The objectives of the optimization were to get InnerLayerOuterRadius(mm) 53.5
the highest possible centralfield, low sextupole anddecapole OuterLayer OuterRadius(mm) 77.1
coefficients, two layers with the same currentmargin, two EllipticalCollar (mm) 87.1 x 89.1
cables with the same currentand the same currentdensity in YokeOuterRadius(mm) 381
the copper, and low cable stiffness. The resulting magnet Shell Thickness (mm) 25

,, configurationhas a short sample fieldof 14.3 T with a current
of 6280 A/turn. The cable characteristics are shown in
Table 1. The maximumfield at the conductorat the field of 13T

and at the short sample are shown in Table 3. The short
• In the seconddesignphase the collaris circularand9 mm samplefield is 13.35 T at 6000 A/turn. lt is higher than the

thick, andthe yoke has infinite permeability. The cableshave one predictedwith the infinite permeability analysisbecause
been stacked laying the center of the outer edge on a with the real permeability the yoke contributes less on the
circumference.Design variableswere the number of blocks, outercoil field than to the centralfield. The realpermeability



yoke increasesnot only the shortsample currentbut also the The critical field for the NbsSn materialwas computed
shortsample field. The Lorentzforces acting on the coils at as [9]:
13 T are shown in Table 4. The stored energy at 13 T is
820 kJ/m. Jc(B,ToE)---C(¢)(Bc2(T,e))-U2(1 - t2)2b-l/2 (1 - b)2

18

171 __ Bc2(T'_)-Bc2° (1 "t2) [1"0"31 t2 (1 " 1"77 In t)]

le tfT/T©0(£), b=B/Bc2(T,£), C(£)ffiCo(1 - a Iglu)l/2
• 15

14 -..,,_............w, n_ Be20(e)fBc20m(1 - a I_lu). Tee(e)=Tcom(1 - a lelu)llwlS_l Bcr o.I..,,,,W

, 121 _ with

11

lO ' T_)m=lS.3,Bc20m=26.047,CO=19299,a=900,

91 i.Lloadline_/"_ _=-0.003, u=l.7,w=3. T=4.3K.m 8

7 "_ ./'/ '_ o.L load line Thecriticalcurrentused in the cablespecificationsand

61 S the cables currentd_sity at the short sample are shown in

s Table5.
4

3

2 4 Al," .........4- - bl Table4. LorentzForcesona D20 Quadrant
1

o, .... 0 ..... . .... . .... . .... . .... .... D20@13T
0 1000 2000 3000 4000 S000 S000 7000 Fx (N/mm) 48()0

Current (A) Fy (N/mm) -2361
Figure3:Loadlinesandshortsamplecurves Fz (N) 205000

Table 5. D20 CurrentDensity Data
D20 @ 13.35 T InnerCable Outer

Table3. D20 MagneticParameters I= 6009 A/turn Cable
D20"@ Central I. Layer O. Layer Jc(4.35 K) (A/mm2) 745 @ 13.5 T 1550 @ 10.5 T
4.35 K Field(T) FieldCI') Field (T) Jcu(A/mm2) 1286 .... 1320

[5815A 13 13.03 10.31 Js¢(A/mm2) 515 1519

6009 A 13.35 13.4 10.59 JovenU(A/mm2) 265 469
ShortSample ....i

2 III.MECHANICAL DESIGN

The mechanical structureof this magnet is very similar
in priciple to the D19 superconductingdipole builtand tested
at LBL. The collar is only 9 mm thick on the mid plane and

1 cannotprovide the full designprestress.The full prestressof
._ 110MPa on the innerlayer and90 MPa on the outer layeris

obtainedby weldingthe 316I., shell in a press. This prestress
is needed to avoid the separationof the coils from the collar
when the magnet is energized to 13 T. The vertically split

o yoke has a taperedgap that measures0.56-0.76 mm and the
yoke outer radius is 381 mm. The aluminum spacer is
280 mm long with a clearanceof 0.25 mm with the yoke.
This clearanceallows the compression of the collarand the

p -1 , coils to reachthe design prestressafterassembly. During the
o 2000 4o'00 so'oo sooo cooldown the aluminum spacershrinksand allows the gap to

close tighdy. During the cooldown the coils lose in average
la (A) 11 MPa presl_ess.When the magnetis energizedat 13 T the

, Lorentzforces partiallyunloadthe yoke gap without opening
Figure 4: Sextupolevariation it. This makes the structurevery stiff.



Insteadof usingthe25 mm weldedshell, it is possible to
wind a rectangularwire aroundthe yoke until the necessary
coils prestressis reached.This method has the advantageof
being easierand more controllablethanthe weld processfor
the D20 model and doesnot requirea highpressload. !1

The mechanical analysis has been performed with , ', (MPa)
• ANSYS Rev. 4.4A on a SUN SparcStation II. The finite

element model contains5500 nodesand6500 elementswitha -,_
maximum wave front of 330 andconverges in 5 iterations.

, The assumptionsadopted in the mechanical analysis arethe -_
following: ali the materials are homogeneous, isotropicand
linearly elastic; the coils have no hysteresis; there is no "_
sliding between the coils and the copper wedges; there is no ._
friction; plane stress analysis is valid. The coil Young's _ 13T /

modulus considered in this analysis is 17 GPa. Three load -Ts
cases have been examined: full magnet at roomtemperature, '_
full magnetcooled down at 4 K, full magnet cooleddownand " ,f "-,,,_K
energizedat 13T.

-steS

The mechanicalbehaviour of D20 at 13T is summarized -m a00 K ,,,,,,,-_
in Table 6. The room temperaturecoil prestressis mantained
during the cooldown. At the mid plane the Lorentzforces -us
increasethe prestress on the innercoil by 7 MPa and on the
outer coil by 41 MPa. At the coil poles, the Lorentzforces "_ I k_,d ko,,d komd k=ad k'_ m)
decreasethe inner coil prestress 71 MPa and the outer coil ,.wt ,.mm ,.,tess ,._m-, ,.es=u
prestressof 59 MPa. When the magnet is energizedthere is a D2013T
22 MPa residual compression at the pole and thus no
separationandpossibility of motion thatmightcausetraining.
The diagramsof the azimuthal_ess at the poleand the middle Figure5: Azimuthalstressat theinner layer mid plane
plane of the inner layer are shown in Figures 5-6. At room
temperature the aluminum spacer is loaded and during
cooldown it shrinks considerably, unloading completely.
During the magnet energization at 13 T, the yoke gap is
partiallyunloadedbut it does not open, thus keeping thecoil I1
displacementslow. At 13 T, the radialdisplacementof the
collar is 63 gm at the mid planeand 58 gm at the pole. The _' (MPa)
stainlesssteelcollar,at themidplanenearthekeyway,hasa '
radialdisplacementof63 withtheLorentzforces. .=

_ ,o,,

Table 6. D20 MechanicalParameters "=

D20 magnetat magnetat magnet at .e
w/shell 300 K 4.3 K 4.3K - 13T

Om.p. Lc. 107 93 100 4e
(MPa) .-

4K

Om.p.o.c. 90 81 122 .,_
(MPa)

o topi.c. 109 96 25 '_eS
(MPa) =
otop.o.c. 90 81 22
(MPa) us

e Fhalfgap 0 2826 1240 ,_ "" (mlo I k_,,-;V--k.;_;;t '.ot_ k=,_ k=,,,,
(N/mm) ,_.=an o._,n o.o._, o.=_ o.==-_,

, FAIbar 516 0 0 O2013T
(N/mm)

i(_shell 280 405 406 Figure 6: Azimuthal stressat the innerlayerpole
(MPa)



IV. CABLE DEGRADATION magnet has been designed to withstand the Lorentz forces at
13 T. This report shows also that the cable degradationof 10%

The assumed totaldegradationlet the cable is 10% [10] under transverse pressure of 140 MPa should lower the short
at the azimuthal stress of 140 MPa. Assuming that the sample performanceof the magnet from 13.35 T to 13.31T at
degradationis a linear function of the stress, it is possible to 4.35 K. A test is being performedto evaluate to feasability of
compute the margin in each point of the coils. Figures 7-8 replacing the welded shell with a wire-wound steel structure.
show the azimuthal stress and the magnetic field at 13T. The

, azimuthalstress indicates that the innerlayer will have a total 15 \\ .._._t>_

degradationof 10% and the outer layer 3%. Considering the _Bcr i.L10%eegr.
degradation the short sample field is 13.31 T at 5988 A

, (Figure 9). The point limiting the short sample remains the 14

outer layer pole turn. _,,s _.31 T.5_8 A,._ /
I 23:22:30 13 3% dI et,or Jo. t Bcr o .

I srrEP-$999 _-"
I' l'g_R-1
I _ (XVG) en
I CSYS-I
I sm,,--142.299 12

J _ -0.173741
ZV ',2

i Xr ,,0,04025

I_ "*'0'"1_ 11
I & °'134.403
[ • --110.612

IIIrZ° --SS.44S"/I'237"-87"020 : ' bl o.I. load IinoI G -°35.653 10 .... t
| H --23.851 0 1000 2000 3000 4000 5000 6000 7000

0,

MP:_ Current (A )

Figure9:Loadlinesanddegradationshortsamplecurves
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