2494 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOI. 10, NO. 1, MARCH 2000

Design and Fabrication of a 4 T, NbsSn Superconducting Racetrack Dipole
Magnet*

S.A. Gourlay, P.Bish, S. Caspi, K. Chow, D.R, Dictderich, R. Gupla, R. Hannaford, W, Harnden, H. Higley, A,
Lictzke, N. Liggins, A.D. Mclntur(f, G A, Millos, L. Morrison, M. Morrisen, R. M, Scanlan

Lawrence Berkeley National Laboratory, Berkeley, California, USA

Abstract — Most accelerator magpets for applications in the
ficld range up to 10 T uatiltze NbTi supercenductor and a eosine
theta enil design. For fields above 10 T, it is necessary to use
Nb;Sn or other strain sensitive superconductors and other coil
geometries that are more compatible with these materials, This
paper describes onr recent efforts to design a series of
raceirack coil magnets that will provide experimental
verification of an alternative magnet design philosophy, with
the near-term goal of rcaching a field level of approximately
14T, The conductor and fabrication issues relevant to buitding
high field, racetrack dipoles utilizing NbiSn superconductor
and a wind and react approach will also be discussed.

[ INTRODUCTION

The ongoing program for the development of high field
supereonducting accelerator magnets at Lawrence Berkeley
Naiional TLaboratory (LBNI)) is centered on a simple
racetrack coil geomeiry, In particular, we are concentraling
on the common coil approach [1,2] for its potential
simplicily of construction and consequent cost elfeetiveness.
The design concept consists of a pair ol racetrack coils
shared hetween two apertures, producing fields in opposite
dircctions. Our development program involves producing a
series of tightly intcgrated model magneis with the eventual
goal ol achicving a feld of 14 —~ 15 Tesla, Our first step
towards (his goal, a 6 Tesla magnet (RI2-2) using NbySn
conductor, has been successlully built and twsied [3]. The
next major step in our program is the construction of a
magnet with a bore feld of approximately 14 Tesla [4].
Designated RI2-3, it will be the focus of this paper. As an
interim projcet, the outer coils for RD-3 will be assembled in
a support structure similar to that used for the 6 Tesla
magnes and operated up to 12 Tesla, generaling stresses that
are a factor of 4 greater than the 6 Tesla magnet. This test
conliguration has been designated as RT-1 (Racetrack Test)
in order to dilferentiate it [rom an actual magnet.

This next series of tests will bc used as a means of
cxploring the design and fabrication issues relevant to
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progress towards higher field levels. Optimal field quality
will be addressed later in the program.

I1. DESIGN

A cross section of RD-3 is shown in Fig. 1. It contains
nominally 3 coil layers; a double pancake outer coil and an
inner coil, which consists of a full layer plus a S-turn coit
block. The virtue of the double-layer pancake coils is that
the leads exil siraight out the end of the magnet, allowing ali
splices to be cxternal. The gencral magnet parameters are
given in Fable 1.
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Fig. I: Basic cemponents in magnet cross scetion (one quadrant shown).

TABLE [

GENERAL MAGNET PESIGN PARAMETERS
Bore diameter I5mm
Main coil spacing A0 1m
Compurted quench field a1 4.2 K 137T
Peak field, inner layer 145T
Peak field, outer layer 0oT
Quiench current LKA
Number of main coil layers 143
Straight section length 500 mm
Number of wirns (half magnet) 5+50+-49+49
Nominal height of each main eoil B0 mmn
Mininum coil bend radius 70 mm
Vertical bore spacing 220 mm
Yoke outer height and width 300 mm
Total wire wind thickness A0 mn
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AL the highest field ranges, conductor pevformance is one IV, COIf. MODULE PRELOAD SCHEME
ol the key issucs, The conduetor for the next magnet has
been produced and tested. Table i1 Bsls the primary  To maximize the bore field and provide a more efficient
conductor and cable parameters, eross seclion, the amount of material in the support strueture

hetween the bore and the inner conductor and adjacent coil
layers, must he minimized. This requires the use of thin
sheets  of stainless  stecl “skins”, replacing the thick
Stand ' Tnier _ Cuter 1 aluminum bronze plates used for RD-2 [3], The previous
% Cu 513 . 05 method of vsing l[asteners sercwed into the aluminin bronze
le (12 T3 aumps . 485 446 ~——  plates will be replaced by welding these skins to the module

112 Ty A’ 1981 2190 . . ! . . )
'I-((li T)}ﬂn::;” 730 ’ 7 while being loaded hydraulically in the vertical and axial

SIS Ty Amm® ] o2 1129 directions.

1 engihprces 9035 /16 [ 5000 wtd |

TABLL 11
CONBUCTOR ANI CABLE PARAMETERS

] ] A, Vertical Pretoad
Notles:  Both inper and ouler strand wire are 0.8 mm

diameter. l\rlnlnufaclumr: Oxlord  Superconducting Mew procedures present the greatest uncertainly in the
Technology. e relers to non-copper arca. fabrication process. The preload schicme was considered the
PR : —— Soter i critipt_ll new step in the construction of R})—S. Tq gain
Sirand Numiber an : 7% famtiliarity with the new preload scheme, a simple hall scale
“Thickness (mm) 1418 T raos - test was performed in Januvary 1999, A small one-layer
Width gumy_ RS ] l1338 B racetrack was wound and epoxy impregnated using standard
Length (m)fcoil _ 210 387 - procedures.  After pouting, a support structure  was

assembled around the coil and its skins.  Both cold worked
Nitronic 40 skins were instrumented with Tour resistive
sirain  gauge bridges to measure the straing during the
procedure (see Fig. 2)

A Quench Protection

Quench protection of the coil is accomplished by heaters
located on each side ol the double pancake winding, Thesc
heaters rasse part (~90%) of the turns™ lemperalure over
T.(H) for most (~808:) of their length. In this scenario, large
voltages to ground are minimized becavse of the distributed
nature of the elfective heater pattern, civenit and thermal
lime constants and the resistance ratios. Within 40 ms or less
allor the heater liring, the magnet is driven normal,
essentially due to eddy current heating, as the ramp down
exceeds the critical rate. This process shouid limit the
temperalure excursion to < 200 K (adiabatic caleulation) and
prohably < 150 K with the resulting voltages < 400 V.,

1. MECHANICAL CONSIDERATIONS FOR HIGH
IFIELD MAGNETS

Tig. 2 Skin wold rest setup,

The computed skin strain is plotted in Fig. 3.

The construction of magrets at higher fickls requires Coil Modile Welding Test - Skin Strain

careful ¢onsideration of mechanical suppert structure issues, AL-BeAZ 81 B2 AT Ak i B — 0

Relative to the 6 ‘Tesla magnet (R12-2) the t4 ‘Tesla magnet Ty —]
will have Torces 3 times higher. The support structure must e PR
be designed to minimize coil movement and shear stress at e

conductor/support  strucluwre  interfaces,  Magnetic  ficld e

considerations reguire as hitle material as possible belween g soros

the bore and the conductor in order to have a more efficient 40T as

cross section. Cross seetions which have good magnetic ficld Fatcas

guality arce intringically more complex. The 5-wrn block on oo

the inner coil of RD-3 simulaes a possible field quality T
structure. It is subject to various shear forces during 1L 00 T W1 2201200 1038 40 1w
fabrication, cooldown and cxcitation. Thus the composile

coil strenglh becomes very imporlant. Fig. 3 Skin strain during welding procedure.
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The first jump in strain occurred when the skin was skip
welded 1o position i1, The second increase was due to the
final welding step.  Upen removal from the press the [inal
strain on the skins was about 0.1 percent. The swwain gauge
output was also used to calculate the final vertical preload on
the coil module, Table T summarizes the test results. The
difference in final measured preload to theovetical preload is
about 30, The large difference in stress between Lhe
original statc in the press and the final stress can bhe
attributed to the very thin [.25-mm skins used in the
experiment.- The stress difference will be lower in the RD-3
magnet since the skins will be twice as thick (when scaled).

TABLI ITI

KKIN STRESS TN VARIOUX FABRICATHIN STAGES

. Stress Value in MI'a
in Pross -15] |
Theoretical Final Preload =52

| Final (Measured) Preload N -39

B. Axial Preload

Intcgrated Lorentz forces al the magnel ends act to strelch
the coil axially. Additionally, the local foree distribution acts
to compress the coll ends. A preload scheme is used to
prefoad the coil axially to minimize the coil stress at the
ends. The prelead is accomplished using a methodology
similar to that for the vertical preload: the end shoes are
pressed towards the magnet center and welded to the skins.
The axial prefoad operation is performed simultanecusly
with the vertical preload operation.

To minimize the coil stress, the axial preload must provide
cnough support when the coil is energized. Since the end is
cireular in shape, a preload level that is too high results in
bending of the coil end and subscequent high cable tension at
the innermost turn and high compression at the outermost
turn, A prelead level that is too low results in bending in the
opposite dircction (high compression al inner turn, high
tension at outer turn), Coil stress is minimized when the
preload is adjusted to yield stress contours that are similar to
stress contours in solencids: the conlour lines are conslant
azimuthally. Fig. 4 shows stress contour plots for siress
notmal and parallel to the cable for the outer madule when
the magnet is cnergized, The maximum compressive slress
normat to the cable oceurs at the end of the straight section
near the center tuens. The innermost turn maintains contact
with the island at the ends—Tfollowing the same philosophy
as for vertical preload, To provide the correct axial preload,
the axial preload applied at room temperalure is hal{ that of
the vertical preload. Since the axial and vertical room
temperature preloads are at different levels, the end is placed
in some bending at room temperature. The room temperature
coil stress due to this bending is not an issue because they
arc substaniially lower than levels when the magnet is
energized. During cooldown, the differential contraction
between the diltferent components (iton island, coil, skin,
side ratls) results in an increase in the axial preload. A sludy

ol the coil modules threugh all stages of magnet assembly
provides assurance that the coil stress poaks during magnet
energization (and not preloading) and overall stress levels
are minimized.
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Fig. 4: Contour plot of stress normal and paradlel to cable ar coil ends for
outer coil motlule,

V. COMPOSITE MATERIAL STRENGTII TESTS

Finite clement modeling can cslimate the stresses in
proposed magnet designs.  However, empirical data on
material strengths, especially on new composites, is required
to identify problems. As a complement 1o computer
simulations, material wests have been performed to determine
the sirength ol the interface between layer 1 and layer 2. Asg
can be seen in Fig. 5, (he shear stress hetwoen these tayers
could cxceed -35 MPa while the module is in the vertical
press in preparation for the welding of the skins, Testing
determined that the strength of the interface at room
temperature ranged botween -24 (0 -32 MPa. At 77 K, the
strength of the interface increased to -61 MPa, Concerns
about possible failure during preloading of
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Fig. 5 chart of shear siress al interface botween layer 1 and layer 2.
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Some things to nete about the shear stress chart:

e Values are obtained from an ANSYS analysis

»  “in verlical press” means the inner coil module is placed
in the press and a preload of 72 MPa 1s applied.

o “welded” means the thin sking are attached and module
is released from press. Springback of thin skins aller
welding is not included.

s “wirewound” means the coil module is assembled with
the outer module and yokes and 30 layers of
wirewinding ts applied.

s ‘“cooled to 4K means the complete magnet assembly is
cooled to 4 K [rom 293 K.

the interface prompted a scries of new tests wilh modificd
struciures. Both proposcd designs (see Fig. 6) included a
sheet of 82 plass across the shear interface for increascd
strength.

Propased Design Configurations
¢ wlurntiatn spacer

shewr dnferfuce

SN R

Steppad Weave Sample

=

Straight Viioave Sample

Fig. & Shear test samples

The resulls proved encouraging as both samples failed at
much higher stresses. These designs are now being
considered for the inner coil modules. Table IV lists the
results for some of the samples (ested.

TABLE [V

SNEAR SAMPLE TEST RESULTS

Sample Failure Shear |
: L Stress {(Mpa) |
Standard Sample - sct #1 . -2
Standard Sample - ot #2 - 24 ‘
Standard Sample - LN, | 6l
Straight Weave Sample L | -44
Stepped Weave Sample o | =30 I

IV. FABRICATION

The fabrication steps differ in only a few instances from
those used on the previous magnet [3]. The cable, insulated
with woven glass sleeving is wound around an iron island or
“pole-picce”™. A 3 mm gap in the island is used to allow for
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diflerential contraction during the high temperature heat
treatment of the coil. All metal surfaces in contact with the
coil or support structure are covered by binderless mica
paper 1o help prevent shear build-up between the coil and
support structure that might canse premature quenching

“during excitation, The coil is then sized © a dimension

determined via 10-stack measurements and enclosed in a
stainless steel reaction lixture consisting of two 25 mim
plates and side rails, fasiened with Inconel 718 bolts,
preferred  because of their high strength  at  elevated
temperatures, The coil package goes through a  heat
treatment schedule 1o form the NbiSn, which reaches a
maximum temperature of approximatcly 680 "C for 2 weeks.
Following reactton, a pair of NbTi cables are spliced to the
fragile NbySn leads, The splice regions ace later impregnated
into the coil package. The stainless reaclion fixture is
replaced with stainless stect side and end hars and a pair of
475 mm thick Nitronic 40 “skins”. The asscmbled coil
package iy then vacuum impregnated. All surfaces in contact
with- the coil are mold released and covered by mica paper.
The coil medule is then placed in a preload fixture and the
skins are welded. The completed coil modules are then
assembled with the iron yokes and wire wound to obtain the
necessary horizonlal preload.

VI, SUMMARY

The engineering design of & Common Coil geometry
dipole magnet with a predicied bore ficld ol approximately
13.7 Tesla has been completed. Mechanical lests have been
performed with some of the new design features, such as the
new preload scheme that uses thin “skins™ to provide both
vertical ond horizontal  prestress. Measwements of the
composite indicate that the shear strength at certain critical
interfaces nceds to be improved.
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