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Abstract— The next generation of superconducting accelerator
magnets will most likely use a brittle conductor (sch as NiSn),
generate fields around 18 T, handle forces that ar@-4 times
higher than in the present LHC dipoles, and store mergy that
starts to make accelerator magnets look like fusiomagnets. To
meet the challenge and reduce the complexity, magnagesign will
have to be more innovative and better integrated. Aie recent
design of several high field superconducting magnethave now
benefited from the integration between CAD (e.g. RE), magnetic
analysis tools (e.g. TOSCA) and structural analysigools (e.g.
ANSYS). Not only it is now possible to address corgx issues
such as stress in magnet ends, but the analysis cae better
detailed an extended into new areas previously todifficult to
address. Integrated thermal, electrical and structual analysis can
be followed from assembly and cool-down through exation and
quench propagation. In this paper we report on theintegrated
design approach, discuss analysis results and poiout areas of
future interest.

Index Terms—Superconducting magnet design, integration,
modeling, high field, training.

I. INTRODUCTION

areas yet unexplored. Needless to say that majdrilotions
came from advances in computer software and haedsach
as new improved Finite Element computer progrants the
ever increasing computational speed and commuaitalihe
complexity of superconducting magnet design, ndfedint
from many other engineering and physics designstakks
greatly benefited from such advances. In this paper
highlight the integration between different magragsign
programs and show how magnet performance can her bet
understood. In section Il we describe the concépitegration
using as an example the design of the LARP IR qumae for
the LHC. In section Ill we investigate ideas andgbilities
that emerge directly from design integration andkloat
potential benefits especially to the J$im High Field Magnet
program at LBNL.

Il. INTEGRATEDMAGNET DESIGN

In this section we follow the design integratiomgess from
a cable to a complete magnet. We view the entirgneta
design as one single process that can provide emgny data
on any component at any point during assembly,-dowin,

Reports on the design of superconducting acceleratBlegnet excitation and quench.

magnets for the past 40 years contain many detnikhe
superconducting cable, magnet cross section, io&r,ycollars
and the magnet structure[1]-[5]. Field analysisadetare also
provided for harmonic calculations and iron saiorat
Additional 2D details are common for the coil andisture
stress during assembly cool down and excitationingjnat
minimizing conductor motion and reduce potentialgnet
training [6]-[10].

By enlarge there is a clear separation betweemtmgnetic
design and the structural design. Separate taska tfad to
designs that conflict and do not take into accaath other
advantages and strong points. Considering magregrdeas
one integrated task, where a magnet ends aredraatpart of
its straight section, where the field, stress, hemtsfer and
voltage rise are all combined into one multi-phgspgzoblem
and where iterations and optimizations are integramnto the
design, is not only possible today but can be addninto
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A. Creating the Coil Model

Modeling the coil is the first building block oféhmagnet
design. Creating 2D magnet cross-section geometsgd on
cable size, field strength and quality is therefthe first
optimization step of the coil. There are many comuiaé and
in house computer programs that can carry out theesles —
Poisson [11], Roxie [12], Opera 2D [13] and PKIBH] to
name a few. The output of such program gives ted,fi
harmonics and a short-sample prediction for the neag
performance. Revising the cable size, wedges, dagad the
strand physical properties is optimized to maxintize field
and minimize its harmonics. An output file with tlable
numerical XY coordinates is usually available to Ibaded
into CAD (Fig. 1).
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Fig. 1. Typical quadrupole coil cross-section.




With optimized XY coil cross-section coordinates aee
ready to proceed and complete the cable windingsugn
both return and lead ends. A computer program asdBEND
[15] is an excellent way to do so. Only a few pasters are
needed to describe the cable path around the bodgver a
user needs to be familiar with the optimization gess that
minimizes conductor strain. There are many differarsions
of BEND and users have added their own output filesuit
their needs. At LBNL we have placed a Tcl/Tk inded in
front of BEND and added several conversion progrémas
upload the coil geometry into the CAD program P{dE].
Other conversion programs can create DXF files el as
conductor files suitable for the magnetic progra@SCA
[13].

B. Creating the CAD model

The ProE CAD coil model is a set of subassemblfesany
parts. In our model each turn is broken into foartp — two
straight sections and two end sections (returnlead sides).
This is necessary to prevent the CAD system fraemaiting
to smooth out the transition between the end amdsthaight
sections.

Fig. 2. Typical turns generated by BEND loaded itte CAD ProE program.

Generating the end spacers, shoes, poles and wedgds
done manually by the CAD designer or automaticaly a
computer program that recognizes turns and assiges
corresponding identical surfaces to the spacer.lyimp the
same surface to adjacent turns and spacers ersyedect
match between the turns and the spacers. Thatgmogiso
generates a ProE trail file capable of creatingli part from
its external enclosing surfaces. Typical end sEagerl cos-
theta magnet are composed of two cylindrical sedagnner
and outer radius of each layer) and inside anddrisurfaces
of the adjacent turns. Whereas inner and outeasesfof each
spacer may be planes as in a racetrack coil ondmtial as in
a cos@) coil, the other two surfaces adjacent to the guare
described by a set of straight geodesic lines edeas rulings
by the program BEND. Full advantage is taken ofrilangs
during manufacturing since they correspond to th&tipn of a
straight cutter and can be used in a 5 axis EDMvater-jet
machines. Describing each turn within CAD is ofairéelp
during the leads design and the layer to layersttian. When
such details are not needed the turns can be lunguedher

into a block that is similar to that of a solid esyplacer. The
CAD model aside from being the main design toohlso a
convenient way to transfer entire magnet assemliliés
analysis programs such as TOSCA and ANSYS [17].t Tha
connection aside from being a time saver in modeht®on
reduces human errors and provides an unexpectett ofi¢he
CAD model quality.

Fig. 3. Typical nesting coils and spacers in CADER?

C. Creating the Magnetic Model (TOSCA)

The CAD ProE magnet assembly can be loaded dirgttly
TOSCA with the help of the MODELLER program. A sil@p
way to do it is through a SAT file. Prior to thearnsfer we
eliminate from the CAD model all non-magnetic comets,
unimportant details and the coils as well. The <d¢8 node
bricks) can be added later and read directly inte t
MODELLER from a modified BEND output file. Settingp
the magnetic model is quick and repeating the E®a@an
become fairly seamless (Fig. 4).

W VECTOR FIELDS
Fig. 4. A 3D TOSCA magnetic model of a quadrupobkgnet

Reducing the complexity of the magnetic model setup
improves the iron optimization process. Revisioas easily
be done in CAD and uploaded into TOSCA. Fig. 5 show
several details in the inner iron pads that wembuph an
optimization process in order to reduce the field the
conductor located over its ends.
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Fig. 5. Magnetic model details of optimized ir@afures above the coil ends.

D. Creating the Mechanical Model (ANSYS)

The structural ANSYS model was the last step iagrdting
the design process and was proven to be the moisingxone.
An existing ANSYS translator was used to convedBEPsolid
model assemblies into ANSYS volume assemblies @igSo
far this conversion was proven to be fast even l&ge
assemblies. Because a magnet contains a large noifberts,
the ProE CAD final assembly is broken into a nuntfesub-
assemblies. It is helpful to reduce the complexty the
ANSYS model if the conversion from ProE to ANSYSlne
separately for each subassembly. In the final stegpecific
ANSYS input file is written that reads each subatsdg,
identifies and sets its components by name, andrasthem
material and mesh properties. Meshing is usualhegged by

a sweep of 20-node structural element (SOLID95) ar

assembly components are usually allowed to interaat

contact elements (TARGE170 and CONTAL174) alon

adjacent surfaces. The successful meshing of aneoknd its
surfaces, especially between coils and spacers direct
consequence of the care taken during their creati@AD.

Fig. 6. A 3D ANSYS volumes model, translated frarProE CAD assembly
model, showing the end-plate, yokes and shellgaat shown).

Fig. 7 shows an important detail where each tuowrad the
magnet end has been extended to meet the spaoersaind
outer surfaces. That way proper smoothing betweatinm

components that nest eliminates possible futurécdifies
during meshing and solving. The analysis solutimliofvs the
room temperature assembly, cool-down and the inenésh
step increase in the Lorentz force. Although geirayathe
Lorentz force can be done within a separate ANSYgmatic
model we have found it to be more convenient to TGSCA
for this process [18]. A simple ANSYS program congsuthe
cancroids of all coil elements. The output filehen read by
TOSCA which computes the force per unit volume athe
such location (J x B). The three force componemngsthen
read back into ANSYS and multiplied by each elenveftime
before being equally divided among all adjacentesodNe
found this process to be convenient, accurate attérbsuited
for coil modification in the ANSYS model and thataw
extended coil elements in ANSYS with no current gign
retain a zero Lorentz force.

Fig. 7 Stacked coil edges around the ends (Ieﬁ)eentena to meet round
smooth surfaces on both coils ID and OD (right)

LARP IR QUAD

Fig. 8. An ANSYS mesh model of a magnet supporsimgctural.

With the prescribed design and assembly schemepirag
procedures of magnet design can be devised withfeva
iterations.

I1l.  MODELING

A. Magnet “ends” and training

One of the most exciting outcomes of integratirg rilagnet
design is the flexibility of providing answers tagneering
guestion previously too difficult to obtain. Theharent
integration between the various design elementsemak
straight forward and more convenient to give answer‘what
if” questions and optimize the design in a way tsabetter to
understand (for example, the impact of flexing spdcers and
of cuts in the pole island. We have carried ouDaaBalysis on



magnet ends assuming they behave as single sobi#<[19],
[20], and, as shown in Fig 9-10, we have also aealycoils
assuming they are composed of individual turns .[Zfje
analysis was carried out with and without frictibetween
adjacent surfaces including turn to turn. Followihg same
2D design approach for maintaining sufficient piress in the
pole region to prevent coil separation, it becapgasent how
difficult it is to apply the same rule to the magrends.
Avoiding separation between pole turns and endespas a
complicated task that requires careful applicatibpre-stress.

Axial rod

End plate

Fig. 9. A detail ANSYS view of the end supporustural.
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Fig. 10. A deformed coil end region under Lorentzcés modeled with
friction between turns.

Fig. 11 demonstrates an exaggerated situatioreierli of a
guadrupole magnet after cool-down (left) and undehigh
Lorentz force (right). In both cases the modeludels friction
and a low compressive axial support. After asserahty cool-
down small gaps appear between turns and betweerone
and the pole island (Fig. 11 left). We recognize thct that
gap size depend on pre-stress and that in actyaditgntial
gaps in impregnated coils may not occur but repldnstead
by turn to turn tension.

At large Lorentz forces (Fig. 11, right) individuglaps
collapse into a single larger gap (0.35 mm) locéetiveen the
pole turn and the island. The large gap size ig¢balt of low
axial pre-stress and azimuthal coil separation fitben pole
island. Fig. 12 shows the progression of that ead gize

70 um as a result of “soft” end support. Beyond 13 Kk t
decrease in azimuthal pole support reduces thd fidgton
force between turn one and the island (which iseurakial
tension) causing the island to slide backwards tdsvahe
magnet center. As a result the rate by which the gap
changes increases rapidly. We view this instantametiding
between the island and the first turn as main saf@otential
training.

Y

i

caol-down

Fig. 11. With an insufficient axial load (left) gajpetween turns appear after
cool-down. At 15 kA most gaps close but a singlegda gap develops

between turn one and the pole island (layer 1) inguan instantaneous

sliding in the island (right).
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Fig. 12. Axial gap size between pole island and ®md 1 during assembly
cool-down and excitationu€0.2) with limited axial support. The gap rate
change is caused by the island sliding.

The gap size during operation can be completelyietited
with proper axial end support (Fig. 13). The instaeous
sliding between the island and the first turn hosvesannot be
eliminated but delayed to occur beyond the expestsart
sample level. As shown in Fig. 13, the gap openatupt kA,

at least 500 A beyond the short sample value femttagnet.
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Fig. 13. Axial gap size in the end between polé ann 1 during assembly

under different conditions. At 13 kA the gap simereases t0 uol-down and excitationu€0.2) with full end support.



In Fig. 14 we show a side by side view of ends gidghe
same scale for a limited end support (top) andlya $upported
end (bottom). As shown, the fully supported endslightly
shorter and has a smaller gap size.
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Fig. 14. Axial displacements of inner layer's eedion beyond short sample
(0.2 friction factor assumed). Limited axial suppd¢rop) and full axial
support (bottom).

The magnet integrated design gave us the opporttmit
look into this possible training scenario. We atéte) aware
that until experimentally proven a model remainst jthat,
however, perhaps for the first time, we can quan&&D
details of a possible “stick slip” condition thaitves rise to
training.

We acknowledge the work of P. Fessia [22] on 3
mechanical modeling of magnet ends.

IV. QUENCH PROPAGATION

A. Thermal, Electrical and Mechanical Response

Another area where integration helps model
performance is the simulation of spot-heater expenis

within  ANSYS. That work yields quench propagation

velocities along and across turns, voltage and ¢eatpre rise
as a function of time and coil tress as a resptmsefast rise
in temperature. Details covering this work haverbesported
in the past [23]-[27]. Here too, the combinationGAD coils
and surrounding insulation details integrates wed ANSYS
and helps provide details on magnet protectioressQuench
propagation calculation is initiated by a momentasg in the
spot heater temperature over its short sample. limiFig. 15

magnet

(top) a normal zone is shown shortly after a questeinted.
Half a second later the maximum local temperate@ches
300 K causing a local compressive axial stressl86-MPa
(Fig. 15 bottom). In Fig. 16, the resistive voltagge across
the magnet clearly marks turn to transitions, angig. 18, the
computed hot spot temperature response is in ggoekment
with measurements.

Fig. 15. A coil normal zone after 80 ms withat= 44 K (top) and a local
compressive stress of — 136 MPa after 480 msec wieetocal temperature
reaches 300 K (bottom).
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Fig. 18. Measured (black markers) and computedtéwharkers) hot spot
temperature.



V. FUTURE PLANS [11] K. Halbach, "A Program for Inversion of System Armd and Its
. . Application to the Design of Magnets," Lawrence drimore National
It took many years to reach the point where a magesign Laboratory report UCRL-17436, 1967.

can be fully integrated with its analysis. The &g process [12] S. Russenschucket al, “Integrated design of superconducting
requires at least three professional experts saradi tamiliar Z(I::’Cflegztcg;—nl%aneltgég case study of the main qpats”, Eur. Phys.J.
with CAD, TOSCA, ANSYS as well as the overall OBty |13 vecior Fields Limited, 24 Bankside, Kidiington, @i OX5 1JE,
of superconducting magnet design. We plan to ingrarnd England.
simplify the process by trial and error and esgbctay and  [14] S. Caspi and R. Schmidt , “PkIbl programs user'siua version 2.0”,
understand the cause of quench initiation thatdeadraining LBNL report SC-MAG-471, August 1994.

. . . [15] J. Cook , “Strain energy minimization in SSC magniding”, IEEE
and ways to prevent it. One such example is to @eenb ™ T B "\l de\ol 27 no. 4, pp. 1976-1980, March 1991,

ANSYS StiCk-Slip re_sults with q-ue_nch. init.iation. V\Man to [16] PTC, 140 Kendrick Street, Needham, MA 02494, USA.

calculate the potential power dissipation in each €element [17] ANSYS, Inc., Southpointe, 275 Technology Drive, Gasburg, PA

caused by friction forces and relative motion. Tiewer 15317, USA. , _

dissipation may or may not cause a sufficient teatpee rise [18] S. Prestgmo_n, Lawrence Berkeley National Lab., &legk CA, private
L. communication, February 2003.

to |_n|t_|ate a quenCh-.However areas Wher? Iargg)eemure [19] S. Caspi.et al., “Mechanical design of a second generation LHC IR

variations are more likely to occur can be ideetifiand dealt quadrupole”,|IEEE Trans. Appl. Supercondvol. 14, no. 2, pp. 235-

with. We also plan to show that modeling can predic 238, June 2004.

P eeal [20] P. Ferracinet al, “Mechanical analysis of the MBn dipole magnet
training”, that a path dependent process can be to HD1", IEEE Trans. Appl. Superconductol. 15, no. 2, pp. 1119-1122,

gradually reduce a magnet stored mechanical enargy June 2005.
improve its performance. [21] S. Caspiset al, “Design and construction of TSQ01, a 90 mmsStb
quadrupole model for LHC luminosity upgrade basedaokey and
" h :
VI. CONCLUSION bladder structure”, presented 49" International Conference on

Magnet TechnologyGenoa, ltaly, September 18-23, 2005.
Integration and modeling of present high field22] P. Fessia and I. Rodriguez Canset® FEM mechanical modeling of

; ; ; ith soffies the head of the LHC Main dipole”, presented 18" International
SUpercondUCtmg magnets prom|s§ deSIgnS with ty‘ Conference on Magnet Technologgenoa, Italy, September 18-23,
more complex features and details. It also promisesre 2005.
magnets to perform with reduced risk and lower sodsing [23] S. Caspigt al, “Calculating quench propagation with ANSY'SIEEE

icati ith . finit | t [24] R. Yamadaet al, “2-D/3-D quench simulation using ANSYS for epoxy
communicating with major finite element program ofstas impregnated N§Sn high field magnets”, IEEE Trans. Appl.

magnetic, structural, thermal and electrical) hdls key in SuperconductVol. 13, no. 2, pp. 1696-1699, June 2003.
simulating multi-physics problems. [25] P. Ferracinet al, “Thermal, electrical and mechanical response to a

~ Sliding during magnet excitation results from asitaneous gﬂ‘;g?go U Ct'.\\'/%sl'”l 4YSL;2?§°;§.”§22?362?33 n’LEEO% 4 Trans.  Appl.
increase in the axial end Lorentz force, and aebm® in the [26] R. vamada,et al, “3D ANSYS quench simulation of cosine theta
transverse compressive force on the pole-islarid.daused by Nb/sub 3/Sn high field dipole magnetslEEE Trans. Appl.
the island restoring its free body position and a®t result of Superconductyol. 14, no. 2, pp. 291-294, June 2004

coil motion. Sliding cannot be eliminated altogethat can be [27] http://research.kek.jp/people/wake/

pushed beyond the short-sample limit by using cieffit axial

support.
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