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Analysis of Conductor Displacements in the Coll of
the LHC Main Dipole by Speckle Interferometry

P. Ferracin, P. Rastogi, W. Scandale, E. Todesco, and P. Tropea

Abstract—Magnetic field quality in superconducting magnets 140
mostly depends on conductor position in operational conditions
(under pressure, at 1.9 K). For the case of the LHC main magnets, 120 _ .
the conductor layout must agree with the nominal design within =~ — + Ipading -+ unloading Fai
less than 0.05 mm to met the field quality specifications. Finite el- E 10d s F
ement models are a numerical tool to forecast loads and deforma- =, Pl .
tions of mechanical structures, and can be used to evaluate con- B Fa ’-"
ductor displacements. To verify the FEM response at room tem- 5 80 A
perature, we made displacement measurements using speckle in- B AP
terferometer on a short sample of the dipole coils. Experimental & &0 e .r
results are compared with the numerical calculations, allowinga & 4

Y
stringent test of the most critical features of the FEM (interfaces ag “4 o
between different materials and coil properties). .
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Index Terms—Finite element model, speckle interferometry, su- 0 e
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|. INTRODUCTION Fig. 1. Experimental loading—unloading/strain curve for conductor stacks.

N THE Large Hadron Collider (LHC), a new accelerator

under construction at Europen Organization for NUclegg i and the validity limits of the calculations of the LHC

Rezea:jch (CE?N)';"” 8.3 tesla rlnagnzuc field \;wl_lrb\e; rle;\qwr ole model. The displacements of a short sample of the dipole
to bend particles that are accelerated up to ev. For ﬂ?:' il are measured by speckle interferometry with a precision

purpose, superconducting magnets operating at 1.9 K have bﬁgﬂer than 0.01 mm, using an optical device implemented at

designed [1]. Magnet imperfections may produce instabilitiq:ﬁe EPFL (Ecole Polytechnique Fédérale de Lausanne). Then
in proton trajectories, thus limiting the acceleratorperformancrtﬁ.e(,:lSurements are compared with FEM results '

Beam dynamics requirements impose tolerances on the relative
magnetic field imperfections of the order of 18 Since in
superconducting magnets field homogeneity mainly depends Il. THE SUPERCONDUCTINGLHC DiPOLE CoIL

on the position of the conductors, this implies that tolerances ) i ,

on the geometry of components are less than 0.05 mm [2 ,Superconductlng (Cu/NbTi) cables'assembled in b_Iocks apd
[3]. Finite element models of the LHC dipole cross-sectio edge-shaped copper spacers consitute _the LHC _dlpole coils.
allow computing the stresses arising inside the dipole dur“&l/ocks are c_or_nposed of cab_les that (_:ontam cyllndrlcal_strands
assembly and cool-down [4], taking into account the materigt€ré NbTi filaments are inserted in a copper matrix) and
properties of the magnet components and the applied loa@< insulated using a polyimide tape. This complex composite
The results of the numerical computations can also be u ctgre features a nonlinear mechanical behavior under com-
to investigate the impact of the coil deformations and of tHyession [8]-[10]. ) ) _
fabrication tolerances on the field quality [5]-[7]. The aim of Moreover, one has an important hysteresis between loading

this work is to present an experimental method to verify th@"d unloading. This is not_negligible since during the assembly
and the cool-down the coil undergoes load and unload phases.

The pressure-strain curve experimentally measured for a stack
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P. Ferracin, W. Scandale, and E. Todesco are with the Main Magnets %ﬂﬁmp the coils: they are assembled with a press to impose a
Superconductor Group, LHC Division, European Laboratory for Particle f7d MPa b il pol d coll bi
Physics (CERN), 1211 Geneva 23, Switzerland (e-mail: {Paolo.Ferracin,re'Stress 0 a between coll poles and collars at ambient

Walter.Scandale; Ezio.Todesco}@cern.ch). temperature. Between coils and collars and between inner and
P. Rastogi is with the Institue de Statique et Structure, Ecole P°'”9611|ter coils, thin Iayers of different materials (COil protection
nigue Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland (e-maﬁ: t hi tai hi di lati d h
pramod.rastogi@epfl.ch). sheets, shim retainers, shims, ground insulation and quenc

P. Tropea was with the MMS group at CERN. She is now with thbeaters) are inserted. They are used to give mechanical and
Laboratoire de Mecanique Appliquee et d’Analyze de Fiabilite, Ecole Politegdactrical protectionto the coil. Our reference system isidentified
nique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland (e-mail: the hori tal d tical directi f the dipol
paola.tropea@epfl.ch). y the horizontal and vertical directions of the dipole cross-

Publisher Item Identifier S 1051-8223(02)04271-9. section(z, y), and by the longitudinal axis of the dipole

1051-8223/02$17.00 © 2002 IEEE


https://core.ac.uk/display/25334735?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1710 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 12, NO. 1, MARCH 2002

Since the speckle technique allows to determine displace-
ments along one axis at a time, we have focused our investi-
gations on displacements along thexis. Indeed, this is the
direction of the main mode of deformation of the caill (i.e., an
azimuthal compression).

IV. THE FINITE ELEMENT MODEL

The finite element code ANSY!J12] has been used to build
a two-dimensional model of our experimental apparatus. Half
of the tool is considered, since boundary conditions provide the
left—right symmetry but not the up—down symmetry (the press
is screwed on the lower part). The press is composed of two
blocks of steel. Surface loads are applied in order to model the
piston. The steel support is provided by boundary conditions on
the lower part of the press. The most critical part of the model
is the superconducting coil. They are modeled in terms of their
two main components, i.e., blocks of superconducting cables

Fig. 2. The mechanical press. and copper wedges.
To take into account the nonlinear behavior of the coils under
I1l. EXPERIMENTAL APPARATUS compression, the elastic modulus of the blocks is not considered

. . . constant. Indeed, the loading part of the experimental curve

A. The LHC Coil Section and the Hydraulic Press described in Section Il is in%e?ted into the Fr)nodel; this can
A short section (94 mm) of the dipole coils has been asseiye implemented using a dedicated option of the code [13].

bled in a small press composed by two stainless steel blocksThe second critical feature of the model is the interface be-

molded as the LHC dipole collars on the side in contact with th@een the press and the coil, which is filled with thin materials

coils and kept together by two pistons (see Fig. 2). The pressigch as in the real magnet. These materials are not explicitly

loaded using two hydraulic pistons, whose maximum force é®nsidered, but are modeled in the FEM through contact ele-

124.6 kN each. The force is controlled by a manometer withmaents (CONTAC52). Contact elements behave like springs in

sensitivity of 3 bars, which corresponds to a stress of 0.2 Mg normal direction, reacting to a force proportionally to their

on the coil mid-plane. stiffness. Since in our case the contact elements model layers of
This permits to reach coil stresses up to a maximum dffferent materials, their stiffness takes into account the elastic

40 MPa on the coil poles, that is enough to test the most criticabdulus of these materials. Contact elements also allow mod-

features of the mechanical behavior of the coil (nonline&fing friction, as shown in [14].

stress—strain relation of the coil, interfaces between materials).

Loads are measured in correspondence of the top and of the V. EXPERIMENTAL RESULTS

bottom arcs of the coils by eight capacitive force transducers

[9], whose sensitivity allows sensitivity in pressure of 1 MPA- Test Procedure and Results

at room temperature. Differences in displacements are measured by speckle in-
] terferometry in correspondence of two successive load cases,
B. The Optical System with a stress increment of about 0.8 MPa, measured on the

Speckle interferometry is based on the coherent additionmfinometer. Speckle patterns are acquired in correspondence of
the light scattered by the object surface with a reference watlee two loads and an image showing level curves of equal dis-
The basic principle of the method resides in the correlation pfacements is issued. Two consecutive level curves correspond
the speckle patterns at the image plane of the CCD camera éma difference in displacements along thaxis of 1.5um. We
ployed to detect the speckle irradiance. The displacement @@sted the coil behavior for four different values of the initial
dergone by the object is worked out by comparing speckle pagimuthal stress in the range of 10 to 40 MPa, each time per-
terns of two different situations of load and deformation [10forming a stress increase of 0.8 MPa.

[11]. The subtraction between the two images is performed elecdn Figs. 3 and 4 the 10 MPa and the 40 MPa load cases are
tronically by a digital frame processor. The resulting intensitghown. ANSYS simulations, on the right part of the figures,
distribution is representative of an interferogram in which thghow equal displacement lines, whose distribution has to be
in-plane displacement between two successive fringes is givempared with the measured fringes of the speckle interferom-
by: etry, on the left. As shown in Table |, resuming data relative to

\ all the load cases, there is a good agreement between experi-

i (1) mental and numerical simulation results. Moreover, the pattern

2sinf of the fringes is also well reproduced. In particular, we notice

where is the wavelength of the illuminating beams ahthe that speckle fringes are not continuous between inner and outer
angle of the beams with the normal to the image plane. In otwils. This depends on the sliding of the coils. Contact elements,
setting, we have\ = 5145 A and# = 10°, so that two fringes used in the model to represent these layers of materials, well re-
represent a relative displacement of L. produce this behavior.
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TABLE |
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e LINES FROM THE FEM

Al b Foh AT O ASE IMER CUIL FRINGES CATER O0L, FRIMGE 5
FoE d § =i [ Fa HECRLE VA H SFECELE WHETE
11 i 1 1 1

' k B Hi¥| 8 o g

1 | 131 ] B N %

Fig. 3. Speckle interferometry image and ANSYd@splacements for the first

load case. TABLE I

SPECKLE INTERFEROMETRYFRINGES AND EQUAL DISPLACEMENT LINES FROM
THE FEM WITH FRICTION IN CONTACT ELEMENTS
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The patterns of fringes of equal displacements of the finite ele-
ment model and of the experimental measurements well agree
in the analyzed cases.

Moreover, we observed an increased rigidity of the coil for

. . higher loads, that agrees with the experimental stress—strain
It can be also pointed out that the total number of fnngeag g b
C

Fig. 4. Speckle interferometry image and ANSY8isplacements for the
fourth load case.

decreases as the applied load increases from 10 MPa (Fi hve derived from cable stack measurements used to model the
pp 9 in the finite element code. Introducing a friction between

to 40 MPa (Fig. .4)' Since the load s_tep applied during optlcf‘he surfaces in contact, we improved the model and we obtained
measurements is the same, the different number of frlngr]]aeds

confirms that the coil has a nonlinear behavior, as fou vr(ra]ryrigor):j qulzt;mtltatwe agreement between experimental and
in mechanical tests (see Fig. 1). Finally, we remark that ghgimencal resutts.

agreement between interferometry and FEM is worst for higher

pressure load cases, where ANSY@ves one or two fringes ACKNOWLEDGMENT
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friction in the contact elements of the FEM. A parametrical
analysis has been done and a friction coefficient equal to

has been chosen. This value is not based on experimental d
in fact the determination of the friction coefficient is not trivial
since one has several layers of different materials to model. Xrl
the cases have been re-evaluated and an improved agreement
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