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Field quality in superconducting magnets strongly depends on the geometry of the coil. Fiberglass
spacers (shims) placed between the coil and the collars have been used to optimize magnetic and me-
chanical performances of superconducting magnets in large accelerators. A change in the shim thickness
affects both the geometry of the coil and its state of compression (prestress) under operational conditions.
In this paper we develop a coupled magnetomechanical model of the main Large Hadron Collider dipole.
This model allows us to evaluate the prestress dependence on the shim thickness and the map of defor-
mations of the coil and the collars. Results of the model are compared to experimental measurements
carried out in a dedicated experiment, where a magnet model has been reassembled 5 times with different
shims. A good agreement is found between simulations and experimental data both on the mechanical
behavior and on the field quality. We show that this approach allows us to improve this agreement with
respect to models previously used in the literature. We finally evaluate the range of tunability that will
be provided by shims during the production of the Large Hadron Collider main dipoles.
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I. INTRODUCTION

In superconducting magnets used for particle accelera-
tors, the magnetic field strongly depends on the position of
the conductors [1]. Therefore, a correct layout of the coil
is crucial to obtain the field homogeneity needed for beam
dynamics. In the case of the superconducting dipoles of the
Large Hadron Collider (LHC) [2], under construction at
the European Organization for Nuclear Research (CERN),
the beam dynamics constraints require a control of field
homogeneity up to 1025 for some components [3]. This
implies that the standard deviation of the cable positioning
is around 0.03 mm [4], leading to global tolerances of the
coil layout of less than 0.1 mm. Such tolerances must be
kept under the assembly forces that compress the coil with
an azimuthal prestress of several tens of MPa.

To achieve these challenging goals during a production
phase that will last a few years, some flexibility has been
allowed in the magnet design: epoxy fiberglass spacers
(shims) are placed between the coil and the austenitic steel
collars in the pole region. Shim thickness can therefore be
varied to optimize the magnet performances. Adjustable
shims have been used in magnets for the Tevatron [5], for
the High Electron Ring Accelerator (HERA) [6], in the
Superconducting Super Collider (SSC) magnet prototypes
[7], and for the Relativistic Heavy Ion Collider (RHIC)
[8,9]. They aim at optimizing either the mechanical or the
magnetic performance. In the first case, adjustable shims
compensate variations of the azimuthal size of the coil to
obtain an optimal azimuthal prestress. This strategy has
been followed both in the LHC and in the SSC dipole
prototype phases [2,7] and as a first guess for the shim
dimension in the HERA dipoles [6]. In the second case,
an adjustable shim is used to modify the coil size under
compression to reach an optimal magnetic field. If we
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assume a constant collar cavity and a constant coil size, the
adjustable shim will also modify prestress. In a production
phase one has a mix of both cases, where an acceptable
range has been defined for the prestress, and shims are
used both to stay in this range and to reach the optimal
coil size for field quality (see for instance the experience
of Tevatron [5], HERA [6], and RHIC [8,9]).

In previous works [1,5,10], the magnetic effect of a shim
thickness increase d has been modeled by a uniform azi-
muthal compression d of the coil: this first-order approxi-
mation is based on the assumption that the rigidity of
the collar cavity is much larger than the rigidity of the
coil. Nevertheless, since the cavity rigidity is not infi-
nite, a shim thickness increase leads to a different cavity
deformation, bringing additional contributions to the field
harmonics. A first step towards a coupled magnetome-
chanical model of the dipole has been made for the LHC
short model dipoles: in Ref. [11] a d increase of the shim
is modeled as a coil compression of ad, where a , 1
is related to the measured collar deflection. Also in this
case, variations in the radial geometry of the coil are ne-
glected. Unfortunately, field quality is extremely sensitive
on conductor positions, and therefore these effects cannot
be neglected if one aims at a precise estimate of the de-
pendence of field quality on shim size.

In this paper we propose a finite element model of the
dipole cross section based on the properties of its compo-
nents (see Ref. [12] for the coil thermomechanical proper-
ties). A novel approach has been defined to model the
collaring procedure in the finite element code through
equivalent properties of the coil. This mechanical model
allows us to compute coil and collar deformations and the
effect of pole shim thickness on coil azimuthal prestress.
Results are then used by a magnetostatic code [13] to
evaluate the impact on field quality. All the quantities
© 2002 The American Physical Society 062401-1
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derived by this complex magnetomechanical model have
been validated through a dedicated experiment, where a
1 m long superconducting dipole magnet model has been
reassembled 5 times with different shim sizes. At the end
of each assembly procedure, prestress, collar deflection,
and magnetic field have been measured and compared to
the model. Results show that a precise evaluation of the
dependence of field quality on shim thickness cannot ne-
glect the mechanical features of the problem, i.e., radial
deformations of the coil and the deflection of the collars.

In Sec. II we describe the coil layout and the pole shims.
The finite element model used to work out the magne-
tomechanical behavior of the magnet is briefly described
in Sec. III. The experimental setup used to measure the
sensitivity of the magnetic field on the shim sizes is de-
scribed in Sec. IV. Experimental and numerical results are
compared in Sec. V. Appendix A describes the collaring
procedure. The method to define coil mechanical proper-
ties implemented in the model is given in Appendix B.

II. COIL LAYOUT

The main LHC dipole is about 15 m long and it is made
up of superconducting coils clamped by austenitic steel
collars (see Fig. 1). The collars are surrounded by an iron
yoke contained by a stainless steel shrinking cylinder. An
azimuthal compression (prestress) of the coils between 60
and 90 MPa at 300 K [14] is required at the end of the
collaring procedure to keep them under compression in all
the conditions up to the nominal field of 8.3 T. In this
magnet design, the yoke has only a minor effect on coil
prestress.

The cross section of the LHC dipole coil (see Fig. 2)
features two layers of superconducting cables of the
Rutherford type. A quadrant of the coil is composed of
six conductor blocks, spaced by three copper wedges.
Inner and outer pole shims are placed between the collars
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FIG. 1. LHC dipole cross section.
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FIG. 2. Cross section of the LHC dipole coil.
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FIG. 3. Pole shims of the LHC dipole coil.

and inner and outer layers, respectively (see Fig. 3).
A variation of the shim dimension directly affects the
azimuthal coil size and induces a prestress change. Any
variation of the shims aimed at correcting field quality
must take into account consequences on prestress and
ensure that the azimuthal coil compression stays in the
allowed range.

III. FINITE ELEMENT MODEL

A structural two-dimensional model of the dipole cross
section has been developed at CERN [15–17] using the
finite element code ANSYS [18]. Different material prop-
erties are associated with the corresponding areas of the
cross section, and interfaces between materials are mod-
eled through contact elements. Conductor blocks (made
of cable and insulation) are modeled as an homogeneous
material.

During the collaring procedure, the coils are compressed
to a maximum peak prestress up to the insertion of the
locking rods; then, the exerted pressure is released and
only a fraction of the peak prestress is left.

Since the coils are affected by well-known hysteresis
phenomena [12,19,20], their final mechanical state after
062401-2
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collaring will depend not only on the final prestress but
also on the stress-strain path followed during the collaring.
Therefore, one should build two finite element models, one
for the loading phase up to the insertion of the locking rods
and one for the prestress release phase. The two models
should have different coil mechanical properties, namely,
the loading and the unloading ones, respectively, and the
solution of the loading model should be used as the initial
condition of the unloading phase. In this paper we propose
an alternative approach, based on experimental measure-
ments of the stresses during the collaring procedure (see
Appendix A). We use a single-step model where loads are
given through contact element interferences. Therefore we
have to define an “equivalent” elastic modulus of the coils
that takes into account the collaring procedure. On the one
hand, this approach allows us to considerably simplify the
model without losing the crucial features of the problem.
On the other hand, the model is more accurate since it is
based on the measured prestresses during collaring. The
approach to work out the equivalent elastic modulus is de-
scribed in Appendix B. In Sec. V we will show that this
is crucial to obtain correct estimates of the dependence of
the coil prestress on the shim size.

Once the material properties are defined, interferences
between coil pole and collars are set to correctly reproduce
the nominal azimuthal prestress in the magnet. Then, vari-
ations of these interferences of 0.1 mm are applied on the
inner and on the outer layers, keeping the fourfold symme-
try of the coil. The corresponding variations of azimuthal
prestress, vertical diameter of the collars, and coil defor-
mations are computed. Coil displacements are then trans-
ferred to a magnetostatic code [13] to evaluate the impact
on the magnetic field.

IV. EXPERIMENTAL SETUP

A 1 m long dipole magnet has been reassembled 5 times
with different shims. The shim thickness has been changed
by 60.15 mm, for both layers. This variation has been
done in the two apertures at the same time, keeping the left-
right and top-bottom symmetries. First, the configuration
with nominal shims has been assembled and measured.
Then, the inner shims have been changed keeping constant
the outer ones; finally, the same has been done for the outer
layer, keeping the nominal inner shim. For each of the
five cases, the magnet has been assembled without the iron
yoke and the shrinking cylinder; just the so-called collared
coil at ambient temperature has been studied.

The prestress during the collaring (see Appendix A)
and the final prestress have been measured for the two
apertures by means of capacitive gauges [21] set at coil
poles. The sensitivity of these gauges is 1 MPa. At the
end of the collaring, the vertical diameter of the collar has
been measured and magnetic measurements have been car-
ried out.
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V. RESULTS

Here, we compare the results of the finite element model
with the experimental data that are presented with a statis-
tical error of 2 3 rms, giving a 95% confidence level in
the hypothesis of a Gaussian distribution.

The field shape of the dipole is described using the stan-
dard multipolar expansion of the magnetic field

By 1 iBx � B1

X

n
�bn 1 ian�

�x 1 iy�n21

Rn21
ref

. (1)

In this expansion, bn and an are the multipolar coeffi-
cients. They are expressed in 1024 units with respect to
the main field. The odd normal terms b3, b5, … are the
so-called allowed multipoles and are due to contributions
that respect the fourfold symmetry of the dipole cross sec-
tion. Even normal multipoles b2, b4, … and skew com-
ponents a2, a3, a4, … are due to left-right and top-bottom
asymmetries, respectively. Since in our case the geometry
of the coil layers is varied keeping these symmetries, only
the odd normal multipoles are influenced. The reference
radius Rref is set to 17 mm, i.e., about 2�3 of the magnet
aperture, which is the conventional value for the arc mag-
nets of the LHC.

A. Correlation between pole shim thickness and coil
prestress

In Table I we give the shim thickness variations and the
measured azimuthal prestress of the collared coil in the
two apertures. A variation of the shim dimension mainly
affects the prestress of the corresponding layer: in fact, a
prestress variation of about 20 MPa in one layer provokes
a modification of the prestress in the other layer within
3 MPa. The same weak mechanical coupling of the two
layers is found in the finite element model.

Prestress versus shim thickness of the same layer fea-
tures a linear behavior, with similar slopes in the two aper-
tures (see Fig. 4). Best fits with straight lines show that an
additional shim of 0.1 mm increases the prestress by 12 to
13 MPa. Our finite element model provides the same re-
sult for the inner layer, while it underestimates the prestress
variation on the outer layer by about 3 MPa (see Table II).

TABLE I. Shim thickness variation (mm) and corresponding
prestress (MPa) for the inner and the outer layers, experi-
mental data.

D shim Prestress Ap. 1 Prestress Ap. 2
(mm) (MPa) (MPa)

Inner Outer Inner Outer Inner Outer

0.00 0.00 49 51 44 60
0.15 0.00 67 49 62 60

20.15 0.00 30 51 28 60
0.00 0.15 50 72 46 79
0.00 20.15 52 32 49 39
062401-3
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FIG. 4. Prestress s (MPa) versus shim thickness variation
(mm) for the inner and outer layers and for the two apertures
(Ap. 1 and Ap. 2), experimental data, and linear fit.

TABLE II. Effect of a 0.1 mm thicker shim on the azimuthal
prestress (MPa).

Inner layer Outer layer

Measurements 12 6 1 13 6 1
Finite element model 12 10

This may be due to a slightly different mechanical behav-
ior between straight conductor stacks, which have been
measured to work out the equivalent elastic modulus (see
Appendix B), and conductor arcs. Most likely, the outer
layer is more sensitive to this difference, since it features
blocks with a higher number of conductors. Nevertheless,
we point out that using the unloading elastic modulus of
the coil one would have obtained a severe overestimate of
the prestress dependence on the shim size (about a factor
of 2).

B. Correlation between coil prestress and collar
deformation

The mechanical behavior of the cavity where the coil
is placed [22] can be studied by measuring the variation
of the vertical diameter of the collars due to a prestress
increase in the coil.

This is linked to the rigidity of the collars, which is a
combined effect of the collar material (stainless steel) and
of its rather complex geometry. The vertical diameter of
the collars has been measured in the five collared coils.
The comparison with the results from the finite element
model is very good (see Table III).
062401-4
TABLE III. Effect of an increase of 10 MPa of the average
prestress on the collar vertical dimension.

D diameter (mm)

Measurements 0.036 6 0.006
Finite element model 0.037

C. Analysis of coil deformations

The finite element model can provide the whole map of
deformations, which are not purely azimuthal, induced by
the variation of the shim thickness. In Figs. 5 and 6 we
plot the nominal geometry of the coils (solid lines) and
the displacements induced by a shim variation of 0.1 mm
on the inner and on the outer layer, respectively (dashed
lines). Displacements are magnified by a factor of 50 to
make the figure easier to analyze and to interpret.

The first graph shows that the variation on the inner layer
shim provokes an inner coil azimuthal compression, but
also a radial deformation. The azimuthal displacement of
the inner coil is around 0.095 mm, i.e., 5% less than the
additional shim thickness. The inner coil is also radially
shifted in the outward direction up to 0.017 mm; the maxi-
mum amplitude of this radial movement is reached in cor-
respondence to the pole of the outer layer (around 55±).
A reduction of this amplitude is then observed on the last
conductors of the inner layer (at around 75±), close to the
pole. Therefore, this shows that coil deformations cannot
be described by a simple elliptic mode. This importance of
high-order modes in radial displacements has been already
observed in the analysis of coil deformations for the main
LHC dipoles [23].

The outer coil has a very small increase of the azimuthal
size (0.003 mm) due to the weak cross talk between the
two layers. It also features a radial displacement of around
0.010 mm. A similar situation holds for the left part of
the coil (i.e., towards the center of the magnet), the only
difference being a smaller radial displacement in the
coil midplane, due to the two-in-one collar geometry. A
0.1 mm thicker outer shim provokes an azimuthal dis-
placement of the outer coil pole of around 0.090 mm (see

FIG. 5. Nominal coil geometry (solid line) and deformed ge-
ometry (dashed line) induced by a 0.1 mm thicker shim in the
inner coil. Deformations are magnified by a factor of 50.
062401-4
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FIG. 6. Nominal coil geometry (solid line) and deformed ge-
ometry (dashed line) induced by a 0.1 mm thicker shim in the
outer coil. Deformations are magnified by a factor of 50.

Fig. 6). Radial displacements of the outer coil are around
0.005 mm on the pole, while practically no displacements
are observed in the inner coil (less than 0.003 mm).

This analysis shows that our finite element model
foresees a coil displacement more complex than the one
predicted by the simple model based on pure azimuthal
compression with an infinitely rigid collar. In the next
section we will evaluate the impact of these displacements
on field harmonics, cross-checking the calculations with
the magnetic measurements.

D. Correlation between pole shim thickness and
allowed field harmonics

Room temperature magnetic measurements of the b3
and the b5 in the collared coil versus the shim thickness are
shown in Figs. 7 and 8. Also in this case, one finds a good
linearity and a similar slope for both apertures. Best fits
with a straight line provide the dependence of harmonics
on shim thickness, which are given in Table IV. Only the
case of the allowed coefficients b3, b5, and b7 has been
analyzed, with the higher orders being weakly dependent
on the shim size.

In the same table, we list the results of simulation based
on three different approaches. We first consider a purely
azimuthal compression of the coil by 0.1 mm, assuming
that the copper wedges are infinitely rigid (row “uniform
compression”). This approximation systematically overes-
timates the measured sensitivities of 20% (b3 and b7) to
60% (b5). Taking into account the experimental errors, the
discrepancy is significant for b3 and b5.

Then, following the approach of Ref. [11], we include
the measured collar deflection. A 0.1 mm wider shim
increases azimuthal prestress of around 12 MPa on one
layer (see Table II). This increases the average prestress
of 6 MPa and corresponds to a 0.011 mm increase in the
vertical radius (see Table III). The collar deflection com-
pensates the additional shim thickness that will drop from
0.1 to 0.089 mm. Therefore, our sensitivity estimates must
be reduced by 11% (see Table IV, row “compensated com-
pression.” In this way we recover the agreement within ex-
perimental errors for b3, but not for b5.
062401-5
FIG. 7. b3 (1024 units) versus shim thickness variation (mm)
for the inner and outer layers and for the two apertures (Ap. 1
and Ap. 2), experimental data, and linear fit.

Results of the finite element model recover an agreement
also for b5. This is mainly due to radial deformations that
were neglected in the previous approaches. One concludes
that our capability of modeling the mechanical behavior of
the coil is sufficiently precise not only in terms of stresses,
as has been shown in the previous section, but also in terms

FIG. 8. b5 (1024 units) versus shim thickness variation (mm)
for the inner and outer layers and for the two apertures (Ap. 1
and Ap. 2), experimental data, and linear fit.
062401-5



PRST-AB 5 P. FERRACIN et al. 062401 (2002)
TABLE IV. Effect on an additional shim of 0.1 mm on allowed
multiples (1024 units, Rref � 17 mm): experimental data and
comparison with the finite element model and with the uniform
azimuthal compression approximations.

Db3 Inner layer Outer layer

Uniform compression 12.18 11.62
Compensated compression 11.96 11.46
Finite element model 11.88 11.46
Measurements 11.85 6 0.26 11.36 6 0.10

Db5 Inner layer Outer layer

Uniform compression 20.40 20.08
Compensated compression 20.36 20.07
Finite element model 20.29 20.05
Measurements 20.24 6 0.06 20.05 6 0.04

Db7 Inner layer Outer layer

Uniform compression 10.15 20.02
Compensated compression 10.14 20.02
Finite element model 10.12 20.02
Measurements 10.13 6 0.04 20.01 6 0.00

of displacements, since it allows a reliable estimate of the
impact of deformations on the magnetic field.

The above analysis concerns the collared coil that is the
first stage at which magnetic measurements are taken. By
these measurements assembly errors or drifts of the di-
mensions of the magnet components can be detected and
corrected during series production. The whole magnet
(collared coils within the iron yoke and the shrinking cylin-
der) features different sensitivities of the field on the shim
size. This is due to the magnetic influence of the iron yoke.

In Table V we estimate this effect using our magnetome-
chanical model. The values for the whole magnet are com-
pared with the ones computed for the collared coil, already
shown in Table IV. One observes that the cold mass has
a lower sensitivity by around 20%: this is due to a scale
down of the multipoles since the main field is enhanced by
the iron yoke of about 20%.

Since the maximum admissible variation of shim thick-
ness is 60.12 mm, due to the 615 MPa limitation in the

TABLE V. Effect on an additional shim of 0.1 mm on allowed
multiples (1024 units, Rref � 17 mm): finite element results for
collared coil and assembled cold mass at room temperature.

Db3 Inner layer Outer layer

Collared coil 11.88 11.46
Cold mass 11.57 11.22

Db5 Inner layer Outer layer

Collared coil 20.29 20.05
Cold mass 20.24 20.04

Db7 Inner layer Outer layer

Collared coil 10.12 20.02
Cold mass 10.10 20.02
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azimuthal prestress (see Ref. [14] and Table II), one ob-
tains the order of magnitude of tunability provided by shim
thickness: for the b3 one can obtain up to 64.0 units, while
one has 60.35 and 60.15 units for the b5 and the b7, re-
spectively. Indeed, since only two parameters are available
for optimization (inner and outer shim thicknesses), some
values in this range cannot be obtained: for instance, the
maximum positive variation of b3 is reached for a shim
increase on both layers and therefore cannot correspond to
a positive variation of b5.

VI. CONCLUSIONS

In this paper we analyzed how the field quality of the
main LHC dipole can be tuned by changing the coil ge-
ometry with fiberglass spacers (shims) placed on the coil
pole faces. In a first approximation, a d mm thicker shim
leads to a decrease in the azimuthal coil size of the same
amount, since the collars are more rigid than the coil. Nev-
ertheless, a different shim size also induces a variation in
the azimuthal prestress and changes the patterns of coil de-
formations, thus affecting field quality.

We propose a coupled magnetomechanical model to pre-
cisely evaluate the dependence of field quality on shim
thickness. The mechanical model is implemented in a fi-
nite element code based on the measured mechanical prop-
erties of the dipole component. A crucial feature of our
finite element model is the coil elasticity that takes into
account the stress-strain path followed during the collaring
procedure. This novel approach allows us to describe the
dipole mechanics through a simple one-step model, based
on experimental measurements of prestress during collar-
ing. This model provides the dependence of the prestress
on shim size that is an important parameter that sets the
maximum admissible variation of the shim thickness. Es-
timated coil deformations are then transferred to a magne-
tostatic code to evaluate the impact on field quality.

A dedicated experiment on a 1 m long dipole model
has been carried out to validate both the mechanical and
the magnetic effects of a change in shim dimension. The
model has shown a good agreement with experimental data
on stresses and deformations, such as the measurements of
the vertical dimension of the collars and of the sensitivity
of prestress on shim size. The dependence of the odd low-
order multipoles on the shim size is also in good agreement
with experimental results. On the other hand, simplified
models previously used in the literature show significant
discrepancies with the experimental results. In particular,
higher-order radial modes of deformations are shown to
have a strong influence on the b5. One finally obtains the
range of tunability of low-order odd multipoles provided
by pole shims for the main LHC dipoles.
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APPENDIX A: PRESTRESS MEASUREMENTS
DURING COLLARING

As already mentioned in the introduction, the coil is
clamped by means of austenitic steel collars. The collaring
can be defined as the procedure to position the coils into the
collar cavities, under a given azimuthal prestress. Collars
and coils are compressed in a press in order to insert the
collaring rods, which lock the collars. After rod insertion,
the press is released: coil prestress decreases because of
the collar elastic deformation and because of the clearance
between the rods and the collar holes.

We define as relaxation [24] the ratio k between the
remaining coil azimuthal stress after the collaring sc and
the maximum coil azimuthal stress (peak stress) reached
during the collaring phase sp ; that is

k �
sc

sp
. (A1)

This ratio provides the stress path followed by the coil
during the magnet assembly. In Fig. 9 the values of the
peak and of the remaining stress on the coil in the five
different collarings are plotted. Some dependence of the
relaxation on the peak stress is observed. A linear fit of
relaxation versus peak prestress gives

kin � 0.002s
p
in 1 0.54 , (A2)

and

kou � 0.002sp
ou 1 0.48 , (A3)

where kin and kou are the relaxations for the inner and the
outer layers, and s

p
in and sp

ou are the peak stresses in MPa
reached during the collaring on the inner and the outer

FIG. 9. Residual azimuthal stress on the coil sc (MPa) versus
peak sp stress (MPa) during five collarings of the 1 m long
prototype.
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layers. The linear dependence of k on sp gives rise to the
parabolic dependence of sc on sp observed in Fig. 9.

APPENDIX B: MECHANICAL PROPERTIES OF
THE COIL

The superconducting coil of the LHC is made up of
copper wedges and conductor blocks. The latter are mod-
eled in the finite element model as zones with global me-
chanical properties, which include cables and insulation
layers. The coil behavior under compression is the cru-
cial parameter to obtain a correct evaluation of prestress
and deformations. As has been described in [12], the
stress-displacement curve of a stack of coil conductors is
characterized by an hysteresis whose width depends on
the peak stresses reached during the compression cycle
(see Fig. 10). This mechanical hysteresis is relevant to
our problem, since during the assembly procedure the coil
is first loaded up to a peak prestress and then unloaded
(see Appendix A). A finite element model should be im-
plemented in two steps: a coil compression up to the peak
prestress, based on coil mechanical properties during the
loading phase. Stresses and deformations obtained by this
model should then be used as an initial condition in a sec-
ond model, where coil mechanical properties during un-
loading should be used.

We propose an alternative approach based on a single-
step model. The collaring procedure is not explicitly mod-
eled, and loads are given through contact elements placed
between the coil and the collars. The prestress in the coil
after collaring is obtained by choosing the appropriate in-
terferences associated with the contact elements. Vari-
ations of the shim dimensions are then simulated by a
change of these interferences.

To choose the elastic modulus of the coil to be imple-
mented in the model, we have to take into account the
collaring procedure. A coil collared with different shims

FIG. 10. Stress s (MPa) at ambient temperature versus total
height of a stack of 22 conductors for the inner layer, loading
and unloading curves from different peak stresses (treated ex-
perimental data).
062401-7
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FIG. 11. Equivalent stress-displacement curve (dashed line)
for the coil inner layer.

will reach different peak prestresses and then relax to a
prestress value given by Eq. (A1). In Fig. 11 we show the
path followed by the coil in the stress-displacement plane
for five collarings (solid lines). The five markers are the
points reached by the coil after the collaring. They can be
fitted by a straight line (dashed line in Fig. 11) whose slope
is proportional to an equivalent elastic modulus which is
smaller than both the unloading and the loading elastic
moduli. The implementation of these equivalent properties
allows us to reach the correct stress-displacement status of
the coil in a single-step model.

In our case, stress-displacement curves of both the in-
ner and the outer layers of the LHC cable measured in
Ref. [12] have been postprocessed using the measured re-
laxation given by Eqs. (2) and (3). The equivalent elastic
moduli Eeq

E
eq
in � 5.5 GPa, Eeq

ou � 5.1 GPa (B1)

are obtained for the inner and the outer layers, re-
spectively. Through this postprocessing of the stress-
displacement curve of a conductor stack, the stress history
of the coil during the collaring is taken into account
and, as presented in Sec. V, a good agreement between
the numerical results and the experimental data of the
prestress sensitivity is obtained.
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