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Chapter 1

Introduction

1.1 Particle accelerators

Particle accelerators [1] are machines that accelerate charged elementary particles to
high kinetic energy. Particles are usually electrons or positrons or ionized atoms. A
beam of such particles is then smashed against other particles. The other particles
may be stationary atomic nuclei in a fixed target or fast moving particles in another
beam who is brought into a head-on collision with the first beam. Collisions with
very high energy beams correspond to very high temperatures in the interactions.
The study of matter in these extreme conditions can be related to the conditions
prevailing in the Universe in the first moments after the so-called ‘Big Bang’.

In circular accelerators the energy of the beam is increased into closed circular.
Since the particles travel in a straight line if no external forces are acting on them, in
these machines a magnetic field imparts a Lorentz force to them inducing a curved
path. The amount of curvature of the orbit depends on the strength of the magnetic
field and on the energy of the particle: the greater the magnetic field, the greater
the curvature; the greater the energy, the less the curvature.

As particle energy and momentum increase with every pass around the track, the
strength of the magnetic field is gradually augmented. The increase of energy and
magnetic field are synchronized, ensuring that the particles circulate in the same
path every time: we say that the field ‘ramps up’ with particle energy increase.
Circular accelerator producing a synchronized increase of energy and magnetic field
are called synchrotron.

1.2 Dipole magnets for accelerators

Dipole magnets for accelerators [1] fulfill the requirement of generating the magnetic
field necessary to force the beam into a circular orbits. They have two poles produc-
ing field lines in the aperture of the magnet (where the beam passes) perpendicular
to the plane of the particle beam orbit. They are in general electro-magnets, with

3



4 1. Introduction

magnetic fields generated by the flow of electric current in the wire winding of their
coils. The coils are encased in a ferromagnetic yoke which provides a return path to
close the field lines and to increase the field in the aperture. Depending on the field
strength several designs are possible :

e low field (up to 2T) iron-dominated magnets;
e high-field rectangular magnets;

e high-field round magnets;

e very high-field magnets.

In the iron-dominated magnets the peak magnetic field is limited by the iron
saturation at about 2T. The field shape depends principally on the shape of the
iron yoke, which determines the 'good field’ region where the beam can travel safely.
In most of the cases, such magnets are resistive, although there are examples of iron-
dominated superconducting magnets, where the yoke can remain either at ambient
or at cryogenic temperature.

For fields above 2T the magnets should be superconducting and the coil should
produce the additional magnetic flux. The coil becomes larger and the placement of
the conductors determines the shape and the quality of the field. Laminated steel
spacers called collars are in general positioned around the coils and inside the yoke
in order to confine the conductors and keep them in place. In many cases, the yoke
itself is used to support the coils. These magnets, called high-field magnets, may be
rectangular or circular. In the high-field rectangular magnets [2], the conductors are
placed above and below the aperture and the coil features a rectangular shape. In the
round magnet design, the coil is placed in a cylindrical shell around the magnet bore.
This coil configuration is called the cos 6 configuration, since the current distribution
in the cylindrical shell approximately varies as the cosine of the angle from the mid-
plane. For a colliding beam accelerator in which counter rotating beams collide, a
magnet design option is the two-in-one’ cos # design, where the two sets of coils for
the two beams are combined in a single iron yoke [3]. The cosf configuration is
predominantly used for magnet in the 3 to 10 T range with Nb-Ti superconductors
and up to 13T with NbsSn superconductors. Dipoles with the cos 6 configuration
and Nb-Ti superconductors have been built for the following accelerators:

e Tevatron at Fermilab, Chicago, USA: 44T at 4.6 K,

HERA at DESY, Hamburg, Germany: 4.7 T at 4.6 K;

RHIC at Brookhaven, New York, USA: 3.5T at 4.6 K

SSC (project canceled in October 1993) at SSCL, Texas, USA: 6.6 T at 4.4 K;

LHC (completion date 2007) at CERN, Geneva, Switzerland: 8.3 T at 1.9 K.
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For very high-field magnets, i.e. for field higher than 10 T, two new designs have
been proposed: the common coil design [4] and the block magnet design [5]. Both
use the two-in-one configuration with Nb3Sn superconductors.

1.3 Problem definition

In superconducting magnets the conductors are placed close to the bore in order
to reach an high magnetic field in the region where the beam passes. The main
consequence of this feature, compared to the resistive magnets where the conductors
are distant and the iron yoke extends toward the beam tube, is that the shape and
the quality of the magnetic field strongly depends on the position of the conductors.
In a circular accelerator, in order to guarantee a beam stable during the operation,
the magnetic field errors must be controlled at levels of the order of less than 10~*
of the main field. This means that the position of the conductors must be controlled
with a precision greater than 0.1 mm. The geometry of the whole magnet assembly
consequently gains primary relevance for the machine performance so that the tight
tolerance respect is strictly mandatory from the assembly to the operational phase.
The pre-operative life of a superconducting magnet like the LHC dipole goes indeed
trough several different events as road transports, cryostating, cryo-magnetic testing
and long term storage that can consistently affect the shape accuracy.

The dipole shape susceptibility is due to three concurrent factors hereby ex-
plained. The first is the overall small rigidity due to the discontinue internal struc-
ture made of varied components forced together by a relatively thin shell. The second
is that the dipole slightly curved geometry, designed to closely follow the circular
beam trajectory, is shaped in a press and fixed by mean of a longitudinal welding;
the final geometry is thus determined by the equilibrium between the forces exerted
by the straight internal components and the two bent shells welded together. The
third is the harshness of the thermal, magnetic and mechanical combined loads of
both static and dynamic nature experienced by the dipole.

Other than to preserve the correct geometry up to the operative stage it is
essential to guarantee its long-term stability. In operative conditions, in fact, the
magnets are hosted in a vacuum vessel so that after the installation no access is
possible any more to provide maintenance or to adjust the position with respect to
the beam trajectory. Any further alignment can only be implemented through the
cryostat (vacuum vessel) supports so that the knowledge of the cryo-dipole system
behavior is fundamental.

The LHC challenge is made tougher by the large scale need of dipoles to fill
the 70 % of the 27km-long ring. To manage the series production of such a com-
pound and pioneering item CERN has established a partnership with three leading
mechanic industries. The whole production is equally divided among the firms to
which CERN provides the know-how, the instruments and the feed-back necessary
to take corrective actions on the manufacturing procedure.
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1.4 Aim of the work and tools

The aim of this work is the study of the geometry of the main superconducting
dipole for the Large Hadron Collider from the manufacturing process throughout
the pre-operative stages to predict the respect of the tight tolerance, imposed by
the beam dynamic, in both nominal and chancy working conditions. Expected and
unexpected situations have been approached through the development of dedicate
models and tests with the purpose of evaluating their impact on magnet geometry.

As the cold mass is a new and complex assembly, the investigatory part played
a fundamental role in the research activity.

To carry out the dimensional inspections we use 3D laser trackers positioned
around the cold mass. The complete picture of the magnet 3D shape, with an
accuracy of few tenths of millimeter over 15m is then obtained by the combination
of the different laser tracker data.

To monitor the cold mass deformations in operating condition we use an optical
device specifically developed at CERN in collaboration with a specialized exter-
nal partner. The device, fulfilling very special requirements due to environmental
conditions, is based on optical interferometry and allows us to detect displacement
of hundredths of millimeters between two bodies with a temperature difference of
300 K.

In our study we used structural models of different complexity for different pur-
poses. For example we used analytical models in conjunction with the cold mass
geometry database to simulate the overall effect of individual geometry corrections
or to discriminate elastic from inelastic measured deformations. By means of finite
element models, instead, we investigated the effect of mechanic loads as induced by
road transport, or the effect of electro-magnetic forces arising in working conditions.

As the assembly complexity prevents from deducing some of the main mechanical
properties we set-up different dedicated tests and we evaluated the desired properties
from the comparison with analytical or finite element models.

To summarize, the observations were carried out by mean of:

e customized interferometer;

laser tracker;

tilt-meters.

Whereas the simulations were based on:

finite element method (ANSYSTM);

analytical models;

Montecarlo algorithm.



1.5. Contents of the thesis 7

More in detail all the finite element models were personally developed from
scratch except for the 2D one. The same applies to all the analytical models, de-
veloped using MATLABT™ | a commercial software especially efficient in matrix
handling. The Montecarlo simulations, the tools for the data analysis and the rou-
tines to interface the analytical model and the geometry database were also entirely
personally developed using MATLAB”™ . Tests were carried out, whenever possible,
in team with colleagues and metrology experts. Measurements of cold mass defor-
mations in operating conditions by means of interferometer were personally taken
and analyzed.

1.5 Contents of the thesis

Our study begins from the statistical analysis of the dipole geometry evolution across
all the successive steps from the assembly to the operative phases. Two character-
istic parameters have been chosen to easily control the shape variations; indeed we
gave primary importance to the magnet extremity positions and to the horizontal
curvature. On one hand, magnet extremities contain the multi-polar correctors to
correct field imperfections and need to be placed within few tenths of millimeter
around the beam orbit. On the other hand, the overall curvature is crucial to ensure
the superconducting coil shape and the mechanical clearance for the bunch of parti-
cles that must travel at a safe distance from the vacuum chamber walls. Therefore
our parameters are the extremity positions and the horizontal sag of the curved part.

The ratio between the magnet dimensions and the required tolerance causes the
tolerance check himself to be a not trivial task to accomplish. The related custom
measuring procedure has thus been simulated through Montecarlo based algorithm
to estimate the best accuracy achievable in the dimensional inspection performed in
the companies and at CERN.

The intrinsic mechanical qualities of the superconducting magnet design cause
the magnet shape to be easily influenced by the measuring bench planarity. Dedi-
cated tests have been carried out to evaluate the measuring bench requirements to
grant reliable measurements.

To compensate the non homogeneous production a new alignment strategy has
been proposed and the consequences have been simulated through the analytical
structural model. The interaction between adjacent magnet connected through flex-
ible bellows has been simulated and the effects on their alignment with respect to
the beam orbit have been studied as a base for a sorting strategy.

The specifications to prevent structural damages during the road transport from
the companies to CERN are based on the evaluation of the peak stresses conse-
quent to dynamic load. Aware of the considerable magnet inertia and small rigidity
that could limit the harmfulness of dynamic loads we studied the effect of inertial
loads. We used the 3D finite element model of the cold mass inside the cryostat
and we applied inertial loads of different intensity and along different directions
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to simulate acceleration and deceleration arising during road transport, handling
and installation. We considered also different transport restraints and cryostat/cold
mass interfaces. The behavior of the constraint at the cold mass/cryostat interface
has been investigated by mean of tests and simulations.

We carried out the statistical analysis on the shape parameters at the magnet
reception at CERN, after the cryostating and after the cryo-magnetic test in order
to monitor the geometrical stability. We could therefore identified the situations
that affect more the cold mass shape.

Potential cold mass shape modifications induced by nominal and accidental op-
erating modes are obviously of primary relevance. The cold mass shape and position
inside the cryostat have been monitored during thermal cycles, current ramp cycles
and resistive transitions.

The magnetic performance of a superconducting magnet like the dipole is strictly
related to the coil cross-section layout. During the energization phase the coil is sub-
jected to increasing Lorentz forces that not only deform the cable but even the whole
magnet cross-section. To evaluate coil deformations we use a detailed bi-dimensional
finite element model of the magnet cross section. Since the coil deformation during
energization cannot be directly measured we compared the simulation results with
the cross section diameter variation acquired with the interferometer. The effects of
quench on cold mass geometry has been analyzed and interpreted, consequences on
support integrity have been discussed.

1.6 Structure of the thesis

The thesis is divided into three parts. First part contains the introductory Chapter 2
to present some aspects of particle accelerators technology and lead into the thesis
subject. Chapter 2 gives details on the LHC project and describes the mechanical
design of its main bending dipole. Chapter 3 explains the different models used to
analyze the mechanical behavior of the magnet.

The second part focuses on the issues related to the series production of the
magnets. Chapter 4 analyses statistically the metrology of the produced dipoles.
Chapter 5 is dedicated to the examination of the tolerance checking procedure im-
plemented in the industries and at CERN.

Third part is dedicated to the pre-operative and operative phases. Chapter 6
reports the study of the interaction between the cold mass and the cryostat and the
performance of different types of transport restraints. Chapter 7 describes the effect
of operative modes on the overall geometry of the cold mass and of the cross-section.
Chapter 8 is dedicated to the conclusions. Appendix A illustrates the implemen-
tation of the analytical model. Appendix B gives general directions on how to
implement a 3D beam model based on finite element method. Appendix C contains
details on the implementation of the pre-stress in the ANSYS”™ 3D finite element
model. Appendix D demonstrates the criterion for choosing a 2" order polynomial
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curve to fit the magnet shape to compute the horizontal sag variation. Appendix F
contains details on the implementation of the screws in the Finite Element Model of
the transport restraints. Appendix E clarifies the geometrical relation between the
extremities and the central part of the cold mass. In Appendix G is reported the
flow diagram of the numerical simulation used in Chapter 5.
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Introduction




Chapter 2

The Large Hadron Collider and its
main dipole

2.1 The Large Hadron Collider

The Large Hadron Collider [3] is a circular accelerator under construction at CERN
(European Laboratory for Particle Physics): the project has been approved by the
CERN Council in December 1994 and it will be completed in 2007.

The machine will replace the LEP collider (Large Electron Positron collider),
inside the 27km underground circular tunnel in the Geneva area, and will provide
proton-proton collisions with a center-of-mass energy of 14 TeV.

The particle beam will be pre-accelerated by three different machines (LINAC,
PS and SPS) to 450 GeV and sent to the LHC. This phase is called the injection.
The beam energy will be then increased up to the 7TeV in the LHC itself. This
phase is called the acceleration. The collisions will occur in four interaction points
where four experiments (ALICE, CMS, LHC-b and ATLAS) are placed. This phase
is called the interaction.

Inside the LHC, superconducting magnets aligned with a precision of a few tenth
of millimeters are used to bend and focus the particle trajectories [6]. Namely:

e dipoles produce the main vertical magnetic field, perpendicular to the particle
direction, used to deflect particle motions to circular trajectories;

e quadrupoles produce a field that is null in the center of the vacuum chamber
and linearly dependent from the distance to the center, whose purpose is to
focus the beam.

In the LHC tunnel, 1232 main dipoles (MB: main bending) and 386 main quadrupoles
(MQ) will be installed.

11
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2.2 The superconducting main dipole

A vertical magnetic field of 8.3T is necessary to deflect a proton beam, acceler-
ated to an energy of 7TeV, along the circular trajectory of the 27km-long LHC
tunnel. This level of magnetic field requires the use of superconducting magnet
technology. There are three large accelerators in operation based on superconduct-
ing magnets: the Tevatron (Fermilab, USA), the HERA (DESY, Germany) and the
RHIC (Brookhaven, USA). They all make use of classical Nb-Ti superconductors
cooled with liquid helium at a temperature slightly above 4.2 K, and their opera-
tional fields are 4.4T for the Tevatron, 4.7T for HERA and 3.5T for RHIC. For
the LHC it is mandatory to push the field significantly higher, still retaining the
well-proven fabrication methods of cables and coils made of Nb-Ti superconductors.
The only way of obtaining fields of 8.3 T is to cool the magnets at a temperature
of 1.9K. In fact, at this lower temperature, the critical field and current of the
superconducting cables are considerably increased.

Below 2.17 K, helium takes the so-called superfluid state, with much lower viscos-
ity and much greater heat transmission capacity than liquid helium. On the other
hand, the enthalpy of all metallic parts and in particular of the superconducting
cables is reduced by almost an order of magnitude between 4.2 K and 1.8 K, with
a consequent faster temperature rise for a given deposit of energy. This feature
calls for particular care in limiting conductor motion. It should be noted that the
electro-magnetic forces on the conductor increase with B? and so does the stored
electro-magnetic energy, calling for a much stronger force-retaining structure than
in the previous projects.

The main dipole parameters are listed in Table 2.1, Fig. 2.1 shows the mechanical
structure of a dipole (short prototype) whereas Fig. 2.2 the cross-section of the dipole
hosted in the cryostat.

Proton-proton colliders require two separate beam channels with fields equal in
strength but opposite in directions. For the LHC, the compact ‘two-in-one’ design
is adopted, whereby the two beam channels (also called apertures) and their corre-
sponding sets of coils are inserted in a unique structure 15m long (see Fig. 2.1) and
in a single cryostat (see Fig. 2.2). In this arrangement a significant space saving and
a cost reduction of 30 % can be fulfilled with respect to two separate structures.

The dipole is composed by two superconducting coils which generate the mag-
netic field inside the two beam pipes. The coils are surrounded by a containment
structure that consists of coil clamping elements, the collar, the iron yoke and the
shrinking cylinder, which all contribute to producing the necessary azimuthal pre-
compression of the coils and to prevent tensile stresses arising in the coils under the
action of the electro-magnetic forces. In operation, the assembly inside the shrinking
cylinder, the so-called cold mass, is kept at 1.9 K. The cold mass is installed inside a
cryostat (see Fig. 2.2) whose main components are a radiation shield at 5K, a ther-
mal screen at 70 K, and the outer cylindrical wall of the vacuum vessel. All parts
between the beam vacuum chamber walls and shrinking cylinder are immersed in
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superfluid helium at atmospheric pressure and cooled by means of a heat-exchanger
tube, in which two-phase low-pressure helium is circulated and acts as a heat sink.

Figure 2.1: Mechanical structure of a short-prototype dipole cold mass.
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Figure 2.2: The cryo-dipole cross-section.
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Table 2.1: Dipole parameters.

Parameter Value Units
Injection field (0.45TeV beam energy) 0.54 [T]
Current at injection field 763 [A]
Nominal field(7 TeV beam energy) 8.33 [T]
Current at nominal field 11850 [A]
Inductance at nominal field 98.7 [mH]
Stored energy (both apertures) at nominal field 6.93 [MJ]
Ultimate field 9 [T]
Current at ultimate field 12840 [A]
Stored energy (both apertures) at ultimate field 8.11 [MJ]
Maximum quench limit of the cold mass (from short sample) 9.7 [T]
Operating temperature 1.9 K]
Coil aperture at 293 K 56 [mm]
Bending radius at 1.9K 2803.98 [m)]
Magnetic length at 1.9 K at nominal field 14312 [mm]
Coil inner diameter 56 [mm]
Coil outer diameter (incl. insulation to ground) 120.5 [mm)|
Coil length (incl. end pieces) 14467 [mm]
Thickness of perforated glass-epoxy 0.5 [mm)]
Thickness of insulation to ground 0.75 [mm|
Distance between aperture axes 194.52 [mm)]
Collar height 192 [mm]
Collar width 396 [mm]
Yoke outer diameter 550 [mm]
Shrinking cylinder outer diameter 570 [mm]
Length of active part (incl. end plates) 14603 [mm)]
Overall length of cold mass 15180 [mm]
Mass of cold mass 27.5 [t]
Outer diameter of cryostat 914 [mm]
Inner diameter of cryostat 890 [mm]
Overall mass of cryo-dipole 31.5 [t]
Forces/coil quadrant at nominal field:

> Fx 1.8 [MN/m]

> Fy 0.81 | [MN/m]
Forces/coil quadrant at ultimate field:

> Fx 2.1 [MN/m]

> Fy 0.94 | [MN/m]
Axial force at each end at nominal field 0.50 [MN]
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At room temperature the cold mass is bent to a 2812.360 m radius of curvature,
with a horizontal sagitta of 9.14 mm in the center that at 1.9 K becomes 9.11 mm to
match the beam paths. We start now describing in detail the main components of
the cryo-dipole.

2.2.1 The cable

The transverse cross-section of the coils for the 56 mm aperture dipole magnet shows
two layers of different cables of the Rutherford type (see Fig. 2.3), where strands
composed by Nb-Ti filament in a copper matrix are twisted and compressed into a
flat two-layers cable. The basic parameters of the two cables are given in Table 2.2.
The cable used in the inner layer of the coil has 28 strands and the cable of the
outer layer 36 strands. The Nb-Ti filament size is of 7 um for the inner layer strand
and 6 ym for the outer layer strand. Cables have a trapezoidal shape, with angles

Figure 2.4: The cable insulation.

between bases and oblique sides of 1.25 degrees for the inner layer and 0.90 degrees
for the outer layer. These angles, called ”keystoning” angles, are used to better
obtain the arc shape of the coil.
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During operation, the primary sources of heat to the coils are the lost particles
and the synchrotron radiation. An additional dynamic heat load results from losses
during magnet ramping. This heat increases the superconductor temperature, which
reduces the magnet operating margin. Particular care has therefore to be taken to
provide a cable insulation which not only withstands the voltage between turns but
is also sufficiently porous to let the superfluid helium carry away the heat. The
insulation must also be robust, in order not to break during winding and curing.

Table 2.2: Strand and cable characteristics.

Inner layer | Outer layer
Strand
Strand diameter [mm)] 1.065 0.825
Copper to superconductor ratio 1.6 1.9
Filament size [mm] 0.007 0.006
Number of filaments 8900 6500
RRR > 150 > 150
Twist pitch (after cabling) [mm] 18 15
Critical current [A] 10 T, 1.9 K > 515
9T, 1.9 K > 380
Cable

Number of strands 28 36
Cable dimension at 50 MPa

thin edge [mm] 1.736 1.362

thick edge [mm] 2.064 1.598

width [mm] 15.1 15.1
Transposition pitch [mm] 115 100
Keystone angle (degree) 1.25 0.90
Critical current [A] 10 T, 1.9 K > 13750

9T, 19K > 12960

The basic cable insulation, which must safely withstand a turn-to-turn test volt-
age of 75V, is composed of two polyimide layers wrapped around the cable, with
50 % overlapping (see Fig. 2.4 a), and another adhesive polyimide tape wrapped onto
the cable and spaced by 2mm (see Fig. 2.4 b). The resulting gap makes the coil
porous by setting up channels for superfluid helium, without affecting the mechanical
support between turns.

After winding, the adhesive is cured by heating each coil layer in a curing mould,
which at the same time gives the final shape and size to the coil.
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2.2.2 The superconducting coil

A charged particle ¢ moving with velocity v through a magnetic field B is acted by
a force called the Lorentz force, given by

F=qinB (2.1)

which is perpendicular to the direction of the magnetic field and of the particle mo-
tion. The Lorentz force on beam particles keeps them in the desired orbits through
the accelerator. The coil of a dipole is designed to generate in the vacuum pipe

vacuum pipe

Figure 2.5: Schematic view of the superconducting coil.

a uniform vertical magnetic field, perpendicular to the proton beam, in order to
steer the particles in a circular orbit. A schematic view of a superconducting coil
is given in Fig. 2.5: the current conductors run parallel to the particle beam over
the longest part of the magnet except for the parts on the extremities, so-called coil
heads, where the conductors make their turn. The heads produce field perturbation;
however their length is small compared to the length of the straight section and thus
the effect is minimal: in the LHC dipole the heads are about half a meter long, while
the total length of the coil is 14.5m.

Figure 2.6: The superconducting coil cross-section in the LHC dipole.
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The coil cross-section is shaped to make the best use of a superconducting cable
and to produce a dipole field of the best possible homogeneity over the whole range
of its operational excitation. The conductor distribution selected in the LHC dipole
is shown in Fig. 2.6. Conductors are placed on two layers and distributed on six
blocks for each quadrant.

Wedge-shaped copper spacers (copper wedges) are inserted between blocks of
conductors to produce the desired field quality and to approximate a quasi-circular
coil geometry, compensating for the insufficient keystoning of the cables. In the next
Section we describe how this kind of conductor distribution generates a dipole field.

2.2.3 The magnetic field

It can be demonstrated [7] that if we consider the arrangement of current distri-
bution represented in Fig. 2.7, where the currents, perpendicular to the sheet, are
distributed as a function of the azimuthal angle 6 with respect to the z axis, i.e

1(0) = Iy cosb, (2.2)

the field obtained in the area between the two distribution is a pure and homogeneous
dipole.

Figure 2.7: Generation of a pure dipole by a cos# current distribution.

Since we want to create inside the beam tube a dipole field as homogeneous
as possible, the superconducting coil surrounding the tube should reproduce this
current distribution, called cos@ distribution. Such configuration is impossible to
fabricate with a superconducting cable of constant cross-section as the Rutherford
cable, but can be simulated with an arc geometry provided by the keystoning of the
cables and by the copper wedges.

Indeed, the magnetic field generated by the superconducting coil is not a pure
dipole, since it is affected also by higher order multipoles (quadrupole, sextupole,
etc.). In order to express analytically the magnetic field inside the beam pipe, we
remind that in a empty space, free of any currents and magnetized materials, the
magnetic field fulfills the following two Maxwell equations

V-B=0,VxB=0. (2.3)
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In the central part of the dipole the conductors are parallel to the beam pipe.
Under these circumstances one can consider the magnetic field essentially as two
dimensional. If we define a complex magnetic field by the equation

B = B, +iB,, (2.4)

the Bqs. (2.3) are identical with the Cauchy-Riemann conditions and B can be
expanded in a power series, obtaining

By(z,y) +iB.(z,y) = B i(bn + iay) (xR+ Zy) _ : (2.5)

n=1 ref

where B is the dipole field intensity and R,.s is the reference radius set to 17 mm
for the LHC dipole. The coordinate system (O, x,y, z) is defined so that the z axis
is parallel to the beam line and the y is parallel to the dipole field. O is set at
the center of the coil aperture. The coefficients by, bs, ..., b, are called the normal
multipole coefficients and the coefficients aq, as,..., a, are called the skew multipole
coefficients. The index n = 1 describes the dipolar field, n = 2 the quadrupolar
field, n = 3 the sextupolar field, and so on.
We define the the normal (B,,) and skew (A,,) multipoles respectively as

By = byBy, By = b3B,y, ..., B, = b, B (2.6)

and
A2 = CI,QBl, Ag = agBl, ey Ay = anBl. (27)

A skew multipole A,, is given by a normal multipole B,, rotated by 7/(2m). A skew
dipole, for instance, has an horizontal field. In Eq. (2.5), B; is in Tesla, and the
dimensionless coefficients b,, and a,, are in so-called units, which are defined as 10~4
of the main field.

The multipolar components, describing the perturbations with respect to the
ideal dipole field, can be classified in two groups. The odd normal multipoles by, b3,
bs,... are called the allowed multipoles. They are generated by a current distribution
which respects the dipole symmetry, i.e. even with respect to the x axis and odd
with respect to the y axis. The even normal multipoles by, by, bg,... and all the skew
multipoles ay, as, as,... are called the unallowed multipoles. They result in violation
of the dipole symmetry: the even normal multipoles are due to asymmetries left-
right and the skew multipoles to asymmetries top-bottom. In Table 2.3 we give the
classification of the low order multipoles.

The allowed multipole can be tuned by changing the limiting angles of the two coil
layers or the positions of the copper wedges. On the other hand, the minimization of
the unallowed multipoles, which are determined by manufacturing errors, requires
great precision in the construction of the magnet components.
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Table 2.3: Multipole classification.

Multipole

by unallowed | left-right asymmetry
g unallowed | top-bottom asymmetry
b3 allowed dipole symmetry

as unallowed | top-bottom asymmetry
by unallowed | left-right asymmetry
ay unallowed | top-bottom asymmetry
bs allowed dipole symmetry

as unallowed | top-bottom asymmetry
bg unallowed | left-right asymmetry
ag unallowed | top-bottom asymmetry
b7 allowed dipole symmetry

ar unallowed | top-bottom asymmetry

2.2.4 The collars

The high currents and field in a typical cos 6 dipole produce very large Lorentz forces
on the conductors. Considering the dipole cross-section, the Lorentz forces have two
main components: an azimuthal component, which tends to squeeze the coil towards
the mid-plane, and a radial component, which tends to bend the coil outwards, with
a maximum displacement at the coil mid-plane.
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Figure 2.8: The collared coil.

These components may produce minute wire motions inside the coil. If the mo-
tions are purely elastic, no heat is dissipated and the coil remains superconducting.
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However, if the motions are frictional, the associated heat dissipation may be
sufficient to produce a resistive transition (quench). The motions must therefore be
prevented as much as possible by providing a rigid support to the coil: the collars
(see Fig. 2.8).

The collars confine radially the coil inside a rigid cavity hence counteracting
the the radial component of the Lorentz forces. Moreover, since the azimuthal
component compresses the coil towards the mid-plane, at high field the coil turns
close to the poles tend to move away from the collar poles (see Fig. 2.8). To prevent
this phenomenon, the collars are assembled in order to produce an azimuthal pre-
compression, called pre-stress, on the coils. The rule followed during assembly is to
apply an azimuthal pre-stress to the collared coil so that the coil is still compressed
by the pole at full magnet current. Therefore, the coil pre-stress applied at room
temperature by the collar must be sufficient to compensate for:

e insulation creep following the collaring procedure;
e differential thermal shrinkage between collars and coil during cool-down;

e stress redistribution due to the azimuthal component of the Lorentz forces at
high current.

In the LHC dipole it has been chosen an azimuthal pre-stress at ambient temper-
ature after collaring of 75 4 15 MPa, which falls down to about 30 + 7 MPa after the
cool-down. The collars are made of 3mm thick high-strength stainless steel sheet.
They are closed around the two coils by means of three locking rods (see Fig. 2.8).
Collars sheets are superposed one to the other to create packs, assembled using lit-
tle pins. Each layer is composed of two different parts, the so-called ‘long-collar’
and the ‘short-collar’. The long-collar contains the holes where to put the locking
rods. The short one has indeed a pure filling function. Different layers of collars are
assembled putting alternatively the long collars on the upper part and on the lower
part of the magnet.

Collaring shims, made of fiberglass, are located at the poles between the coil
and the collar (see Fig. 2.9). They represent an effective way of changing the pre-
stress and the azimuthal coil length, acting in turn on the multipolar contents of the
magnetic field.

In fact, by modifying the pole shim size, it is possible to change the space available
for the coil inside the collar cavity, thus varying the azimuthal pre-stress exerted by
the collar on the coil. This means that the pole shims allow to compensate the
possible difference of coil dimension during production with respect to the nominal
design obtaining at the end of the collaring the nominal pre-stress. Moreover they
can be used also for fine tuning the field quality during the magnet production. In
fact, if the pre-stress is varied, also the total azimuthal coil length, and consequently
the field quality, is modified.
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Figure 2.9: The pole shims.

2.2.5 The yoke and the shrinking cylinder

The ferromagnetic yoke (see Fig. 2.10) contributes to increase the magnetic field
inside the aperture of about the 20 % and confines the field flux, so that very low field
exits from the cold mass. Moreover, it represents an extra support for the collared
coil against the radial component of the Lorentz forces. The yoke consists of two
halves of low carbon steel laminations 5.8 mm thick. To ensure that the collars are in
contact with the yoke at 1.9 K after the cool-down, the two halves are designed with
a vertical gap of about a tenth of mm, which corresponds to the differential thermal
shrinkage between the collars and the yoke. The yoke laminations are contained by
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Figure 2.10: The cold mass cross-section.
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the shrinking cylinder, which is composed of two half shells about 15m long. The
two half shells are welded with interference around the iron yoke. The interference
generates a tensile stress of about 150 MPa in the cylinder. The force exerted by
the shrinking cylinder on the two yoke halves closes the gap at ambient temperature
and it is transmitted to the collar horizontally on the mid-plane and vertically via
the ferromagnetic insert (see Fig. 2.10). The collared coil is slightly deformed by the
force exerted by the yoke and the cylinder, and a small increase of the coil azimuthal
pre-stress (about 6 MPa) occurs.

After the cool-down, the deformation of the collared coil induced by the yoke
disappears because of the differential thermal contraction between collars and yoke,
leaving only a contact on the mid-plane which ensures a radial support to the collared
coil during the excitation to the nominal field.

With respect to the single aperture design, the two-in-one geometry features a
magnetic cross-talk between the two apertures [8]. In fact, the system consisting of
two identical dipole coils, charged in opposite direction and with surrounding yoke,
does not exhibit full symmetry with respect the vertical axes. Hence even normal
field harmonics occur. Nevertheless, they can be optimize by the ferromagnetic
insert, which has a significant influence on the low order even harmonics.

2.2.6 The cold mass and the cryostat

The dipole cold mass is roughly 27.5t weigh and about 15m long. It is placed on
three support posts each consisting of a low thermal conductivity composite tubular
column. Inserted inside the vacuum vessel it forms the so-called dipole cryomagnet
or cryo-dipole (see Fig. 2.2). The dipole cryostat runs at three temperature levels,
1.9K for the cold mass, and at 4.5-20 K and 55-75 K for the two intermediate heat
intercept levels. The two thermal shields are installed to minimize heat inleaks to
the cold mass at 1.9 K. The radiation screen uses multilayer superinsulation enclos-
ing the cold mass. The outer thermal shield, which intercepts the largest fraction
of incoming heat at 55-75 K, consists of a self-supporting aluminum screen covered
with multilayer superinsulation. A helium-gas-cooled aluminum pipe forms part of
the screen, which is divided into several segments to decrease movements during
cool-down and warm-up. The vacuum vessel contains insulation vacuum at a pres-
sure below 10~%mbar and it is made of steel. It is itself supported at three points,
coincident with the support posts. Three alignment targets are mounted on the
vacuum vessel to allow fine positioning in the tunnel. One target is at the longitudi-
nal location of the first support, the other two at the third support. These outside
references to the cold mass are established mechanically and verified on the magnet
measurement bench with respect to the magnetic axis. A retractable sliding sleeve
with flexible bellow elements encloses the interconnect region between two cryomag-
nets, ensuring the continuity of the insulation vacuum; the radiative insulation and
thermal shield are also continued across the interconnection region.
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2.2.7 The composite support posts

The cold mass supporting system inside the cryostat represents a major issue to
meet the alignment requirements of the LHC machine lattice. The aligning pro-
cedure is in fact performed on the cryostat so that the stability of the cold mass
position with respect to the cryostat must be guaranteed for an average lifetime of
20 years. In order to minimize the vertical sagitta of the cold mass and the heat
transfer between the cold mass at 1.9 K and the cryostat at 300 K the supporting
system design is characterized by three composite fiber cylindrical supports: a cen-
tral and two laterals at 2 meters from the cold mass ends. During the 20 years
operating life in a cryogenic environment, each support is subjected to a vertical
load of around 90 kN, plus parasitic loads due to stick-slip effects on the sliding in-
terface, to the 1.4 % inclination of the tunnel and to the mechanical and electrical
interconnections between magnets.The material, chosen for the small thermal con-
ductivity /stiffness ratio, is the composite ‘G-10’, made of graphite fiber reinforced
with epoxy (GFRE). In Table 2.4 we compare different structural support materials
in terms of conductivity /allowable stress ratio k/o.

Table 2.4: Figure of merit for structural support materials.

k/o [WmK/Pa] 1078
material 4K | 80K | 300K
304 ss 0.042 | 1.8 3.7
6061 T6 Al | 2.8 36 57
G-10 0.008 | 0.057 | 0.19
brass 1.3 21 46
copper 345 566 523

Each support, as shown in Fig. 2.11, is composed of a main thin-walled column
4 mm thick with a stainless steel reinforcing collar at the top. The collar is bolted
to a stainless steel pad welded on the cold mass whereas the column base interfaces
a simple support on the cryostat to allow sliding due to the cold mass thermal
contraction. A key on each interface guides the sliding direction: longitudinal for the
lateral supports and transversal, to allow homothetic shrinkage, for the central one.
To reduce the heat conduction to the cold mass, two intermediate heat extractors at
7.5 K and at 57.5 K are installed along the composite column. The heat intercepts
are 10 mm-thick aluminum plates externally glued to the column and connected to
the cryogenic line. They also have the function of support for the thermal shield
and radiation screen structures inside the cryostat allowing their different thermal
contractions with respect to the cold mass.
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Figure 2.11: The composite supporting post for the dipole cold mass.

2.2.8 Magnet extremities

In the coil ends the the block of cables follow a 3D curve to form a U shape in
both the horizontal and the transversal plane. In the horizontal plane it is needed
to close the coil track and in the transversal plane it is needed to leave the space
for the beam tube as shown in Fig. 2.5. The coil shape in the ends provides thus
an unwanted 3D magnetic field that is decreased by mean of non-electromagnetic
material replacing the iron yoke. The resultant electromagnetic forces acting on the
coil in the longitudinal direction are partly transmitted to the collars, the yoke and
the shrinking cylinder by friction and the remaining part is directly transmitted to
the thick end plates (Fig. 2.1). Other than to enclose the superconducting coil and
the packed laminations, the end plates are designed to host the small multipolar
magnets (sextupoles and octupoles/decapoles) needed to compensate the dipolar
field imperfections. The relative position between multipolar correctors and the
end plate is precisely set via the adjustable support shown in Fig. 2.15 to meet the
alignment requirements before the end cover sealing.

Figure 2.12: The cold mass end cover.

The end covers close the extremities of the cold mass (Fig 2.12), they are welded
to the shrinking cylinder to complete the Helium vessel. They nevertheless must



26 2. The Large Hadron Collider and its main dipole

leave passages for the beam tubes, a heat exchanger tube and two pipes containing
the main and the auxiliary electrical connections. The cover on the connection side
of the magnet leaves also a passage for a pipe leading to a pressure relief valve
located in the junction space between the magnet units.

The 1700 interconnections between magnets represent thus a crucial part of the
LHC lattice since they must ensure the continuity of the vacuum enclosures, the
beam pipe image current, the cryogenic circuits, the electrical power supply and the
thermal insulation. The bellows interconnecting each one of these lines must also
compensate for the thermal expansion/contraction of the magnets (around 46 mm)
and for their potential transverse misalignment.

2.3 Cold mass geometry

In order to maximize the mechanical clearance for the circulating beam with the
minimum coil size the cold mass is bent in the horizontal plane to follow the theo-
retical beam orbit. To guide the particles over a circular trajectory, each one of the
1232 magnet must provide a curvature of:

2 _3

1235 = 5.099988 - 1077, (2.8)
radians, corresponding to a magnetic length of the dipolar field of 14343 mm. This
is therefore the central part of the magnet containing the coil that is bent to closely
follow the beam orbit. The remaining parts consist of two 408.5 mm-long straight
prolongations containing the short multi-polar magnets needed to focus the beam.
The theoretical axis shapes in the horizontal plane are given in Fig. 2.13; in the
vertical plane the axis are straight lines belonging to the LHC ring plane (Fig. 2.14).
Since the geometry of the whole magnet reflects the bore tube axis shapes, the
manufacturing tolerances are given with respect to the tube axes. The geometric re-
quirements are driven by magnetic considerations i.e. to ensure mechanical clearance
and corrector magnet precise positions for the beam optic and mechanical i.e. to
ensure the integrity of the interconnections between magnets. The tolerance values
for the main components are given in detail below.

2.3.1 Tolerance on the shape

As the tube axis should be within +1 mm around the theoretical beam path, the
tolerance range is shaped as an arc of torus with a major radius of 2812360 mm and
a minor radius of 1mm in the bent part whereas as cylinder of 0.3 mm radius in
the straight parts [9]. The theoretical geometry of both the tubes, projected on the
horizontal plane, is shown in Fig. 2.13. The ideal axis projection on a vertical plane
is a straight line; the flexion due to cold mass self weight is expected to be 0.3 mm
as shown in Fig. 2.14. The overall magnet length must be 151584+2.2 mm.
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Figure 2.13: The tube axes shape in the horizontal plane.
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Figure 2.14: The tube axis shape in the vertical plane.

2.3.2 Tolerance on the interconnecting components

The interconnections between magnets can withstand transverse displacements up
to 6 mm [10] but the radial tolerance is set at 0.6 mm for the cold bore tube extremity
positions and at 0.75 mm for the end cover positions whereas the tilt must not exceed
respectively 5mrad and 1mrad. These values were chosen by taking into account
the further misalignments potentially introduced by the successive assembly steps
and the fatigue life of the interconnections since, during the LHC operating life, they
will be subject to cyclic loads.

Other important interconnecting components are the feet pads welded on the
cold mass to allow the interfacing with the composite support posts. Their position
is related to the vertical sagitta of the cold mass and consequently to the respect
of the shape tolerance in the vertical plane. Of the three feet pads, the central one
should be positioned at the cold mass mid-length and the laterals at 5.4 m from it
within +1mm. The three pads interfacing surface must be 294 + 0.5 mm from the
theoretical horizontal plane containing the tube axes.

2.3.3 Tolerance on the multi-polar correctors

To correct the unavoidable harmonic components of the main field, due to manu-
facturing tolerance, persistent currents and iron saturation, multi polar correctors
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Component Value Units
Tube axis 1 [mm]
Overall length +2.2 [mm]
End cover pos. +0.75 [mm]
End cover tilt +1 [mrad]
End flange pos. +0.6 [mm)]
End flange tilt +5 [mrad]
Support pads +1 [mm]
Correctors +0.3 (avg) | 0.5 (std) | [mm]

are placed in each magnet extremities. The position of the sextupole and combined

decapole octupole magnets must be centered on the beam trajectory with an high
accuracy in order to to prevent the so-called multipole feed-down effect [11]. The ra-
dial misalignment between the magnetic center of the multipolar fields and the beam
orbit cannot exceed a systematic value of 0.3 mm with a dispersion of 0.5 mm at
lo.

Figure 2.15: The multipolar correctors and the adjustable support.



Chapter 3

The superconducting dipole
models

3.1 Introduction

To evaluate the final performance of such a complex and innovative machine as the
LHC will be, it is mandatory to use predictive models in order to simulate all the
different aspects involved in the project. A wide range of softwares have been thus
developed to simulate events from the installation procedures to the interactions
between bunches of million particles spinning along the 27 km ring.

A mechanical model of the dipole is needed to accomplish several tasks as: to
check the structural qualities of the assembly, to identify situations potentially dan-
gerous for the magnet integrity and to predict permanent or temporary shape modi-
fication induced by external forces or by internal thermodynamic or electromagnetic
phenomena.

3.2 The analytical model

In spite of the accuracy, that strongly depends on the necessary simplifications,
an analytical model is a fast and solid tool that can provide a foretaste of the
phenomena’s nature and that can be used for on-line analyses and optimization
algorithms as well as a base to develop more complex models based, for example, on
finite element method.

As first approximation the dipole cold mass can be studied as a slim and ho-
mogeneous elastic beam. In fact, the 15m-long, 0.5 m-diameter cylindrical shape
suggests us considering the pure bending as the cause of axis deflections and the
limited cross-talk between deformations in the vertical and horizontal planes allows
us to implement a 2D model for each plane. Furthermore we do not take into ac-
count the slight horizontal curvature of the cold mass so that our model is a straight
beam. To describe the structural behavior of the heterogeneous and discontinuous
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cold mass internal structure we can use an homogeneous material characterized by
equivalent mechanical properties. In the field of small deformations we can also
approximate the stress-strain curve with a straight line typical of elastic materi-
als. Under these assumptions the deflections of the cold mass in the vertical and in
the horizontal plane can be derived accordingly to the pure bending theory for an
homogeneous and continuous slim beam.

VE A

V,(x)

<Y

Figure 3.1: The 2D slim beam model. See Appendix A for details.

As the cold mass is supported in three points we can consider it as a system
four beams rigidly connected to each other as shown in Fig. 3.1. We can apply
concentrated and/or distributed loads to each beam and, thanks to the linearity
of the system, granted by the hypothesis of small displacements and deformations,
the final deformation of each beam will be the sum of the deformations induced
by the different loads. The deformation of the complete system is then obtained
by imposing the equilibrium to rotation in the three interface sections between the
beams, as done for the first time by Emile Clapeyron in 1857 (‘three moments
equation’). In this way the analytical expression of the system is represented by
a matrix of polynomial coefficients that can be easily solved directly (i.e. apply
loads and constraints to obtain deformations) or inversely (i.e. impose deformations
and obtain applied loads and constraints). Matrix coefficients, given explicitly in
Appendix A along with a more detailed description of the model, are function of
boundary conditions (loads and constraints) and mechanical properties:

e cold mass density

e cold mass flexural rigidity (EI)
e distance between supports

e vertical offset between supports
e forces applied at the extremities
e distributed forces

e moments applied at the extremities
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e moments applied at the support locations

Once that we have the deflection function v;(z) for the i beam in the form:

vi(z) = az* + bix® + i + diw + e (3.1)

valid for = in the domain of the i*® beam: D;, the matrix notation allows us to
write:

T
T

vi(x):{ai bi ¢ d; €i} ? (3.2)
T
T

that can be rewritten as:
vi(z) = [M;] {z},z € D; (3.3)

The deflection function for the complete system of four beams is then:

(3.4)

As soon as we consider the domain D; composed of a finite number of points n;
along the i beam length, the general coordinate z € D; becomes a 1 X n; row array
x; and the former 5 x 1 column array {z},x € D; becomes a 5 x n; matrix: X;. In
this way we can rewrite Eq. 3.4 as:

X7 0y 03 04

o[ M g a | e 0 O 3.5
v(X) = [ 1 Mg Mz My } 0, 0, Xs 0, (3.5)
O 0 03 Xy

where: X = { X1 Xz X3 X4 }, 0; are 5 x n; null matrices and v represents the cold
mass deflection evaluated in a finite number of points Xx. The main advantage of the
analytical model is that it can be evaluated in the form of Eq. 3.5 and thus easily
implemented in numerical simulations and optimization algorithms.

We present now a typical application of the analytical model in the form of
Eq. 3.5, that is: the evaluation of one or more parameters among the boundary
conditions and mechanical properties listed in the beginning of this paragraph. For
example the evaluation of the flexural rigidity and support positions of a cold mass
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whose deflection in the vertical plane, induced by gravity and measured in n points,
is the curve (X,z). This is accomplished through the least square fit of the model
on the measured data with EI and the longitudinal and vertical support positions
as free parameters. The searched values are the ones that minimizes the sum of the
square offsets between model and data, e:

n
e=> [z — v(a))? (3.6)
k=1
Using matrix notation it can be written as:

e=[z-v(x)]z-vX)]" (3.7)

If now we decompose the measured data accordingly to the four longitudinal
domains D:

i:[xl Xy X3 X4},Z:{Z1 Zy Z3 Z4} (3.8)
and we call:
M =1 M ], X7 = l )Z( ] (3.9)

Eq. 3.7 becomes:

X+ 0, 05 04 X5 0, 05 04 M
0, X; 05 O 0, X; 05 O M;
c— Mf MS Mék MZ} 71 72 3* 74 71 72 3* 74 2*
0, 0, Xi 04 0, 0, Xz 04 M;
0, 0, 05 X: || 0O 0, 05 X; M;

(3.10)
where, this time, 0; are 6 x n; null matrices.

Eq. 3.10 represents the function to minimize in order to find the searched support
positions and flexural rigidity values and, also in this case, the matrix form is very
convenient to implement the minimum search algorithm.

This procedure can be used to find all the parameters listed at the beginning
of the chapter; the only two necessary conditions are: the number of parameters
searched be less than the number of measured points and the parameters be inde-
pendent to each other.

3.3 The 3D finite element model

The main limits of the analytical model are the planarity, the straightness and the
absence of the three composite feet which support the dipole inside the cryostat.
The need to model the supports comes from the fact that they represent the only
connection to the cryostat and that their rigidity is far smaller compared to cold
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mass and to cryostat. Furthermore, to allow the magnet thermal contractions, the
supports are allowed to slide on the cryostat with a non-negligible friction that makes
the system strongly non-linear.

The finite element model (shown in Fig. 3.2) has been implemented using the
commercial software ANSYS™ | The model is composed by the components that
contribute to the structural behavior:

e the collar

e the yoke

e the shrinking cylinder

e the end cover

e the composite support posts
e the support pads

e the cryostat

e the transport restraints

ELEMENTS

MAT  NUM

cryo dipole

Figure 3.2: A cut of the cryo-dipole finite element model.

The main simplifications in the model concern the inner part, made of packed
laminations of steel for the collar and iron for the yoke. The collar and the yoke, in
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fact, although modeled with individual material properties are implemented using
element BRICK45 [12] without any longitudinal or radial discontinuity. To take into
account the effect of the yoke and collar longitudinal discontinuity on the dipole me-
chanical behavior, we computed an equivalent longitudinal Young’s modulus to meet
the experimental flexural rigidity of 180 MPa-m* [13] and an equivalent tangential
stiffness to meet the experimental rigidity to torsion of around 0.4 GPam? [14]. To
disentangle radial stresses and longitudinal deformation we assigned a very small
value to the related Poisson’s ratios.

The shrinking cylinder is modeled using SHELL63 [12]. All material proper-
ties are isotropic except for the fictitious thermal contraction used to simulate the
azimuthal pre-stress as explained in Appendix C.

The support posts are thin-walled column implemented trough element SHELLG63.
In modeling the material we considered different values of Young’s modulus in the
range from 15 to 22 GPa, following production changes. To take into account the
anisotropy due to the glass fiber orientations, we assumed a 3.2 GPa tangential elas-
ticity with a Poisson’s ratio of 0.3 to meet the experimental rigidity to guided and
cantilever bending [15]. In the connection between SHELL and BRICK elements at
the top and at the bottom of the supports, the rotational degree of freedom of the
SHELL is not transmitted to the BRICK. The equilibrium to rotation is nevertheless
guaranteed by the moment generated by the normal forces on the top and bottom
edges of the cylinder.

The support pads connect the support posts to the shrinking cylinder. Modeled
through BRICK45 they have fully isotropic materials properties. The pad volume is
entirely meshed through pyramidal shaped elements to allow interfacing the mapped
surface of the shrinking cylinder to the circular top edge of the support post (visible
in Fig. 3.3).

The end covers were roughly modeled to allow the implementation of the trans-
port restraints connecting the cold mass to the cryostat. They come as a thick
circular cap of BRICK45 whose material has an equivalent density to match the end
cover real weight.

The cryostat has been modeled without relevant simplifications using element
SHELL63 and a fully isotropic material.

In the cryo-dipole model slice represented in Fig. 3.3 one can see the cryostat, the
GFRE composite support with the support pad on the top, the yoke and the collar;
the shrinking cylinder cannot be distinguished because of a visualization issue.

To check mesh density correctness we parametrized the element sizes. In the
yoke, the collar, the shrinking cylinder, the end covers and the cryostat both the
radial and longitudinal sizes can be varied independently. In the support posts, the
vertical and circumferential sizes can be also varied independently from the rest of
the model. We chose two possible sizes, one roughly twice bigger than the other,
in linear dimensions (Fig. 3.2 shows the finest mesh). As the solution, in terms of
nodal displacements, is independent from the chosen size we use the coarser model
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Figure 3.3: A slice of the cryo-dipole finite element model.

Table 3.1: Degrees of freedom (DOF’s) and wave front maximum size for different
mesh densities.

Mesh DOF  Wavefront
Fine 6-106 16000
Coarse 1.2-10° 7000

in all the analysis concerning the cold mass, support posts or cryostat deformations.
When we need to estimate the stresses we increase the mesh density only in the
region of interest. Transport restraints are modeled with a fixed size mesh density,
particularly fine in proximity of the many holes were the stress concentration is
higher (Chapter 6.3.2).

In Table 3.1 we report the number of degrees of freedom and the wavefront size
for the the coarsest and the finest possible mesh of the cryo-dipole model without
end restraints.

The principal model features and material properties are listed in Tables 3.2.
Ortothropic properties refer to the cold mass referential whose X and Y axes lie in
the plane containing the LHC ring, the X-axis radially directed toward the center of
curvature, the Y-axis tangentially directed from Connection end to Non-Connection
end and the Z-axis accordingly to the cartesian convention.

It must be pointed out that the properties listed in Table 3.2 are a mix of real
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Table 3.2: Young’s modulus, Poisson’s ratio and tangential elasticity of materials
implemented in the cryo-dipole finite element model.

Young’s [Pal Poisson’s
Component E, E, E. Vpy  Vyz Vg
Sh. cylinder 2-101 0.3
Collar 2-10°  6.93-10'*  2-10'* | 0.01 0.01 0.3
Yoke 1.9-10° 6.27-10"* 1.9-10% | 0.01 0.01 0.3
Supp. posts 23-10° 0.25
Transp. rest. 1.9-101! 0.3
Tangential [Pa]

Component Gay Gy G..

Sh. cylinder 7.69-101Y

Collar 2.7-10%  2.7.101° 7.69-109

Yoke 2.7-101% 2.7.101% 8.1-10%

Supp. posts 6.8-10°

Transp. rest. 7.3-10%°

and fictitious properties. Their validity is therefore restricted to some specific areas
of interest and their values can change accordingly to the phenomenon to study. For
example, to model the 150 MPa azimuthal pre-stress in the shrinking cylinder, we
worked out equivalent thermal properties as explained in Appendix C.

3.4 The 2D finite element model

For the computation of the cross section deformations in the operative stages, we
used an existing 2D FEM model developed at CERN with the aim to analyze the
effect of the assembly procedure, of the thermal contractions and of Lorentz forces on
the coil pre-stress. An extensive description of the model is given in [16], [17] and [18],
hereby we will simply outline its main features to allow the analysis comprehension.

The nominal cross section of the dipole cold mass is depicted in Fig. 2.10. The
computational complexity of such a section is primarily due to two features. The
first is the absence of any welding between the different components constituting
the section; that leads to the necessity of modeling contact surfaces. The second is
the behavior of the blocks of conductors that feature a large mechanical hysteresis,
a non linear stress-strain relation and difficulties in defining a thermal contraction
factor [19], [20], [21], [22]. All these features have been implemented in the finite
element model of the dipole cross section that is suitable for both magnetic and
mechanical analysis. The magnet length over diameter ratio of around 30 allows
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Figure 3.4: The finite element model of the cold mass cross-section.

one to consider a plane stress state and to reduce the analysis to two dimensions.
Moreover, thanks to the evident fourfold symmetry of the cross section, only a
quarter of that needs modeling (see Fig. 3.4). To analyze coil deformations during
the assembly procedure, the finite element model of the dipole has been implemented
in ANSYS™ mainly using element PLANE42 [12]. Magnet cross section has been
subdivided into homogeneous regions with specific values of Young’s modulus and
Poisson’s ratio and thermal contraction coefficients. A model in which the two main
components, i.e. the copper wedges and the superconducting blocks are well distinct
describes the coil. The superconducting blocks are considered homogeneous. Their
properties are based on experimental measurements of cables stacks (see [16] for
more details).

Contact between surfaces of different components has been described using el-
ement CONTACT52 [12]. Internal stresses in the assembled structure are imple-
mented through interferences of these elements.

To estimate the mechanic effect of Lorentz forces on superconducting cables a
magneto static model has been firstly adopted. The dipole length allows neglecting
the magnetic effect of the ends, consequently only the cross section is considered.
Each area of that, including the aperture, has been meshed using the element suitable
for electromagnetic analysis: PLANE13 [12]. From the magnetic point of view,
different components as the coils, the collar and the aperture are characterized by
different values of magnetic permeability. The model input is the current density
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Short collar Poles

Locking rods Long collar Aperture

Figure 3.5: Collars and coils cross section. Short and long collars are put alterna-
tively up and down.

in the coils whereas the model result is the electromagnetic force acting on each
node of the coils. Then, to get coil deformations, that result is used as mechanical
load, along with the thermal shrinking induced by the cool down, for the structural
model.
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Chapter 4

Phenomenology of dipole shape
geometrical susceptibility

4.1 Introduction

The intrinsic challenge of the LHC dipole cold mass production is the respect of the
tight geometrical tolerances (few tenths of millimeter over a 15m-length) needed
by beam dynamics. The most critical process is represented by the bending of the
magnet cylindrical structure in the horizontal plane. The curved shape imposed
by the welding press, must indeed be preserved throughout the rest of assembly,
transport and testing circumstances (from now on: pre-operative stages) until the
positioning in to the tunnel and the beginning of the operative stages. A wrong
curvature, in fact, systematically reduces the mechanical clearance for the circulating
particles and provokes a misalignment of the multi-polar correctors hosted in the
dipole extremities with detrimental effects on beam stability.

In this chapter we analyze the geometry of 2/3 of the entire production from the
early assembly stage to the final storage before the installation in to the tunnel.

We first describe the two geometric parameters that we defined to characterize
cold mass shape and the stages at which geometry checks are performed.

We then focus on the curvature obtained in the industry and we follow and
discuss the evolution across the successive steps.

We analyze the vertical shape and we show how we removed the spurious effect
of slightly different boundary conditions using the analytical model.

In the last part of the chapter we study the unexpected vertical shape of the
produced magnet and we propose a possible explanation.

It must be pointed out that since the different studies presented in this chapter
have been carried out at different times, the number of cold masses in the different
statistical bases can vary considerably.
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4.2 Characteristic parameters of cold mass shape

Cold mass shape is measured through a multi-station procedure implemented using
laser tracker technology, as described in Chapter 5.2.1. The measured shape is then
stored in the geometry database in terms of deviations from the theoretical geometry,
given in 2.3 and shown in Fig. 4.1. With respect to Fig. 4.1 we will call ‘horizontal
plane’, ‘vertical plane’ and ‘transversal plane’ the (X,Y), (Y,Z) and (X,Z) plane,
respectively; ‘horizontal shape’ and ‘vertical shape’ the projections of the 3D axis
measurement on the horizontal and on the vertical plane.

Connection End 14343 mm Non Connection End
T
z T T S —
% < 9.14mm
a2 | %8,
Vi1 > ® Sextupole position O Vi
® End position
5)
Stfa?ligh'['r;art Bent part St'réight bart

Figure 4.1: Theoretical geometry of the cold bore tube in assembling condition.
Horizontal plane (curvature strongly magnified).

To simplify the analysis we defined two parameters that reflect the fundamental
geometrical properties of each cold mass, they are:

e the sag in the horizontal plane (from now on: Sag), as an index of horizontal
curvature;

e the position of cold mass extremities in the transversal plane (from now on:
Ends), as an index of multipolar corrector alignments.

To monitor the shape error evolution across the pre-operative stages, we extract
these two parameters from geometric measurements performed at the following steps:

o After Welding(‘Working Package ITP15’): after the bending and the shrinking
cylinder welding;

After Manufacturing (‘Working Package ITP20’): before transport to CERN;

Arrival at CERN (‘Working Package WP01"): after transport to CERN;

After Cryostating (‘Working Package WP03’): after insertion in the cryostat;

After Cold Test (‘Working Package WP08’): after magnetic tests and first
thermal cycle (300K-1.9K-300K).
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4.3 Errors on Sag

Each one of the two apertures hosted in an LHC dipole cold mass, must fulfill
the imposed tolerances; although the two apertures are mechanically coupled, we
consider them separately. The Sag associated to the ideal curvature is, at room
temperature, 9.14mm. Non-nominal curvatures give an error on the Sag that is
negative for undersized curvatures and positive for over-sized ones (see Table 4.1,
where p is the curvature radius).

Table 4.1: Convention for Sag error sign.

Pmeasured < Prominal ASCI,g <0

Pmeasured > Prominal ASCI,g >0

Tolerance range: ASag = £2mm
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Figure 4.2: Typical measurement outcome. Interpolating polynomials and relevant
points for analysis are plotted along with the tolerance range.

The Sag error is obtained from the measured shape projection on the horizontal
plane. In Fig. 4.2 we show, as example, the horizontal shape of a cold mass as mea-
sured just after the assembly in the industry. The abscissa axis (dashed-dotted line)
matches the curvilinear co-ordinate along the nominal shape, the black solid line
represents the measured cold mass geometry deviations from the nominal whereas
the thin dotted lines envelop the tolerance range: +1mm in the curved part and
+0.6mm in the two straight extremities. As we demonstrate in Appendix D, in
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this linearized 2D space a cold mass with a over-sized curvature is represented by
a parabolic curve with up-ward convexity; down-ward when the curvature is under-
sized. Hence the cold mass Sag error corresponds to the sag of the parabolic curve
(274 order polynomial) that fits the horizontal shape errors in the curved part. In
Fig. 4.2 the dashed line is the 2" order polynomial fit of the curved part; it can be
seen that the cold mass axis is too curve and the corresponding Sag error ‘ASag’ is
around 1.5 mm.

The solid clear line is the 10" order polynomial fit that we use to minimize the
noise associated to the measurement procedure and to pack in an analytic formula
the amount of treated data. The polynomial order is the lowest that fits the pop-
ulation within 0.3 mm [23]. Note that in the acquisition software the distance is
always computed in the (X,Z) plane orthogonal to the Y axis (see Fig. 4.1) and thus
slightly differs from the 3D euclidean distance.

In Fig. 4.3 we give the Sag error trend along the production per firm. In each
graph the solid line is the moving average computed over 30 cold masses and the
dashed lines add the corresponding standard deviation at 1 ¢. The cold mass serial
number range over which the average and standard deviation are computed can be
read on the X-axis.

Among the three productions we can highlight some similarities as for example
the accuracy of the early items (thanks to ‘re-shaping’, a corrective procedure ex-
plained later in this chapter) as well as of the last ones. The moving average is quite
far from the +2mm tolerance during the whole production of all the three firms;
the combined effect (dashed lines) of the systematic and of the random component
of the error, at 10, exceeds the limits only in one case (Firm 3).

We report now some individual features of each production.

Firm 1 (Fig. 4.3, top graph) corrected the systematic negative error (cold mass
not curved enough) of the first half of the production with a positive error in the
second half, achieving a very small overall average error although surrounded by a
spread wider than the other producers. Numerical values are given in Table 4.2.

Firm 2 (Fig. 4.3, middle graph) produced cold mass generally under-curved but
with a better reproducibility with respect to the other firms. The latest production
is very well centered around the nominal value but the overall result is cold masses
in average under curved (Table 4.2).

Firm 3 cold masses feature a curvature that is good in the first and in the last
part of the production but generally over-sized in the middle part (Fig. 4.3, bottom
graph); hence the final average is still positive as reported in Table 4.2.

The re-shaping procedure was introduced at the beginning of the series produc-
tion. It was designed to correct the curvature of cold masses severely out of tolerance
without disassembling the structure. Three different kinds of behavior can be found
among the magnets of the early production. Two of them are typical of those mag-
nets that, being already out of tolerance right after the welding of the shrinking
cylinder, have undergone the re-shaping procedure. In these cases the error on Sag,
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Table 4.2: Sag errors of cold mass after manufacturing (ITP20 stage)
Firm | Mean [mm] Std [mm] | # of CM

1 -0.002 1.04 291
2 -0.292 0.79 251
3 0.233 0.93 415

minimized by the re-shaping, tends to increase again toward the ‘After Welding’
value either completely (Fig. 4.4, top) or partially (Fig. 4.4, bottom). This kind of
shape degeneration usually does not affect the non-reshaped magnets that feature a
less susceptible geometry and represent the third kind of behavior (Fig. 4.4, middle).
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Figure 4.4: The three typical cold mass shape evolutions observed in the early
production. The thin dotted lines envelop the early tolerance range (£0.3 mm in
the extremities)

Looking more in detail at the top graph (relative to cold mass 1012) we can see
the large negative error on the Sag after the welding procedure (the black solid line)
indicating the magnet be too curved with respect to the specifications. This error,
conveniently recovered after the re-shaping procedure (red line), comes partially up
during transport to CERN (green line), is not affected by the cryostating procedure
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(blue line) and regains almost completely the original value after the cold test (yellow
line). The progressive degeneration of the shape after the re-shaping procedure
clearly affects also the extremities that, because of the tighter tolerances (dotted
line), undergo displacements already critical during the transport to CERN. A very
similar behavior can be seen in the bottom graph where the evolution of another
re-shaped magnet (cold mass 1015) is presented. The only significant difference is
the return to the pre-reshaping state that after the cold tests is still partial. As
before, the shape degeneration is more critical in the extremities. The third typical
behavior, mainly featured by non-reshaped dipoles and visible in the central part
of Fig. 4.4 (cold mass 1014), is characterized by very small shape variations that
always remain well within the tolerances and, consequently, do not lead to critical
circumstances.

We can compare now the systematic Sag change of a sub-sample of reshaped
and non-reshaped magnets of the early production which were measured at ev-
ery pre-operative step: from just after the first bending (‘After Welding’, ITP15)
up to the pre-installation storage (‘After Cold Test’, WPO08). In the right plot of

Systematic and random Sag error of 11 reshaped cold masses Systematic and random Sag error of 13 non-reshaped cold masses
o
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Figure 4.5: Sag change across pre-operative stages for the first 11 reshaped cold
masses (left plot) and for the first 13 non-reshaped cold masses (right plot).

Fig. 4.5 we show the evolution of the Sag error for the 11 re-shaped cold masses,
the marker represents the mean value and the bands the distribution at 1. It can
be noticed that the wide spread of Sag errors in the ‘After Welding’(ITP15) stage
squeezes considerably in the ‘After Manufacturing’ (ITP20) stage that is when the
cold masses are ready for the shipping to CERN and have undergone the second
bending (re-shaping) to enter the tolerance range. The distribution spread in the
successive measurements becomes then bigger and bigger up to reach, in the ‘Af-
ter Cold Test’(WPO08) stage, values close to ‘After Welding’. Sag trend for the 13
non-reshaped magnets, given in the right plot of Fig. 4.5, is characterized by a more
constant spread around systematically increasing values.

Our interpretation is that the bending procedure gives cold masses in average
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too curved and that the re-shaping corrective action is only short-term effective and
not stable enough to withstand the successive pre-operative stages.

The Sag error distribution for all the cold masses up to now produced and tested
is given in Fig. 4.6. The sample is composed by 880 cold masses and the two
distributions refer to ‘After Manufacturing” and ‘After Cold Test” stages. The final
Sag distribution, centered around a positive value testifies a systematic increase of
the cold mass curvature throughout the pre-operative stages.

ITP20 wpPo8s
250 250

#of CM
#ofCM

[mm] [mm]

Figure 4.6: Distribution of Sag error after the manufacturing and after the cold tests
for all the magnets produced and tested up to November 2005 (880 cold masses, 1760
Sags).

4.4 Cold mass End positions

Cold mass Ends are represented by the flanges welded at each tube extremities.
Each cold mass has, therefore, four ends that must fulfill the imposed tolerance
to guarantee the alignment of the multi-polar corrector magnets. Operatively, we
extract the End positions from the 10" order polynomial curve, that fits the tube
axis in vertical and horizontal plane, as shown in Fig. 4.2.

The evolution of the distribution of cold mass End positions in the transversal
plane is shown in Fig. 4.7. The sample is composed by all the magnets measured
at every stage from ‘After Manufacturing’ to ‘After Cold Test’ (34 cold masses, 136
Ends). Each graph refers to one of the four pre-operative stages: ‘After Manufac-
turing’ (ITP20), ‘Arrival at CERN’ (WPO01), ‘After Cryostating’” (WP03) and ‘After
Cold Test’ (WPO08). End positions, given with respect to the nominal value, refer to
both apertures and both sides. The surrounding histograms show the distribution
in the vertical and horizontal planes; for each histogram the mean and the standard
deviation at 1o are respectively given by the point marker position and by the red
bar width on the corresponding axis.

It can be noticed that at the I'TP20 stage the Ends are well centered on the
nominal position with a modest dispersion in both lateral (X) and vertical (Z) di-
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Figure 4.7: Distribution of End positions in the transversal plane at four pre-
operative stages: ‘After Manufacturing’, ‘Arrival at CERN’, ‘After Cryostating” and
‘After Cold Test’; 34 cold masses, 136 Ends.

rections. At the arrival to CERN the spread increases and is centered around a
positive horizontal shift (i.e.: toward the center of curvature) and a slightly negative
vertical shift (i.e.: toward the ground). After the cryostating the position condenses
vertically around a positive value and diffuses horizontally around a greater positive
offset. The final average position (After Cold Test) is close to nominal in vertical
direction but misplaced of about 0.8 mm, with a dispersion two times bigger than
the first step, in horizontal direction.

The analysis of the individual cold mass shape evolutions through the pre-
operative stages revealed that, in some cases, the successive geometry checks on
the same magnet can be characterized by different boundary conditions. An ex-
ample is given in the top graph of Fig. 4.8. The green curve represents the cold
mass axis shape in the vertical plane as measured in the industry before shipping
to CERN ("After Manufacturing’, ITP20), the red curve is the shape measured at
CERN (*After Cold Test’, WP08) and the crosses show the support locations. The
three supports should have, in principle, the same vertical position in both the mea-
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surements and the curves should locally overlap. In this case, instead, the central
support at CERN is lower than in the industry whereas the two laterals are higher
so that the two measurements cannot be directly compared. To correct the effect
of the different boundary conditions we used the analytical model to identify and
subtract the elastic deformation induced by the support misalignments. The result
of the correction in the case presented is shown in the bottom graph of Fig. 4.8. We
implemented the correction on all the cold mass geometries stored in the database
and the corresponding normalized extremity positions are given in Fig. 4.9. The
error trend throughout the stages clearly reflects the Sag variation. Right after the
manufacturing the Ends are, in fact, well positioned but then the displacements
progressively increase and after the cold tests the average has reached the tolerance
limit.
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Figure 4.8: Vertical shape of cold mass 1138 as measured in the industry (ITP20) and
at CERN (WPO08). In the top graph WPO08 data are the ones stored in the database,
in the bottom graph they are corrected imposing the same vertical position of the
supports.

We give the positions of the Ends for all the cold masses up to now produced
and tested, in Fig. 4.9. The sample is composed by 880 cold masses that is 3520
Ends. The two distributions refer to ‘After Manufacturing’ and ‘After Cold Test’
stages. The final horizontal End positions, centered around a positive value, reflect
the systematic increase of the cold mass curvature through the pre-operative stages.
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Figure 4.9: Distribution of normalized End positions in the transversal plane at four

pre-operative stages (34 cold masses, 136 Ends) and just after the manufacturing
and after the cold test (880 cold masses, 3520 Ends).



52 4. Phenomenology of dipole shape geometrical susceptibility

The vertical position, purged from the effect of elastic deformations, is in average
close to the nominal and testifies a greater mechanical stability of the cold mass
vertical shape, not affected by the bending treatment and stabilized by the gravity
field acting on the considerable magnet mass.

4.5 Curvature correction

The shape degradation experienced by all the cold masses in the pre-operative stages
can however be corrected before the installation in to the tunnel. The corrective
procedure, implemented at CERN, consists in the modification of the faulty shape
via the blocking of the central support in an appropriate position [24]. The drawback
of this effective procedure is the time needed for the fine adjustment, customized for
each magnet, to find the optimum support post position. As the three producing
firms show three distinct degrees of change in shape, a possible alternative is based
on the definition of a support post position unique for all the magnets produced
by the same firm. To check the effectiveness of such a procedure we simulated
the new correction on each produced magnet and we evaluated the effect in terms
of extremity positions. Operatively we proceeded as follows: using the analytical
model we computed, for each magnet, the optimum position of the central support
post; then we averaged the value within the magnets produced by the same firm and
we finally adjusted the magnets by this position ‘Per Firm’. If, after the correction,
at least one of the correctors of each magnet exceeded the nominal position by more
than 0.87mm [23], the magnet was individually corrected in the optimum position.

In Fig. 4.10 we show the different effect of the two corrections for one of the
magnets. The green curve represents the cold mass shape in the horizontal plane
as measured in the industry before the shipping to CERN ("After Manufacturing’,
ITP20) whereas the blue curve is the shape measured at CERN (*After Cold Test’,
WPO08). The curvature change is evident and the corresponding extremity displace-
ment is close to 1 mm. In the top graph we simulate the correction (WP08 new)
using the optimum support position: the original curvature and the extremity po-
sitions are completely recovered. In the bottom graph we simulate the correction
achieved by imposing a support position that is the average of all the optimum po-
sitions for the magnets produced by the same firm. In this case the recover toward
original is only partial.

We simulated the different corrections to all the magnets in the database mea-
sured at least at the first and at the last pre-operative stages. We can evaluate the
results in terms of flange displacements between these two stages (‘After Manufac-
turing’ and ‘After Cold Test’) looking at the histograms of Fig. 4.11. From left to
right we show the distribution of horizontal displacements without correction (ob-
served), with the ‘Per Magnet’ and with the ‘Per Firm’ correction (simulated). The
observed displacements are systematically positive with a broad dispersion, after the
correction ‘Per Magnet’ the displacements are negligibly dispersed around the zero,
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Figure 4.10: Effect of 'Per Magnet’ (top graph) and ’Per Firm’ (bottom graph)
shape correction on the same magnet. The arrow shows the central support shift

After the ‘Per Firm’ correction the systematic positive displacement is zero and the
surrounding spread is truncated at +0.87 mm.

The corresponding numerical results are reported in Table 4.3 in terms of average
and standard deviation at 1. It can be noticed that the value averaged over all the
magnets is very close to zero with both the old ‘Per Magnet’ and the new ‘Per Firm’
correction whereas the dispersion associated to the new correction is close to the
original without correction. As the tolerances on the multipolar correctors are set
at 0.3mm on the systematic and at 0.5mm (at 1) on the random component [11],
the margin for the future production in case of no corrective action is very narrow.
Therefore, as the new correction reduces considerably the average and, to a lesser

Table 4.3: Effect on extremity positions of different kinds of shape correction.

Corrective
action Mean [mm]| | Std [mm]
None 0.2217 0.486
Per Magnet 0.0003 0.081
Per Firm 0.0007 0.380
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Figure 4.11: Distribution of End horizontal displacements from ITP20 to WPO08
with no correction (left), ‘Per Magnet’ correction (center) and ‘Per Firm’ correction
(right).

extent, the dispersion, the tolerance respect is much better guaranteed also for the
forthcoming production.

4.6 Cold mass shape in vertical plane.

As explained in Chapter 2.3.1 the projection of the theoretical cold mass axis on a
vertical plane is represented by a straight line. In the hypothesis of negligible cross-
talk between vertical and horizontal plane, the effective vertical shape is determined
by the gravity, acting on the magnet 30t mass, by the structure flexural rigidity
and by the support longitudinal and vertical positions. When placed on three sup-
ports the maximum sagitta should be around 0.3 mm with a slight dispersion due to
the natural flexural rigidity spread in the population of the produced magnets. In
spite of that, most of the magnets up to now measured showed a remarkably greater
flexion in the vertical plane that can result in a harmful reduction of the mechani-
cal clearance needed by the circulating beams. To understand this phenomena we
carefully analyzed the magnet shapes from the assembly phase to their reception at
CERN as explained in the next paragraphs.
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4.6.1 Measured flexions.

The unexpected cold mass flexion is appreciable in Fig. 4.12 were the vertical shape
of magnet 2022, measured at different stages, is plotted. The vertical sagitta, that we
simply consider as the valley to peak vertical distance, almost reaches the noteworthy
value of 1mm that is almost three times bigger than what expected. This value
would correspond to a flexural rigidity of around 50 MPam? that is three times less
than the one of the shrinking cylinder itself that is, by design, the back bone of
the whole structure. To verify the systematic nature of this feature we analyzed
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Figure 4.12: Vertical shape of magnet 2022 as measured right after the manufactur-
ing (ITP20) and at the last pre-operative stage (WP08). Both raw data (solid lines)
and 10" degree polynomial interpolation (dashed lines) are plotted.

the current cold mass production by computing, for each available measurement,
the distance between the maximum and the minimum vertical coordinate in each
one of the two valleys between the supports (valley to peak vertical distance). To
smooth out the measurement noise we performed this operation on the 10 degree
interpolating polynomial as we did in other analyses (see Paragraph 4.2) and, by
mean of the cold mass analytical model (see Paragraph 3.2), we pre-processed all the
data in order to filter out the effect of vertically misaligned supports. In Table 4.4 we
give the results concerning the measurements taken in the industries and at CERN
corresponding, respectively, to the work packages I'TP20 and WPO08. Hereby we
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Table 4.4: Peak to peak analysis of measurements on two and on three supports.
Number of magnets per sample is given in parentheses.

ITP20 (540) || WP08(106)
[mm| | Mean | Std || Mean | Std
CC 0.501 | 0.153 || 0.513 | 0.149
NC 0.580 | 0.146 || 0.564 | 0.146
TOT | 0.541 | 0.155 || 0.539 | 0.149

ITDP20 (106) || WPO0S(106)
[mm| | Mean | Std || Mean | Std
CC 0.501 | 0.154 || 0.513 | 0.149
NC 0.581 | 0.148 || 0.564 | 0.146
TOT | 0.541 | 0.156 || 0.539 | 0.149

provide the statistical values of the gap size for the two valleys separately (‘CC’ and
‘NC’) and together (“TOT"). In the upper part we give the values for all the magnets
whereas in the bottom part we consider a subset of 106 magnets that, at the time
of our study, were measured at both stages.

The reported values show that the vertical sagitta is systematically set around
0.54mm with a modest dispersion. Furthermore the statistical parameters remain
constant for different magnet populations. It can also be noticed that the cold mass
part between the connection side and the central foot presents a sagitta 15 % smaller
than the other part as a consequence of the non-symmetric distribution of weights
along the cold mass length.

At this point we considered worthwhile to check for the presence of a systematic
vertical shape fault in the entire magnet production. As we can only measure magnet
shape deformed by gravity, we had to subtract the effect of gravity and find out the
‘original’ shape as explained in next section.

4.6.2 Intrinsic shape and gravity effect

Operatively we studied a group of magnets for which one of the measurements was
taken on a bench with only two supports instead of the nominal three so that,
by comparing the measurements on two and on three supports, we were be able to
identify the gravity effect and to subtract it from the measurement. For each magnet
we took the average between the two apertures and we fitted the analytical model
on it. By doing this for the two and three supports cases we obtained two values
of the flexural rigidity and two sets of residuals distributed along the axis. The two
rigidities should ideally match, the residuals should match as well and give us the
original magnet shape.
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In the magnet model the deflection induced by gravity depends on the following
parameters:

e cold mass density

e cold mass length

e cold mass flexural rigidity (EI)
e support longitudinal positions
e support vertical positions

In the best fit procedure, we fixed the density and length of the cold mass and we
left as independent variables the support vertical and longitudinal positions along
with the flexural rigidity. Indeed for the two and the three support cases we had 5
and 7 variables, respectively. The analysis result are given in Table 4.5.

Table 4.5: Values of flexural rigidity EI computed from measurements of cold mass
on two and on three supports

3 Supp. | EI [MPam?] | Zg[m] | Zem] | Zg[m] | Yalm] | Yelm] | Yam]
Mean 133 1.84E-4 | 8.25E-5 | 1.81E-4 | 2.44 7.60 12.76
Std 26 7.65E-5 | 1.31E-4 | 8.59E-5 | 0.13 0.21 0.22
2 Supp. | EI [MPam?] | Zy[m] | Zom] | Ya[m] | Yi[m]
Mean 141 7.28E-4 | 7.21E-4 3.69 11.47
Std 16 1.19E-4 | 0.98E-4 0.09 0.12

It can be noticed that the agreement between the flexural rigidity EI values
on three and two supports is well within the related dispersions but both of the
values are smaller than the expected 180 MPam®. The vertical support positions
Zs, of few tenths of millimeter are in both the cases realistic; the spread of the
horizontal support positions Y, is compatible with the temporary supports used in
the industries whose size can vary between 10 and 40 cm. It must be noticed that in
the three supports case the mean values of the lateral supports do not match exactly
the expected values of 2.18 and 12.98 m; this can be however explained by the trim
of the extremities in the best fit procedure required for practical reasons.

Generally, in each magnet, the computed flexural rigidities are slightly smaller
for the three than for the two supports case and the average discrepancy is 4+1%.
This can be related to the effect of shear between laminations that we didn’t take
into account considering the high length over diameter ratio of the cold mass. Such
a ratio is smaller when the cold mass is on three supports rather than on two so
that the effect of the shear, is bigger in the first than in the second case.
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Figure 4.13: Result of best fit of magnet 2038 vertical deflection on two supports
(top graph) and on three supports (bottom graph).
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Figure 4.14: Original axis shape of magnet 2038 derived from measurement on two
and on three supports (solid and dashed line, respectively).

Currently we are investigating, by means of a specific model, if the shear effect
could also be responsible for the discrepancy between data and the expected EI value
of 180 MPam?*. In Fig. 4.13 we show the graphical result of the best fit procedure for
the same magnet on two and on three supports. The original shapes extracted from
the measurements on two and on three supports are shown in Fig. 4.14. The two
curves match well within the measuring error and generally the fit on two supports
is more accurate because the deflection induced by gravity is much bigger than the
intrinsic shape imperfections and measuring errors. In this case, and in the others
analyzed, both the curves show a modest spread around the Y-axis thus neglecting
the presence of systematic faults in the vertical shape of the produced cold mass.

4.7 Summary

In this Chapter we presented the analysis of the geometry of nearly one thousand cold
mass produced, delivered to CERN and tested. We defined two main geometrical
parameters, the Sag and the End positions, and we monitored their evolution across
the pre-operative stages of each magnet. The production, shared by three different
producer, results qualitatively and quantitatively quite homogeneous. We observed,
in fact, a good quality of cold mass geometry right after the manufacturing although
followed by a systematic curvature change in the successive stages. At the last pre-
operative stage, the geometric instability results in a wide range of curvatures set
around a value bigger than nominal but still within the limits.
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The horizontal position of the Ends reflects, at every stage, the curvature increase
and at the last pre-operative stage the mean value is close to the limits.

To observe the End positions in the vertical plane we had first to correct the
geometry database data. We used indeed the cold mass analytical model to filter
out the effect of different boundary conditions between successive measurements of
the same cold mass. The analysis of the corrected geometries proved that cold mass
geometry is more stable in the vertical plane than in the horizontal so that the
accuracy obtained in the industry is still present after the last stage.

After the final pre-operative stage, the horizontal geometry of the cold mass can
be corrected by laterally shifting and fixing the central support in a new position.
Since defining the support shift individually for each magnet is a resource-demanding
procedure, we evaluated the efficiency of an alternative approach. We simulated
the effect of the original ‘Per Magnet’ and of the alternative ‘Per Firm’ correction
in which the central support position is common to all the magnets produced by
the same firm. We compared then the effect of the different corrections and of no
correction at all and we proved that the alternative correction cancels the systematic
component of the curvature change and grants enough margin on the random for
the rest of the production.

The quality of the cold mass vertical shape is strictly correlated to the maximum
vertical deflection between the supports induced by the gravity. The values measured
in the cold masses up to now produced generally exceed the expected 0.3 mm up
to reach values three times higher that can produce detrimental effect on machine
performance. To see if such a feature was related to a systematic fault of cold mass
geometries we proceeded to disentangle the deflection induced by gravity from the
intrinsic shape imperfections. On one hand the analysis of the vertical shape purged
from the effect of gravity ensured the absence of systematic faults in the cold mass
geometry; on the other hand the deflection induced by gravity resulted bigger than
what expected corresponding to a flexural rigidity 20% smaller than the nominal
value.



Chapter 5

Geometrical issues on dipole
production

5.1 Introduction

This chapter concerns two crucial measuring procedures to verify the quality of
magnet production. They are indeed the verification of the geometric axis and
of the main field orientation; the aim of the study is to evaluate their maximum
achievable accuracy.

First we focus on the complex measuring procedure implemented to check the
respect of the geometric tolerance: we evaluate its intrinsic accuracy, by mean of
numerical simulation, and we compare it with the operative accuracy of the actual
procedure. Then we test the influence of a measuring bench with non perfectly
aligned supports, on the accuracy of the main field direction measurement.

5.2 Accuracy of geometric tolerance checking pro-
cedure

5.2.1 Measuring procedure

As the cold mass series production is performed in parallel by three different me-
chanic industries, a careful procedure was defined to check in-situ the compliance of
the geometrical tolerance. The requirement for high precision and portability pushed
toward the employment of laser trackers and probes (from now on: moles) sliding
along the apertures [25]. Each tube axis is measured by pulling a mole, equipped
with a reflector, inside the tube along its whole length. In this way the 3D path of
the mole, measured by mean of the laser tracker, provides the tube axis shape. It
is straightforward that, to measure both the tubes, the laser tracker must be placed
in two different locations: each one in front of the tube to measure. Furthermore,

61
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as the laser tracker accuracy is proportional to the closeness of the point to measure
(see Table 5.1), each tube shape is acquired from two opposite locations: at Con-
nection and at Non-Connection extremities, as shown in Fig. 5.1. From now on we
will refer to this kind of measurement, in which the 3D shape of the cold mass is
acquired from different locations, as to a ‘multi-station’” measurement.

Table 5.1: Accuracy of the LTD500 LEICA laser tracker.

Angle resolution 0.14¢

Distance resolution 1.26 pm
Reproducibility of a coordinate* +5 ppm (pm/m)
Absolute accuracy of a coordinate for non-moving target (static)* | £5 ppm (um/m)

*The accuracy shown above is stated as a 2 o value.
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Figure 5.1: Theoretical geometry of the cold mass in assembly condition in the
horizontal plane. The four stations for the laser tracker around the dipole are also
shown.

Cold mass tolerances are given with respect to the theoretical beam trajectories
(also called geometric axes). In each cold mass the two beams trajectories are
identified through a least square fit on the measured tube axes. To refer the axis
measurements, taken from different stations, to the theoretical beam trajectory it is
necessary to follow two main steps:

e the transformation of all measurements performed in the local reference system

of each station into a common coordinate system that we define ‘operative’ (or
global);
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e the transformation from the operative coordinate system to the one built on
the beam trajectory that we define ‘theoretical’.

To transform the measurements from different stations into the operative refer-
ential a set of fixed points common to all the stations is conveniently defined. This
set of points, called ‘network’, is made of 8 to 10 points surrounding the magnet
as shown in Fig. 5.2. Actually the network is a set of points needed to operate a
coordinate transformation in the 3D space from the local referential of each mea-
suring station to a common referential. In theory, to define the coefficients of the
roto-translation matrix for such a coordinate transformation, only three common
points need to be considered. However in the real case, affected by the measuring
error, network points measured from different stations do not match exactly and the
only way to compare them is through a least square fit. Thus, the number of points
used is higher than the theoretical three to grant the necessary redundancy for the
least square algorithm. The algorithm that performs the coordinate transformation
every time that the laser tracker is placed in a new station, is called ‘bundle’. This
function, embedded in the laser tracker acquisition software, fits the network points
measured by different stations and, through an iterative process, sets the operative
reference system with respect to the referential of each station. Data coming from
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Figure 5.2: Network points and laser tracker positions around the cold mass.

a typical multi-station measuring session are presented in Fig. 5.3. Each dipole is
characterized by two axes: the inner and the outer tube axis. For each axis the data
taken from two opposite stations are converted to the same coordinate system and
then merged. The difference in the vertical and in the horizontal plane between the
measured axes and the theoretical ones (see Chapter 4.2) are computed and plotted
versus the dipole length as shown in Fig. 5.3. In this particular case we can see that
in the horizontal plane the two tubes (i.e. the cold mass) are too bent (as explained
in 4.3). Magnet extremities are, in fact, closer to the center of curvature, situated in
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the positive X region, than the central part. In the horizontal plane is clearly visible
the effect of gravity that induces a sagitta of some tenths of millimeter between the
three supports nominally located at: 2.18 m 7.58 m and 12.98 m from Connection
end.
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Figure 5.3: Horizontal (upper graph) and vertical (lower graph) profiles of the dipole
axes with respect to the theoretical shape.

5.2.2 Saw-tooth effect

Looking at the profiles in Fig. 5.3, an evident saw-tooth pattern can be noticed
in both vertical and horizontal planes for both the tubes. If, for each tube, data
acquired from Connection and from Non-Connection ends are plotted separately this
effect disappears, as shown in Fig. 5.4 where only the inner tube is taken into account.
In that plot the original saw-tooth effect is replaced by an in-plane roto-translation
between the curves obtained from the two opposite stations. This assumption can
be verified by considering the difference between the curves shown in Fig. 5.4 for
both the horizontal and the vertical plane. The evident linear trend ensures us,
thanks to the particular geometry of the dipole (as explained in Appendix D), that
the discrepancy between the curves can be traced back to a mismatch between the
common reference systems (that should in principle overlap) evaluated by the two
opposite stations.

Next section presents a statistical analysis of the up to now experienced saw-tooth
effect in terms of rotation and translation between the reference systems evaluated
by opposite stations.
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Figure 5.4: From top to bottom: Horizontal (1%) and vertical (2"?) profiles of
the dipole inner tube axis as measured from Connection and Non-Connection ends,
horizontal (3"%) and vertical (4'") difference between measurements from Connection
and Non-Connection ends.
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5.2.3 Parameters for analysis and experimental results

A statistical analysis of the saw-tooth effect has been carried out on the vertical and
the horizontal plane separately; from now on we will refer to the horizontal plane
since it resulted the most critical. We analyzed some measuring sessions carried out
by different operators on different magnets. We evaluated the difference between the
axis of the same tube measured from opposite station in terms of two parameters:
the shift ¢ and the rotation p. Operatively this two parameters correspond to the
polynomial coefficients of the line, shown in Fig. 5.4, that fits the axis difference.

Whereas the magnet type should not influence the saw-tooth effect, the opera-
tor carefulness could deeply affect it by choosing, for example, the proper network
arrangement or by ensuring the tracker steadiness during the measurement. Among
the operators we refer to, the team number 3 set two auxiliary stations beside mag-
net flanks to increase the network points redundancy needed by the bundle algo-
rithm. Nevertheless, as it can be deducted from the results of the analysis shown
in Table 5.2, the accuracy improvement is not noticeable. The table reports the
characteristic parameters p and ¢ averaged over inner and outer tube in the hor-
izontal plane for each magnet; the saw-tooth height h, averaged over the dipole
length, is also reported in order to have a more tangible idea of the analysis results.
In spite of the little amount of total measurements performed by each operator,
that could represent a limit for the statistical value of the analysis, some important
considerations can eventually be done, as reported in the next section, through the
comparison with the numerical simulation. A preliminary important issue coming
from the analysis of the reference system roto-translations and saw-tooth heights is
the absence of coarse errors done by the three operators during the measurements
and the substantial equivalence of the three measuring procedures.

Table 5.2: Statistical values of rotation and shift between opposite stations and
saw-tooth height. Values are given in rad for p and in mm for ¢ and h.

Operator f of meas. Mean Std
p —32-10° 1.8-10°

1 10 q -0.04 0.24

h 0.114 0.067
p 81-1007 6.0-107°

2 14 g  -0.09 0.10

h 0.094 0.045
p —29-107% 9.0-107°

3 14 q 0.04 0.12

h 0.079 0.033
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5.2.4 Numerical simulation and experimental result com-
parison

To estimate the best accuracy achievable in a multi-station measurement session we
implemented a Montecarlo based numerical simulation. For every session step (i.e.
network points or axis points acquisition) the measurement of each single point has
been simulated by a random extraction from a normal distribution centered on the
theoretical position of the point itself.

It must be pointed out that the cartesian coordinates of the measured point are
worked out from spherical polar coordinates; the laser tracker measures, in fact,
the point distance with an interferometer and the spherical angles ,vertical and
horizontal, by mean of angular encoders embedded in the head. Hence, the resulting
accuracy on the cartesian coordinate is very high in the longitudinal direction (Y)
and linearly dependent on the distance in the transversal plane (directions X and
7).

Following the measuring system specifications, given in Table 5.1, the rms of
each distribution in the transversal plane has been computed as a linear function of
the distance between the laser tracker and the point itself [26] whereas the distance
error has been considered negligible.

In this way we were able to reproduce the propagation, through the whole mea-
suring procedure, of the error introduced by the laser tracker accuracy. We found
that the largest loss of accuracy is due to the definition of the common reference
system that is not directly measured (and thus affected by the bare laser tracker ac-
curacy) but it is worked out from the network points measured by opposite stations
(and thus affected by a combination of the related errors). After one hundred iter-
ations the simulation provided the statistical discrepancy between the axis profiles
obtained by two opposite stations as a function of machine accuracy and network
point dispositions. The graphical simulation outcome is given in Fig. 5.5. The cen-
tral plot shows the theoretical tube axis of one tube and the network points as if
they would be measured from two opposite stations. The red and blue stars show
the position of Station 1 and Station 2, respectively. Axis and network points are
represented by blue squares when measured from Station 1 and by red crosses from
Station 2. By looking at the four magnifying boxes around the central plot, it
can be noticed that the points seen from Station 1 are affected by the bare laser
tracker accuracy. The related dispersion is, in fact, very small in the longitudinal
direction and proportional to the distance in the transverse direction with an rms
of 0.0025 mm/m. The points seen from Station 2 show, instead, a wide dispersion
in the transversal direction that is a combination of the error affecting the network
points measurements from both the sides and that does not depend from the relative
location of the point with respect to the station.

The numerical simulation results in terms of rotation p and shift ¢, summarized
in the left part of Table 5.3, show that a finite roto-translation between the curves
is intrinsic in the ideal procedure itself but the related saw-tooth effect h is smaller
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Figure 5.5: Graphical output produced by numerical simulation.
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with respect to the experimental one given in Table 5.2, both in terms of average
and standard deviation.

Before going on through the comparison with the experimental data, it must be
pointed out that, our discriminating parameter is not the average but the standard
deviation. In fact the experimental average represents a statistical bias that, because
of the random nature of the error, is supposed to go to zero over a large (~ o0)
number of samples (< zo >= 0). In presence of few (n) measurements, as in
this case, it is sufficient that the related average < z, > satisfies the condition
| <p>— <2 > < 3—‘;, where n is the number of the considered cases and 3¢ is
three times the standard deviation of the measurements to ensure a 98.8 % confidence
level. Hence this condition is satisfied for all the three sets of measurements, the
asymptotic value of the average is zero and the relevant quantity is the standard
deviation.

By looking separately at the components p and ¢ that cause the saw-tooth it can
be seen a different contribution of the shift between simulation and measurements.
Such a specific discrepancy must be due to a phenomenon arising during the mea-
surements and causing a virtual shift without rotations of the reference systems. A
potential explanation can be given by a movement in the horizontal plane of the
laser tracker head between the network and the axis measurement. This kind of
shift can be provoked by the stabilization of the tracker base in contact with the
ground during the first part of the measurement on a new station i.e. during the
network point measurements as was detected by the measurement team number
2 [27]. To confirm this hypothesis, we introduced in the simulation a distribution of
laser tracker head shifts in horizontal directions between the network and the axis
measurement. By assuming a normal distribution of these movements with mean
Omm and sigma 0.1 mm (corresponding by lever effect to a base-ground accommo-
dation of 0.03mm), simulation results shown in Table 5.3 are in good agreement
with the experimental values of Table 5.2 and it can be noticed that, according to
the hypothesis, rotations are not affected by this small laser tracker displacement.

Table 5.3: Results of the numerical simulation after 100 iterations. Values in the
right table include ground accommodation. Values are in rad for p and in mm for ¢
and h.

Steady Not Steady
Mean Std Mean Std
p —2.98-1077 459-100% p —236-1077 3.97-10°°
q 0.004 0.04 q -0.015 0.16
h 0.065 0.01 h 0.125 0.095

From the comparison between numerical simulation and experimental data, it
can be stated that the current procedure to measure the geometrical tolerances of
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the dipole series production is carried out with a high carefulness that pushes the
final accuracy close to the intrinsic limits of the procedure itself. The detected saw-
tooth effect, is a balanced combination of virtual rotations and translations between
the common reference system as seen by different stations. Whereas the first effect
is intrinsic in the procedure because strictly related to laser tracker accuracy and
network point dispositions, the second can be minimized by checking the mechanical
stabilization of the laser tracker in each station. In absence of any corrective action
to the procedure our suggestion is to consider valid measurements with the current
accuracy level that in terms of saw-tooth average height is around 0.1 mm.

5.3 Influence of test bench planarity on field ori-
entation measurement

The series production (assigned to three European firms) requires to check, in every
magnet, the respect of the tolerance imposed on the main field angle with respect
to the magnet mean plane. The impossibility to measure the mean plane and the
field orientations on the same measuring bench led us to define a procedure suitable
for the standard assembly process. Here we describe the test that allowed us to
estimate the maximum error associated to the procedure. We also provide a value
of cold mass torsional stiffness derived from test measurements.

5.3.1 The main field angle

The direction of the magnetic field produced by each one of the 1232 supercon-
ducting dipoles to bend the beam along the 27 Km-long circular trajectory, is an
important parameter to ensure the LHC expected performance. The dipolar field
direction must be orthogonal with respect to the beam orbit plane within +1 mrad
[28]. On one hand the beam orbit plane is identified as the one that fits best the
two aperture axes in the least square sense; it is called indeed the rms plane (or:
geometric plane) and its orientation is available only after a complete geometric
measurement [9]. On the other hand, the main field orientation is obtained from the
standard field quality measurement implemented in the industries on test benches
that, for practical reasons, are not suitable for standard geometric measurements. In
order to reliably refer the main field orientation to the geometric plane, it is therefore
crucial to estimate the potential variation of the plane orientation between the two
measurements. The proposed procedure is to estimate the geometric plane orienta-
tion on the test bench for the magnetic measurements, through the orientation of
the end covers (i.e. the cold mass extremities). To verify that this simple procedure
is not undermined by a longitudinal twist induced by the test bench support poor
planarity, a dedicated test was carried out. The test also gave us the opportunity
to estimate the magnet stiffness to torsion through the comparison with an analytic
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model.

5.3.2 Poorly planar bench influence test

The test aims to estimate the error associated to the evaluation of the geometric
plane direction through the end cover orientations when the test bench supports are
not exactly planar. The test is conceptually divided into four parts:

e simulation of a test bench with misaligned supports,

e cvaluation of the geometric plane orientation through a complete axis mea-
surement (reference value),

e evaluation of the geometric plane orientation through the end cover orienta-
tions (estimated value),

e comparison between reference and estimated values.

To limit the amount of resources needed and the interference with the complex
logistic of the magnet testing and cryostating facility, we decided to replace the
complete axis measurement by the measurement of the local mid-plane orientation
at the longitudinal location of the three supports. All the test have been done on a
cold mass assembly with the three standard steel pads (two lateral pads, each one
positioned at 2.18 m from the closest end and a central one 7.58 m far from both
ends).

Support misalignments have been simulated by placing 3mm, 2mm and 1mm
shims between the bench supports and the cold mass pads lateral edge as shown in
Fig. 5.6. Several different shims have been placed in different configurations in order
to reproduce the worst possible misalignments, by far bigger than what is expected
in the real test benches. In Fig. 5.6, for example, the test configuration is ‘OIO’
meaning that the shims, whose default thickness is 3mm, are placed under the ‘In’
edge of the central support and under the ‘Out’ edge of the other two pads. ‘In’
means closer to the center of cold mass curvature and ‘Out’ farther from it; looking
at cold mass from Connection Side the center of curvature is on the right.

The geometric plane evaluation based on the end cover orientation was carried
out by mean of two gauging unit (jig), as the ones to be used in the industries.
Each one of them measures the orientation of the end cover with respect to grav-
ity. The instrument, shown in Fig. 5.7, consists in a flat aluminum ‘C’ shape to
be mounted on the end covers taking advantage of the holes (dc9, dcll) used for
geometric measurements. The two branches of the ‘C’ are positioned downward; on
the top a digital inclinometer is fixed and connected to a digital volt meter. The
inclinometer itself and the not perfect symmetry of the support produce a system-
atic offset, with respect to gravity, that affects each single measurement. In order
to cancel this effect two angle evaluations are performed by measuring twice the
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Figure 5.6: Set Up layout and reaction forces in supports. The support configuration
shown is ‘OIO’: 3mm shims under the three cold mass supports
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Figure 5.7: Front view of jig and details for installation on end cover.

same end cover, rotating the instrument of 180 degrees along the vertical axis. The
two measurements (opposite in sign because of the reference system rotation) are
affected by the same offset so that their half-difference gives the real orientation
with respect to gravity whereas their half-sum gives the offset. By analyzing the
dispersion of the offset value over all the measurements we got a reliable estimation
of the instrument reproducibility that resulted in 0.05mrad at 1. The geometric
plane direction w.r.t. gravity (enqs) is given by the average of the two end cover
orientations.

The geometric plane evaluation based on the cold mass complete geometry did
not rely on a standard dipole geometry measurement. As already explained, we
measured the orientation of three cold mass sections matching the support locations
(A, B and C in Fig. 5.6). We used three digital inclinometers placed on the top
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Figure 5.8: Twist along cold mass in the hypothesis of linear torsional behavior.

of the cold mass on horizontal bases solid with the shrinking cylinder. Also these
instruments are affected by an intrinsic offset so that we operated as we did for the
jig. Two types of inclinometers are used: ‘Type I’ and ‘Type II” with a sensitivity
of 0.01 and 0.05mrad, respectively. In the second test, to overcome the digital
inclinometer failure we used a level (air bubble type) whit a sensitivity of 0.05 mrad
and a working range limited to £0.8 mrad. To obtain the geometric plane direction
w.r.t. gravity from the three measured sections we made the hypothesis of elastic
linear response of the cold mass structure to torsion. In other words we assumed
that the cold mass longitudinal twist induced by the rotation of two sections varies
linearly between the two sections as visible in Fig. 5.8. Under this assumption the
geometric plane orientation (ap.qy) is given by the average of the three section tilts
(A, B and C in Fig. 5.8).

We carried out two measurement campaigns using two different kinds of bench
supports. In the first test we used the standard cold mass supports used for CERN
geometrical measurements. In the second we replaced the standard supports with
more rigid ones in order to minimize their influence on the results.

5.3.3 Results

For each simulated misaligned configuration of the bench supports, we measured
magnet twist in five sections along its length: at both the extremities (sections
‘CC” and ‘NC’) by mean of the jig and at the support locations (sections A,B and
C) using the inclinometers. The geometric plane angle was computed from the
orientations of the three central sections and compared to its estimation given by
the extremity average orientations. In Table 5.4 we give, for each configurations,
the angles measured by the jigs at Connection side (jig CC) and at Non-Connection
side (jig NC), the three angles measured in the three sections (A,B and C) along
the cold mass, the geometric plane angle computed from the three sections (Qtpoay)
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and the one computed from the end cover orientations (qepnqs). The 3 letters in the
‘Code’ column gives the shim locations under the support A,B and C, respectively.
Letters stand for None, In, Out and Both. In/Out mean the pad edge closer /farther
w.r.t to the center of cold mass curvature. The subscripts indicate a shim thickness
different from the default 3mm. The values measured during the first tests are
reported in the top part of Table 5.4. The poor reproducibility of the initial ‘flat’
position (‘NNN’) that we used as reference, was due to the bench supports who did
not provide a sufficient stable and rigid surface. In spite of this feature, that we
fixed in the second test (bottom part of the table), one can observe a small influence
of the cold mass curvature as well as of its vertical flexion between the supports.
The first is testified by the similarity of the twist induced by support configurations
that are anti-symmetric with respect to the longitudinal cold mass axis, as ‘OI0O’
and ‘IOI’. The second is testified by the similarity of the twist induced by support
configurations that differ only in the shim thicknesses as for example ‘NIN’ and
‘NI,N’.

It must be pointed out that the support rigidities do not influence the effective-
ness of the test but complicates the estimation of the torsional stiffness because of
the consequent indetermination of support reactions.
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Figure 5.9: Distribution of errors associated to the geometrical plane evaluation
based on end cover orientations.

The main test result is a statistical distribution, over all the possible support
misalignments, of the error introduced by computing the geometric plane orienta-
tion through the magnet extremities. Using the jigs specifically developed to be
used in the industries without affecting the standard set of geometric and mag-
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Table 5.4: Data from test 1 (top) and 2 (bottom). See text for details.

Num. ‘ Code ‘ jig CC InclII-A  InclI-B InclII-C jig NC ‘ lpody ‘ Clends

0 NNN 0.00 0.00 0.00 0.00 0.00 0 0
1 NIN 1.55 1.40 1.66 1.25 1.43 1.20 | 1.12
2 01O -6.30 -6.25 -6.13 -6.25 -6.41 | -6.19 | -6.35
3 NNN -0.15 -0.25 -0.24 -0.15 -0.27 |-0.22 | -0.21
4 NON -1.56 -1.55 -1.83 -1.50 -1.55 | -1.68 | -1.55
5 101 6.53 6.20 6.06 6.20 6.33 6.13 | 6.43
6 NI;N 1.12 1.10 1.35 1.00 1.12 1.49 | 1.49
7 NIO, 0.66 0.55 0.66 0.15 0.20 0.50 | 0.43
8 NI, O 0.00 0.10 0.05 -0.60 -0.60 | -0.10 | -0.30
9 0O,NOy | -6.98 -6.90 -6.84 -7.00 -7.04 | -6.89 | -7.01
10 OsNN | -1.68 -1.70 -1.39 -1.20 -1.26 | -1.42 | -1.47
11 NO;N | -1.18 -1.25 -1.52 -1.20 -1.29 | -1.37|-1.23
12 NOI, -0.78 -1.05 -1.24 -0.80 -0.88 | -1.08 | -0.83
13 NOyl, | -0.22 -0.25 -0.34 0.05 0.07 |-0.22 | -0.07
14 IL,NI, 7.02 6.80 6.76 6.80 6.88 6.78 | 6.95
15 ILNN 2.10 2.00 1.60 1.25 1.12 1.61 | 1.61
16 NNN -0.09 -0.10 -0.12 -0.15 -0.14 |-0.12 | -0.11
Num. | Code | jig CC InclI-A Level-B InclII-C jig NC | qpoay | Qends
0 NNN 0.00 0.00 0.00 0.00 0.00 0 0
1 IBO -0.92 -0.88 -0.40 0.00 0.01 |-0.42 | -0.45
2 IBI -11.20  -11.21 - -10.70  -11.23 - -
3 OBI -0.36 -0.32 - -1.00 -0.94 - -
4 OBO | 10.06 10.09 - 9.85 10.15 - -
5 OBI -0.19 -0.15 0.60 -0.80 -0.79 | -0.54 | -0.43
6 ONI 0.38 0.46 -0.10 -0.30 -0.23 | -0.01 | 0.07
7 ONO | 10.35 10.42 - 10.05 10.44 - -
8 INO -0.46 -0.36 0.20 0.40 0.60 0.11 | 0.07
9 INN -1.42 -1.33 - -0.65 -0.68 - -
10 NNN | -0.07 -0.04 0.00 -0.10 -0.07 | -0.04 | -0.07
11 NNI -0.58 -0.57 - -1.00 -1.05 - -
12 NNN | -0.04 -0.02 -0.05 0.00 -0.02 | -0.03 | -0.03
13 NIN -1.96 -1.99 - -1.85 -1.93 - -
14 NNN | -0.01 0.00 -0.10 0.00 -0.01 | -0.05 | -0.01
15 NON 0.86 0.82 - 0.70 0.84 - -
16 NNN 0.00 -0.02 - -0.05 -0.55 - -
17 ILLNN | -1.39 -1.30 - -0.70 -0.67 - -
18 ILNN | -1.29 -1.25 - -0.70 -0.65 - -
19 NNI, | -0.52 -0.50 - -0.95 -0.94 - -
20 NI;N | -1.12 -1.30 - -1.05 -1.08 - -
21 NI, N | -1.47 -1.49 - -1.30 -1.42 - -
22 NO;N | 0.67 0.65 - 0.60 0.67 - -
23 NO;N | 0.55 0.53 0.80 0.45 0.53 0.63 | 0.54
24 NNI; | -0.46 -0.40 -0.80 -0.80 -0.89 | -0.7 | -0.67
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netic measurements, we could estimate the plane orientation with an accuracy of
+0.25 mrad at 95% confidence level. The error distribution is reported in the his-
togram of Fig. 5.9 and it must be pointed out that the largest errors are induced by
exaggerated support misalignments, not allowed in the industries.

5.3.4 Evaluation of the cold mass torsional rigidity

Cold mass behavior to torsion can be considered, in first approximation, as the
one resulting from two coaxial torsion bars loaded in parallel: one represents the
external shrinking cylinder, the other represents the internal pack of iron yoke and
steel collar laminations surrounding the superconducting Coil. The main unknown
is the contribution of the internal part in which the lack of longitudinal continuity
between laminations makes unconvenient an analytic approach.

Among the several test case measured the ones in which the system is statically
determined can be used to estimate the cold mass stiffness to torsion. Such cases
have no more than one shim per pad and are longitudinally anti-symmetric as cases
number 2 and 5 of test 1 (Table 5.4).

With reference to case number 2 of test 1, shown in Fig. 5.6, we can assume
that for symmetry reasons reactions ||[Ra|l and ||R¢|| can be considered equal; if
we then impose the equilibrium to rotation along a longitudinal axis we find that
| Rp|| must be equal to || Rall + || Rc||. The implicit simplification is the neglecting
of cold mass horizontal curvature and vertical deflection that could slightly change
the reaction distributions.

MRod, \ o

Figure 5.10: Magnet and support section by a transversal plane containing Rp.

We then considered as the loading torque the vertical reaction of the constraint
applied at a distance d from the center of mass as shown in Fig. 5.10. By measuring
the rotation between two consecutive section we can deduce the global torsional
stiffness from the equilibrium to rotation:

GI, = —* (5.1)
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where: the global torsional stiffness G, is the product of the polar moment of
inertia I, of the circular section, times the global tangential stiffness G. The applied
torque M; is given by R, - d, 0 is the measured relative angle and [ is the distance
between the sections. Once obtained the global torsional stiffness we can subtract
the contribution of the shrinking cylinder (external cylinder) to find the stiffness of
the internal part. We consider, in fact, the total torque be shared by the internal
and the external cylinder so that M, = M, + M;, hence:

:G?ﬁ+Q%0

M, (5.2)

—rd rd
1 .

where I, = 7 and I, = 5 are the polar moments of inertia and G. and G;
the tangential elasticity of the external and internal cylinder, respectively. Since the

torsion # and the distance [ are the same for the two cylinders we can write:

4
Te

GI, — G.I,,
L,

7

G = (5.3)

and thus define an equivalent non-isotropic but continuous material to model the
torsional behavior of the dipole internal structure made by packed laminations of
iron and steel.

However it must be pointed out that the test was not specifically intended for
the evaluation of cold mass torsional stiffness so that we had only two useful cases
to observe: number 2 and 5 of test 1 (Table 5.4). From these cases, we got a total
of 4 relative torsions between consecutive cold mass sections condensed in a range
from 0.12 to 0.14 mrad. The corresponding torsional rigidity, given by equation 5.1
is enclosed between 0.355 and 0.438 GPam®. As already mentioned, this simple
model does not take into account the cold mass curvature and the flexion due to
its self weight. Through the comparison with a 3D finite element model we found
that the curvature influence is negligible whereas the flexion, related to the specific
support configuration, increases the equivalent torsional rigidity by 6 % so that the
corrected values are 0.334 and 0.410 GPam®. These values can be compared to the
torsional rigidity of the shrinking cylinder itself that is 0.106 GPam®* and to the
one of a continuous homogenous cylinder with the same cold mass dimensions that
is 0.797 GPam®*. Equation 5.3 gives us the tangential elasticity of an equivalent
homogenous material to model the behavior to torsion of the packed iron and steel
laminations: 24 GPa versus a steel value of 77 GPa.

5.4 Summary
Magnet shape and the precise geometrical specifications make the tolerance checks

themselves a challenge that must be approached using laser trackers and multi-
station measurements. In spite of the smart approach to improve the measurement
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accuracies a noisy saw-toothed signal is, to some extent, always present. To find po-
tential noise sources the measuring procedure and the measuring instrument features
have been investigated in detail. The statistical analysis of three set of measurements
taken by different operators pointed out the critical definition of a unique reference
system in each multi-station measurement so far carried out. To estimate the best
accuracy achievable in a multi-station measurement, a Montecarlo based numerical
simulation has been implemented. The simulation goal was to reproduce the prop-
agation of the error introduced by the laser tracker accuracy through-out the whole
procedure. The partial agreement between simulation and measurements pointed
out the presence of an additional source of error not rooted in the ideal measuring
procedure. A potential cause was identified in small laser tracker displacements due
to the interaction with the ground as already experienced by some operators during
measurements. The implementation of this feature in the simulation thus provided
a full agreement with the experimental data.

The suggested corrective action is the check of tracker stability in every station
before the measurement. In this way it is possible to minimize the saw-tooth effect
down to the intrinsic limit of the multi-station procedure determined by machine
precision and network point dispositions.

The second topic presented in this chapter was the accuracy related to evaluation
of the main field direction. We described a procedure to relate the main field direc-
tion, measured on the magnetic test bench, to the geometric plane, measured on the
geometric test bench. The procedure relies on the measurement of cold mass extrem-
ities on both the benches by mean of two specifically developed tilt-meters: the basic
concept is, in fact, to evaluate the geometric plane direction through the extremity
orientations. As the procedure accuracy could be undermined by a twist of the cold
mass due to the misalignment of the supports in the test benches, we tested the
procedure on a bench with strongly misaligned supports. The test results indicate
that the geometric plane can be identified through the end cover orientations with
an accuracy that is #0.25 mrad at 95 % confidence level. Facing a tolerance range of
41 mrad on the angle between the main field and the geometric plane directions, the
procedure can be considered suitable. We can thus give a overview of the procedure
steps to be implemented in the industries:

e 1) installation of cold mass on the magnetic test bench

e 2) measurement of the main field direction with respect to gravity performed
with the standard tool for the magnetic measurements,

e 3) measurement, without displacing the cold mass, of extremity orientations
with respect to gravity using the jigs specifically developed at CERN and

provided to the industries,

e 4) installation of cold mass on the geometric test bench,
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e 5) measurement of the geometric plane direction with respect to gravity per-
formed with the standard tool for the geometric measurements,

e () measurement, without displacing the cold mass, of extremity orientations
with respect to gravity using the jigs,

e 7) evaluation of main field direction with respect to geometric plane through
the extremity orientations.

A secondary outcome of this study is a first approximation evaluation of the cold
mass torsional stiffness; it is, in fact, based on only four observations. The estimated
mean value is 0.372 GPam? that corresponds to 3.5 times the torsional stiffness of
the steel shrinking cylinder itself and to 0.48 times the value of a solid cold mass
made of steel. The corresponding value of the tangential elasticity of an equivalent

material to model the torsional behavior of the collar and yoke packed laminations
is 24 GPa.
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Chapter 6

Geometrical susceptibility in
pre-operative stages.

6.1 Introduction

In this chapter we investigate the circumstances that can affect the cold mass geom-
etry between the manufacturing and the operative phases. Of primary importance
is to understand how to be hosted in the cryostat can influence cold mass geometry.
We describe therefore the experience we made to understand the behavior of the
sliding interface between the cryostat and the cold mass. In the second part we ana-
lyze the performance of different types of transport restraints designed to minimize
the cryostat/cold mass relative displacements during transport and handling.

6.2 Mechanical interference between the dipole
and the cryostat.

During thermal cycles the contraction of the cold mass will induce a change of shape
in each dipole and an interference between the extremities of two adjacent dipoles.
Should these phenomena induce an uncontrolled modification of the dipole shape, we
will have to face two detrimental consequences: the aperture available for the LHC
beam will be reduced and the transverse position of the multipolar correctors will
be shifted away from the closed orbit. Since it will be rather difficult to observe this
in operative conditions, we studied the effect of external forces applied to the dipole
ends. The effect of these forces on cold mass geometry is substantially determined
by the behavior of the cold mass/cryostat sliding interfaces. They represent the
constraints on the cold mass/cryostat relative displacement and are designed to
allow cold mass homothetic shrinkage. The interface features a non linear behavior,
related to the coulombian friction between the Fe430 PTFE coated base and the
GFRE support column. Laboratory test evaluated a static friction coefficient of

83
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0.08 [29] but it has never been verified in an assembled cryo-dipole. Hence we worked
out a dedicated test in a pre-series cryo-dipole to observe the cold mass response to
mechanical loads when installed in the cryostat. The test was performed at room
temperature and the results compared to FEM simulations.

6.2.1 Test set-up

The mechanical interference between dipole ends induced by thermal cycles is re-
produced in the test as a transverse load applied on the dipole end covers. The load
is applied in the horizontal plane perpendicularly to dipole axis and is generated by
mean of an hydraulic actuator fixed to the cryostat. In the schematic cryo-dipole
top view of Fig. 6.1 we show the applied force location and the cold mass degrees of
freedom allowed by support interfaces. The cold mass extremity displacement with
respect to the cryostat is monitored by an interferometric device (‘SOFO’ see Chap-
ter 7.2 for details). Axis deformations are measured with 3D laser tracker before,
during and after the application of the loads. The laser tracker, used in conjunction
with a special reflector traveling in one of the magnet apertures, provides the whole
axis tri-dimensional shape. We used the complete axis profile for detailed compari-
son with the finite element model reproducing the cold mass subjected to the same
loads and constraints.

Connection Side Non Connection Side

% < ik =

Figure 6.1: Cryo-dipole top view. Applied force and allowed sliding directions in
the cold mass/cryostat interfaces are shown.

6.2.2 Test result

During the first load cycle, to confirm the cryostat steadiness assumption and, if
necessary, to correct the measurements, the laser tracker was used in conjunction
with centesimal comparators and interferometric device providing the cryostat dis-
tances from external fixed points and from the cold mass. The described set-up is
shown in Fig 6.2. By mean of the actuator we applied and removed an increasing
load up to reach a 2mm horizontal displacement with respect to the cryostat, as
measured by the interferometer.

In the plot of Fig. 6.3 we give the displacement of cold mass extremity with
respect to the cryostat, measured by the interferometric device visible in Fig. 6.2,
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Interferometer
(light source on cryostat
and reflector on cold mass)

Hydraulic actuator

Figure 6.2: Schematic of test set-up.
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and the displacements of two fiducials on the cryostat, shown in the drawing of
Fig. 6.3, versus the applied force. The values, given with respect to the starting
position and positive leftward, show a non negligible ovalization of the cryostat that
must be taken in to account to correct the cold mass displacements measured by the
interferometer.
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Figure 6.4: Horizontal and vertical displacement of loaded end. Interferometer data.

In Fig. 6.4 we plot the horizontal and vertical displacement of the cold mass
measured by the interferometer. It can be seen that, after the removal of each load,
the cold mass regains its position both in vertical and in horizontal directions within
hundredths of millimeter.

In Fig. 6.5 the load F' is plotted versus the horizontal displacement d, corrected
from cryostat deformation. As the force-displacement relation is clearly linear we
defined an elastic coefficient given by the slope of the curve that is 8.8 +0.3kN/mm
(with a 95 % confidence level).

Then, to study the change of the whole cold mass geometry, we applied the same
loads and we measured the horizontal displacement d all along the cold mass axis
during and after each load. In the plot of Fig. 6.6, lines represent axis deformations
measured under the loads and markers after the load (almost coincident with the
abscissae axis); black arrows indicate the longitudinal locations of the supports. We
can see that the axis shapes measured after the removal of each load (markers: 0-
3.8kN, 0-7.7kN and 0-15.4kN) fully overlap so that we can exclude any permanent
residual displacement.
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Figure 6.5: Loaded end horizontal displacement vs. applied load.
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Figure 6.6: Axis shape in the horizontal plane under load and rest conditions. Arrows
indicate support positions.
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6.2.3 Model description

The finite element model is fundamentally the one described in Paragraph 3.3 apart
from the cryostat that was assumed to be rigid and stable and hence ignored. The
restraints were applied to the support post bases so that the two supports closer to
dipole ends are allowed to slide longitudinally and are blocked transversally, whilst
the central support is constrained in the longitudinal direction and can slide in
transversal direction (Fig. 6.1). Consequently the central support is the only one
that influences the Cold mass response to transversal loads. To investigate the
role of friction in the central support sliding interface we decided to compare the
experimental data to two FEM models. One model has the central post blocked
also in transversal direction and represents the cold mass deformation in case that
the friction coefficient is high enough to prevent the central post from sliding. The
other model has the central post free to slide transversally without friction and
gives an estimation of the cold mass deformation in case that the friction coefficient
is insufficient to prevent the central post from sliding.

Some minor variations in the model concern the material properties used. They
reflect in fact the design specification of the early production stage and are listed in
Table 6.1.

Table 6.1: Elasticity of materials used in the FEM .

Component | Material Young's modulus [MPa]

Longit. ‘ Transv.

Shrinking g 1 | 2. 108 2.10°
cylinder

Yoke Iron 6.6 - 103 2-10°

Collar St. steel | 6.6-103 2-10°
Supports GFRE | 17.3-10° 17.3-103

6.2.4 Measurements and simulation comparison

In the top graph of Fig 6.7 we show the horizontal deformation of the dipole axis
corresponding to a load of about 15.4 kN. The narrow dotted line gives the measured
value, the solid line represents the result of a simulation with frictionless sliding sup-
ports and the dashed line shows the result of a simulation where the central support
is blocked. The model with frictionless sliding post predicts a large deformation of
the dipole shape, which should exhibit a large curvature and a considerable negative
shift at the position of the central post (in the opposite direction with respect to the
applied force). Instead, the dipole axis, as measured by the laser tracker during the
test, does not show such a shape. The observed curvature is drastically smaller and
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Figure 6.7: Measured and simulated axis deflections in horizontal plane for an ap-
plied force of 15.4kN at one extremity (top) and ~23kN at both the extremities.
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the deformation at the location of the central post is positive. The FEM model with
the central support fully blocked gives results in excellent agreement with the ex-
perimental data. We can therefore conclude that the friction prevented the support
sliding and estimate the lower limit of the friction coefficient. The friction coeffi-
cient must be, in fact, equal or grater than the transverse over normal force ratio in
the support interface. From the model we get 5.5kN over 105kN that results in a
minimum friction coefficient of 0.053. Such a value is consistent with expected value
of 0.08.

In a second test, we loaded both the cold mass ends with transversal forces
of about 23kN per side. The results are shown in the bottom graph of Fig. 6.7.
Through the comparison of experimental results (dotted line) with the finite ele-
ment model (solid line for frictionless support interface and dashed line for locked
support interface), it can be argued that no transversal sliding of the central support
occurs even in this case. The model provides an estimate of the resulting transversal
force applied on the central support of about 17kN. This corresponds to a friction
coefficient be equal or greater than 0.16, i.e. by far in excess of the above men-
tioned expected value of 0.08. On-going investigations should clarify why the sliding
interface of the central support is so sticky and suggest possible remedies.

6.3 Cryo-dipole transport, handling and stocking.

The transport and the handling necessary to transport the cryo-dipole from the
cryostating facility down in to the tunnel, along with the prolonged outdoor stock-
ing, could have harmful consequences on magnet shape and on the integrity of some
critical components. Careful analyses have been performed on the effect of dynamic
loads on the cryo-dipole [30], [31], [32] to define the transport specifications [33];
however the considerable mass and small rigidity of the magnet could turn into crit-
ical the effects of static inertial loads. Such loads are induced for example during
up-lifting and down-lifting of the magnet by a crane or during braking or turning
of the truck used for road transport; their effect on magnet integrity has not been
studied yet. To validate the transport specifications given in Table 6.2 we will study
the loads induced by the maximum admissible accelerations considering different
transport restraints. We will focus on the stresses induced in the composite sup-
ports and in the cold mass. We will also present the effect of differential thermal
contraction induced by a 4+ 30K temperature difference between the cryostat and
the cold mass as expected during outdoor storage.

Table 6.2: Maximum allowed accelerations during transport.

Longitudinal (Y) Lateral (X) Vertical (Z)
Acceleration (m/s?) 4 5 7
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6.3.1 Transport specifications

From the structural point of view the most critical components of the cryo-dipole are
represented by the composite material columns supporting the 30t cold mass inside
the cryostat. The support composite material, chosen for the good balance between
thermal conductivity and structural properties [34], is a Graphite Fiber Reinforced
with Epoxy (GFRE) and it showed a good resistance to mechanical tests [35], [15].
However during transport, to relief stresses in the composite supports, it is safe
to minimize relative displacements between the cold mass and the cryostat. The
cryo-dipole design allows the installation of additional cold mass/cryostat restraints
only at its extremities, hence the need to develop specific apparatus as described
in [36], [37], [38], [39], and shown in Fig 6.8 (from now on: ‘nominal transport
restraint’).

Figure 6.8: Nominal transport restraint.

Facing production delay problems affecting the nominal transport restraints, we
want to investigate the feasibility of an alternative solution based on the use of much
simpler components as the temporary restraints used for indoor cryo-dipole moving.
This component (from now on: ‘light restraint’) is shown in Fig. 6.9 and is made
of three plates: the front plate hosts the bolts connecting to the cold mass, the
back plate hosts the bolts connecting to the cryostat and the central plate connects
the back to the front plate. Two triangles are designed to reinforce the connection
between the central and the front plate. The remarkable size difference between the
light and the nominal restraint is shown in the drawing of Fig. 6.10. The presence
of holes close to the edges requires a detailed analysis of stress distribution that
we carried out using finite element method taking also into account stresses arising
inside the screws. Another possible solution that we studied is represented by the
Cremonian type restraint (a structure made of beams) shown in Fig. 6.11.
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\ Reinforcing Triangle /
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Figure 6.9: Light transport restraint.

Figure 6.11: Cremonian type transport restraint.
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Figure 6.12: Transport configuration with three light restraints.

6.3.2 The finite element model

The finite element model of the light transport restraint is shown in Fig. 6.13; ma-
terial properties are given in Chapter 3.3. The finite element software used is AN-
SYS™ and the elements are BRICK45 for the restraint body and different type of
beams for the screws. Out of the seven screws we decided to model only the five
interfacing the restraint with the cold mass extremity as they are thinner and poten-
tially subjected to bending. As shown in the top-right of Fig. 6.13 the solid element
mesh is denser around the holes where the stresses concentrate. The five screws
interface design presents two bolts engaged in the cold mass and three headless set
screws engaged in the threaded holes of the transport restraint (Fig. 6.9). Once
mounted, the restraint front plate and the cold mass extremity are not in close con-
tact; this is necessary to take up slightly different relative positions, from magnet to
magnet, between cold mass and cryostat. The consequent gap is bridged by the five
screws that can thus be subjected to bending. The bending stress increases the ten-
sion stress in the bolts and the compression stress in the set screws. To implement
this features in the FEM model we used element LINK10 (only compression/tension
truss) in conjunction with BEAM4 (to take into account the bending). The connec-
tion between the beam representing the screw body and the hole on the restraint
is implemented differently for the headless set screws and for the bolts. A detailed
description of the screw modelization is given in Appendix F.

To test the alternative restraint solutions we modeled different designs and we
used the stiffest one, composed of a net of beams connecting the cold mass and the
cryostat, as shown in Fig. 6.13, as target in the performance comparisons. We tested
the following transport restraint configurations:
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Figure 6.13: Clockwise from top left: very rigid transport restraint composed of a
net of beams, light transport restraint, three light transport restraints configuration,
Cremonian type transport restraint.

e one light restraint per side

e three light restraints per side

e three modified light restraints per side
e one Cremonian type restraint per side

All the finite element models are shown in Fig 6.13. The modification of the light
restraint consists in an enlargement of the triangles connecting the horizontal and
vertical plates (compare top-right and bottom-left of Fig 6.13). Specifications of
cryo-dipole finite element model are given in Chapter 3.3. The central GFRE sup-
port is solid with the cryostat whereas the sliding interfaces between the other two
composite supports and the cryostat have been implemented with two different fric-
tion coefficients, zero and infinite, in order to respectively recreate the worst and the
best possible occurrences for the transport restraints. The cryostat is fixed to the
ground through the bottom of the three cradles. The applied loads are represented
by the maximum allowable accelerations during surface transport, as stated in [33]
and reported in Table 6.2, and by a 30 K temperature difference between cryostat
and cold mass.
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6.3.3 Results

The analysis results we are mainly interested in are:
e the loads on the central support,
e the stress distribution inside the restraints,
e the cold mass/cryostat relative displacement.

It must be noticed that when the restraints are mounted on the cryo-dipole the
gravity is already deforming the cold mass ideal shape in the vertical plane. In the
first phases of our study, to evaluate the effect of this initial condition, we performed
the analysis in successive steps: application of the gravity first, application of the
restraints and then application of the additional inertial loads. We found a linear
response of the system so that in the radial and longitudinal directions the support
reactions were not influenced by the gravity whereas in the vertical direction they
corresponded to the sum of the loads due to gravity and to acceleration. Therefore,
to save computing time, in the successive analyses we did not apply the gravity so
that an implicit vertical force of -105 kN for the central and -80 kN for the two lateral
supports must be added to the results.

We give now the analysis results concerning the three following designs: the
three light restraints (‘3LR’) the three modified light restraints (‘3 Mod LR’) and
the Cremonian type compared with the ideal one and grouped by load. We take
into account the worst case of negligible friction between support posts and cryostat,
except for the central one that is blocked. The concentrated forces and bending
moments resulting on a support are computed as the sum of all the nodal forces at
the bottom of the support and the moments are referred to the center of the column
base. For the transport restraints we considered the forces acting on the cryostat
flange and the moments are referred to the flange center; longitudinal forces are
positive when pushing inward with respect to cryostat, radial forces have opposite
positive directions at Connection and at Non-Connection side (toward center of
curvature at Connection side), vertical forces are positive upward. The reference
system Y-axis matches the cryostat axis from Non-Connection to Connection side,
the Z-axis is opposite to gravity direction and the X-axis is consequently directed
outward w.r.t. ring center.

Screw results are represented by the sum of the maximum longitudinal stresses
induced by the normal load and by the bending; results concern the radial acceler-
ation load for the three modified transport restraints design since it represents the
most critical occurrence for the preferred option. We go now through the detailed
results for the different load cases.

Table 6.3 lists the loads on the supports and on the transport restraints in-
duced by a longitudinal acceleration of 4m/s?. As the extremity supports (‘Non-
Connection’ and ‘Connection’) are free to slide longitudinally, the total load of
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~110kN is transferred to the central support and to the transport restraints. The
longitudinal force acting on the central support strongly depends on the transport
restraint longitudinal stiffness. It can be noticed that the light modified and the Cre-
monian reduce the force to one half with respect to the light ones so that the value
stays below the critical value of 40kN (considered an acceptable safety limit [40]).
The longitudinal acceleration induces a pitch of the cold mass that compresses the
Non-Connection support and stretches the Connection support by a force of 3 to
4kN depending on the restraint type. These values, negative for compression and
positive for stretching, must be algebraically added to the -85 kN due to cold mass
weight.

Table 6.3: Sum of forces on support bases and transport restraints induced by a 4
m/s? longitudinal acceleration.

a, =4 m/s? Forces [N]  3LR  3Mod LR Cremonian  Ideal
Support bases
SF, 246100 535100  -8.70-10°  2.94-102
Non-Connection S F, 1.88-10%  1.89-101 1.88-101 1.80-10%
S F, -4.22-10%  -3.89-10®  -2.72.10%  -3.35-103
Y F, -3.06-102  -2.84-102  -3.11-10° -2.37-10?
Central > F, -6.03-10*  -3.53-10*  -3.48.10*  -8.40-103
S F, 1.93-10' -2.67-107' -8.52:107%2 8.23.107!
> F, -7.18-101  -9.03-10¢ -5.33-100  -5.66-102
Connection S F, 1.90-10'  1.90-10" 1.89-10" 2.03-10"
SE, 42110 3.89-10% 27210 3.35-10%
Transport restraints
S F, -1.14-10>  -1.17-10>  -1.40-10> -4.86-107
Non-Connection > F, -2.52-10*  -3.89-10% -3.77-10*  -5.08-10*
S F, 1.96-103 2.75-103 2.33-103 2.43-103
> F, 6.80-10  4.98-10! 6.60-10" 4.16-102
Connection > F, -2.55-10*  -3.89-10*  -3.77-10*  -5.08-10*
> F, -1.97-10%  -2.75-10®  -2.33-10%  -2.43-103

Table 6.4 lists the forces induced by a transversal acceleration of 5m/s? corre-
sponding to a 10 m-radius turn when the transport truck travels at 25km/h. This
time the total load of ~ 140 kN is shared by all the three supports and by the trans-
port restraints. In all the cases, ideal included, the transversal force loading the
central support is higher than the 40 kN safety limit. It can be noticed the high
transversal stiffness of the Cremonian type restraint that decreases the load from
the extremity supports but increases the one on the central. When comparing the
light restraint to the modified ones it can be noticed that the extremity supports
get a smaller transversal force with the non modified restraints.
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Table 6.4: Sum of forces on support bases and transport restraints induced by a
5m/s? lateral acceleration and by a 7m/s? vertical acceleration.

a, =5 m/s? Forces [N]  3LR  3Mod LR Cremonian  Ideal
Support bases
> F, -1.97-10*  -2.30-10*  -1.14-10*  -3.35-10%
Non-Connection > F, 5.19-10'  6.06-10! 3.02-101 8.82-101
> F, -8.75-10°  -8.97.10°  -1.36-10'  -1.41-102
Y F, -6.47-10*  -6.21-10*  -6.98-10* -5.53-10%
Central > F, -5.61-101  -3.59-100  -1.81-10'  -4.19-10°
SE 404100 249100 6.20-100  1.86-102
Y F, -1.97-10*  -2.30-10*  -1.14-10* -3.35-10%
Connection Y F, 5.19-101  6.06-10" 3.02-101 8.82-101
S F, 2.31-10! 2.72-10! 1.41-10° 9.62-10*
Transport restraints
S F, 1.73-10*  2.04-10* 2.25-10*  7.78-10°
Non-Connection S F, 6.07-10  1.83-10? 2.14-102  2.10-10°
S F, 1.41-10'  5.15-10°  1.76-10'  4.58-10"
S F, 1.73-10°  2.0410°  2.25.10°  7.78-10°
Connection > I, -1.29-101  -9.75-10! -1.71-10>  -1.93-103
> F, 4.07-10'  3.79-101 3.22-101 5.30-10°
a, =Tm/s* Forces [N] 3 LR 3Mod LR Cremonian  Ideal
Support bases
S F, 142107  1.37-10°  1.81-10"  -5.35-10"
Non-Connection S F, -3.73-107%  -3.61-1072 -4.77-1072 1.41-107!
> F, -5.57-101  -5.57-10*  -5.69-10*  -5.45-10%
> F, -9.71-10° -9.07-10° -1.17-10* 2.64-10"
Central > F, 6.50E-107%  9.95-10%  9.46-107'  1.53-10°
> F, -7.5810*  -7.58-10*  -7.50-10*  -7.62-10*
S F, 1.32-10* 1.28-10* 1.70-10'  -5.64-10"
Connection > F, -3.48-107%2 -3.37-1072  -4.49-107%2  1.48-107!
> F, -5.57-10*  -557-10*  -5.69-10*  -5.45-10*
Transport restraints
> F, -9.16-10°  -9.03-10° 1.21-10* 4.07-10!
Non-Connection > F, -1.50-102  -2.37-10? 3.26-10? 1.71-10%
M F, -3.41-102  -3.67-10° 1.99-103  -3.62-10°
> F, -8.53-10°  -8.41-10° 1.14-101 4.28-101
Connection S F, 149102 237102  -3.25-102 -1.71-10°
M F, -3.41-103  -3.67-103 1.99-103  -3.62-103
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In the case of a vertical acceleration of 7m/s? the force distribution reported in
Table 6.4 is almost independent from the restraint type. The vertical forces are to be
considered extra loads and must be added to the -85 and -105kN that respectively
charge the extremity and the central support because of the 9.81 m/s? gravitational
acceleration. The Cremonian type takes a smaller percentage of the total 200kN
with the result of a slightly higher charge of the two extremity supports.

The forces arising on the supports and on the restraints as effect of a 30 K tem-
perature difference between the cryostat and the cold mass are given in Tables 6.5.
In this case the loads on the supports are of secondary importance with respect to
the ones on the restraints. In fact, for symmetry reasons, the central support is not
charged at all whereas the extremity supports are allowed to slide with a certain
friction. The assumption of free sliding of the extremity supports in the model is
conservative for the restraints since in the real case some of the longitudinal force
would be transmitted to the cryostat by friction. In case of cold mass thermal ex-
pansion the forces taken by the restraint increase directly with their stiffness and
can reach critically high values so that a safer solution is represented by a more
flexible restraint.

Table 6.5: Sum of forces on support bases and transport restraints induced by a
30 K temperature difference.

AT=30K Forces [N] 3Mod LR Cremonian Ideal
Support bases
> by 6.33-10* 8.28-10* 3.79-10°
Non-Connection > F, -1.67-107'  -2.18107'  -9.98-10°

> F, 4.07-103 8.44-102 3.54-104
Y F, -4.01-107 -4.30-107 1.31-103
Central > F, 5.22E-107Y  -1.94.107% -6.01-107*
S F, 6.41-103 1.31-10* -3.58-104
Y F, 5.11-10* 6.93-10* 3.80-103
Connection S F, -1.35-107'  -1.82:10°!  -1.00-10*
> F, 4.07-103 8.44-10? 3.54-10%
Transport restraints
Y F, -1.39-102 -1.34-102 -4.45-103
Non-Connection > F, -1.41-10° -1.45-10° -4.37-10°
> F, 7.27-103 7.38-103 -1.75-10%
M F, -1.48-10? -1.44-102 -4.46-103
Connection Y F, 1.41-10° 1.45-10° 4.37-10°

Y F, 7.28-10° 7.38:10° -1.75-10%
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Table 6.6 gives the cold mass/cryostat relative displacements at the extremities
for the three different restraint types.

Table 6.6: Relative cold mass-cryostat extremity displacement in longitudinal direc-
tion induced by a 30 K temperature difference.

Displ.  mm] 3Mod LR Cremonian Ideal
U 1.90 275 0.80

Table 6.7: Lateral (u,) and longitudinal (u,) displacements of the central support
top respectively induced by a 5m/s? lateral and 4 m/s? longitudinal acceleration.

Accel. [m/s?] Displ.[mm|] 3LR 3Mod LR Cremonian Ideal

52 Us 260  1.25 1.54 0.81
4 u, 125  0.76 0.73 0.12

Table 6.8: Maximum longitudinal stress in the screws connecting the restraint to
the cold mass. Values are scaled from a 1 g lateral acceleration simulation.

Stress [Pa] 3Mod LR
o1 0.70-108

We give now, for the three modified transport restraints configuration, the load
acting on the most stressed support (usually the central) and the stresses in the con-
straints summarized in Table 6.9. The total load on the support is the combination
of the longitudinal and transversal forces at the column top. The admissible value
for such a force in case of pure or guided bending is around 40kN that drops to
25 kN in combination with a vertical load of 105kN [41] as the one due to cold mass
weight; maximum value for a pure vertical load is 175kN. It can be noticed that
these limits correspond to a safety factor of 2.7 and are often exceeded. The stresses
in the restraints given in the table are the equivalent stresses following Tresca the-
ory. We give two values: the ‘Local maximum’ that is the maximum value, usually
confined in a small spot close to geometrical discontinuities (holes, corners) where
the stresses concentrate, and the ‘Distributed maximum’ that is the higher value dis-
tributed over an appreciable area. To judge these values we refer to previous studies
on light restraint performance [42] in which, by mean of hardness test, the ultimate
strength is evaluated around 530 MPa. Associated to the high local stresses induced
by static inertia loads we can consider local plastic deformations and consequent
re-distribution of stresses to smaller values.
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Table 6.9: Forces on central support and stress distributions in the 3 modified
transport restraints for all the loads.

Load Force on central ~ Max Stress [MPal]
case support [N] Distr.  Local.
a,=Am/s’ 3.5310° (F,+F,) 230 514
a,=5m/s? 6.21-10* (F,+F,) 200 900
a,=Tm/s?  7.50-10* (F.) 20 100

AT=30K 6.41-10% (F,) 1300 3000

6.4 Summary

We performed dedicated experiments on a pre-series cryo-dipole by introducing
transverse forces similar to those expected in realistic conditions during operation
or during cryo-dipole alignment in the LHC tunnel. The experimental results re-
vealed two important facts. From one hand, the deformation of the dipole and of its
supports is still elastic, hence no residual deformations should be expected. On the
other hand, we observed a rather strong potential interference of the cold mass with
the cryostat itself through the sliding posts. Using FEM simulations we were able to
point-out that the possible source of the interference is a too large friction coefficient
in the sliding interface. The test was done at room temperature and cannot be easily
repeated in operational conditions at cryogenic temperature.

Should the strong interference cold mass cryostat be confirmed by farther tests,
there will be two important consequences. From one hand, the frictional interference
is expected to be beneficial during cryo-dipole transport: it will limit the internal
degrees of freedom and hence it will reduce the possibilities of deforming or displacing
the cold mass from its nominal position. On the other hand, during thermal cycles
the effect of friction is a potential mechanism to produce erratic displacements of
the central post and hence to introduce possible change of shape of the cold mass
axis and of the position of the multipolar correctors embedded in the extremities.
This may be rather detrimental for the reproducibility of beam control

In the second part of the chapter we described the finite element analysis per-
formed to compare the efficiency of different kinds of transport restraints. The
different design stiffnesses increase from the three light restraints through the Cre-
monian and the 3 modified restraints up to the ideal one. Looking at Tables 6.3
to 6.5 it is generally evident that stiffer restraints relief the load directly generated
by the acceleration (i.e. in the same direction) on the central support versus the
lateral ones. It can also be noticed that stiffer constraints can induce a load dis-
tribution characterized by cross-components as happens in statically indeterminate
structures. This can be seen, for example, in the lateral (i.e. along X) support
reactions consequent to the longitudinal acceleration on a cryo-dipole equipped with
ideal restraints (Table 6.3 bottom row).

The stress distributions plotted in Fig. 6.14 to 6.17 show how the modified de-
sign increases the stiffness of the restraint by confining slightly higher stresses to a



6.4. Summary 107

smaller area on the vertical front plate. Critical spots are represented by all the hole
edges and by the connection between the central plate and the back plate that is
furthermore close to a hole edge.

The performed simulations highlighted the criticalness of the proposed light re-
straint solution both in terms of supports and restraints integrity. Dedicated tests
and experiments are therefore foreseen to judge the safeness of cryo-dipole transport
and handling with the three modified transport restraint solution.
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Chapter 7

Operational experience on
prototype and pre-series dipoles

7.1 Introduction

The geometrical constraints imposed on dipole shape must be respected in spite of
the deformations induced by thermal contractions and Lorentz forces that arise in
operative conditions.

In the first part of this chapter we will describe the cold mass geometry modifica-
tion measured during current ramping (Energization), resistive transitions (Quenches)
and thermal transients (cool-down, warm-up). In the second part we will deduce
the consequent loads and displacements induced on the central composite support
to check for potential risky situations. In the third part we will study in detail
the effect of Lorentz forces on the cold mass cross-section: through finite element
modeling we analyze the mechanical deformations arising during Energization and
we compare them to the experimental data.

7.2 String2 and monitoring system

Magnet displacements and deformations were measured in operative phases during
the test of the first LHC full-cell prototype called String2 [43], schematically shown
in Fig. 7.1. An LHC ‘DOFOQO’ cell is composed by a de-focusing quadrupole, three
dipoles a focusing quadrupole and three dipoles. Its length corresponds the ele-

UP-STREAM < SENSORS OWN-STREA

MQ1 || MB1 || MB2 <j'l MB3 || MQ2 || MB4 ||o MB5 o MB6 o lX
— o o — - O o i
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Figure 7.1: String2 magnets layout (LHC standard cell).

0 0 0o|O

109



110 7. Operational experience on prototype and pre-series dipoles

mentary cooling loops providing refrigeration at the 1.9 K, 4.5-t0-20 K, 50-to-70 K
levels to the LHC cryo-magnets. The cool-down of the ~ 200 t cold masses from
room to the operating temperature of 1.8 K takes about two weeks. The first re-
frigerating step from 300 to 80 K is achieved by mean of gaseous Helium injected at
decreasing temperature from one string extremity and flowing through the magnets.
The further temperature step is obtained through expansion to liquid of sub-cooled
super-critical (3 bar, 4.5K) Helium so that after the expansion the cold masses will
be filled with liquid helium at 4.2 K. To reach the operating 1.8 K, the remaining
heat is extracted by pumping the vapor on the two-phases Helium flowing in a cor-
rugated heat exchanger tube coupled to the pressurized (1bar) superfluid Helium
bath [44].

This full-scale working model, has undergone typical and atypical operating
modes during which the cryogenic apparatus, the magnet electrical circuits and
the quench recovery systems have been tested to check their performance and to
validate the design choices. In this framework, through the acquisition of magnet
extremity displacements in vertical and horizontal directions, it has been possible
to identify the operating phases that could harmfully affect the magnet short and
long-term mechanical stability.

Structure

) Measuring fiber Coupler

Reference fiber \<

Sensor

Portable Reading UnitH A

4 )
Coupler
Mobile Mirror
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\ J

Figure 7.2: Original SOFO system.

In the choice of the monitoring system, the extreme environmental conditions
represented by the vacuum and the 300 K thermal gradient between the cold mass
and the surrounding cryostat did not suggest common deformation sensors like strain
gages or inductive comparators. In fact both of these would have acted as thermal
bridge between cold mass and cryostat and consequently suffered from deformations
induced by very high thermal gradients. Moreover the magnet extremity six degrees
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of freedom would have made hard to distinguish a deformation along one direction
from tilt and from deformations in other directions. These constraints pushed us
toward a tailor made solution developed in collaboration with the EPFL (Ecole Poly-
technique Federale de Lausanne) and SMARTEC S.A. [45]. In fact, the original idea
to overcome all the previous issues by mean of an optical device was eventually real-
ized through the modification of a commercial measuring device (‘SOFO’ [46]) used
to monitor deformations in civil structures and already in production by SMARTEC
S.A.

The original SOFO system, shown in Fig. 7.2, was developed to observe struc-
tural deformations in civil engineering construction and consists of two Michelson
interferometers arranged in chain configuration. It measures the length difference
between two fibers; one, called ‘measuring fiber’, is attached to the structure to
monitor whereas the other, called ‘reference fiber’ is freely installed in the nearby.
Such original SOFO configuration cannot be employed to detect cold mass deforma-
tions since the large temperature gradient suggests preventing any thermal contact,
even through optical fibers, and the longitudinal contraction of the cold mass poten-
tially complicates the data interpretation. Thus, to adapt the original sensor to our
needs, the measuring fiber has been replaced by the double pass delay line shown in
Fig. 7.3.

Y,
| Vv
A

Core

Fibre Ferrule Cold mirror

Figure 7.3: Double pass delay line replacing the measuring fiber.

In the operative configuration, a mirror placed on the cold mass (cold mirror)
reflects the radiation emitted by an optical fiber through an optical head, located
on the inner wall of the vacuum vessel. The LED primary radiation enters in the
vessel through a fiber and an optical connector, illuminating through a coupler both
the reference fiber and the delay line. In the latter, the fiber end, mounted inside a
polished reflective ferrule, irradiates a focusing lens and, through the head mirror,
reaches the cold mirror. The light is reflected back and forth from the cold mirror
to the ferrule. As the position of the fiber end and the lens focal point are optically
conjugated through the lens-mirror system (double pass delay line, Fig. 7.3), after
two round trips the light will be focused back to the fiber core. The coupler mixes
this radiation with the light reflected back by the reference fiber end and feeds a
SOFO-type analyzer arm (mobile mirror in Fig. 7.2) monitoring the distance between
the ferrule and the mirror, i.e. between the vessel and the cold mass.
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Figure 7.4: Installation of the SOFO modified sensor.

To monitor vertical and horizontal position of the ends (that is along Z and X
axis of Fig. 7.1 reference system) as well as cross-section contraction, three sensors
mounted as shown in Fig. 7.4 are needed for each magnet extremity. Three sensors
were installed in both ends of the pre-series dipoles MB5 and MB6 and in the down
stream end of the prototype MB2. Only two sensors were mounted in the up stream
of dipole MB2 so that no vertical displacement could be detected in that extremity.
The optical device main features are summarized in Table 7.1.

Table 7.1: SOFO main features.

Parameter SOFO characteristic

Complete system 0.0l mm

reading resolution

Resolution 0.002 pm

Precision better than 0.2 of
measured deformation

Measurement range ~50 mm

Cable length Up to 5km

Temperature sensitiv- Insensitive: self-

ity compensated sensors

7.2.1 String powering

Before reaching the nominal energy, particles have to travel several million turns
at increasing momentum so that, to keep them in the same circular trajectory, an
increasing dipolar field is required. In this 20 min-long transient phase, the increas-
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ing electro-magnetic forces can modify the stress distribution inside the coils and
may provoke a slight change of the cold mass curvature and a consequent sizable
misalignment of the extremities in radial and vertical directions. Both phenomena
have been detected during the energization of the main magnet circuits performed
in the cold test facility.

The amount of collected data, once manipulated to make them homogeneous,
revealed a reproducible behavior of magnet ends in terms of displacements and
cross-section deformation. The typical effect of current ramping on the cold mass
cross-section is displayed in the top graph of Fig. 7.5, where the exciting current and
the horizontal diameter of a pre-series magnet are plotted versus the time. The tight
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Figure 7.5: Energization effect on horizontal displacement and outer cold mass di-
ameter variation of prototype magnet MB2.

correlation between diameter variation and current level is evident in spite of the
horizontal shift of few minutes due to different settings of measuring system clocks.
Diameter variation is due to the electro-magnetic forces acting on the coils and
pushing along the top-bottom symmetry axis of the cross-section, in outward direc-
tion. By assuming a linear elastic behavior of the cold mass the current-deformation
relation that comes from the Lorentz equation is parabolic and precisely fits the
experimental data. A clear current-driven behavior is also visible in the bottom
part of Fig. 7.5 where the horizontal displacement of the pre-series dipole end is
plotted along with the current ramp, versus the time. In this case the relation
cannot be quickly resolved in a quantitative way because of the three-dimensional
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nature of the phenomenon. We interpret it as a straightening of the cold mass in
the horizontal plane due to the coil thrust that counteracts the elastic forces that
keep the cold mass bent. What must be pointed out first is the magnitude of the
observed phenomena which is rather small with respect to the critical values that
could affect the machine performance. Maximum displacements in fact, generally
far below 0.1 mm in horizontal direction and around it in vertical direction, cannot
result by themselves in a harmful misalignment of the multipolar correctors (that is
> 0.3mm). Second point to be noted is the fully elastic feature of the displacements
and deformations provoked by current-related phenomena. It is indeed clear, in both
the figures, the absence of any significant residual effect on the diameter size as well
as on the displacement once that the current is brought down to the original value.
In Table 7.2 we summarize maximum displacements and deformations experienced

Table 7.2: Energization-Induced Displacements

Inaz[A]: 5000 | 8000 | 10800 11850

n of meas.: il 1 2 14
magnet def.[mm]| Mean  Std
MB2  Admee <001 0.02 | 002 | 004 0.002

AXpae  <0.01] 0.01 0.03 | 0.04 0.002
Adpaz — 0.02 | 0.03 | 0.03 0.004
MB5 AX,u — <0.01 | 0.03 | 0.06 0.03

AZpmaz  -0.01 | 0.08 | -0.14 | -0.09 0.04

by two string magnets for different current ramps. Data are about the down stream
extremity of a pre-series and of a prototype magnet for which the vertical displace-
ment is not available. From those data (averaged over a all the measurements), we
see that diameter variation Ad,,., and horizontal displacement AX,,,.. are small and
to follow the same linear trend in both the magnets whereas vertical displacements
AZpq: shows a slightly larger size and a more nervous trend.

7.2.2 String quenches

Quenches performed in the string have been provoked at different current intensities,
on different magnets and with different current decay time rates. In spite of the
different quench features, the analysis showed up quite well reproducible behavior
for the diameter and for the horizontal displacements. Quenches are provoked by
resistive heaters placed in specific locations of the coil and activated at pre-defined
current values. It can be noticed that in the first part, that is the current ramping,
there is no difference with respect to the energization phase. This is clearly visible
in the top graph of Fig. 7.6 where the diameter variation is plotted, along with the
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Figure 7.6: Horizontal displacement and diameter variation induced by quench at
11.75kA

current, versus the time. After the preliminary part, in which the current raises with
a fixed time-rate value, the current is kept constant until the quench is provoked
and then it is cut off by the protection system. We notice that the diameter closely
follows the current profile so that after the current cut no residual deformation
is present in the cross-section. The horizontal displacement of magnet extremity
for the same quench test is visible in the bottom graph of Fig. 7.6. The behavior
is the same for the current ramp until the quench occurs. After the quench and
the consequent current cut, the magnet end experiences a sizable displacement in
the horizontal direction of about 0.7mm, recovered only much later. Since that
happens after the quench it cannot be obviously related to electro-magnetic forces
and a plausible explanation can be found in the thermal-driven phenomena. One of
the main outcomes of a resistive transition is, indeed, the release of a large amount of
magnetic energy dissipated as heat in the coil. Moreover, at very low temperatures
the specific heat and the thermal conductivity of metals are both low so that a little
amount of energy can cause a relevant and localized increase of temperature in the
structure. This can be seen in Fig. 7.7 where magnet temperature, measured in
proximity of the quench spot, is plotted along with the end displacement, versus
the time. As soon as the quench takes place the current drops and the temperature
rises very quickly and so does the horizontal displacement. The amount of stored
energy needs a long time to be extracted by the helium and, as visible in the plot,
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Figure 7.7: Horizontal shift and temperature raise provoked by quench at 11.75kA

more or less the same time is needed by the magnet to regain its original position.
The relation between thermal and structural phenomena is thus evident even if a
quantitative model is not straightforward. The recovery time, reported in Table 7.3
along with a summary of the collected data, is generally around 3.8 hours with a
standard deviation of about 0.8 hours.

The maximum displacement, usually reached just after the energy release by the
coil resistive part, is not very large in the horizontal direction (AX,,q,) whereas is
almost critical in the vertical direction (AZ,q.). In spite of the few (5) available
data the reproducibility is quite good and the average value is set close to the critical
0.3mm. In operative condition, anyhow, such a sizable misalignment is reached when

Table 7.3: Displacements Induced by Quenches

Mean ‘ Std ‘ n of meas.
AX, oz 0.07mm | 0.02mm 923
Recovery Time 3.8hours | 0.8 hours
Ao -0.24mm | 0.03mm 5
Recovery Time 3.6 hours | 0.7 hours
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the beam has already been dumped because of the quench and the recovery toward
the original position, accomplished after the recovery time, ensures that there is no
real danger for beam stability related to this effect.

7.2.3 String cool-down and warm-up

The effects of thermal gradients along the magnets can be made clearly visible in
the cooling phase, needed to bring the magnet structure down to the operational
temperature of 1.9K. In fact the cool-down phase, is performed by flowing helium
through the magnets. Cold gas is injected from one end (up-stream) at decreasing
temperature and extracted from the opposite (down-stream) [47]. The cool-down
rate provoke the longitudinal thermal gradient with a consequent structural defor-
mation of the dipole. Both fast or slow cool-downs were already proved to provoke
shift of magnet end positions in previous tests performed either on prototype and
on pre-series magnets as reported in [48]. In those occasions non-negligible dis-
placements affecting the magnet also after the transient were detected during fast
cool-downs in prototype magnets. The most unfavorable event indeed was a peak
displacement of 2mm in horizontal direction experienced by a prototype magnet
during a fast thermal transient.

Table 7.4: Displacements Induced by Slow Cool-Down

end def [lmm] MB2 | MB5 | MB6

= Ad -1.14
 AXpae -0.30
EB AXresidual -0.20
B Al 137
AZresidual -0.92
£ Ad -1.00
<
é AX e 0.10
2 AXiesidua  0.40 0.20 0.02
S AZmus -1.20
8 AZ?“esidual -1.10

In the run of the String2 the cool-down was of slow rate in order to keep the
thermal gradient along a single magnet below 80 K and to limit potentially harmful
thermo-mechanical stresses. The measured displacements in vertical and horizontal
direction are reported, along with the diameter contraction, in Table 7.4. In spite
of the lack of data due to temporary sensor failures, it can be noticed a diameter
contraction Ad close to the one expected (1.2mm) and the presence of non-zero
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Table 7.5: Residual Displacements after String Shut-Down

Up Stream Down Stream
AX [mm] | AZ [mm] || AX [mm] | AZ [mm]
MB2 0.02 - -0.04 -0.07
MB35 0.20 -0.10 -0.03 -0.07
MB6 -0.06 - - -

displacements in both directions once terminated the transient phase. In vertical
direction (AZyesiquar) they are induced by support post and cold mass shrinking
(0.3 and 0.6 mm, respectively) and close to what expected, whereas in horizontal
direction (AX,esiquar) they can reach critical values and are not fully understood
yet. To check if the misalignments provoked by cool-down are still present after the
string warming up to the room temperature one can look at Table 7.5 in which are
reported the measurement taken right after the string shut down. It can be noticed
that the measured displacements are usually around few hundredths of millimeter
and always smaller than the tolerance range.

7.3 Loads on central composite support in work-
ing conditions.

As already mentioned in Section 2.2.7 the cold mass-cryostat interface is one of the
most critical components of the LHC cryo-dipole. It is composed by three thin walled
short cylinders made of glass fiber reinforced with epoxy, a composite material chosen
for its favorable balance between structural and thermal properties. Each column has
in fact to bear a vertical load of ~ 100 kN and a maximum thermal gradient, in steady
state conditions, of 1500 K/m. Magnet shape modifications during operative phases
induce support deformations and consequent extra stresses in the thin composite
material that could affect its mechanical integrity. For this reasons we used the
geometrical measurements taken during magnet testings to evaluate the intensity
of the extra static loads acting on the supports during, cool-downs, quenches and
energization phases. Our attention focuses on the central support as it is the one
subjected to higher loads and deformations.

As the cryo-dipole design doesn’t allow a direct measure of the central foot
deformations, the first step is to deduce them from the extremity displacements that
we have already measured (see 7.2). Extremity displacements can be associated to
two different phenomena outlined in Fig. 7.8. The first is a rigid tilt of the entire cold
mass around a longitudinal axis whereas the second is a variation of the nominal
curvature; we will refer to them as to the tilt and bending scenario, respectively.
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Figure 7.8: Different possible scenarios featuring the same extremity horizontal dis-
placement AS (view of X section is out of scale).

In the tilt scenario the central foot top displacement Az, for a given extremity
displacement AS will be approximatively given by:

Az ~ AS Jh (7.1)
mh
where: % is the ratio between the height of the feet and of the measured point
that corresponds to 0.42. As shown in Fig. 7.8 in the tilt case all the three feet are
subjected to the same bending resulting from the lateral displacement and rotation
of their top extremity.

In the bending scenario, to evaluate the foot displacement, we must take into ac-
count two main assumptions: the cold mass shape is well represented by a parabolic
curve and the three feet have the same rigidity to flexion. The three feet are thus
subjected to a guided bending that is imposed by the lateral translation without
rotation Az, of their top extremities. Under the previous assumptions the relation
between magnet extremity and central foot displacement is given by:

Amy,,, = 0.55A8 (7.2)
Ay, = 0.2TAS (7.3)

for the central and the lateral feet, respectively. The geometrical considerations
behind the two equations can be found in Appendix E.

We can now easily analyze the influence of different operative circumstances that
we monitored during magnet testings. The extremity displacements measured dur-
ing cool-down, warm-up, energization and quenches are given in Table 7.6. The
specifications to guarantee the mechanical integrity of the support posts define
1.8mm [41] as the maximum transversal displacement of the top extremity that
roughly corresponds to a transversal load of 40kN. In Table 7.6 we give the central
foot displacements evaluated in the two possible scenarios for each operative phase.

As one can see the reported values are quite far from the dangerous limit of
1.8 mm in every operative phase. However it must be pointed out that this study
did not take into account the presence of any pre-stress in the composite material
associated, for example, to the blocking of the central foot during cryostating or to a
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Table 7.6: Displacements of extremities (measured) and of central support (com-
puted).

Extremities Central support
Operative Max. hor. Operative | Hor. displ. [mm]
phase displ. [mm] phase Tilt ‘ Bending
Energization 0.17 Energization | 0.07 0.09
Quenches 0.1 Quenches | 0.04 0.05
Cool-down 1.2 Cool-down | 0.5 0.66

particular displacement not completely recovered because of the friction at the foot
base.

7.4 Modeling of cross-section deformations in work-
ing conditions.

In superconducting magnets, a crucial aspect to guarantee the expected performance
is the mechanical behavior of the structure. Every conductor deformation is reflected
indeed on the field shape spoiling its quality. In our case the coils can undergo
unwanted deformations mainly in two circumstances; these are the assembly and
the energization phases. During the assembly, at room temperature, the coils are
clamped by the steel collar, the iron yoke is assembled around the collar and all these
components are tightly enclosed in the shrinking cylinder. That procedure usually
provokes internal stresses in the coils up to 130 MPa that can lead to consistent cable
deformations and displacements.

The energization phase takes place at the operational temperature of 1.9 K and
it consists in the progressive increase of current flow through the coils. In this occur-
rence Lorentz forces grow up inducing coil deformations that can spoil the dipolar
field by enhancing the multipolar components. An intense analysis of coil geometries
influence on field quality has been carried out in the last years [16]. The aim is to
provide a model of the whole magnet cross section to allow the early detection of
defects in the magnet assembly and of faulty components. Therefore, it must be
suitable for the definition of potential corrective actions, on series production, to
drive the field quality inside the tight constraints given by beam dynamics. Here we
report the validation of the magneto-mechanical behavior of the cross section model,
described in Chapter 3.4, through the comparison with mechanical measurements
taken during the energization phase of the LHC test String2.
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7.4.1 Mechanical modeling versus measurements at 1.9 K

In the energization phase, the electromagnetic forces acting on the coils deform
their confinement structure as well as the iron yoke and the shrinking cylinder.
That means an increasing of the cross-section diameter in the horizontal plane. The
model has thus been validated through the comparison of the diameter variation as
a function of the current. In the magneto-static finite element model, five different
current densities have been defined for the areas corresponding to the cables. The
corresponding Lorentz forces acting on the cables have been obtained as results and
then used as load in the structural model along with the thermal shrinking induced
by the cool-down. The related measurements have been taken during the energiza-
tion of the LHC test String2. The horizontal diameter variations have been measured
in two dipoles (named ‘MB2’” and ‘MB5’) during two different current ramping (‘ct1’
and ‘ct2’) by mean of a measuring system based on optical interferometry and de-
scribed in Section 7.2 . In order to have the diameter variations as a function of
the current the electrical and mechanical measurement have been correlated. The
post-processed experimental data, providing diameter increase versus current val-
ues, are shown in Fig. 7.9 along with model result. It can be noticed the almost
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Figure 7.9: Diameter variation versus current intensity for two magnets (MB2, MB5)
and two current ramps (ct1,ct2).

perfect parabolic shape of the model that reflects the quadratic relation between the
forces and the current and the linear relation between forces and deformations. This
trend is evident also in the experimental data in spite of some small spread between
different magnets and, for MB2, also for different current ramps. The agreement
between model and data must be considered also at cryogenic temperature really
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good. It must be pointed out that, to obtain the correct intensity of electromagnetic
forces for a given current, it is necessary to take in to account the lack of parallelism
between the current flow and the coils. The Rutherford cable structure is actually
made of twisted strands arranged in two layers. Following the twisted strands, the
nominal current in both the two layers is never going in the longitudinal direction
of the cable. The effective current that we must consider for the computation of
electromagnetic forces, is thus given by the longitudinal component of the nominal
current, that is around the 95% of it.

7.5 Summary

To ensure the respect of the imposed tolerances on alignment and shape of the main
LHC dipole, three cold masses of the LHC cell prototype String2 were equipped with
specifically developed optical sensors. Cold mass end positions were thus monitored
with respect to the cryostat during the whole series of test performed on String?2 to
reproduce standard working conditions as well as risky occurrences as, for example,
propagation of resistive transitions (Quenches). During energization the maximum
horizontal displacements generally did not exceed 0.05 mm whereas in vertical di-
rection they reached - 0.1 mm. Effects of quenches led to larger displacements due
to the release of thermal energy in the conductors. Maximum misalignments of the
ends in vertical and horizontal direction, around 0.1 mm and 0.2 mm respectively,
were considered safe since they will occur when the beam will be already dumped.
Such displacements are usually recovered as soon as a uniform temperature along
the magnet is restored as generally happens after some hours. More critical effects
are related to the deformations induced by thermal transients. During nominal cool-
down rate they can reach values of some tenths of millimeter (at the maximum of
the temporary longitudinal thermal gradient) and can sporadically lead to small
residual misalignments. It must be nevertheless pointed out that the worst cases
were generally represented by displacement never exceeding 0.3mm. A last note
is that small residual deformations and displacements induced by cool-down can
persist even after the opposite thermal transient (warm up).

To evaluate the effect of cold mass displacements and deformations on the cru-
cial component represented by the composite support posts we used the measured
extremity displacements. We took in to account two possible scenarios to relate
displacement of the extremities to displacements of the central foot that is the most
charged. Both the scenarios gave a ratio of around one half between extremity and
foot displacement. We found that even the maximum displacements ever measured
at cold mass extremities didn’t result in dangerous situation for the central foot.

A magneto-mechanical model for the LHC superconducting dipole has been out-
lined. Outstanding features of this model are the modelization of coil mechanical
properties to take into account non-linearities, mechanical hysteresis and assembly
procedures [16]. This finite element model is currently used at CERN to foresee
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conductor displacements due to thermo-mechanical and electro-magnetic phenom-
ena taking place during various stages of magnet life. We compared modeled and
measured variation of dipole diameter during the energization and we found a very
agreement is found.
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Chapter 8

Conclusions

The research activity reported in this thesis dealt with the geometry of the supercon-
ducting dipole for the Large Hadron Collider. The purpose was to face the different
events, expected and unexpected, that could modify the precise geometry of the
structure and evaluate their effect through the development of models and tests.

We analyzed and modeled the mechanical behavior of the main superconducting
dipole for the Large Hadron Collider. We implemented both analytical and finite
element models to foresee and interpret cold mass geometry variations; we validated
and tuned model properties accordingly to dedicated experimental investigations.

We monitored over 2/3 of the magnet production from the point of view of the
geometry. We followed all the successive steps as the assembly, the transport to
CERN, the cryostating, the testing at cold and the final storage. We defined two
characteristic parameters of magnet geometry to easily identify faulty shapes: the
horizontal sag and the extremity positions. The statistical analysis revealed that
the nominal curvature, obtained with the assembly in the industries, is susceptible
to changes in the post-assembly steps. In particular, the systematic increase of the
horizontal sag along with the displacement of the extremity toward the curvature
center, highlighted the tendency of the cold mass to increase its horizontal curvature.
We found that an important change of curvature occurs during the road transport
from the industries to CERN whereas the other phases slightly influence the ge-
ometry. We concluded that the geometry instability is likely due to an amount of
elastic energy in the cold mass trapped by friction between internal laminations. A
stick-slip effect, activated by dynamic excitation, helps the release of such energy
letting the cold mass assume the shape of the enveloping cylinder that, by design,
has a larger curvature.

We found that some of the measurements in the database had been taken with
different boundary conditions. We used the analytical model to automatically iden-
tify the boundary conditions and subtract their effect from the measured geometry.

A proposed solution to the problem of cold mass shape instability was the block-
ing of the central support with respect to the cryostat. We simulated the effect of
two alternative strategies on all the magnets in the database and we compared the

125
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results. We found that the cheaper and faster solution was still effective and we
therefore endorsed it.

For what concerns magnet shape in the vertical plane, the deflection induced by
gravity resulted bigger than what expected. We therefore investigated if that was
due to a systematic fault of the shape obtained in industry. As gravity is always
present during geometric measurements, we had to disentangle effect of gravity and
intrinsic shape in the already stored geometry data. We used the analytical model
to estimate the effect of gravity through the best fit of the measurements. To check
for consistency we studied a group of magnets with measurements taken on three
and on two supports and we found no systematic fault of the shape in the vertical
plane. We found, instead, that the deflection induced by gravity was bigger than
expected and we concluded that the cold mass flexural rigidity had been previously
overestimated.

To measure the magnet geometry with a few tenths of millimeter accuracy over
15m, a multi-station measurement based on laser tracker technology, is used. To
estimate the operative accuracy associated to the measure we implemented all the
procedure steps in a numerical simulation. Starting from laser tracker specifications
we reproduced the error propagation through each measuring step by means of a
Montecarlo-based simulation. By comparing the simulation results with the real
measurements we were able to identify critical circumstances related to the poten-
tial instability of the laser tracker. We also found that the accuracy reaches an
asymptotic value characteristic of the multi-station procedure so that we suggest
not to increase the number of stations.

The main field direction is a very important requirement for machine perfor-
mance. The angle check procedure is complicated by the assembly hall logistic that
requires two different measuring benches. We were therefore interested in evaluat-
ing the influence of the test bench on measurement accuracy: we set up a dedicated
test and we simulated several different bench configurations. We then checked the
presence of undesired cold mass longitudinal twist induced by the bench. We found
that the influence of test bench poor planarity does not compromise the validity of
the angle check procedure. The test also gave us the opportunity to estimate the
cold mass torsional stiffness that, because of the compound cross-section structure,
is not analytically deductible.

In operative conditions the cold mass is hosted in the cryostat and it is not
accessible any more for position adjustments. It is therefore extremely important
to know how the cryostat can affect the cold mass mechanical behavior. As the
behavior is strictly related to the boundary conditions, represented by the three
cold mass/cryostat sliding interfaces, we set up a test to study the interface features.
We studied the response of the cold mass, inside the cryostat, to transversal forces
applied at the extremities. Through comparison with the 3D finite element model
we concluded that the expected sliding of the central foot (not directly observable)
was never activated in the range of the applied forces. We computed the friction
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coefficient at the central foot base and we obtained a value two times bigger than the
expected one; hence we suggested organizing specific tests to evaluate the effective
friction coefficient of the sliding interfaces. We used test data to define an equivalent
transversal stiffness of the cold mass extremities, useful to analytically model the
interaction between adjacent cryo-dipoles.

To guarantee a safe cryo-dipole road transport form the cryostating facility to the
storage area and then to the tunnel, special transport restraints have been designed.
Facing the need of a back-up solution to overcome a production delay of the nominal
transport restraints, we used the complete cryo-dipole finite element model to com-
pare the performances of alternative restraints. For each restraint type we evaluated
the effect of the maximum accelerations, along the three axes, allowed during trans-
port and handling. We compared the results in term of cold mass displacements and
deformations, central composite support deformation and stress distribution inside
the restraint structures. We also studied the effect of the differential thermal expan-
sion between cryostat and cold mass as the one foreseen during outdoor long-term
storage. We found that the proposed alternatives allow loads on central foot and
stresses in the restraints that can, in some cases, exceed safety limits. We also found
critical loads on central foot associated to ideal, very rigid transport restraints. We
therefore suggested reconsidering transport specifications to decrease some of the
maximum allowed accelerations.

The geometry of the cold mass inside the cryostat must be guaranteed for the
whole life of the accelerator that is, at least, 20 years. Hence we investigated the
effects of nominal and accidental operative circumstances on the geometry and po-
sition of the cold mass inside the cryostat. The nominal operative modes that we
studied are: the Energization phase, the cool-down from ambient temperature to the
operative 1.8 K and the warm-up to return to the ambient temperature. The most
important accidental circumstance is the resistive transition (Quench) provoked by
micro-movements of the superconductors induced by electromagnetic forces. To
detect cold mass movements and deformations we used a device based on optical
interferometry and specifically developed at CERN. We equipped, with 17 optical
sensors, three out of the six dipoles composing the LHC full-cell full scale working
prototype built at CERN. We acquired data during several months of nominal and
non-nominal operating modes, run to test cryogenic, electrical and vacuum LHC
systems.

We observed that the deformations of the cold mass induced by Energization are
small, reproducible and directly related to the current density in the coils.

Greater but yet reproducible deformations are associated to Quench; they are
induced by thermal phenomena and are completely recovered only after the cold
mass thermal stabilization that can take up to six hours. We studied the potential
criticalness of such deformations in terms of integrity of crucial components as the
central composite support. From the measured extremity displacements we derived
the loads induced on the support according to two different scenarios, none of which
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was found dangerous.

We observed that during the thermal transients, needed to reach the operating
temperature of 1.9 K, the cold mass extremities can experience large lateral dis-
placements. However the maximum amplitude varies considerably from magnet to
magnet and the average is not critical. Transient displacements are completely re-
covered after the thermal stabilization of the cold mass, hence the original geometry
is preserved.

During Energization the arising Lorentz forces can provoke deformations of the
coil cross-section and consequent field quality downgrading, detrimental for particle
beam survival. We computed with a 2D finite element model the cross-section
deformations induced by electromagnetic forces and we compared them with the
cold mass diameter variation acquired during energization. We found a very good
match between predicted and measured deformation.
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Appendix A

Analytic beam model.

Under the assumption of homogeneous and continuous thin beam we can consider the
cold mass deformed shape v(x) as a continuous function of the bending moment along
the axis M,(x). Since we neglect any cross-talk between forces and deformations in
vertical and horizontal planes we can reduce the system to two dimensions. We can
therefore study vertical plane and horizontal plane separately using the same 2D
model hereby described.

In a homogeneous and continuous thin beam, initially straight, the deformation

o) jnduced by the bending moment

dz?
My(z) (in fact the effects of shear stress, introducing the shear deformation di’l—(;),
are neglected). The curvature induced by a bending moment M;(x) is given by the

relation:

comes only from the rise of a curvature

Po(z)  My(x)
de?2 ~  FEI

where ET is the bending stiffness (F= Young’s modulus [MPa|, /= moment of

inertia [m?*] ). Previous equation can be derived by imposing the equilibrium between

internal stress and external forces, the congruence of deformations and displacements

and the elastic relation between stress and strain as explained in mechanic books [49].

By integrating eq. A.1 and imposing the boundary conditions (external forces
and constraints) we obtain the polynomial expression of the deformed shape:

(A.1)

v(r) = ax’ + ba® + cx* +dv +e (A.2)

that, in the most general case of both distributed and concentrated loads, is a 4'"-
order polynomial. In the domain of small deformations and displacements we can
neglect non-linearities associated to material properties and to geometric degenera-
tions. We can therefore use the superposition effect and consider the deformation
v(x) as the sum of the deformations individually induced by the different loads.
This means that each polynomial coefficient of eq. A.2 contains the sum of the con-
tributions of the different mechanical loads (distributed and/or concentrated forces
and/or moments).
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L

s

l/o!

Figure A.1: Thin beam model of cold mass on three supports. Model is composed
of four beams.

As already explained in 3.2 we consider the cold mass on three supports as a
system of four beams rigidly connected as shown in Fig. A.1. We can therefore
study each beam indiviually, taking in to account that they transmit each other the
bending moments M;, M, and Mz shown in Fig. A.1. The deformed shape of each
beam is given by a polynomial curve identical to eq. A.2 (vg;, i=1,...,4) here we
provide the coefficients for all eht polynomials. In this appendix we consider loads
and deformations in the vertical plane, however the equations that we present are
valid for the horizontal plane as well.

The mechanic loads on the cold mass that we consider are shown in Fig. A.2:
a longitudinally distributed vertical force g, [N/m], a vertical force Fi.[N] and a
bending moment M, [Nm| concentrated at the Connection extremity, and a vertical
force F,,. [N] and a bending moment M, [Nm] concentrated at the Non-Connection
extremity.

In Table A.1 we give the polynomial coefficients divided by outer beams (n. 1
and 4) and inner beams (n. 2 and 3). With these coefficients each polynomial curve
(vri, i=1,...,4) represents the deformed shape of each beam in the local reference
system (xr;,vri, i=1,...,4, shown in Fig. A.2). The coefficients of each beam are
function of the beam length [, of the flexural rigidity EI, of the distributed load ¢
and of the concentrated loads Fy, My, F, and M, applied at x; =0 and z; = [.

For the inner beams (as the one shown in Fig. A.3left) the moments at the
extremities Fy, M) represent the internal moments transmitted by the adjacent
beams whereas forces at the extremities are zero because of constraint reactions.
Internal moment expressions are given in Table A.3 as function of beam lengths
and external loads. For the outer beams (Fig. A.3) the moment and the force
concentrated at x; = 0 are zero because of constraint reactions. Expression of
specific loads on each beam are given in Table A.2.
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Figure A.2: Distributed and concentrated loads in the vertical plane. Local reference
system of each beam is also shown.

ltot
—ff————>

Figure A.3: Right inner beam (n. 3).

Table A.1: Polynomial coefficients for outer beams (n. 1 and 4) and inner beams
(n. 2 and 3). Contributions of distributed force ¢, concentrated force F' and moment
M are given separately. Specific expressions of ¢, F' and M are given in Table A.2.

Outer beams. Inner beams.

q F | M q F M
a| sig 0 0 a|52510 0
bla-dl |10 b|FL|0 Mot
claer| 58| % | o o]
dl 0 | 0|0 dg| 0|ty
e 0 0 0 e 0 0
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To obtain the cold mass deformation we must transform the curves vy;, referred to
the local reference system of each beam (xp;,yr;, i=1,...,4, shown in Fig. A.2) to the
global reference system (xg,y¢). This is done through the coordinate transformation:

e cos(0r) sin(0r) T — Tgr

= (A.3)
Ya —sin(fy) cos(0y) YL — YarL

where (zgr, yar) is the origin of the global reference system in local coordinates and
0y, is the rotation from the local to the global reference system (6 in Fig. A.3 is
negative). Since we rather know the origin of the local reference system in global
coordinates (that is: xrq,yrg) we can rewrite eq. A.3 and obtain:

e cos(0r) sin(0r) xr Tra

(e —sin(0) cos(fL) YL Yra

As 01, is generally very small we can make the following two assumptions: 1) External
vertical forces (F., Fy,. and ¢) are considered parallel to the local y-axis (according
to local reference systems both distributed and concentrated loads for beams 1 and
2 in Fig. A.2 are negative). 2) Each beam length corresponds to its projection on
the global x axis (as reported in Table A.2, 2" column). Expressions of 1, v1.a, yra
for each beam are given in Table A .4.

Table A.2: Specific parameters of beams.

Beam l q |Fv| B | My | M,
1 l —qg | 0 | =Fee| 0 | =M
2 lo—10 | —q4 | O 0 My | Ms
3 | lh—b|q |0 0 [M]| M
4 liot — U1 | qq 0 | Fue 0 M,

The model above described is used in several application at CERN to predict or
understand elastic deformations of the cold mass. Even if in our assumptions we
neglected the effect of shear, its contribution can be easily added to the coefficients of
each beam. The real limit is represented by the assumption of rigid supports. The
elasticity of the composite material supports should be taken into account when
studying the effect of transversal loads on the cold mass installed in the cryostat.
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Table A.3: Internal moments exchanged between adjacent beams.

—ql3
M, 2~ el = Mo
M2 (l3__?;1) (Ml(lQ—ll)ngi(lii_lQ) + i((li% - l2)3 + (l2 N ll)g) B EI(Z;ZZZQ ' l;ﬁ?ll ))
M, ezl _ B (g = lg) = M

Table A.4: Parameters for local to global coordinate transformation.

Beam tg(6) rrLe | YLG
1 vhe (1) L | he+ hy
2 ho/(lo —13) | s he
3 | ha/(ls=12) | 1o he
4 V5 (l3) ls | he+ ha

To correctly implement the supports and to override the assumption of no cross-talk
between vertical and horizontal plane still with a light model that can be included
in routines and macro interfaced to the database, we implemented a 3D beam model
based on finite element method.
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Appendix B

Custom finite element model

The aim of this appendix is to provide an operative example on how to approach
and implement the different steps involved in the application of the finite element
method. It is focused on the implementation of a 3D beam model as the one used
for the cold mass. Model is linear that is material properties do not depends on
stress and deformations are small. The main advantage of not using a commercial
finite element code is the possibility to include the model in routines embedded in
data analysis softwares as it was done with the analytical model. The reader should
already be familiar with the finite element method basic principles. The following
topics are covered:

e clement definition

e clement stiffness matrix

e nodes location

e clement nodal connectivity

e local to global conversion

e assembly of global stiffness matrix

e nodal constraints and nodal forces

e distributed forces

e nodal solution

e clement solution
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B.1 Element definition

The element is a 3D beam with 12d.0.f. (6 per node) as shown in Fig B.1, the z-axis
goes from node 1 to node 2. In each node three translations and three rotations are
allowed, respectively along and around the three nodal axes.

Nodal 9, 9, q,
Cross section orientation do.f q;
4 qs

11

Element
Y, reference
system

Figure B.1: 3D beam.

Beam material is elastic and isotropic. Material properties to be specified are:
Young’s modulus F, Poisson’s ratio v and tangential elasticity G. Material proper-
ties can be stored in an array of data structures with one field per property. Each
component of the array identifies one material.

The beam element are characterized by the following geometric properties (Fig B.1):
Cross sectional Area A, Thickness along y and z directions: t,, t,, cross section ori-
entation 7. Moment of inertia around y and z axes: [, and I, torsional moment of
inertia around z axis: J. Shear coefficients (ratio between cross sectional area and
the Shear Area normal to y and z directions): sh, and sh,. Geometric properties
can be stored in an array of data structures with one field per property. Each com-
ponents of the array identifies a group of beams with the same geometric properties.

B.2 Node locations

The coordinates of the n nodes can be stored in a 3xn table (‘node table’) in which
each row corresponds to a node and the three columns to the three cartesian coor-
dinates. It must be pointed out that in the case of straight beams the accuracy of
the solution is independent from the level of discretization (that is the number of
elements and nodes). In the cold mass model the number of elements required is
only 10 (i.e. 11 nodes). As shown in Fig. B.2 three beams are needed to model the



B.3. Element nodal connectivity 139

three composite supports, four beams are needed to model the cold mass and finally
three beams are needed to bridge the supports to the cold mass axis where the cold
mass nodes lie. In case of few nodes (11 in the cold mass model) the coordinates
can be entered manually, otherwise it is convenient to write a dedicated routine to
divide the geometry in a number of regions (multi-dimensional interpolation).

Figure B.2: Discretization of cold mass by 10 beams and 11 nodes (numbered in
squares and circles , respectively).

B.3 Element nodal connectivity

Each beam element is characterized by the two nodes to which it is connected and the
material and geometric properties group to which it belongs. It can be convenient
to create a mx4 table (‘element table’, m is the total number of elements) in which
for each element the first two columns contain the node numbers, the third contains
the material properties group and the fourth the geometric properties group.

B.4 Element stiffness matrix

The stiffness matrix relates the forces and moments (generally called loads), applied
to any node, to the displacements and rotations (generally called displacements)
induced on all the nodes. Such a matrix is always square and symmetric with
dimensions equal to the total number of d.o.f. of the element (i.e. 12 for the 3D
beam). It depends on the material and geometric properties described above. The
term ij (at the intersection of the i row with the j column) corresponds to the
force (or moment) applied on the i d.o.f that produces a unitary change along the
g d.o.f. (displacement or rotation). Operatively term ij can be computed as the
constraint reaction along the i** d.o.f. when a unitary change is applied along the
j d.o.f. and all the other d.o.f. are constrained. Here is reported the 3D beam
stiffness matrix as defined in [50]
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: _ 12EIsh. _ 12EI,sh,
where: &, = “=E5= and ¢, = 77552

Previous matrix [K] satisfies the equation

{f} = kg (B.2)

where the force vector f and the nodal displacements ¢ are expressed in the local
reference system of the element (shown in Fig. B.1).

Before assembling the global stiffness matrix, all the element matrices must be
transformed to satisfy eq. B.2 expressed in terms of the global forces F' and displace-
ments Q:

{F} = [K{Q}- (B.3)

B.5 From local to global

If [T] is the transformation matrix from global to local coordinates (only function
of element orientation) one can write:

{f} = [THF} (B.4)

and: {¢} = [THQ} (B.5)
that is: {F} = [T]7{f} (B.6)
and: {Q} = [T]"{q} (B.7)

Substituting eq. B.5 in B.2 and the result in B.6:

{F} = [T k][T{q} (B.8)

As the transformation matrix [T is, by definition, orthogonal: [T]~! = [T]" and the
element stiffness matrix in global coordinates can be written as:

{K} = [THRHTT (B.9)

The general transformation matrix in 3D can be written as the product of the
three 2D rotation matrices around the current z,y and z-axes (current means that
the 2" rotation is around the y-axis resulting from 1% rotation; 3"¢ rotation is
around the z-axis resulting from 1°¢ and 2" rotations). First rotation of a radians
around z-axis gives matrix:

cos(a)  sin(a) 0
[R,] = | —sin(a) cos(a) 0 (B.10)
0 0 1
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the second rotation,  radians around y-axis, gives:

cos(B) 0 sin(B)

Rj=| o0 1 o0 (B.11)
_—sin(ﬁ) 0 cos(ﬁ)_

the third rotation, v radians around z-axis, gives:

1 0 0
[R,)= |0 cos(y) sin(y) (B.12)

0 —sin(y) cos(y)

The three angles «, § and v are given respectively by:

a= asz'n(y1 —_ y2) (B.13)
B = asin(z2 ; Zl) (B.14)
~ = cross section orientation given as input. (B.15)

(B.16)

where L is the beam length, y; and z; the coordinates of node ¢ (i=1,2). The 3D
transformation matrix M = R,RgR, is:

CaCp —Salp Sp
[M] = | 8a4Cy 4 CaS35y CaCy — 84535y —C3Sy (B.17)
SaSy — CaS3Cy CaS~y + SaSgCy  C3Cy

where ¢, = cos(a), s, = sin(a), etc...
The matrix [T] needed to transform all the local d.o.f. of the 3D beam element
(12 d.o.f.) is:

= =
E o
o o
o o

7] = (B.18)

oo‘
- =
- Z
E o

where 0 are 3x3 null matrices.
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B.6 Assembly of global stiffness matrix

The global stiffness matrix is composed by all the element matrices combined ac-
cordingly to the nodal connectivity. Each element matrix can be subdivided into
four sub-matrices, K;; (i, j=1,2) that relates forces and moments on node 7 to dis-
placements and rotations of node j. The number of sub-matrices depends on the
number of nodes connected to the element whereas the size of the sub-matrices de-
pends on the number of degrees of freedom (d.o.f.) of each node. An example is
given with respect to the system depicted in Fig. B.3 and composed by four beams
and four nodes. The four element matrices, already expressed in global coordinates,
are divided in sub-matrices K7 (where superscript m is the element number) and
then combined together to form the global stiffness matrix K¢.

- , 1,
KII K]Z

K'=
K K3,

0 0
2 2
K= K, K23 m
K5 K 1 1 2 3 2 3
- N 21 K22+K22+K22 K23 K24
_ _ G
Kb, K3, K 7]
K, K3, 0 K3 KitKh o K

K=

,K4 K4,
K= 33 R34 0 K3 K4 K3 +K4
Kjg K444 L 42 43 44 44

Figure B.3: System of four elements and four nodes (numbered in squares and circles,
rispectively). Element stiffness matrices are assembled together to form the global
stiffness matrix.

Operatively the global stiffness matrix is built up by a routine that, for each
node, looks up in the element table the elements connected, for each one of the
connected elements it builds the element stiffness matrix k& (function of geometry
and material groups indicated in the element table) and the transformation matrix
T function of element orientation. It computes the element stiffness matrices in
global coordinates of all the element connected to the node and it sums them as
shown in Fig. B.3.
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B.7 Concentrated loads and constraints

Once that the global stiffness matrix is assembled, the structural problem is de-
scribed by the equation:

{FO} = [KHQ"} (B.19)

In which F¢ is the vector (known) that contains all the forces applied along
each d.o.f. of each node and QY is the vector (unknown) that contains all the
displacements along each d.o.f. of each node. In the cold mass model the length of
the vectors is 66 (11 nodes, 6 d.o.f. each) and [K“] is obviously 66x66. From now
on ‘G’ in F¢, K% and Q¢ will be omitted as these vectors refer to the global system
and not to a single element unless specified.

The system of equations represented by eq. B.19 cannot be directly solved be-
cause [K] is singular. The singularity is due to the fact that different elements are
connected to the same nodes and share therefore some d.o.f., with the result that
some of the equations in the system are coupled (physically it corresponds to a
structure statically undetermined). To solve the system it is necessary to reduce the
number of unknowns (physically it corresponds to constraining a sufficient number
of d.o.f. and operatively to assigning values to some of the unknowns of Q).

The constraint Q} (for example a zero displacement on the i d.o.f. ) on the
degree of freedom i can be applied by modifying the global stiffness matrix K and
the global force vector F' in the following way

assign value 0 to all the elements in the i** row and i column

assign value 1 to Kj; (intersection of it" row and it column)

assign value ¢ to the element F;

assign to all the other elements of F' the value F; — K;;Q; (with i # j)
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After the constraining of the i d.o.f by Q7, system B.19 will look like:

Fy — Ky;,Q5 Ky Ky - Ky 0 Ky o Ky,
F2 - KQZQ: K21 K22 o K2i—l 0 K2i+l e K2n
E—l - K2i—1Q;,‘k Ki—ll Ki—12 e Ki—lz'—l 0 Ki—1i+1 te Ki—ln
Q: 0 0O -+ 0 1 0 - 0
F’i-i-l - KQH-IQZ( Ki+ll Ki+12 T Ki—i—li—l O Ki+li+l e Ki—i—ln
Fn - anQ: Knl Kn2 T Km'—l 0 Kni-‘,—l e Knn
] (B.20)

It is evident that the i* equation of the system gives ; = Q; that corresponds
the imposed displacement whereas all the other equations are unaffected. It is worth
to remember that the system has been discretized to a finite number of nodes.
Therefore constraints and loads can be only applied to nodes and the solution of
eq. F.7 will give the nodal displacements.

The application of loads on the nodes is straightforward: the values, in the global
coordinate system, can be directly entered in vector F'. As vector F' can contain only
loads concentrated in the nodes, to apply loads that are concentrated elsewhere or
distributed along the beam length, it is necessary to compute the equivalent nodal
loads. The equivalent nodal loads of an element loaded by a given load distribution
correspond to the constraint reactions when the element is load with the given
distribution and constrained in all d.o.f.. The following example shows how to
compute the nodal loads equivalent to a force uniformly distributed along the length
(it is used to implement the gravity in the cold mass model). Fig. F.7, left, shows
the beam element loaded by a vertical force uniformly distributed. The system
is statically undetermined, it can be solved by applying the force method and by
taking advantage of symmetries. Constraint reaction values are given in Fig. F.7,
right. Out of the 12 reactions only the four shown have a finite value.

The general vector of forces for one beam element, in the local coordinate system,

Q1

Qi1
Qs
Qi-‘rl

@n
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is thus given by:
fi
Ja+ %l
J3+ %21
Ja
2
fo+ By
{f} = ; (B.21)
7
Js + %l
Jo+ %21
10
2
Jin+ %

l2
fi2 — B

where p; and psy are the force per unit length along y;, and z;, respectively.

B.8 Nodal solution

Once that the system is sufficiently constrained the global stiffness matrix is normal
and can be inverted so that the global displacement vector is obtained from:

{Q} = [K]7{F} (B.22)

Vector {@} contains the displacements and rotations of all the nodes in the system
and can be used to derive stresses and deformation inside the elements.

B.9 Element solution

The cold mass beam model has been implemented to analyze the 3D elastic deforma-
tions induced by boundary conditions as external loads or constraints. Equivalent
beam stresses do not have a direct physical meaning and their evaluation is not
covered in this appendix.

In case of 3D beams there are four kinds of deformations, all described by poly-
nomials in the element reference system:
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e clongation along z-axis:
u(zp) = ayxr + by (B.23)

e flexion in (zr,y;) plane:
v(zr) = apyx® + bya® + e +dyx +e (B.24)

e flexion in (zr, z) plane:
w(zy) = AT 4 byt + cpt® + dypt + € (B.25)

e torsion around x-axis:

t(rr) = ayx + by (B.26)

all the polynomials coefficients can be easily found by imposing the boundary
conditions represented by nodal displacements in the element reference system.



148 B. Custom finite element model




Appendix C

Azimuthal pre-stress in the
shrinking cylinder

In this appendix we will show how we implemented the azimuthal pre-stress in the
shrinking cylinder by using fictitious thermal expansion coefficients. A common
way to implement pre-stress within the finite element method exploits differential
thermal contractions between adjacent components. The pre-stress value then is
triggered by setting the appropriate temperature and thermal expansion coefficient
values. The concept is clear if we look at the thermal contraction induced by a
temperature variation:

ear = aAt (C.1)

where: €a; is the strain induced by the temperature variation At and « is the
thermal expansion coefficient. The stress in the material then arises if the e, is
partially or totally constrained. If €; is the allowed deformation, the consequent
stress will be:

o= E(ear — €5) (C.2)

Where E is the material Young’s modulus. To find a suitable thermal expansion
coefficient for the shrinking cylinder to induce the 150 MPa azimuthal pre-stress we
must study the stress distribution inside a cold mass cross-section. In Fig. C we can
see an equivalent system were the collar and the yoke are represented as a single
material surrounded by the shrinking cylinder. The final pre-stress in the shrinking
cylinder will be given by the balance between the radial outward forces exercised
by the inner material and the inward forces by the shrinking cylinder. In our 2D
system we consider a plane stress state so that the active stress components lie in
the section plane. In polar co-ordinate the congruence equation becomes:

€ = Uy, (C.3)

)

1
€9 = ;(ur + u€79) (04)
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Figure C.1: Equivalent system to model the stress distribution in the cold mass
cross-section.

1 Up  Urg

~(ugy — — +— C.b5

(g — 22+ 222 (C5)
The constitutive equation for the linear elastic isotropic material in this 2D case

with circular symmetry becomes:

€r0 =

E;
(1—=v3)
E;
(1 —v3)

The azimuthal stress oy, in the shrinking cylinder will be given by:

€7 + Vin€o] (C.6)

Oy =

€9 + Viner] (C.7)

Og —

9., = Esn(ear — €in) (C.8)

where: €a; is the contraction induced by the temperature variation At in the
shrinking cylinder considered by itself whereas ¢;, is the contraction of the internal
part under the radial pressure exercised by the shrinking cylinder action. In a thin
walled vessel as the shrinking cylinder, the relation between the azimuthal stress

and the radial pressure is:
op.,t
p= -2t (C.9)
,
where: ¢ and r are the cylinder wall thickness and radius, respectively. At the
equilibrium the pressure p is counteracted by the internal part and the corresponding
radial stress on the surface is:
0g.,t
o, = —hC (C.10)
T
In this particular case of plane stress with circular symmetry the stress distri-
bution inside the body is uniform i.e.: o0y,, = o,,, and obviously €y, = €, . From
equations C.6 and C.7 we can thus write:
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1
€, = 2 (1 —vin)o,, (C.11)
Taking in to account equations C.1, C.10, C.11 we can rewrite eq. C.8 as:
1 t
0., = Eg(at — ——(1 — p) 20l (C.12)
in r

and thus we obtain the thermal expansion coefficient o to assign to the shrinking
cylinder in order to have the desired oy, for a given At:
09, 1 t

a= Rl + 5 (1= V) (C.13)

At the equilibrium the shrinking cylinder will present an azimuthal contraction
given by ea; —€;,,; to avoid the arise of unwanted stresses all the components attached
to the shrinking cylinder will need to endure the same contraction by mean of an
adequate thermal expansion coefficient. Such a coefficient is easily obtained through
the following equation:

Eat — €in = At (C.14)

in which the left side represents the cylinder contraction whereas the right, where
o, is the expansion coefficient, represents the thermal contraction of the pad.

The procedure described so far concerns only the stresses and deformations in a
cross-section of the magnet. To provide a homothetic shrinkage of the structure a
suitable expansion coefficient in the longitudinal direction must be assigned to all
the components. Such a longitudinal coefficient will be, for the pads, the same as
the transversal one, whereas for the shrinking cylinder it will have to balance the
longitudinal strain resulting from the transverse stresses accordingly to the Poisson’s
ratio. As the cylinder is a thin vessel we can assume the stress component in the
section plane o, be negligible with respect to oy so that the longitudinal (y-direction)
strain is given by: ”

Osh
€y - (C.15)

To cancel this strain we have to assign to the shrinking cylinder material a

thermal expansion coefficient in the longitudinal direction ap, such that:

OéshyAt = —€y (C16)
that is: )
—0Ugp
s -_— .].
@ hy ngEshAt (C 7)

For yoke and collar materials we assigned, accordingly to the laminated structure
properties, a Poisson’s ratio close to zero so that no longitudinal strain is induced
by the stress distribution in the transversal plane. The fictitious thermal expansion
coefficients are summarized in Table C.1.
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C. Azimuthal pre-stress in the shrinking cylinder

Table C.1: Fictitious thermal expansion coefficient used to implement the pre-stress

exerted by the shrinking cylinder.

a [1/K]
Component | x (rad.) vy (long.) 2z (azim.)
Sh. cylinder - -2.0625e-6  7.6875e-6
Collar 0 1.8750e-7 0
Yoke 0 1.8750e-7 0
Supp. posts 1.8750e-7




Appendix D

Sag error computation

In this appendix we will show how the magnet axis data, given as deviations from
the theoretical shape (see Chapter 4.2), can be conveniently interpolated by a second
order polynomial curve to calculate the error on sagitta.

A

A

L o

S
A,

X

Figure D.1: Ideal representation of magnet axis shape in horizontal half plane.Arc
1 has nominal sagitta, Arc 2 bigger than nominal.

Looking at the horizontal half plane of Fig. D.1 we assume that arc 1 is (half
of) the theoretical shape of the curved part of a dipole and arc 2 (half of) the best
circular fit of the measured data in an aperture. The error on sagitta, that is the
difference between the theoretical sagitta and the real one, is given by:
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154 D. Sag error computation

ASp = S, — Sy (D.1)

where S5 and S; are the sagittae of the arcs 1 and 2; we can write the same formula
in the following way:

ASE =11(1 — cosby) — ra(1 — cosepy) (D.2)

where 6y and ¢y are the half angles subtended by the curves 1 and 2. A more
convenient way to write the sagitta error as a function of the displacements between
curve 1 and 2 is:

ASp = (xa, —xa,) + (Tp, — Tp)) (D.3)

where the parentheses enclose the displacements of points as and by from the theo-
retical curve. The error on sagitta is thus the sagitta of the difference curve that is
made by the difference between the the generic abscissa of each arc:

T1 =17 c080 = ry cos =
1

To=h-+1rycos¢p = fH—?“gcosé
T2
with & the curvilinear abscissa that is £ = 0 when 6, ¢ = 0. Since in our analysis the
angle domain is restricted in few mrad, cosx can be approximated as:

2

cosx =1— % + o(z?). (D.4)

The generic difference between the abscissa x of the two curves for the same curvi-
linear abscissa £ is consequently given by:

2 2 2 1 1
(D.5)

that is a 2"® order polynomial. For this reason a 2" order polynomial interpola-
tion can be conveniently used to fit the difference between the theoretical and the
measured curved part of the dipole in order to estimate the relative error on the
sagitta.



Appendix E

From extremity to central foot
displacement.

In this appendix we show how we evaluated the possible central foot displacement
corresponding to a measured cold mass extremity displacement. As first approxi-
mation we can consider, in the horizontal plane, the cryostat as infinitely rigid with
respect to the system composed by the cold mass and the composite feet. We can
also assume that the three feet have the same rigidity and that for small displace-
ments the force/deformation relation is linear so that they can be approximated
by horizontal springs connecting the cold mass and the cryostat as shown in the
schematic drawing of Fig. E.1. A further assumption is to consider that the cold
mass change of curvature can be approximated by a parabolic curve as explained
in Appendix D. In the drawing of Fig. E.1, where the three springs represent the

AX

y

Figure E.1: Cold mass deformation associated to a curvature increase.

transversal elasticity of the supports that connect the cold mass (red line) to the
cryostat (frame, dashed line), AS is the measured displacement of the cold mass
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extremity and s, is the central foot displacement. As the points C'C' and p; belong
to the curve z = ay? we can write:

Yoo = ozdgc (E.1)
Yp, = ad% (E.2)
(E.3)

Combining the two equations and substituting the values of d; and d.c (5.4m and

7.4m, respectively) gives:
Yoo = 18770y, (E.4)

that is:
AS + 59 = 1.8779(s1 + s2) (E.5)

Now to know the relation between s; and s, it is sufficient to impose the equi-
librium of the forces exerted by the three springs:

Fi+F+F;=0 (E.6)

that is:
K1$1 — KgSQ + KgSg =0 (E?)

and thus, since Fy and F, are equal for symmetry reason and the three rigidities are
equal for hypothesis:
Sg = 281 (E.8)

We can now rewrite eq. E.5 taking in to account eq. E.8:

AS = (1.8779 % 1.5 — 1)s, (E.9)

that is:
s9 = 0.55AS8 (E.10)



Appendix F

Screw modeling in transport
restraints.

In this appendix we present the equivalent finite element model that we implemented
to reproduce the screws that connect the light transport restraint to the cold mass.
The need to model the screws comes from the position of the holes in the front
plate i.e. critically close to the edge and to each other. The aim is to obtain a
realistic distribution of stresses around the hole induced by the load transmitted by
the screws. The transport restraint plate has threated and smooth holes that host
respectively headless set screws and bolts. The set screws transmit the loads from
the cold mass to the restraint only by compression whereas the bolts, passing through
the smooth holes and screwed in to the cold mass, transmit the loads uniquely by
tension.

To implement this features in the ANSYS™ model we used element LINK10
(only compression/tension beams) in conjunction with BEAM4 to take into account
screw bending. The connection between the beam representing the screw body and
the hole on the restraint is implemented differently for the set screws and the bolts.
To simulate the first three/four threads (that are the ones through which all the
load is transmitted) of the set screws, we created two layers of radial beam arrays
connecting the screw body, at the center, with each node along the hole perimeter at
the corresponding layer level as can be seen in Fig. F.1 and in Fig. F.4. To simulate
the pressure transmitted through the washer of the bolt to the circular corona on
the external side of the restraint plate we created one layer of radial beams from
the center of the bolt body to the two concentric ring of nodes of the plate closest
to the hole edge (Fig.F.2). To allow realistic hole ovalizations we gave a small cross
section area and a high flexural stiffness to all of the radial beams (Table F.1 and
Table F.2).

The screw engagements on the cold mass side have been roughly modeled as
the stress distribution on the cold mass is of negligible interest. To link each beam
extremity to each corresponding tetrahedral solid element we created sets of eight
trusses from the beam node to each corner node of the solid element as shown in
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158 F. Screw modeling in transport restraints.

Figure F.1: Detail of setscrew model. Two layers of radial beams transmit the load
to the hole walls as the first three/four threads in reality do.

Figure F.2: Detail of bolt model. The radial beams transmit the load to a circular
surface around the hole edge.
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Figure F.3: Detail of cryostat/light restraint interface.

Setscrew

Bolt\\

Figure F.4: Detail of light restraint/cold mass interface. For every screw a network
of beams connects the screw extremity node (orange dot) to the 8 nodes (blue dots)
of the closest tetrahedral element.
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K. K
NZa N de L
N\ . K. :WKCI

Figure F.5: Setscrew equivalent spring model.

Ka
e d | Kd

Figure F.6: Bolt equivalent spring model.

Fig. F.4.

On the restraint interface with the cryostat we created sets of beams connecting
each node of the hole top and bottom edge with the closest node on the cryostat
flange (Fig. F.3).

To avoid coarse errors in the analyses we want now to estimate the longitudinal
rigidity of the screws, given by the beams in the body and in the radial sets that
connect the screw body to the solid plate. To study the longitudinal rigidity we
define an equivalent spring system for each type of screw. In Fig. F.6 and F.5 the
beam models are shown along with the equivalent spring system. The spring stiffness
constants K; are obtained for the beams b,d and e as their longitudinal rigidity given

—

d

Figure F.7: Equivalent stiffness of radial beams K = F//s.
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by:
EA
K = e (F.1)

where: F is the material Young’s modulus, A is the cross-section area and [ is the
beam length. For the set of radial beams a and ¢ the equivalent stiffness constant
is given by the force/displacement ratio considered in the center of the radial set.
Each single beam is deflected as shown in Fig. F.7 and the force/displacement (F'/s)
relation is given by:

1 F®
48EJ
K = (F.3)

l3

Where: [ is the beam length (equal to the hole diameter), E is the Young’s modulus,
J is the inertia momentum of the beam cross section. As all the 12 beams in each
radial set work in parallel, the equivalent elasticity is given by the sum of all the
beam contributions.

Table F.1: Geometrical properties of setscrew equivalent beam system.

Set | A[m?] J [m?] 1[m]
a | 154-107°]1.89-107?| 12-1073
b [154-107°[1.89-107? | 3-1073
c | 1.54-107*]1.89-107° | 12-1073
d | 1.54-107°]1.89-107° | 49-1073
e | 1.54-107* - 4.9-1073

The resultant longitudinal stiffness for the setscrews is the one of the equivalent
spring system shown in Fig. F.5:

1 1

K T E) (F4)

The resultant longitudinal stiffness for the bolts is the one of the equivalent spring
system shown in Fig. F.6:

+ )t (F.5)
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Table F.2: Geometrical properties of bolt equivalent beam system.

Set | A[m?] J[m?] 1[m]
a | 1.54-107°|1.89-107%| 14-1073
c | 1.54-107* | 1.89-107° | 15.4- 1073
d [ 154-107°|1.89-107% | 16.9-1073
e | 1.54-107* - 16.9-1073

According to the beam element dimensions given in Table F.1 for the setscrews and
in Table F.2 for the bolts, the stiffness values are:

N N
Kotserews = 6.06 - 10°—  Kppus = 1.84 - 10— (F.6)
m m

This values are in good agreement with the expected values, respectively:

N N
Kotserews = 6.30 - 10° = Kppus = 1.82-10°— (F.7)
m m

Derived from beam theory and computed accordingly to Eq. F.1.



Appendix G

Montecarlo based multi-station
measurement simulation

In this appendix we will provide some more details on the algorithm we implemented
to simulate the accuracy intrinsic in the measurement procedure followed to check
the respect of the geometrical tolerances imposed on the cold mass shape. In the
so-called multi-station measuring procedure, the object shape is acquired from the
laser tracker positioned in different spots (Stations) around the object. The mea-
surements are then combined together through a set of fixed point called network
that is measured from each station along with the cold mass. In the simulation we
consider the measurement of a single aperture in one plane and from two stations
we also neglect diffraction phenomena in the aperture. The measurement simula-
tion for each point (belonging to the network or to the cold mass) is based on the
random extraction from a normal distribution whose mean value is the theoretical
point position and whose dispersion is proportional to the laser tracker distance (ac-
cording to laser tracker specifications). The cold mass shapes measured from two
different stations are then merged in a same reference system through the super-
position of the network points measured from the two stations. The network point
superposition, that in the real measurement is performed by a routine embedded
in the laser tracker acquisition software and called ‘bundle’, has been implemented
as a least square fit of the two network point positions. After the network point
measurement the laser tracker position is changed by a random shift extracted from
a normal distribution with mean zero and rms of 0.1 mm, to take in to account
erratic movements associated to the machine accommodation on the ground.
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G. Montecarlo based multi-station measurement simulation

Legend:

Leica= Laser Tracker

G.C.S.= Global Coordinate System
L1C.S.= Station 1 Coordinate System

L2 C.S.= Station 2 Coordinate System
[M_,] = transf. matrix from G.C.S.to L1 C.S.
[M,,] = transf.matrix from G.C.S.to L2 C.S.
[M_,] ps= Ideal i axis pointin L1 C.S.
[M,,] ps= Ideal i axis pointin L2 C.S.
[M,,] py=Ideal j" network pointin L1 C.S.

Ideal axis

Ideal Leica

geometry positi.ons points
ps=(X,Ys) (2 stations) PN=(Xy,Yn)
i=1..n 11=0xuyn) j=1..8
in G.CS. 12=(xay2) in G.CS.
in G.CS.

[M,.] py= Ideal j*" network pointin L2 C.S.

P.=i" axis point measured from Station1

P,= i™ axis point measured from Station2

P.n=J" network point measured from Station1

P.y=J" network point measured from Station2

o= Laser tracker accuracy (5 p.p.m.)

[M,,] = transf.matrix from L2 C.S.to L1 CS.

PLu=i" axis point measured from Station2 and
referred to L1 C.S.

Ideal network

M, IM,]
transf matrices:
G.CS->L1CS
G.CS->L2CS

| MEASUREMENT SIMULATION: |
|

1
| Station1 (L1) | ]

1
Station2 (L2) |

NETWORK POINTS: P, (-1.8)
extracted from a normal
distribution with:
<PL1NJ>: [MLW] Py
GL‘INj=(X'||[ML‘I] pNJ”

NETWORK POINTS: P,y (=1..8)
extracted from a normal
distribution with:
<PLZNj>= [MLZ] Py
GLZNj:U'”[MLZ] pNJ”

LEICA POSITION: L1
extracted from a normal
distribution with:
<L1>=11,
c=1-10"m

LEICA POSITION: L2
extracted from a normal
distribution with:
<L2>=12,
c=1-10"m

| [M,,] update | |

[M,,] update

AXIS POINTS: P, (i=1..n)
extracted from a normal
distribution with:
<PL15i>: [Mu] Psir

GL]SFOL”[MU] p5||

AXIS POINTS: P, (i=1..n)
extracted from a normal
distribution with:
<PLZS|>=[ML2] Psir
GLZSw:a”[MLZ] ps\”

LOOP

Best fit of P, on P, and
generation of [M,,,]
L2CS.->L1CS.

PLWLZZ[MULZ][PLZ]
evaluation of saw tooth effect
between P, and P,

Figure G.1: Algorithm flowchart.
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