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Chapter 1

Introduction

CERN is the European Organization fordiear Research, one of the world most
influential particle physis laboratories. It wasounded in 1954 by 12 European
countries. Now, in 2006, there are 20 rvleer States. CERN’s mandate is the
construction and operation of large accetmstthe Synchro-Cyclotron (SC, 1957)
and the Proton Synchrotro®$, 1959) were followed bthe Intersecting Storage
Rings (ISR, 1971), the Proton SynchrotromoBter (PSB, 1972) and the Super Proton
Synchrotron (SPS, 1976). The Large HiecxtPositron storage ring (LEP) was
completed in 1989, installed in a tunnel23 km circumference and it was operated
between 1989 and 2001. The Large Hadfallider, whose commissioning is
foreseen for the end of 2007ilMbe installed in the LERunnel emptied after the LEP
definitive shut down. The LHC will be thirst storage ring in which quarks and
gluons collide in the TeV energy range amgresent the nextegs in high energy
physics research.

To force the beams into circular orbitdipole magnets pwiding a constant
magnetic field are necessary. They have pai@s producing field lines in the aperture
of the magnet (where the beam passes) pdipdar to the plane of the particle beam
orbit. They are in general electro-magnetigh magnetic fields generated by the flow
of electric current in the winding otheir coils. The coils are encased in a
ferromagnetic yoke which provides a retysath to close the field lines and to
increase the field in the aperture. Depegdon the field strengtbeveral designs are
possible:

x low field (up to 2 T) iron-dominated magnets;
X super-ferric magnets;
X superconducting magnets;

In the iron-dominated magnets the peakgnetic field is limited by the iron
saturation at about 2 T. The field shapgatels principally on #h shape of the iron
yoke, which determines the good field regiwhere the beam can travel safely. In
most of the cases, such magnets are resjstlthough there arexamples of iron-
dominated superconducting magnets, where the yoke can remain either at ambient or
at cryogenic temperature. For fieldabove 2T, the magnets should be
superconducting and the coil should produceattditional magnetic flux. In this case,
the coil becomes larger and the placenoérihe conductors determines the shape and
the quality of the field. Lainated steel spacers called collars are in general placed
around the coils and inside the yoke in orideconfine the conductors and keep them



in place. In many cases, the yoke itseltised to support the coils. These magnets,
called high-field magnets, may be rectangwalacircular. In the high-field rectangular
magnets [2], the conductors are placédve and below the aperture and the coil
features a rectangular shape. In tbend magnet design, the coil is placed in a
cylindrical shell around the magnet bore. Thal configurationis called the cog”
configuration, since the current distribarii in the cylindrical shell approximately
varies as the cosine of the angle frahe mid plane. Dipoles with the c@s
configuration and Nb-Ti superconductors have been built for the following
accelerators:

X Tevatron at Fermilab, Chicago, USA: 4.4T;

x HERA at DESY, Hamburg, Germany: 4.7T,

X RHIC at Brookhaven, New York, USA: 3.5T;

X SSC (project cancelled in Octold993) at SSCL, Texas, USA: 6.6T;

In the Large Hadron Collider in which counter rotating beams collide, the magnet
design option of “two-in-one” co&design is adopted, whereettwo sets of coils for
the two beams are combined in a single iron yoke.

To avoid as much as possible beambit perturbations, the magnetic field
provided by the dipoles is required to havdigh level of homogeneity. In terms of
magnet technology the field must respectghlguality determinedy controlling the
magnetic field harmonics along the magnet production. The field harmonics are the
coefficient of series expansion of the magnéeld inside the aperture, and are the
spurious modes added to the main component. Any harmonic (or multipole)
component must be kept small, within vedudetermined by beam stability studies. In
superconducting magnets, the field quality is strongly dominated by the position of the
conductors which depends on many facttike design geometry, induced currents
effect, iron saturation and geometry esraduring fabrication of the mechanical
components.

If the design geometry is respectelifze multipole values should be sufficiently
small to avoid detrimental effects for beam stability. The systematic components of
field harmonics are due to the coil design or systematic errors being identical in all
dipoles of a series production. Random paftdhe multipoles, ideally zero, vary from
dipole to dipole and they are induced bletances of mechanical components and by
assembly procedures. During the R&D pha$sehe LHC main dipole many studies
have been done to predict the effectstlom field quality indaeed by the tolerances
imposed to the mechanical components and by the assembly procedures. The usual
way to calculate the effect of geometry erom the field quality is to change one by
one the geometrical parameters of the magnet model and to evaluate the consequent
effect on field shape. In this way, one can build sensitivity matrices, which give the
relation between geometricahrameters and field components. This method permits
to identify the area of the magnet with &éexant influence on field quality, and hence
to specify the tolerancesrfthe mechanical components.

In 2001, the series productioh 1248 dipoles has started. Since then, all magnets
have been manufactured; the field hagerb measured in warm conditions for 100%
and at 1.9 K for 20%. Data relative to codmponents, dimensions and proprierties
have been stored. The aim of this thesi®isarry out an analysis of the influence of
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the components on the field quality, a chetkhe homogeneity of the production and
of the assembly procedures identifying the correlations with the magnetic field
measurement.

In chapter 2 we present the main parameters of the Large Hadron Collider and of
its superconducting main digol The mechanical components are described in detail
and their mechanical and magjnefunctions are explainedhapter 3 is focused on
the magnetic field and on the magnet designhef coils together with some issues
about multipolar expansion theory. Mairfammation of the magnetic measurements
and the control limits used for the LHC main dipoles are given.

The original part of the work is presented in chapter 4, 5 and 6 where we analyze
the influence on the magnetic field oetproductions of the following components:

X superconducting cables

X coil copper wedges

X coil retaining collars.
For each component, a dimensional analyseerformed to analyzif the productions
respected the tolerances. Each productioimes split according to the supplier and
the assembly procedures and comparéti the magnetic measurements performed
on the first magnetic assembly in the LHC main dipoles assembly chain —
the collared coil” — to find correlations. Computing sensitivity tables of the effects of
the geometry on the field quality with “dwbc” magneto-static models, the influence
of the components on the magnetic fie&l calculated and compared with the
measurements. Finally Monte Carlo codesdmeeloped in order to foresee the effect
of the successive component production anrttagnetic field quality. Since the three
component productions were studied durifgir production period there is not
homogeneity among the studies presented in the number of the available data of
components and collared coil measurements.

In chapter 7 a more general study on theloan components of the field errors is
presented. In previous works, estimatesha geometric random errors are usually
based on estimating field perturbations induced by a randonackspént of the coil
blocks with aspread of ~50An. We developed a Monte Carlo code aiming at giving a
more precise calculation of this value. The approach is based on the assumption that
the conductor blocks of the coil layout aigid and shape-retaining entities which can
be moved randomly along their three degreieBeedom in thenagnet cross section
plane. Numerical simulations are worked out in order to fit the measurement of the
random component for the LHC main dipole production; in addition we analyzed the
main dipole productions of Tevatron, HERA and RHIC.

Finally in chapter 8, we present a methodocalize the shércircuits by means
of the magnetic field measurement at room temperatline localization goes
through steps, starting evaluating the fiattbmaly generated by the electrical defect
up to the identification of the two cl@s short-circuited along the 15 m dipole
aperture. Before the development of this method when a short circuit was detected
with the coil resistive measurement the cold mass assembler could only identify the
affected pole. Without a finer localizatidine indetermination of the position was the
total length of the coil, which made likely the repair. The method lowers the
indetermination to the lengtof the magnetic measurement mole (0.75 m), and it can



also distinguish between inner or outeredg making possible éhprecise localization
and reparation of the damage. For theseorgasince the very first time that the
method was applied, the three cold mass aseemadopted it as an essential tool to
rescue the faulty collared coil witonsiderable money and time savings.
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Chapter 2

The Large Hadron Collider and its
main dipole

In December 1994 the CERN Council approved the Large Hadron Collider (LHC)
project [2.1]: a circular particleaccelerator replacing the Large Electron Positron
Collider (LEP) in the underground tunnef 27 km in circumference where the
accelerated particles will be protons ewi of electrons and positrons. The LHC
commissioning it is forecast for the end of 2007.

The ambitious project will provide twaanter direction proton beams of 7 TeV.
They will collide in four experiments (ALICE2.2], ATLAS [2.3], CMS [2.4] and
LHCDb [2.5]) with a maximum particle interaction energy of 7+7 TeV which is order
of magnitude above the actual maximmicolliding energy (0.98+0.98 TeV of the
Tevatron at Fermi National Laboratory, Chicago, IL, U$26]). The LHC
experiments will explore unknown fields ofghi energy particle physics, answering to
some open questions such as the existafidhe Higgs boson and super-symmetric
particles, and validatinthe Standard Model.

LHC will be supplied with protons bthe injector chain illustrated iRigure 2.1
The protons are generated by a Duoplasmnasiource from which they are extracted
with a kinetic energy of 100 keV and injectedthe Linac. The Linac consists of a
beam transport line of about 80 m along whttice particles araccelerated to 50 MeV
and grouped in buckets by mean of radieqtrency cavities. The protons are then
injected in the Proton Synchrotron Btas(PSB), a 157 m circumference complex
capable of accelerating high intensity beaump to 1.4 GeV and composed of a stack
of four separate rings with a commongnatic and radio frequency system. From the
PSB the particles are transferred tbe Proton Synchrotron (PS), a 628 m
circumference ring, where they are accelerated to 26 GeV. Up to this point the
accelerators complex is installed at ground level. A beam transport line connects the
PS to the Super Proton Synchrotron (SR®lich has a circumference of 6.9 km and
lays at about 50 m underground. In the SR& beam energy increases from 26 to
450 GeV. The particles beams will beecijed from the SPS to the LHC via two
transfer lines in order to &blish two circulating beams in opposite directions. These
two transfer lines provide the connectibetween the SPS and the LHC which lays
between 80 and 150 m underground. Wherihalparticle bunches fill the two LHC
rings, the energy is raised up the nominal and finally the two beams are collided.
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Figure 2.1: The LHC ring and the CERN accelerating chain.

In order to reach the LHC energiesT&V per beam) in the same tunnel where
the LEP (0.1 TeV per beam) was hosted; the magneticBielfithe dipoles must be
increased to 8.33 T, according to:

E v gBR Eq. 2.1

whereE is the energy of the beam,is the particle charge arRlithe radius of the
accelerator circumference. @main LHC magnets are:

x The dipole magnets which bendethparticles alongthe accelerator
circumference; there are a total 1232 units providing a magnetic field
of 8.33 T perpendicular to the accelerator plane;

x The quadrupole magnets, which focus the particles bunches; there are a
total of 386 units providing a magnetielfi that is null in the center of
the beam pipe and linearly increaseghwhe distance from the center;
the LHC quadrupoles have a field gradient of 223 T/m.
In addition to the previous two main greet types about 4000 correctors magnets are
installed.

2.1 The LHC main dipole

In order to steer the 7 TeV beam correatlfhe beam pipe an 8.33 T dipole field has

to be provided by 15 m long dipole magnptsitioned all along the accelerator ring.

To reach such fields, the magnets haveely on superconducting technology which
allows transporting high current densitythout heat generation (zero resistance) and
consequently, generating high magneteldi The design and the production were
developed following the experience of four machines using superconducting magnet:
Tevatron (commissioned in 1983), HERAEBY, Germany, commissioned in 1990
[2.7]), RHIC (Brookhaven, USA, commissioned in 19P88]) and SSC (project
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cancelled in October 1993, SSCL Texas, U3A)), seeFigure 2.2 Their magnets all
make use of classical Nb-Ti supercondu¢®i( cooled with liquid helium at 4.2 K
and their operating fields are,: 4.5, 4.7, 3.5and 6.6 T.

To obtain higher magnetid¢ield, the cooling heliumtemperature has been
lowered to 1.9 K in orderto increase thecritical field and current of the
superconductor. Below 2.17 K liquid helium becames superfl@d3, a
macroscopic quantistic prapty (like superconductivity), having a much lower
viscosity and a much greater heat trassion capacity with respect to the liquid
helium. From the other hand, the enthalpythed metallic components is lowered of
about one order of magnitudehis means that their tempéure increases much faster
for a given energy deposition and then, lf6fC magnets, a more careful study of the
retain structures with respectttee past projects has to be done.

Tevatron
B=45T HERA
Bore: 76 mm B=47T
Bore: 75 mm
RHIC
B=35T
Bore: 80 mm
SSC
B=6.6T

Bore: 50-50 mm
Figure 2.2: Cross section of four superconducting dipoles.
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The LHC main dipoles feature, for the fitame in the dipole for accelerators, a
two-in-one design. That is,&ltwo proton beams circulagnn opposite direction will
pass through a common structure but in two physically separated channels (or
apertures). This made posglib lower the costs of aboB0% and to save precious
space in the tunn2.1]. The two apertures must provide vertical magnetic fields with
opposite signs to bend two proton beams circulatingpimter directions; ifrigure
2.3 the magnetic field lines are sketched: the 2-in-1 design creates a cross-talk
between the two coils.

Figure 2.3: The magnetic filed lines in a LHC main dipole.

The coils are surrounded by a containmenicsting that consists of coil clamping
elements, the collars, the iron yoke and the shrinking cylingiguie 2.4. These
elements contribute to producing the necespagycompression ithe coils to prevent
stresses arising in the coils under theaactf the electro-magnetic forces when the
magnets are powered. During operation, the assembly inside the shrinking cylinder,
the so-called cold mass, is kept at 1.9TKe cold mass is installed inside a cryostat
forming the cryo-dipole which consists of a support system, cryogenic pumping,
radiative insulation and thermal shield| eontained within a vacuum vessel. The
cryostat provides a stable mechanical support for the cold mass whilst limiting heat
inleak to match the stridteat-load budget of the LHC, determined to keep cables
temperature in the range needed for Nb-Ti to be in thersupducting state. The
cryostat and the dipole thermal shields are shbigare 2.4 The dipole cryostat runs
at three temperature levels, 1.9 K for th&lagoass, and at 5-20 K and 50-70 K for the
two intermediate heat intercept léstieThe vacuum vesselontains insulation
vacuum at a pressure below®lfhbar and is made of mstruction steel to reduce
costs and shield stray magnetic flux. Takgnment targets are mounted on it and
works as outer reference to the inmamgnetic axis to properly align the LHC
components.
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Figure 2.4: Twin aperture LHC dipole magnet cross-saetil- alignment target; 2- main quadrupole
bus-bars; 3- heat exchanger pipe, 4- super insulation; 5- superconducting coils; 6- beam pipe; 7-
vacuum vessel; 8- beam screen; 9- auxiliary bus:ddr- shrinking cylinder / He I-vessel; 11- thermal
shield (55 to 75K); 12- non magnetic collars; 13- iron yoke (cold mass, 1.9K); 14 -dipole bus bars; 15-
support post.

Table 2.1:LHC main dipole parameters

Parameter Value Units
Injection field (0.45 TeV 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 at nominal field 6.93 MJ
Operating temeperature 1.9 K
Aperture radius 56 mm
Bending radius at 1.9 K 2803.98 m
Magnetic length at 1.9 K 14312 mm
Coil inner diameter 56 mm
Coil outer diameter 120.5 mm
Coil length 14467 mm
Thickness of insulation to ground 0.75 mm
Distance between aperture axes at 1.9 K 194 mm
Collar height 192 mm
Collar width 396 mm
Yoke outer diameter 550 mm
Shrinking cylinder 570 mm
Length of active part 14603 mm
Overall cold mass length 15180 mm
Cold mass weight 27.5 t
Outer diameter of cryostat 914 mm
Inner diameter of cryostat 890 mm
Overall cryo-dipole weight 31.5 t
Forces/coil quadrant at nominal filed

| Fx 1.8 MN/m

| Fy 0.81 MN/m

Axial force at each end at nominal field 0.50 MN
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2.2 Cold mass and main components

The LHC cold mass is manufactured ss@mbling a large number of components.
Here, the main ones are peesed briefly. As shown ifigure 2.5 the cold mass is
made of:
superconducting coils,
collars,
ferromagnetic iron yoke and inserts,
x shrinking cylinder.
In the last part of the assembly procedure, the cold mass is inserted into the cryostat,
together with other components (spoaqas, corrector magnets, etc... see [4]).

X X X

Figure 2.5: Dipole cold mass cross section.

2.2.1 Superconducting coils

A twin-aperture dipole consists of two single dipoles, each around a beam channel.
Each dipole has an upper and a lower pole whie identical. Each pole consists of a
coil wound in two layers, cakieinner layer and outer lagjevound with two different
cables. The six sets of adjacent coil tumighin the limits of the various copper
wedges are defined as cabbdocks Each aperture provides a vertical field
perpendicular to its longitudihaxis; the two apertures, connected in series and fed by
the same operating current, originate twertical uniform magnetic fields with
opposite sign (see Figure 2.3).
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Figure 2.3: Aperture cross-section of the LHC dipole. Right: Vertical field generated by the coils.

Superconductivity

Superconductivity was discovered in 194y the Dutch physicist H. Kamerlingh
Onnes, only three years after he hadcseded in liquefying helium. During his
investigations on the conductivity of metals at low temperature, he found that the
electrical resistance of mergudropped to a non-measurable small value just at the
boiling temperature of liquid helium. Thisas indeed a great discovery: when an
electric current goes through a normal conductor there is argyerioss due to
resistance; if it vanishes, also tHesses do. Onnes called this phenomenon
superconductivityand his name has been retained since. The temperature at which the
transition took place was called tbitical temperature &

Superconductivity is a quantiis effect related to # electronic reorganization
which a particular material undergoes whérreaches its crit@l temperature. A
complete description of the state-of-thiée-enowledge about superconductivity (see
for instance2.14] for references), goes beyond thenaif this work. It is enough to
say that the cables used for the LHC magnets are made of Nb-Ti. This material
maintains the superconducting state if its values of temperaiuregnetic fieldB
and current density are below the so-callectitical surface, sed-igure 2.6For Nb-

Ti the critical values of temperature andgnatic field at zero current density aB:
=145Tand J=9.2K

Nb-Ti

Figure 2.6: Critical surface for a superconductor: depending on the values of temperature T, magnetic
field B and current density J at its interior, the dactor change to the normal state if the three value
localize a position outsathe critical surface.
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The transition of a superconductorits normal state is calleguenchand it can
happen for a variation of one of the tarparameters. For the LHC dipoles and the
cables used in its desigrmgaench can not be provoked the magnetic field or by the
current density going over their design eduActually, in opetional condition the
working point of the dipoles in the (BjT space is below the critical surface (B=8.33
T, T=1.9K, j=1.9 KA/mn) . Instead, the main causeaifenches in the LHC magnets
is the thermal energy release due toccanductor movement and a consequent
temperature increase over thdical temperature. In fact, the release of energy due to
a displacement of some micrometers t@nenough to loose the superconductivity
state.

2.2.2 The superconducting cables

The transverse cross-section of the coflshe LHC dipole magnet has two layers of
different cables distributed in 6 blocks.élbables used in the dipole coils are of the
Rutherford type, seé&igure 2.7 and they are composday strands arranged in
trapezoidal shape. Their insulation is designed to provide simultaneously the required
electrical insulation level, allow the heat transfer (achieved by allowing superfluid
helium to permeate the insulation and wet tonductors) and maain the colil turns

in their position. The Rutherford cables usedhe LHC dipole cib has 28 strands in

the inner layer, each of 1.065 mm diameter, and 36 strands in the outer layer, each of
0.825 mm diameter. Each strand is made arge number of NbTi filaments (about
8000) embedded in copper which provide @dss to the electricurrent flowing in

the superconducting filaments when they undergo a quénghre 2.7shows an
example of strand used for the LHC magnets.

Figure 2.7: Left: LHC superconducting strand made of around 8000 NbTi filaments embedded in a
copper matrix forming the strand — center. RigRutherford cable: cross section (top); (bottom)
conductor windings (the left side is thicker)

2.2.3 Mechanical structure

The structure of the dipole is designed to withstand the high forces generated in the
magnet and limit as much as possilitee coil deformation during operation.
Therefore, the materials used for thesmbighly stressed components have a high
load-bearing capacity, @in elastic moduli, good fague endurance and a good
behavior at cryogenic terepatures down to 1.9 K.
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Collars

The high currents and fields intygpical shell coil as shown iRigure 2.3produce very
large Lorentz forces on the conduct¢2sl(. The Lorentz forces have two main
components: an azimuthal component, whiehds to squeeze dhcoil towards the
mid-plane, and a radial component, whieimds to bend the codutwards, with a
maximum displacement at the coil mid-plane.

These components may produce wire motimisgle the colil. If the motions are
purely elastic, no heat is dissipated aral ¢bil remains superconducting. However, if
the motions are frictional, the associategthdissipation may be sufficient to produce
a quench. The motions must therefore /ented as much as possible by providing
a rigid support to the coil: the collars (degure 2.8. The collars confine radially the
coil inside a rigid cavity hece counteracting the radiabmponent of the Lorentz
forces. Moreover, since the azimuthal component compresses the coil towards the
mid-plane, at high field the coil turns closethe poles tend to move away from the
collar poles. To prevent thiphenomenon, the collarseamssembled 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 such that the coil does
not lose compression at the pole at fullgmet current. Therefore, the coil pre-stress
applied at room temperature by the collar must be sufficient to compensate for:

X stress redistribution due to the azimuthal component of the Lorentz forces
at high current;

x differential thermal shrinkage betweeollars and coil during cool-down;

X insulation creep following the collaring procedure.

In the LHC dipole it has been chosam azimuthal pre-stress at ambient
temperature after collaring of 75 +15 MRahich falls down to about 30 + 7 MPa
after the cool-down. The collars are made & mm thick high-stregth stainless steel
sheet. They are closed around the two doeylsmeans of three locking rodBigure
2.8). Collars sheets are superposed one to the other to create packs assembled using
pins. Each layer is composed of two different parts, the lbeddang-collar and the
short-collar. The long-collar contains theles where to put the locking rods. The
short one has indeed a pure filling functiand proposal to replace them with cheaper
materials were done in the R&D phaf211]. Different layers of collars are
assembled putting alternatively the long aallan the upper part and on the lower part
of the magnet.

Ferromagnetic Iron yoke and insert

Referring toFigure 2.5 the iron yoke is made & mm thick low-carbon-steel
laminations split into two at eéhvertical symmetry plane of the twin-aperture magnet.
Between the two halves, a gap is present to compensate for the difference in thermal
contraction of the iron yoke and the coillao assembly duringooling from room
temperature to 1.9 R.15]. The iron yoke is needed asnagnetic flux return circuit,

I.e. to shield the externphrt of the magnet from thaner field, and, in the LHC case,
it also partially acts as a force retainiogmponent (10-20% with respect to collars).
The pressure with which this component is mounted on the collared coil is transmitted
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to collars by ferromagnetic insertSigure 2.5, whose shape is carefully designed to
avoid a left-right asymmetry of the field in each of the two aper{dr2g].

Figure 2.8: Collared coil assembly straight part cross-section: type 1 and type 2 collars mounted on
coils and the structure locking rods are shown.

Shrinking cylinder

When the iron yoke laminations are mountad the collared coil, a stainless steel
cylinder is welded around the assembly. In effect, this part is welded with interference
around the iron yoke in such a way that the required pre-stress is obtained. The shells
are made up of austenitic stainless steel, grade 31Bl1M§]. They have a length of
15350 mm, a 275 mm inside radius and akiinéss of 10mm. Furthermore, they are
bent in opposite directions, dbat one is concave and the other convex in order to
achieve, after longitudinal welding around guke, the specified horizontal curvature

of the dipole cold mass. The shrinking oger gives to the cold mass assembly the
inertia necessary to keep the self-weigiduced deflections within the specified
limits. It is also the main part of the helium containment vessel, which has to be leak
with respect to gaseous helium at a tessguree of 26 bar, and at 1.9 K with respect to
superfluid helium at an operating absolute pressure of 1.3 bar.

2.3 Magnet assembly

Since the LHC machine is designed to ha282 dipoles, series production has been
the only option to be taken into account for the manufacture of this item. Components
are manufactured by different firms thatvbao follow CERN specifications in the
production steps. Once components areufectured, they are assembled in the
following sub-assemblies by the so called Cold Mass Assemblers:

x Colls;

x Collared coils;

x Cold mass.

The cold mass is shipped to CERN where it is inserted into the cryostat.

2.3.1 Coil curing

The two layers are wound and cured on défe dedicated mandrels. The objectives
of curing are three-fold:
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x to form the coil into the correct shape and correct dimensions;

x to make the coil as uniform as possible along its length;

X to polymerize the epoxy of the cable insulatiGig(re 2.9 in order to

make the coil rigid anchus easier to manipulate.

Correctness of coil dimensions is importéortthe magnetic field quality. Uniformity
of the coil is also requid to achieve uniform pre-ogression after collaring. [25]
During pressing and curing operation, the cablaperature must never exceed the
threshold of 200°C. Before increasing thmperature to the curing level, a phase of
pressure and thermal cycles takes placederoio settle the coils. The pressure in the
coil is increased from 10 to 80/100 MPa dhen sizing is performed at temperatures
between 100 and 135 °C. After curing, poles are assembled and the coils can undergo
the collaring procedure.

Figure 2.9: Conductor insulationitwo polyimide layers wrapped around the cable, with 50%
overlapping (a), and another adhe polyimide tape wrapped orttee cable and spaced by 2mm (b).

2.3.2 Collared coil assembly

To obtain the collared coil sub-assembiye four poles are assembled in couples
around the cold bore tubes in order to obtavo dipole apertures. Pre-assembled
packs of collars or pairs of collars are placed around the two insulated single coils.
During these operations, collaring shims ¢eninserted in the inner and outer coill
layer in order to fine tune both magnetieldi quality (see next chapter) and coil pre-
stress. The coil/collar assembly is thenadtrced into a collaring press. Starting with

a pre-stress phase when the collars arg paltially closed and increasing up to a
pressure where temporary locking rods of reduced diameter can be inserted into the
stack, pressure cycles are performed uhel introduction of the final nominal rods
(seeFigure 2.8

2.3.3 Cold mass assembly

The cold mass assembly begins with #aced coils and a seif half yokes, yoke

insert packs and austenitic stagdesteel half-cylinders, as shownHigure 2.5 After

the assembly is obtained, it is transferred to a welding press. The half cylinders have
to be longitudinally welded around the yoketkat the final averge circumferential
pre-stress is at least 150 MPa. To obtain such a level of pre-stress, the two shells are
welded under pressure. The desired presstievel gives the assembly the correct
stiffness to withstand its owmeight and to be manipulatedthout affecting the coils.

Before welding, the active part (collaredil, half yokes and magnetic inserts) is
pushed against a curved jig, so that the inairhorizontal curvature and sagitta are
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obtained. Then all the ancillaparts and components (moentioned in this work) are
fixed on the shrinking cylinder, which has be leak and pressure tested, and then
inserted into the cryostat.

2.4 Main dipole production

A contract, for the production of 1248 dipoinagnets, was placed in autumn 1999
with 3 European companies: consam Alstom-Jeumont in France, ASG
Superconductors in Italy and Balak Noell Nuclear in Germanj2.17]. In October
2006 the last cold mass was delivered to CERijure 2.10. More than half of the
1232 arc dipoles, after having passed all azcege tests, are installed in the LHC
tunnel.

Figure 2.10:Collared coil accepted and cold masses delivered.

During the production, the dipole coil wasdified to reach the targets imposed
by the beam dynamics to the quality of the magnetic field (see next chapter). The first
modification was made at the beginning of the production by changing the wedges of
the inner layer blocks and keeping tkame coil azimuthal length. The first
modification was not enough to steer the magnetic multipoles inside the limits and a
ground insulation foil of a thkness of 0.12 mm was addbdtween the two poles of
the apertures. In Table and figure the geometric parameters of the 3 cross sections are
reported.

Table 2.2: Geometric parameters of the three LHC dipole cross sections.

Cross section 1 Cross section 2 Cross section 3

block r[mm] Mdeq] D[mm] Mdeq] D[mm] Mdeq] D[mm]
1 43.900 0.157 0.000 0.157 0.000 0.239 0.000
43900 21.900 27.000 21900 27.000 21.982  27.000
28.000 0.246 0.000 0.246 0.000 0.374 0.000
28.000 22.020 24.080 22020 25.430 22.148  25.430
28.000 47.710 48.000 47980 45.800 48.108  45.800
28.000 66.710 68.500 66.710 68.500 66.838 68.500

oA WwWN
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Figure 2.11: Geometric parameters of the LHC dipole cross section.

In Table 2.3the collared coils produced by the three Cold Mass Assemblers split
according to the cross sections are shown.

Table 2.3:Collared coil production split acoding to cold mass assembler and cross section design.

Cold Mass Cross Cross Cross Total Date of last collared coil
Assembler section1  section2 section 3 produced

Firml 16 47 353 416 Oct. 2006
Firm2 6 55 355 416 Oct. 2006
Firm3 10 45 361 416 Aug. 2005
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Chapter 3

The magnetic field

The starting point of this chapter is the gahexpression for the magnetic field in an
empty space and the definition of the magniicl harmonics. Then from the general
expression for the magnetic field in theedpre of a magnet we obtain the current
distribution needed to generate a perfect multipole field of the arders shown that

a perfect dipole field can be approxinttby means of a shell configuration of
multistrand Rutherford-type cables. The influences of the geometry and the iron joke
on the field harmonics are computed andrtten sources of magnetic field errors are
discussed. Furthermore the technique afmumics measurement with roating coil is
presented and the limits imposed by tlearn dynamics on the LHC main dipole both

at room temperature and at 1.9 K are given.

3.1 Magnetic field and field harmonics

In&region free of any current and magnetizadterial, a stationary magnetic field,
B =(Bx,By,B) fulfils the Maxwell equations:

&&

"B 0

& & Eqg.3.1
"uB 0

These two equaté?ns imply the existe of a scalar magnetic potendék,y,z), and a
vector potential A=(A,Ay,A) that satisfy:

& &
B "V

& & & Eqg. 3.2
B 'UA

Let us assume that thg magnetic field has the comp&pert; the problem becomes

two-dimensional witt A=A and W vz = 0. We calk andy two orthogonal Cartesian
axis and tthe axis perpendicular to the plangyl. As consequences of these
assumptions, the two non-zero components of the magnetic field can be written as:



20 3.1 - Magnetic field and field harmonics

g W
W
v Eq. 3.3
LA
B, — —*
W W
Using a complex notation for the magnetic field

functior B x,y B(Xx)Y) iB(xyY), itcan be easily proven thiais analytic since it
satisfies the Cauchy-Riemann conditions:

\Bx VBV
X
Y Eq. 3.4
B, By
W X

A fundamental propriety of the analytizrfctions is that their power series is
convergent:

n
nil

f
Bxy |Gz Eq. 3.5
wherez=x+iy. The domain of convergence is ac® whose radiuss given by the
location of the first singularity (for instance the analytic function

f
f(z) @ 2*' ! Zz"is convergent forz<1). The complex coefficients of the

|
ni

seriesC, can be written as:

C, B, IA Eq. 3.6

and B, and A, are thefield harmonicsor multipoles In the following section an
example of magnetic field harmonics@aahtion for a simple case is given.

The 2-dimensional approximation is veagcurate to calculate the field in the
straight part of a magneédturing a small diameter/length ratio. This is usually the
case for the large accelerator magnets theasaveral meters long with a coil bore of
the order of few centimeters. For instanttes LHC dipoles and quadrupoles are 15
and 3.25 m long respectively wighcoil diameter of 0.12 nso in these cases one can
consider the field in thex(y) plane and neglect it€omponent.

The field computation in the magnedsd is rather complex since admponent
is present: analytical expressions of fieéd are difficult to be worked out (s¢8.1])
and 3-dimensional finite element calculati@me required to have precise estimations.
However, the longer is the magnet the lower is the impact of the magnetic field of the
magnet heads.
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3.1.1 Field harmonics of a current line

The magnetic field in z=x+ipf a single current line in the positiaFEx+iy., can be
written, using the Biot-Savart law in a complex notation:

| .
Bz —%— ; B B, iB, Eq. 3.7
2®& z,

where the field is in Teslagis the magnetic permeability in the vacuum3(@’
kg M//A?), | is the current in Ampere and with signjs the complex coordinate
(re' §, and the Zr€ ©) is the coordinate of the current line in meters.

Since theEq. 3.7is an analytic function ozlk z it can be expanded &0, from
Eq. 3.6andEq. 3.7

L8 1 1- f f .
Bz |7 o - »¢ Gz2'! B ip 2"t Eq. 3.8

nll © ZGEZC 1 nl I ni I
and therefore:
C, Lliei”c

2@,

| 1 Eg. 3.9
B, —->--—cos,

2®&

Since magnets usually aim at produgionly main compomg (pure n-polar
field) the quality of the magnetic field is expressed in terms of dimensionless
normalized complex coefficients, ©r of the real b, - and imaginary a, - parts
respectively calledormal and skewmagnetic fieldharmonics|[3.2]:

nl nl
f § . f § .
Bz B.10* c -2 . B.10¥ b ia -2 . Eq. 3.10

ref n ref | n n
ni of 1 ni ef 1

where theRys is the reference radius and nohlipas taken equal to 2/3 of the
considered aperture [wilson] amks is the value of the main component (dipole in
our example B;) of Eq. 3.9 Normally the values of the multipoles are four-five
orders of magnitude smaller than tBg; and for this reason they are rescaled by a
factor of 10, i.e. h=10" by definition for a dipole.

Using Eq. 3.10one obtains a simple formulation of the normalized coefficients in
the origin of the reference system of a current line placegige' *:

nl nl .
cosn , . sinn
b, R’ffl—C 10 ; a, Rffl ¢ 10* Eq. 3.11
"t cos "t cos |
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The coefficientsC, are linear, whereas the normalized oog ére not: let us
define the complex coefficientS, and ¢ of a current line; if we add a second
current line, and we define i&%,” and the normalized coefficienty” the coefficients
of the two lines together afe= C,+ C ,” butc,ec,/+c " .

3.1.2 Generation of pure multipole field

FromEq. 3.11it is evident that a single currelime generates multipole of any order
n. In order to generate pumcomponent field a speciafrangement of the current
lines must be considered. Using thehogonality of the trigonometric functions, a
pure multipole field, containg just the single order=m, is obtained if an azimuthal

current sheet (having an infinitesal width) distribution on a circle=r€ © satisfies:

I(.) l,cosm ) Eqg. 3.12

Figure 3.1: Generation of pure multipole fields by current sheet with a distribution omcps(nd
sin(m™).
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In fact, one has:

ra ® 1] lcosm 1 ° |
B(z) : 4" SL—H cosn isinn d »Zz"!' 2°2z"'  Eq.3.13
nl = o 2E e Ya 2rC

for m=1,2,3 one can obtain a dipole, a quadragid a sextupole field, respectively.
By substituting the sine to the cosine a skew pure field can be generatétjwsee
3.1

Current distributions with a cas(J dependence are difficult to fabricate with a
superconducting cable of constant cross section. In the next section we discuss how a
dipole field can be approximatevith a simple case of four wires dipole and a more
realistic shell configuration.

3.2 Dipole field

Four current line dipole

The simplest way to construct a dipole maghaving an aperture hosting in principle

a particle beam, is to overlap two identical spires carrying the same current (the 2D
approximation is valid far from the end oktBpires) . Looking & cross section (see
Figure 3.2— left): a current line kis placed an angle the other three arel &t an
angle-/, -lat S / andl at S /(+| means that the current enters the plane of the
cross section). Appling equatioBg. 3.10one can derive the expression for the
multipoles, Eq. 3.14 It can be proven that respecting these symmetries only the
normal multipoles of order = (Zk+1) are presenk¢€0,1,2,3...).

C 2—"@_;—” xosn3 cosn 3 -cosn E3 -cosn E3

n
C

i sinn3 sinn 3 sinn E3 sinn E3 @

I
2—°(E—nkosn3 cosn3 cosn3 cosn3 Eq. 3.14

C

i silm3 sinn3 sinn3 sinn3@

—°|—4cosn3 n R 1, k 0,1,2,...
2"

C

Dipole shell configuration

The current shell approximation takes irocount the same symmetry features to
generate a dipole magnetic fieldigure 3.2- center. The current is carried by two
shells of a radial thicknessr; and an azimuthal extension from 0 focarrying the
same current densifywith different sign. The computan of the field multipoles can
be derived usingq. 3.10

. 3,
C., ZLJ 333 cosn sinn  2@dd Eg. 3.15

noc
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One can proves that if current shells wiipole symmetry are made with limiting
angle of /= 60, the sextupole @ vanishes. A single layer current shell arrangement
with constant density can provide a field lifyanot enough optimized since it leaves
a strongbs. In magnet construction, to increas® magnetic field strength, another
layer can be addeé#jgure 3.2- right,[3.1].

Figure 3.2: Four current lines with dipole symmetry ftl&Simplest current shell arrangements for a
dipole coil, I=6(° to vanishbs - center; two layers dipole configuration - right.

Dipole magnets

A further control on field quality is achieved by introducing in the coils some wedges
between the superconducting cables. This gives the opportunity to minimize the
contribution of a number of allowed multipoldsat it is proportional to the number of
wedges inserted. Normally Rutherford cableith trapezoidal shape are used to
approximate the circular shape of a shaligl they are constituted by a certain number
of strands carrying the current. To savenpating time to have a realistic estimation

of the multipoles it is sufficient to sum algaically the contributions of each current
lines of each cable of the cross section, that is:

, 1 o
———— CO0Sn Isinn

S
Sll Ersn

\ Ols
s Eq. 3.16

where N is the number of strands per cable multiplied for the number of cable in the
cross sectiony{, 7) are the radial and azimuthal position of the strands.

As examples, irFigure 3.3the dipole cross sections of Tevati@i3], HERA
[3.4] and RHIC[3.5] are shown and the value fbg, bs and b defined by their
geometry are given.

Figure 3.3: Tevatron, HERA and RHIC dipole cross section with the field quality by design
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3.2.1 Field harmonics of a dipole magnet

Due to mechanical tolerances, onell wmever match perfectly the coil design.
Therefore, in real dipole magnets the npdtes differ from the nominal ones. If the
coil symmetries are broken, alson allowed harmonics are generated.
For a dipole coil geometry one can split the multipoles in 4 classes with respect to
the symmetries of the geometnatitan affects them as showrFigure 3.4[3.6]:
X Odd normal: bs, bs, b;...bon+1: @are generated by Up-Down and Left-Right
symmetry.
x Even normal: by, by, ... by, are generated by a Left-Right anti-symmetry
and a Up-Down symmetry.
x Odd skew: ag, as, a&n+1 are generated by Up-Down and Left-Right anti
symmetry.
X Even skew:ap, a4, ... &n are generated by a Left-Right symmetry and a
Up-Down anti symmetry.

Figure 3.4: Pure geometrical and independent generation of the four classes of field harmonics.

3.2.2 Field harmonics induced by iron yoke

The high field superconducting magnetsdocelerator are equped with an iron
yoke to confine the magnetic field. Itsflience on the magnetiteld given by the
coil can be computed with the method of the image currents, assuming that the iron is
not saturated (this is valid when, B < 2[31]) and the magnetic permeabilitRis
uniform.

Figure 3.5: Method of the image cwent to evaluate the effect of thien yoke - gray part - on the
magnetic field at room temperature.
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Let us consider a current liein a position zae' “from the origin of the
reference system and a irgake having a inner radiu’,oeSeeFigure 3.5. One can
prove that the effect of theoin on the magnetic field is equivalent to that of an image
currentl’

| _1| Eg. 3.17
1 g. 3.
located at
2 2
Z; R/Ske Ryokeei 3 Eq. 3.18
Z a

Therefore, the additional component of thagnetic field due to the iron yoke is:

B o 1 1
2@ 1, R Eq. 3.19

oke

7

and the amplitudes of the effect on fleéd multipoles are (derived followingqg. 3.8
andEg. 3.9:

o 1|Z'|2n i Eq. 3.20
- P q.3.
e 2@ « 1RD.y,

Since the magnetic permeability of the iron is quite large (for LHC yok&1000
kg /$/A%) one can assume that

1
11 Eq. 3.21
1I q

Therefore, for a current line, the iron yokereases the maield of a factor
[1+(a/Ryoke)2]. The image current method provides a good estimation of the yoke
contribution to the field shape for a magneth a single aperture fully surrounded by
the iron at low field. When the iron stadaturating (B ~ 2 T), the assumption of a
constantPis not more valid; actually it strolygdepends on the local field, which is
not uniform in the yoke. No precise analytical solution exists and several finite
element codes have been developed during the past 30 years (OPERA, Tosca,
ROXIE...) to perform magnetic coputations in this regime.

In the LHC case, the multipoles inducég the iron yoke in the cold mass
assembly can be obtained from the meagumnultipoles of the collared coil (i.e.
without the yoke) by mean of:



Chapter 3: The magnetic field 27

bncm kbncc bncm cc Eq. 3.22

where cm stands for cold mass armd for collared coil. In this way we single out
anomalies in the cold mass assembly only, the collared coil anomalies having already
being pointed out by the corresponding measwent. The effect of the iron yoke is to
increase the main field by a facterl.18 (for LHC) in the saight part and by k=1.12

in the coil heads. Therefore the multipoldues in the cold mass are reduced by 1/k
and then the rescaled control bounds dollared coil magnetic measurements are
calculated according to the following expresqi®21]:

3.3 Sources of field errors

Field errors have different origins: geomyegrrors, iron saturation, coil deformations
under electro magnetic forces, persistent and eddy currents.

a) Geometry errors

The field errors originating from misptements of conductors can be computed
analytically at the design stage frothe manufacturing tolerances. Sensitivity
matrices are computed for displacementsingle conductors oconductor blocks.
Some examples are given for LHC dipole magnet in terms unitsdbpfand ‘a,,
defined, as usual for magnetic calculat@nLHC main magnets, at the reference
radiusRer= 17 mm:
x a 0.1 mm reduction of the coil azimuttsze of the inner layer with
constant current and coil thickness, producea= 2.18, 'bs=-
0.40 and by =0.15 unit43.7]
x a 0.1 mm difference of azimuthal coil dimension between upper and
lower pole of the same aperture produc¢es= 5.28 and'a; = 0.80
units[3.8]
x a shift of 0.1 mm of the outer cir@ul surface of th austenitic steel
collars gives 'az=-2.42 and'as= -0.22 unit43.9].
From these examples one can understanddiffieult is to obtain in superconducting
magnets a field quality comparable to tb&tlassical lower field magnets, where the
field distribution is determined by the irguole profiles which can be easily produced
with a hundredth-millimeter precision. In superconducting magnets the coil geometry
is the result of assembling stacks adnductors, typically 15 to 30, which are
produced with stringent, but not infinitely sin@olerances (in cables the best that can
be achieved nowadays is of the orderrof.0025 mm on the thickngss10]) and
insulated by wrapping them with tapes whan be industrially produced with a few
micrometers tolerance on their thicknes®reover the assemblgf the coil under
high loads and the voids of the cables may difficult the geometry control.

b) Iron saturation

The field errors originating from the magnetic permeability vary with excitation and
depend strongly on the coil-yoke distané®r warm iron magnets (e.g. Tevatron
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dipoles) these errors can be neglectegrnactice. For cold iron magnets (as LHC
dipoles) they have to be carefully evaluated.

c) Coil deformation under due electro magnetic forces

These errors vary with excitation and candséimated after the mechanical analysis
of the structure and the t@emination of the deformed coil configurations, using
analytical or other computer prografBsl().

d) Persistent currents in the superconductors

The persistent current erroase a feature of superconding magnets. They are due
to currents induced in the superconducting filaments by field variations and, contrary
to normal conductors where resistance rgprdlduces and after a while eliminates
eddy currents, circulate indefiely as long as the superwuctor is kept below its
critical temperature. Persent current errors affedll field multipole components
allowed by the symmetry configuration thie magnet, including the fundamental one.
Their importance decreases with excitatibnf they are particatly strong at low
field level and especially at injection. @y depend on the previous powering of the
magnet and vary with time and, thereforequire a carefubtudy of the magnet
excitation cycle. Persistent currents are propoal to the effective diameter of the
superconducting filaments, so accelerator megnee filaments as thin as possible,
compatibly with cost and quality of production.

Typically the magnetic errors due to the persistent currents are partially corrected
with the geometry; magnet cross sections are designed in order not to nullify the
allowed multipoles which compensateesie errors. The nominal LHC dipole cross-
section, for instance, has been chosegedperate a non-zero value of the low order
odd multipoles which partially compensatks effect of the persistent curref@sl]].

The effect of the persistent currents is of abb®0 units for théys, about 10 unit for
thebsand about 0.4 units for théd; at the injection and it dippears at nominal field.

e) Eddy currents

Eddy currents occur during field sweep in multi-strand conductors both inside the
strands, mainly due to coupling betweiaments, and between the strarjdsl?).

They distort the magnetic field, and thaffects depend on the geometrical and
electrical characteristics of strands andlesl(matrix and inter-strand resistance,
cable aspect ratio, distribution of superconthgcfilaments, etc.) and, of course, on
the field ramp rate.

3.4 Magnetic field measurement

Once a coil has been designed and manufattitsefield quality can be analyzed by
magnetic measurements. The magnetic fielthenstraight part o& dipole as shown
in Figure 3.6 can be consider two-dimensional and tevaluate the field quality
inside the beam channel, the multipolar expansion can be written as:
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For superconducting accelerator magnetsjallyg it is needed a field uniformity
corresponding to multipolas, a, of the order of 19 (with the exception ob; which
Is set to one by definition). The field dia for the LHC dipole magnets must be
controlled up to 10-100 ppm, i.e. 1-0.1 uni813. The magnetic measurements
performed on LHC superconducting magnets are performed twice in the magnet
assembly chain: at room temperatureoad 300 K) and at cryogenic temperature
(4.4 and 1.9K).

Eq. 3.23 :

3.4.1 Magnetic measurement at room temperature

The magnetic measurements at room temajure (around 300 K) are performed by
exciting a magnet colil in its normal condugfistate with a low current (of the order
of 10 A). In such way, measurementse atarried out during industrial series
production, even if the magnet is still far from the final as$gnithe LHC dipoles
undergo two measurements at room terapure during their assembly chain:

X one on the collared coils

X one on the cold mass
These measurements are a powerful tool to detect assembly errors or faulty
components at an early stagfeproduction. Moreover, they give deeant indication
of the field quality in operational coitibns. The magnetic content differs from
collared coll to cold mass due the presence of the yokéhose estimation has been
given in previous section. Here some esuelated with the measurements of the
collared coil are discussed, but the samelmanepeated for the cold mass, since the
two measurements are similar and the equipment is exactly the same.

A precise measurement of the low magnetic field (~0.01 T) induced by a low
electric current (~10 A) in the collared coits made using the technique of rotating
search coils and harmonic analysl4],[3.15]. The rotating coilsare mounted in a
so-calledmagnetic molevhich is inserted in the aperture. For the LHC dipoles, coils
within the probe are 750 mm long. In ordercover the whole length of the collared
coil (~15 m), a full set of measurementsperformed on 20 positions along the coil
axis. The main components of the dieheasuring probe are: three rotatswarch
coils (seeFigure 3.9, an incremental encoder, an electronic gravity sensor and a
pneumatic brake. The encoder, mountedtlma coil rotation axis, determines their
angular position with an acagy of the main field dirémn better than 0.1 mrad. The
reference axis of the coils is adjustey rotating the whole me according to the
electronic gravity sensor. The mole is held in position during the measurement by a
pneumatic brake.
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Figure 3.6: Rotating search coil cross section

Search coils are made of three identimails, mounted side by side, the central
one being centered on the rotating axis. Taey made of 20-wire flat cable wound
onto a fiberglass reinforced epoxy core. When inside a magnetic field, coils rotate to
produce a voltage proportional to the flux andhe speed of rotation. Series of ten
measurements are carried atieach longitudinal positionvi at positive current and
five at negative current in order to cang@in magnetization and earth field effect
[3.14]. The signal from the outward coil (abste signal) is used to determine the
main component. On the other hand, theldfiharmonics are calculated from a
combination of signals coming from difegrt coils. The system includes also two
motors(one for rotating the coil and one for leveling the mole with respect to gravity)
and an acquisition systerdnce a magnetic measurement has been carried out the
harmonic coefficients (i.e. multipoles) are reconstructed by means of a Discrete
Fourier Transforn3.14).

The parameters taken over each @& B9 positions along the two collared coil
apertures are here listed:

X Cy, main field component in [T];

X Angle, main field component directionith respect to the gravity in
[mrad];

X bpand &, normal and skew multipoles up to the orde? 15

x DyandDy, coordinates of the magnetic awigh respect to the mechanical
one of the measured aperture in [mm]. They are determined by assuming
that the not-allowed harmoniegy andb;gare only due to first order feed
down ofb;; harmonics (sef8.16] for further reading).

When a particle beam crosses a dipdield nearly at the speed of light, its
motion is mainly affected by the average magnieeld in the magnet straight part, if
there are no strong multipolar variatioramd the short magnet heads have limited
influence on the field quality. For the LHC dipole, maasnent position 1 and 20 are
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in the magnet heads. Measurement positions 2 to 19 are along the sitaitgd
part. Accelerator physicists are therefore metted in values integrated along the
magnet straight part to qualify the ovéraHC machine performance. Magnetic
measurements at room temperature prowdeh values, which can be used to
characterize the aperture as a whole:

X Magnetic Length

f
Tl

(c)

Eq. 3.24

Where<Cl> is the average of the main field component along the so-called

straight part. It is computemlong the whole aperture axis.
x Transfer Functior(TF):

TF <C|:_1> Eg. 3.25

it is the average transfer functionthe straight part (in T/A); is the DC
current used for measureme(l9-8.5 A at room temperature).

X Integrated multipolesfor a generic multipolén (a similar equation holds
for the skew multipolesan), its integrated value is defined by the
following equation:

f
3 Cdl
(b,) — Eq. 3.26
dl
f
Coil wavinessmultipolar variations along the magnetic axis can be summarized
in a scalar value in microns which is called the coil waviness. This is the amplitude
(one sigma) of random movents of the blocks that give the closest values to the
measured multipole spread according to simulat[8ris7]. Empirical control limits
are set at 30 micron and 60 microns. The coil waviness computed from the difference
of cold mass and collared coil is also usedecognize if the colchass really contains
the corresponding collared coil. This chaskvery effective since the coil waviness
allows to checking the pattedf field variations along the axis that are a fingerprint of
the magnet.

3.4.2 Magnetic measurement at 1.9 K

During magnetic measurements at cryogenic temperature, the field quality in
operational conditions of temperature (fdiC dipoles, 1.9 K) and electric current
(for LHC dipoles, from 760 A to 11.8 kAl measured. These kind of magnetic
measurements imply, therefore, that thegne must be assembled in its cryostat.
Special benches have been developed & CEB perform the tests. The probe used
for measurements is usually anti-cryaisted to avoid calibration problems.

The measurements are performed follonangp-called “loadline curve” preceded
by a “precycle” (sed-igure 3.7 left): the magnetic fields ramped from zero up to
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8.4T then ramping down to a minimum @ebf 0.25 T, corresponding to a current of
350 A — pre-cycle - then the field is rampeuito 8.33 T (11850 A) and then again to
350 A by 35 steps. The steps last 140 s in order to avoid all transient effects and to
perform the measurement. At each steptlsd load line the integrated transfer
function, the local and the integed field are obtained. lyeneral at each plateau the
guantities measured at room temperature are {8k&§.

Following a measurement of a multipaddong the loadline it is possible to
distinguish the different source of thBeet on the multipole; for instance, Figure
3.7the by is reported. We define:

x b the measurement performed at the LHC current injection level, 760 A

X b¥*°the multipole geometric componentfided as the average of the two

measurement ob; of the ramp-up and ramp-down of the load line
branches at 5000 A. At this currentéd the persistenturrent effect is
almos negligible and theadn is not yet saturated, then the major source of
field error is the geometry of the coil.

X bl'" the multipole component measured at the top current — 11850 A.

X bP =h - by the multipole component due to persistent current.

X ben-" =pf'"- p°the multipoles component due to the iron saturation of
the surrounding yoke and the deformation caused by the Lorentz forces.

Figure 3.7: Pre-cycle and loadline cugv- left; Measurement @ along the loadline, the salient point
are evidenced.

3.4.3 Control limits for field quéty of LHC main dipoles

The control limits on field quality are given by beam dynamics, the criteria being to
evaluate the maximum instabilities that the beam can withs{8riB]. The
Specifications for the LHC main dipolésld harmonics are summarizedTiable 3.1
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Table 3.1:Specification for the dipole field quality at injection and high filed
Injection (450 Gev — 760 A) High field (7 TeV —8.33T)

Systematic Random Systematic Random
b - 8.0 - 8.0
b 1.4 0.7 +1.4 0.8
bs +10.5 1.4 +3.0 1.8
by +0.2 0.5 +0.2 0.5
by 1.1 0.5 +0.8 0.4
by -0.06<hbs<0 0.3 -0.07<be<0 0.08
b, -0.3<b<0.1 0.2 - 0.2
a +6.5 8.0 +6.5 8.0
& 0 1.9 0 1.6
& 0 0.7 0 0.7
& 0 0.5 0 0.5
& 0 0.4 0 0.4
2 0 0.1 0 0.15
a 0 0.2 0 0.07

The limits are considered for the entpduction and they are imposed on the
systematic and random part of the field harmonics. dystematiove indicate the
average of a field harmonics evaluated oveeudain set of magnets and the r.m.s. is
the random part. For instancekigure 3.8the measurement of the harmoajcover
the whole LHC dipole production is plotte each point represents a measured
aperture; the average of tdestribution is the systematic componeni3@® units) and
the standard deviation is the random component.

Figure 3.8: Definition of systematic and rdom components of a filed harmonic.

In order to steer the production usirm®pm temperature measurements, one needs
to transfer the target ranges fromethwo operational conditions to warm
measurements. The offset between injedtield (or high field) and room temperature
measurement of the cold mass can be written as the average over all magnets
measured both at 1.9 K and at room temperature:
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Eqg. 3.27

where the term# " *°represent the change of the geometric component between the
room temperature and the 1.9 K configuration. The targets on the cold mass
harmonics b°™) at room temperature (Eq. 3, 4) &ne intersection of the limits given

by the beam dynamics at injection™() and at high field i§"") [3.20] projected at

room temperature through the previouslyired offsets, and taking into account also
the effect of the beam screeuf¥):

maxh”

Jowlim

min g"

nupperlim

me

nJjowlim

me

nupperlim

off ,inj . high off high BS
bn ' ™nJowlim bn bn

off ,inj . high off high BS
h1 ’ bnupperlim bn bn

Eq. 3.28

In order to have a fast feedback, magneneasurements are also performed at
the stage of collared coil. The limits aramquuted considering the difference between
the cold mass and the collared coil meaments as explained in section 1.2.2 and
given in Table 3.2 For the even normal harmonitise limits are given for each
aperture and also for the average of the two apertures.

Table 3.2:Control limits for the field quality of the LHC cold masses and collared coils.

cold mass collared coil
Lower lim. Upper lim. Random  Lowerlim. Upper lim. Random
b -ap 1 1.09 3.22 0.8 -2.28 0.24 0.9
brap 2 -3.29 -1.15 0.8 -0.34 2.17 0.9
brav. -0.47 0.30 0.8 -0.49 0.42 0.9
by 3.65 0.79 1.4 -4.48 1.12 1.7
h,-ap 1 -0.37 0.25 0.5 -0.56 0.17 0.6
brap 2 -0.26 0.36 0.5 -0.26 0.21 0.6

brav -0.20 0.19 0.5 -0.5 0.5 0.6
b -0.94 0.22 0.4 -1.14 -0.3 0.5
by 0.26 0.66 0.2 -0.79 -0.31 0.2
& -0.79 0.92 1.2 -0.66 1.35 1.9
& -1.4 14 0.7 -1.65 1.86 0.8
& -0.14 0.14 0.5 -0.11 0.19 0.6
& -0.41 0.39 0.4 -0.47 0.48 0.5
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Chapter 4

Superconducting cables

This is the first of three chapters where thfluence on the magnetic field of the main
components of the LHC collared coil -pmrconducting cables, coil copper wedges
and coil retaining collars - is evaluated. Here the attention is focused on
superconducting cables. First, the magnetieat$f of the geometry of the cables are
estimated and then the influence dhe measured magnetization of the
superconductors on the magnetic field qualityasured at 1.9 K is evaluated.

In the first section the production, the geometry, the tolerances on dimensions,
the tolerances on magnetization and tmeasurements of the two types of
superconducting cables used in the LiM@in dipole coils are presented.

The analysis performed on the influerafethe cable dimensions on the dipole
magnetic field quality is evaluated, in order

X To estimate the influence of the cable tolerances on field quality

x To verify the impact of the measureariations of dimensions in the cable
production on the random componreof the field harmonics

X To study the effect on field qualityhen the two coilayers, wound with
cables of different manufactureme coupled in a same aperture

X To analyze the correlation betweeable geometry and field quality.

Finally the effects on the magnetic fieldeasured at 1.9 K due to the persistent
currents of the superconductor are studidek aims of the work are the followings:

X To compare the measured differenaf the magnetization among cable
producers to the offset between measurements at injection field at 1.9 K
and at room temperature

x To evaluate for each cable manufactuher offset between injection field
at 1.9 K and room temperature measnents; when no measurements on
magnets are available, they are estimated using existing models and data
on cable magnetization.

X To compute the offsets to be applied for the machine, using the final
composition of cable manufacturers.
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Cable Dimensions vs. magnetic field

4.1 Production
4.1.1 Cable types

The coil design of the LHC main dipole is based on a two layers stoscture with
current grading between the inner and the outer layer by using two different
Rutherford superconducting cables. The inner layer cable (usually referred as
“Cable01”) is made of 28 NbTi strand¥ 1.065mm diameter; &outer layer cable
(“Cable02”) is made of 36 NbTi strandsf 0.825mm diameter. They both have a
trapezoidal shape and the quantities tthefine the cable geometry are the mid-
thickness (defined at 50 MPa), tkeystone angle and the width, degure 4.1 The
nominal dimensions and tolerances on these quantities for the two types used in the
LHC main dipoles are given ifiable 4.1[4.1].

Figure 4.1:Main dimensions of a Rutherford cable.

Table 4.1:Nominal dimensions and tolerances of the two types of cables used in the LHC coils

Cable 01 Cable 02
Width 15.10?”5’('?(‘)3 mm 15.10_&?5 mm
Mid-thickness at 50 MPa 1.900r0.006 mm 1.480r0.006 mm
Keystone angle 1.25r0.05 deg 0.910.05 deg
N° of superconducting strands 28 36
Minimum unit length 448 m 740 m

4.1.2 Production and dimensional control

The cables are delivered at CERN in fouit lengths per pallet (a unit length is the
length necessary to wind a single layemoaot pole), and before being accepted they
have to satisfy several control testsiagnetization, inter-strand cross contact
resistance, copper to superconductor ratiical current (both on the strand and on
the cable) and dimensional analysis. TH®le amount of cable production required
for the LHC construction is about 7000 km.

The production of Cable01 ghared among two firms wt that one of Cable02
among five; we identify cable manufacturerslétyers (B and E for Cable01 and B, C,
D, G and K for Cable02). Iitable 4.2we show how the cable production is shared
among the firms.
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Each manufacturer performs systematugality control on both strands and
cables. Indeed, CERN has installed a dedatdest laboratory for measurements to
cross-check the results from the industry pharticular CERN performs dimensional
and physical tests on one cable unit length over four from each pallet delivered.

Table 4.2:Cable production shared among firms expressed in LHC octants.
Cable manufacturers

B C D E G K
Dipole Inner Layer (Cable01) 5 - - 3 -
Dipole Outer Layer (Cable02) 3 2 1 - 1 1

4.1.3 Cable assembly procedures

In the LHC dipoles Specificatiod.6] it is written: “The cables will be delivered in 4

unit lengths per pallet... the Contractorallestablish the manufacturing plan such
that the 4 units length will be used ihe same cold mass. Should one (or more)
layer(s) be rejected during manufacture, CERN will choose one (ore more) unit
length(s) of equivalent characteristics”. dther words, in one cold mass the cables
used to wind the 4 inner layers should come from the same supplier and the same for
the outer layer cables. Indeéd certain situations the cables can be mixed in order to
easy the production but theptacement has to be guttidoy similarity in the
dimensional and physical proprieties. During the collared coil production only in few
cases the cold mass assembler had to mix the cables. In the analysis when we refer to
a dipole cable configuration two lettereagiven (e.g. EK) which indicate the inner

and outer cable producers regpesty of the four poles.

4.2 Available data

4.2.1 Cable dimensions

The cable production was terminated in January 2006. More than 7000 km of
superconducting cables were produced and delivered to CERN. As mentioned the
cable to be accepted had to pass severe tests battustry and at CERN. Regarding
the dimensional control, it is found thite suppliers and CERReasurements are
slightly different [4.7], for instance CERN cable dtih measurements have more
spread than the ones taken in the supgliemises. In our analysis only CERN
measurements on the mid-thickness, key estangle and width Wibe taken into
account. The statistic sateps reported imable 4.3

Table 4.3:Number of cable billet measured for dimensional control and magnetization measurements.

Cable manufacturer Dimensional
measurements
01B 1200
01E 1240
02B 730
02C 1000
02D 320
02G 360

02K 370
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4.2.2 Collared coil measuremends room temperature

In Table 4.4the number of the collared coils and dipoles measured at room
temperature is given and split according ® ¢lable configuration of the magnets. No
mixed cable configuration in a singleeafure along the production was found; this
means that the cables of the upper and tolagers of the diple apertures come
always from the same supplier. Hence in the first columiigfire 4.4the cable
configuration used in the alyzed dipole is given only ithh the inner and outer cable
supplier. By the way, in next section akbe analysis performed at the beginning of
the production to evaluate the effect ofxmg cables of diffenet suppliers in the
same aperture is given.

The whole magnet production was measured at room temperature in order to have
a fast feed back and a complete model efrttachine. Here the used sample is about a
thousand magnets (80% of the production) which all have the last modification of the
cross section (see Chaptert@)is having a large homogenss sample to be analyzed.
No magnets with the EKonfiguration have the lasperture cross section.

Table 4.4:Number of collared coils measured at room temperature.

Cable manufacturer Measured
Coll. coil. at room temp.
01B/02B 258
01B/02C 64
01B/02D 80
01B/02G 109
01B/02K 68
01E/02B 131
01E/02C 132
01E/02D 74
01E/02G 61
01E/02K -
Total 977

4.3 Trends in cable geometrical data and in magnetic
measurements at room temperature

4.3.1 Dimensional analysis

In Table 4.5and inFigure 4.2- Figure 4.4we give the statistics of the measurements
thickness, keystone angle and width. Twdferent standard deviations of the
thickness and keystone angle megasents are evalauated. The/typical” is the
spread of the measurements of one singléechitiet (one cable is measured every
two meters) while the Vall” is the spread of the averages of the measurements of
different cables of theame manufacturer. Only mean values an@lf’ are available

for the width. The cable proditien is within toleranceand it is very homogeneous
among the suppliers.
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Table 4.5: Statistics of cable dimension measurements

Cable Mid thickness [mm] Keystone angle [deg]  Width [mm]
manufacturer ] V v P V v P v
typical all typical all all

01B 1.8995 0.0017 0.0017 1.252 0.006 0.026 15.138 0.012
01E 1.9005 0.0016 0.0024 1.249 0.006 0.021 15.154 0.008
02B 1.4802 0.0015 0.0015 0.882 0.005 0.021 15.135 0.009
02C 1.4816 0.0020 0.0021 0.883 0.006 0.025 15.146 0.010
02D 1.4813 0.0016 0.0014 0.887 0.007 0.017 15.127 0.008
02G 1.4819 0.0016 0.0016 0.889 0.009 0.020 15.141 0.007
02K 1.4816 0.0014 0.0013 0.890 0.008 0.019 15.140 0.008

Figure 4.2: Cable mid thickness measurements versus tolerances. An error bar of one sigma is
associated to the measurements.

Figure 4.3: Cable key-stone angle measurements versus tolerances. An error bar of one sigma is
associated to the measurements.
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Figure 4.4: Cable width measurements versus tolerancesrfaor bar of one sigma is associated to the
measurements.

4.3.2 Room temperature harmonies. cable manufacturer

A variation of the cable dimensions affects the odd normal and the even skew field
harmonics. InTable 4.6we give the average#& and the r.m.s {y of these classes of
harmonics measured at room tempeatefative to the cable configuration.

There is not correlation between the catdafiguration and the field harmonics.
A large variation of the averages when th@eanner layer cable teken into account
shows that the geometry of Cable01 hasrelgtvant influence on field quality. On the
other hand, cable configurations whichegent the same Cable02 (for instance:
compare BG and EG), present similar mearsaerages even if the difference are in
the order of 30%. Concluding, the cablenufacturers have not a visible impact on
the field quality at room temperature.

Table 4.6: Average (B and the r.m.s \J of these classes of harmonics with respect to the cable
configuration of the collared coil.
01B/02B 01B/02C 01B/02D 01B/02G 01B/02K
P 4 P 4 P 4 P 14 P 4
b; -187 174 -170 115 -229 084 -156 061 -3.06 1.22
bs 0.184 0519 -0.75 0581 -0.76 0.271 -0.48 0.196 -0.62 0.435
b; 1179 0.161 0.991 0.109 1.046 0.125 1.198 0.048 0.86 0.242
a, 0.32 1.07 0.29 1.06 0.59 1.03 0.76 0.89 0.33 1.03
a, 0056 0318 0.231 0.311 0.052 0.279 -0.04 0.288 0.353 0.320
01E/02B 01E/02C 01E/02D 01E/02G 01E/02K
P 4 P 4 P 4 P 4 P 4
b; -1.0; 1364 -218 0974 -299 0.693 -1.33 1.147 - -
bs 0.144 0557 -0.690 0.481 -0.740 0.130 -0.380 0.180 - -
b, 1.088 0.107 0.933 0.124 1.117 0.043 1.125 0.054 - -
a, 0.12 1.01 0.15 0.98 0.93 0.60 0.66 0.80 - -
a, 0036 0326 0.171 0.272 -0.09 0.241 -0.18 0.248 - -
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4.4 Expected field harmonics vs. measured at room
temperature

4.4.1 Sensitivity matrix

Here, we evaluate how the tolerances of the cable thickness, keystone angle and width
influence the field harmonics.

Effect on prestress

If the average mid-thicknessf the cables is different from the nominal value,
also the azimuthal length of the coil will het nominal. In our study, we give to the
cable the maximum allowed tolerance, i.e. +0.006 mm; multiplying it for the number
of the cables contained in the considelager (15 in the innelayer and 25 in the
outer one) and assuming nominal coppedges and shims, we can calculate the
excess size of the azimuthadil length of the inner anduter layers (both upper and
lower pole): 0.18 mm and 0.30 mm respectively. Hiffects the prestress given to the
coil: an additionathickness of 0.1 mm in the coil size gives an additional pre-stress of
12.5MPaf4.12]. Using the results di4.13 relative to the influence of pre-stress on
field harmonics, we evaluate the effect on the multipdleble 4.7.

Table 4.7: Effect of a collar deformation due to an azinaltprestress of the coil (in [MPa]) at room
temperature on odd multipoles (Dunits, Rref = 17mm) for the collared coil.
[MPa] 'b3 Ib5 'b7

0 0 0 0

10 -0.46 0.11 -0.02

20 -091 0.23 -0.04

30 -1.37 0.34 -0.05

40 -1.83 0.45 -0.07

50 -2.29 057 -0.09

60 -2.74 0.68 -0.11

70 -3.20 0.80 -0.12

80 -3.66 091 -0.14

90 -4.11 1.02 -0.16

Tilt of the mid-plane

The other effect due to the non nominalitiéshe cable thickres is a shift of the
midplane, the shift being proportional tbe difference of the non nominalities
between the upper pole cable and the lowee pable; this will affect the even skew
harmonics because an up-down anti-symmetrgreated. Using of the sensitivity
tables given if4.14] we evaluate the effects on these multipoles in the hypothesis that
the elastic modulus of the cablés negligible wth respect to thene of the copper
wedges and the collar cavity.

Key-stone angle

A difference of the keystone angle betm the upper layer cable and the lower
one results in a tilt of the contact sacé between the two poles. A change of the
keystone angle does not iméince the average prestress (since the mid-thickness
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remains nominal) and therefore there is no impact on odd normal multipoles; it will
affect only the even skew harmonics, Sable 4.8 The study was carried out with a
magneto-static model assuming an inély rigid cavity and copper wedges.

Cable width

The non nominalities of the cable width give an effect on all the harmonics
considered, actually a larger width produces an effect which is a combination of a up-
down and left-right symmetry (odd normal multipoles excited) and a up-down anti-
symmetry (even skew multipoles excited). Also in this case, we use the sensitivity
matrix give in[4.14] in the hypothesis of infinite rigidity of the copper wedges and
collars.

In Table 4.8we summarize the influence ofetltable geometrical tolerances on
field harmonics. The effects of the tolecas are evaluated according to the worst
case. For instance, the highest imparttodd normal multipoles is given by a cables
mid-thickness of both layers (upper and lower) close to the upper limit of the
tolerances (so that the preests increases). On the other hand, the worst case for the
even skew harmonics is obtained by a maxmshift of the mid plane, i.e. when the
upper layer is larger than the nominal and the lower is smaller.

Table 4.8:Sensitivity of cable geometrical tolerances on magnetic field harmonics.

Geometric Mid Thickness Keystone angle Width
Parameter
Pre-stress . Tilt of the contact
Induced effect change of the Sh.'ft of the surface between Narrower Wider coil
; mid plane coll
coil layers
Upper +0.006 mm  +0.006 mm 0.05 deg -0.02 mm 0.02 mm
g @ pole each cable  each cable each cable each cable each cable
= S Lower +0.006 mm  -0.006 mm -0.05 deg 0mm 0mm
pole each cable  each cable each cable each cable each cable

5 bs -0.5 0 0 0.11 -0.11

= bs 0.13 0 0 -0.004 0.004

= b, -0.020 0 0 0.004 -0.004

g a 0 4.8 -2.0 0.72 -0.73

= N 0 0.72 -0.23 0.10 -0.10

5 bs -0.8 0 0 -0.12 -0.19

& bs 0.21 0 0 0.03 0.00

g b, -0.034 0 0 -0.005 -0.004

= & 0 4.7 -1.8 11 -1.6

o ay 0 0.34 -0.23 0.31 -0.19

The impact of cable dimensions on odd normal multipoles is rather small when
compared to the allowed range for the systematics given by the beam dynamics (see
Table 4.9. In particular is negligible fobs andb; (at most 0.6 units and 0.025 units
respectively). The only concern is floy that could be shifted of up to 0.35 units in the
case of cables systematically at the edge of the mid-thickness tolerance: this is half of
the allowed range for the systematic (Sedle 4.8. Cable widths within tolerances
have a much lower impact on odd multipoles than mid-thickness.

The influence of cable dimensions on eg&rw multipoles can be relevant. If all
upper cables are systematically larger thamer cables, but within tolerances, one
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can obtain botla; and a that are out of the allowed ranges for systemaiieblé
4.9). In this unfortunate case, oneuld obtain up to 9.5 units @} and 1 unit ofa, .

e. values much larger than the allowedge (2 and 0.26 units respectively). In order
to evaluate the impact of these tolmas on random components, we perform a
Monte Carlo analysis which will béescribed in the next section.

Table 4.9: Targets for field harmonics in terms ofosved range for the systematic and maximal
allowed sprea4.15].

Field harmonics  Range for systematic Random
(one sigma)
bs 4.5 1.7
bs 0.8 0.5
by 0.5 0.2
& 2 1.9
a 0.3 0.6

4.4.2 Expected harmonics: evaluationdacomparison with the measured
ones

The used algorithm is the following: we use thédll”, seeTable 4.5 and the mean

(B in order to builda Gaussian distsution for each manatturer. Then, we
randomly extract one value of the distribution. This will be the average parameter over
the unit length. Now using theVtypical” and the extracted average we simulate the
variation of the parameter along the cable length by building another Gaussian
distribution. From this last Gaussian exetract 15 or 25 numbers (i.e., the number of
cables in the inner and outer layer, respectjvil build the upper pole. We repeat the
same for the lower pole and we obtain thergetry of the entire aperture and using
the sensitivity tables we can evaluate #ifects on field harmonics. We do the same
study for all the possible configurations fofns coupling in one aperture (avoiding

the permutations), this means three cases for the inner layer (BB, BE, EE, where the
first letter correspond to the dab manufacturer of the layef the upper pole) and 10
cases for the outer layers (BB, BC, BBK, CC, CG, CK, GG, GK, KK). For each
scenario we compute the effemt field harmonics iterating $@imes the described
algorithm. A similar study is carried outing the measurement of the cable width.
Since for the cable width no values fo¥typical” are availatd, we use for the two
Gaussian distributions the values oféll”.

The analysis is split in first evating the effects on multipoles caused by
coupling in the same aperture two cables agime manufacturer and then two cables
from different producers. Each apertui@ndomly generated by the Monte Carlo
simulation identifies one dipole. Thissumption hides the conservative hypothesis
that the coherence length (the maximi@mgth along which the cable dimensions can
be considered as constant) of the dipole is the total length. If the coherence length is
shorter than the dipole lengthetinesults of the simulation will be rescaled of a factor
of -N where N is the number obhberence lengths in a dipole.

Impact on random componentsida of same manufacturer

We analyze the case of layers of upp®at bower poles wound i cables from same
manufacturer, which is the LHC baselin®e find that the influence of the cable
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thickness variation on randoaa is up to 1.40 units (one sigma) compared to 1.9 units
specified for the collared coiléble 4.10. Assuming that the fluences of the inner

and outer layer are independerg. summing they in quadrature, one obtains 1.7 units
that is closed to the specified value. Therefore the simulation shows that the mid-
thickness accounts for most of the specifeed(Table 4.9. On the other hand, a
negligible effect of cable dimension fsund on the random components of odd
normal field harmonics. These results aré swrprising since the sensitivity matrix
shows that the impact of the cable geometry on odd normal multipole is rather small.

Table 4.10:Random multipoles (one sigma) exptfrom the measured spreadnid-thicknessvith
respect to the cable manufacturers of the two poles.

Upper pole  Lower pole

cable Cable by bs by % %
Inner B B 010  0.03 0.004 0.99 0.15
Layer E E 015  0.04 0.006 1.40 0.21
B B 015  0.04 0.006 0.86 0.06
outer C C 020 005 0.009 1.20 0.09
e D D 014 004 0.006 0.80 0.06
G G 016  0.04 0.007 0.91 0.07
K K 013 003 0.005 0.74 0.05

Table 4.11:Random multipoles (one sigma) expatfrom the measured spreadéaystone anglaith
respect to the cable manufacturers of the two poles.

Upper pole  Lower pole

Cable cable & &
Inner B B 0.75 0.09
Layer E E 0.60 0.07
B B 0.53 0.07
Outer C C 0.63 0.08
Layer D D 0.43 0.05
G G 0.50 0.07
K K 0.48 0.06

Table 4.12:Random multipoles (one sigma) expected from the measured spmatthinvith respect
to the cable manufacters of the two poles.

Upper pole Lower pole

cable cable by bs b % &
Inner B B 0.05 0.00 0.002 0.32 0.04
Layer E E 0.03 0.00 0.001 0.22 0.03
B B 0.06 0.00 0.001 0.53 0.06
Outer C C 0.07 0.00 0.001 0.59 0.07
Layer D D 0.06 0.00 0.001 0.47 0.06
G G 0.05 0.00 0.001 0.41 0.05
K K 0.06 0.00 0.001 0.47 0.06

Considering the three random composemduced by the three measured
dimensions (tables above) we reconstruct the global effeat and a and inTable
4.13and we compare them with the measured ones Tralohe 4.6 We find that the
simulated random part &, well describe the measurements (within a 30 % in the
worst case) whilst the expected values agfare about 40-50% larger than the
measured. We can say that the driving mechanisna,aind a, can the cable
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dimensions; the effect induced am is partially reduced during the assembly
procedure.

Table 4.13:Measured and expected random part of even skew harmonics

cable measured expected
configuration A a a ay

BB 1.07 0.32 1.72 0.24
BC 1.06 0.31 1.96 0.24
BD 1.03 0.28 1.64 0.21
BG 0.89 0.29 1.70 0.22
BK 1.03 0.32 1.63 0.24
EB 1.01 0.33 1.92 0.25
EC 0.98 0.27 2.13 0.26
ED 0.60 0.24 1.85 0.24
EG 0.80 0.25 1.90 0.25
EK - - 1.84 0.24

Impact on field quality: cablesf different manufactures

At the beginning of the dipole productioretk was the need to quantify the effect on
field quality of a replacement of one cabMth one not belonging to the same
manufacturer. Even though the baseline twa®place damaged cables with the same
manufacturer, this scenario had to be aredyto check if this alternative option was
viable to ease production arabistics in special cases.

Using the same method dissed in the previous section, we simulate the effect
on field quality of coupling cables of diffexe manufacturers in the same aperture.
Results are given ifiable 4.14- Table 4.16where we list both #hstandard deviation
and the average for the effects due te thickness, keystone angle and width. The
geometrical parameter which has the émtgimpact on field quality is the mid-
thickness; on the other hand, the influenoéshe non-nominalities of the width are
negligible.

No effect on odd normal field harmonics and a large effect on the even skews are
found: if some combinations of manufaetrs for the upper and lower pole (BE for
inner layer and BC for the outer) would $gstematically met during production, this
would give rise to systematic even skew multipoles out of specifications. Indeed, the
effect on a single or on a fewagnets would not affect the systematic over the entire
machine and would not spdile random component.

Moreover the width effects on the field quality are completely negligible with
respect tolable 4.9 We can conclude that it is not mandatory, from a geometrical
point of view, to replace a cable damagkding assembly with another one of the
same manufacturer.
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Table 4.14:Impact on the systematic and random harmonics components of coupling cables due to the
non nominalities of thenid thickness

Upper Lower bs be b, a a
cable cable

Inner E % 0.13 0.03 0.005 1.18 0.18
Layer / -0.03 0.01 -0.001 0.39 0.06
B c l 0.19 0.05 0.007 1.01 0.07
/ -0.09 0.02 -0.003 0.55 0.04
B G l 0.16 0.04 0.006 0.88 0.07
/ -0.09 0.03 -0.003 0.66 0.05
B K l 0.16 0.04 0.006 0.85 0.06
/ -0.06 0.02 -0.003 0.55 0.04
B D l 0.16 0.04 0.006 0.86 0.06
/ -0.05 0.01 -0.002 0.43 0.03
D l 0.18 0.05 0.008 1.01 0.07
Outer / -0.07 0.02 -0.003 0.12 0.01
Layer c G l 0.19 0.05 0.007 1.07 0.08
/ -0.06 0.01 -0.002 0.12 0.01
c K l 0.19 0.05 0.008 1.06 0.08
/ 0.00 0.00 0.000 0.00 0.00
D G l 0.16 0.04 0.007 0.88 0.07
/ -0.13 0.03 -0.005 0.24 0.02
D K l 0.15 0.04 0.006 0.80 0.06
/ -0.07 0.02 -0.003 0.12 0.01
G K l 0.16 0.03 0.007 0.87 0.07

/

-0.16 0.04 -0.006 0.12 0.01

Table 4.15:Impact on the systematic and random harmonics components of coupling cables due to the
non nominalities of thi&eystone angle

Upper Lower

a
cable cable ? &

Inner B E 4 0.68 0.08

Layer / -0.06 -0.01

B C l 0.58 0.07

/ -0.02 0.00

B G l 0.52 0.06

/ -0.12 -0.02

B K l 0.50 0.06

/ -0.14 -0.02

B D l 0.48 0.06

/ -0.09 -0.02

D l 0.52 0.06

Outer / -0.07 -0.01
La

yer c G l 0.56 0.07

/ 0.12 0.02

C K l 0.55 0.07

/ 0.11 0.00

D G l 0.47 0.06

/ -0.04 -0.01

D K l 0.45 0.06

/ -0.05 -0.01

G K /L 0.48 0.06

-0.02 0.00
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Table 4.16:Impact on the systematic and random harmonics components of coupling cables due to the
non nominalities of thkeystone angle

Upper Lower b, be b, 2 as
cable cable

Inner E %4 0.13 0.03 0.005 1.18 0.18
Layer / -0.03 0.01 -0.001 0.39 0.06
B C l 0.19 0.05 0.007 1.01 0.07
/ -0.09 0.02 -0.003 0.55 0.04
B G l 0.16 0.04 0.006 0.88 0.07
/ -0.09 0.03 -0.003 0.66 0.05
B K l 0.16 0.04 0.006 0.85 0.06
/ -0.06 0.02 -0.003 0.55 0.04
B D l 0.16 0.04 0.006 0.86 0.06
/ -0.05 0.01 -0.002 0.43 0.03
D l 0.18 0.05 0.008 1.01 0.07
Outer / -0.07 0.02 -0.003 0.12 0.01
Layer c G l 0.19 0.05 0.007 1.07 0.08
/ -0.06 0.01 -0.002 0.12 0.01
C K l 0.19 0.05 0.008 1.06 0.08
/ 0.00 0.00 0.000 0.00 0.00
D G l 0.16 0.04 0.007 0.88 0.07
/ -0.13 0.03 -0.005 0.24 0.02
D K l 0.15 0.04 0.006 0.80 0.06
/ -0.07 0.02 -0.003 0.12 0.01
G K l 0.16 0.03 0.007 0.87 0.07

/

-0.16 0.04 -0.006 0.12 0.01
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Cable magnetization vs. magnetic field

4.5 Magnetization measurement and quality control

When the dipoles are excited at low current — 760 A (corresponding to a magnetic
field of 0.54 T) - the magnetic field qualitg affected by thepersistent currents
created in the supeonducting filament44.2]. The persistent currents are strictly
related to the concept trihagnetization of a supercondac’: when a superconductor
is immersed in magnetic field, it generapessistent currents (which do not decay due
to the lack of resistivity of the materao create a magnetic field opposite to the
external one; the self-made field is thegmetization of the superconductor. In order
to predict the field errors during injémh field, magnetization measurements are
performed on the superconducting strarais 1.9 K, i.e. the LHC operational
temperatureThe limits imposed at the beginning of the cable production on the strand
magnetization are given imable 4.17[4.3]. Then the limits for the averages were
relaxed during the production whilst the ones for the variation remained unchanged.
Moreover the strict limits on strand magnetization measurement is given by the
tolerance imposed to the variation along the averages (£4.5%): the cable
magnetization is the average of the magmgions of the 28 or 36 strands composing
the cable and then by sorting the strands composing a cable the spread of the cable
magnetization is reduced of a factor-28 (or 1/ 36) with respect tahe one of the
strandd4.5].

Table 4.17:Limits and tolerances imposed on LHC cable magnetization curve width at 0.5T and 1.9K
at thebeginning of the production.

Tolerance with respect
to the average

Cable01 - Inner Layer <30mT +4.5%
Cable02 — Outer Layer <23mT +4.5%

Average of the production

4.6 Available Data

4.6.1 Magnetization measurement and quality control

The number of magnetization measurements is considerably Tajie(4.3
because all unit lengths were measurece 3tnand magnetization is measured using
two pick up coils connected in series plunged in an external time dependent magnetic
field at 1.9 K. A sample is put in one of the two pick up coils. The external magnetic
field is ramped up to 1T. The two pick wpils collect a time dependent flux that
generates a voltage, according to the electromagnetic induction law. The pick up coil
that contains the sample sees a magnetictifiakis the sum of the flux of the external
field and the flux due to the magnetic field generated by the superconductor, whereas
the empty pick up coil sees only the flux due to the external magnetic field. The sum
of the flux seen by the two pick up coilseing inversely conm¢ed, is directly
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proportional to the magnetization of the superconductor. The external field is ramped
from O T to 1 T and then down to O Hius obtaining a magnetization curve as shown

in Figure 4.5 The width of the curve at 0.5 T is measured. In order to avoid time
dependent effects various measurementglifierent ramp rates of the field are
performed and the extrapolated valua aamp rate equal to zero is takérg.

Table 4.18: Number of cable billet measured for dimensional control and magnetization measurements.

Cable manufacturer Magnetization
measurements

01B 3400
0lE 2600
02B 2700
02C 2000
02D 800

02G 1000
02K 900

Figure 4.5: Strand magnetization curves measured atdffferent external magnetic field ramp rates,
and amplitude'M of the hysteresis at 0.5 T.

4.6.2 Magnetic field measurements at 1.9 K

In Table 4.19the number of dipoles measured 1.9 K is given and split
according to the cable configurationtbie magnets. As it was decided[4n9], only
about 20% of the dipoles has been measatetl9 K; most of them present BB and
BK cable configurations.

Several types of measurements are performed at 491K, in this analysis the
interest is focused on those which aerrelated to the magnetization of the
superconducting cables, namely the meaments performed at low excitation
current, when the field quality is mainlyfected by persistent current. The magnetic
field quality measurements at 1.9 K grerformed following a so-called “loadline
curve” (see Chapter 3). Figure 4.6we give as example th® and b; measurements
along the loadline.
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Table 4.19: Number of dipoles measured at 1.9 K
Cable manufacturer  Dipoles meas. at 1.9 K

01B/02B 60
01B/02C 9
01B/02D 3
01B/02G 11
01B/02K 58
01E/02B 13
01E/02C 12
01E/02D 17
01E/02G 3
01E/02K 10
Total 196

We denote the measurements perforraechjection field of 0.54 T (excitation
current of 760 A, ramping up of the current) by’bThe geometric component is
denoted by }°° and it is defined as the averagetoé two values of the ramp-up and
ramp-down branches at 5000A. Tiersistent current compongeof the field errorss
then computed as/B5"= b, - b.3® this value is strictly linked to the magnetization
of the cables. Moreover since the cable mégaton is evaluated as a width of the
magnetization hysteresis loop at 0.5we also evaluate also thédth of the field
error loopsat 760A as shown iRigure 4.6left. For the main component of the field,
we defineb,, for the straight part of the magnets, as:

TF s - TF _ _ ici
b, —mes _nm 79 TFisthe'transferfunction™ Magneticfield [T]

TFoom Energizingurrent[kA]

the value of Thom is 0.707 T/kA at injection field, sdéigure 4.6for the hysteresis
curve on h.

Figure 4.6:b; and i measured along the loadlineidth of the hysteresis at injection field (760 A), and
geometric component at 5000 A (average of ramping up and down).
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4.7 Trends in cable magnetization data and magnetic
measurement at 1.9 K.

4.7.1 Cable magnetization

The results of the analysis of the magnetization measurements are ghabian
4.20and inFigure 4.7andFigure 4.8

x For the Cable01: the average magragion of O1E is 13% higher than
01B. This difference is due the different type of productions adopted by
the two manufacturers: single stdak supplier B and double stack by E
(see section 2). Standard deviaticare below 3% (1 sigma), and the
spreads are inside the alladvieand of tolerance of £4.5%.

x For the Cable02: 02B, 02G and 02K have a very similar average
magnetization (within 2%), 02C has 3.6% more, and 02D has 4% less.
Standard deviations@below 2.5% (1 sigma)

Table 4.20: Average and rms of the magnetization measurements of the six cable productions.
Manufacturer P[mT] Y mT]

01B 27.1 0.55
O1E 30.7 0.55
02B 22.0 0.36
02C 22.5 0.34
02D 21.0 0.22
02G 21.7 0.33
02K 22.0 0.27

Figure 4.7: Cable01 magnetization measurement at performed CERN and control limits.

Figure 4.8: Cable02 magnetization measurement at performed CERN and control limits.
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4.7.2 1.9 K harmonics vs. cable manufacturers

Persistent current field harmonics components

In Figure 4.9the persistent current componebts bs, b; and I3 measured in about
200 dipoles are plotted. Data are sorted according to the cable manufactiiedaleln
4.21, data relative to the four pktand results of the analysis lbjare presented: for
each cable configuration we evaluate the average and the r.m.s..

Negligible differences have been foubdtween magnets with inner cable O1E
and the others with 01B; the largest srae for high order multipoles between the

configuration 01B/02K ad 01E/02K giving a difference of about 10% bgr b; and
bo.

Table 4.21: Average and standard deviation of the persistent current multipole components in the LHC
main dipoles measured at 1.9 K audited by their cable configuration.
01B/02B 01B/02C 01B/02D 01B/02G 01B/02K
P 4 P 4 P 4 P 4 P 4
b, -126 144 -280 098 -0.21 0.52 0.84 094 -023 135
b; -718 034 -758 027 -690 016 -7.11 020 -691 0.28
by 1.12 0.11 1.09 0.08 0.98 0.05 1.04 0.06 1.03 0.06
b, -031 003 -034 004 -031 003 -028 002 -030 0.03
by 0.20 0.02 0.19 0.01 0.19 0.02 0.18 0.01 0.19 0.01
01E/02B 01E/02C 01E/02D 01E/02G 01E/02K
P 4 P 4 P 4 P 4 P 4
b, -0.90 141 -1.66 0.79 0.80 0.85 0.44 0.41 -0.30 1.21
bs -6.86 035 -7.01 0.36 -6.90 0.32 -7.06 0.06 -6.69 0.31
bs 1.04 0.11 1.02 0.09 1.05 0.06 0.97 0.09 1.19 0.07
b, -0.33 0.04 -0.31 0.04 -0.33 0.04 -0.33 0.01 -0.40 0.04
bg 0.19 0.02 0.20 0.02 0.19 0.01 0.19 0.00 0.21 0.02

Figure 4.9: Persistent current components of the LHC dipoles sorted by cable manufacturer.
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Hysteresis loop width at 760 A

In Figure 4.10we plot the widths of the hysterssiurves of the field harmonics at
760A, sorted by cable configuration. Inighcase, 01E and 01B have a similar
behavior forbs, and show differences i, b7 and k. Here, the difference ibs and
Is 25% (compared to 10% observed for the lower branch only), wherebs \ier
have 30% as in the previous case. The average neidniysteresis width is 4.5 units
lower for the cables 01E withgpect to the ones of 01B, sEable 4.22

The difference between the high order multipolesb] of the configuration with
inner cable 01E and the others is evi about 20%. A large difference bin (about
50%) is found between magnetith cable 01B and O1E. A correlation of the values
of the bz for the configuration 01B/02C and ODRC is found: both present the lowest
values. Actually the influences of the persistent currenbsoare dominated by the
outer layer cable magnetizatiph11].

Table 4.22: Average and standard deviation of the hysteresis loop multipole width at 760A in the LHC
main dipoles measured at 1.9 K awited by their cable configuration
01B/02B 01B/02C 01B/02D 01B/02G 01B/02K
P %4 P %4 P 4 P %4 P %4
b, -9.97 214 -12.42 156 -9.20 0.57 -8.62 213 -9.33 3.01
b; -14.95 0.44 -15.88 0.48 -14.53 0.12 -15.01 0.32 -14.75 0.30
bs 1.90 0.12 1.77 0.07 1.81 0.05 1.91 0.07 1.79 0.06
b, -0.70 0.04 -0.75 0.04 -0.74 0.03 -0.72 0.03 -0.70 0.04
by 0.40 0.02 0.39 0.01 0.39 0.02 0.40 0.01 0.39 0.01
01E/02B 01E/02C 01E/02D 01E/02G 01E/02K
P %4 P %4 P 4 P %4 P 4
b, -5.16 0.78 -6.20 1.27 -4.09 051 -4.66 0.41 -4.03 1.89
b; -14.57 0.20 -15.38 0.37 -14.50 0.17 -14.44 0.25 -14.57 0.27
bs 2.14 0.08 2.08 0.11 2.16 0.06 2.13 0.05 2.29 0.12
b, -0.81 0.03 -0.80 0.03 -0.81 0.02 -0.80 0.02 -0.92 0.06
by 0.44 0.02 0.44 0.02 0.43 0.01 0.42 0.01 0.44 0.03

Figure 4.10:Width of the hysteresis loops of the field errors at 760A and 1.9K.
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4.8 Expected field harmonics vs. measured at 1.9 K

4.8.1 Calculated magnetization afidld quality at injection

We used an existing model that compugessistent current component from the
measured cable magnetizations. Several models have been developed in the past.
Here, we use the approach developedd4ii5 which allows the calculation of
superconductor induced fielekrrors combined with @n induced errors for
determining the results for a complete magmess-section during ramp. The input of

the persistent current model is a fit function for the critical current dggghat can

be obtained from the magnetization measwnt on the strand. The model is included

in a codd4.17] and is used to calculate geomedily identical magnet cross-sections,
feeding the respective current fit functidos the different cable combinations.

The individual strand magnetization dependsthe locally applied field and thus
on the position within a coil cross-sectiohlso the applied ramp cycle has to be
considered for the calculation of the hysts of the strand magnetization. The main
feature of this model with respect to previousrks is that the impact of the persistent
current field on the source field in theilcbas been taken into account by an inner
iteration cycle since the original locdleld configuration undergoes a small
perturbation when the persistenirrent field is superposed.

For the calculations, the following rampaby is applied, i.e. starting from O T,
going to 8.4 T, then to 0.25 Th@ pre-cycle) and back tbe injection field level at
0.54 T. We used a fit function for Nb-4.18] that has been adjusted for the different
cables by modifying the fit parameters accordingigure 4.11shows the agreement
of the measured field errors at 1.9 K wikie calculations for a magnet with the cable
combination 01B/02K.

Figure 4.11: Measuredb; versus excitation current of the two apertures of a magnet (solid lines) and
calculated results based on matigagion measurements (dots).

As can be seen, there is a very googegrent between the calated field errors
and the measurement (both apertures are shdwrgs to be mdioned, that there can
be some small deviations observed on thenggdric value measured at cold between
different magnets or between the two apedwkthe same magnet. Most likely, this
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is caused by a small difference in theaexconductor placement between different
magnets or by a small difference in the calibration of the pick-up coils for the
measurement. In these cases, the calculated and measured values can be brought in
agreement by a small adjustment of the vertical shift.

This method allows the calculation pérsistent current induced field erroasmd
the resultinghysteresis widthor different cables during a ramp cycle as well as the
calculation of a specific magnet equipped with a certain cable combination for which
the calculation can be compared witheasurements taken at 1.9 K. Expected
persistent current field errors and widths of the field error hysteresis loop at injection
field level (B=0.54 T or 760 A) at 1.9 K due cable magnetization are evaluated for
all the 10 possible LHC cable combinatidib®th Cable01 producers can be coupled
with each of the 5 Cable02 manufaett®) and the results are givenTiable 4.23and
Table 4.24

The configurations in which the inner layer cable O1E is used present values of
persistent current multipoles (witt?5) and widths of the hysteresis loops larger than
about 15% with respect to the averagdsthe respective \aes of the other
configurations. This resultvas expected since the cable O1E presents a higher
magnetization as mentioned in the previous section.n¥brand 3 this consideration
is not valid since the larger effect is givieynthe outer layer cable. If we compare, see
Figure 6, the measured and the expected values we find that all the expected
harmonics are within two standard dewmas of the measured harmonics exdept
The simulations and the measuremeoitsthe hysteresis loop width df; for the
configuration in which the inner cable O1Eused have a difference of 50%, this is
due to the deformed shape of the hgeses loop which has been found in the

measurement of such dipoles.

Table 4.23: Calculatedpersistent current field errorgt injection (B=0.54T; |=760A) versus cable
manufacturer (in units of 10-4 at 17mm).

01B 01B 01B 01B 01B O01E O01E 01E 01E 01E

02B 02C 02D 02G 02K 02B 02C 02D 02G 02K
b, 1757 1728 1785 1799 17v.57 1799 1757 1841 1799 1757
b, 68 699 -677 673 -687 -7.28 -742 -720 -7.16 -7.29
by 091 0.93 0.91 0.90 0.92 1.05 1.06 1.04 1.04 1.05
b, -031 -031 -031 -031 -031 -036 -036 -036 -036 -0.36
by 0.18 0.18 0.18 0.18 0.18 0.20 0.20 0.20 0.20 0.20

Table 4.24: Calculatedvidths of error hysteresis loogt injection (B=0.54T; I=760A) versus cable

manufacturer (units of 10-4 at 17mm).

01B 01B 01B 01B 01B 01E 01E 01E 01E O1E

02B 02C 02D 02G 02K 02B 02C 02D 02G 02K
b 1074 11.45 10.18 9.90 10.74  9.90 10.74  9.05 9.90 10.74
b, 1474 1505 1454 1445 1477 1556 1587 1536 1526 15.58
by -159 -161 -158 -158 -159 -18 -188 -18 -1.85 -1.86
b, 0.64 0.63 0.64 0.65 0.64 0.74 0.73 0.74 0.74 0.74
by -035 -035 -03 -03 -035 -039 -039 -039 -0.39 -0.39
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Figure 4.12: Comparison between measured &xpected values of thpersistent currenfield errors.
Due to graphic reasoitg/10 is plotted.

Figure 4.13: Comparison between measured and expected valueswitdths of error hysteresis loop
Due to graphic reasoig/10 andbs/10 are plotted.
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Finally, we compute the ratio between tduantribution of theouter layer and of
the inner layer, followind4.4]. Data are given infable 4.25 for multipoles order
n t5, the field errors are mainly generatedthy inner cable; for lower order the outer
layer is important and, in particular, thegest contribution to the sextupole comes
from the outer layer cable.

Table 4.25:Ratio between outer and inner layer contribution to persistent current field error generation.
Relative outer layer persistent current effegtufnayefln inner layer
by bs bs b, bg
-1.85 2.17 -0.14 -0.1 -0.02

4.8.2 Dependence of the beam dynanteget at room temperature on
the cable magnetization

As discussed in chapter 3, the limits impdgo the field quality are given by the
beam dynamics constraints in operational conditions (1.9 K), duothjection field

level and at high field. The target ranges for the systematic (i.e., the average multipole
over the entire machine) are givenTiable 4.26 The geometric componeh?®° at

1.9 K reflects the geometry of the coil at roe@mperature plus the effect of the cool-
down. At injection the field, the harmonicsudt from the geometric component at 1.9

K plus the persistent current effects"¢"™); multipoles at high field are mainly the

sum of the effects given by the geomett@mponent plus the iron saturation of the
surrounding yoke and the deformaticaused by the Lorentz forces ™).

Table 4.26: Field harmonics bounds given by the beam dynamics at injection and high field level
(0.54 T and B=8.33 T respectively).

Lower limit Upper limit
b Injection -10.50 10.50
3 High field -3.00 3.00
b Injection -1.10 1.10
> High field -0.80 0.80
b, Injection -0.30 0.10

High field - -

We recall from chapter 3 that the limits given at 1.9 K are steered to room temperature
measurement by:

cm inj off,inj . 4 high off high BS

bn_lower_lim't ma)(( bn_lowerlimit bn ’bn_lowerlimit bn ) bn Eq- 4.1
cm H inj off,inj . |y high off,high BS

bn_upper_limi mln(bn_upperlimit bn ’bn_upperlimit bn ) bn Eq- 4.2

Normally [10] it was assumed that the off$€f' ™ is independent of the cable
configuration used ithe apertures. In thgrevious section, we showed that there is a
sensible difference in magnetization amaraples manufacturers and a consequent
difference of the persistent current fieldmanics measured in dipoles with different
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cable combinations. This means that for each cable combirb/®*1is different,

therefore giving rise td,°™ ™ and, hence, different limitsave to be applied to the
room temperature measurements.

In the followings, we first compute the lite to be applied at room temperature
for each combination cable manufacturer. Wee averages over magnets measured
both at room temperature and at 1.9 vlith the same combination of cable
manufacturer. Then, we compute the linfidsthe whole produen by weighting the
limit of each cable manufacturer withetramount of production foreseen by the
baseline. In this section lis not taken in to account since we have no target on the
systematic.

Dependence of targets at room temperaton combination of cable manufacturers

In Table 4.27- Table 4.29we give the target ranges fbg, bs and b on cold mass
measurements at room temperature. Esémbased either on magnetic measurements
(when available) or on magnetizationeasurements and models are carried out
independently for each combination of alnanufacturer. Gn can point out the
following features:

X For bg, the upper limit is always determined by the high field constraint
(seeFigure 4.14left — Table 4.27 and therefore it does not depend on
cable manufacturer. The lower limit varies up to 0.17 units, compared to
the size of the target range of uhits. Therefore the effect can be
considered as negligible.

x Forbs, the lower limit is determined by the high field limiigure 4.14-
central) and therefore it does ndépend on cable manufacturer. The
upper limit varies up to 0.22 units, thatniet negligible compared to the
size of the target range (0.6 units).

x For by, both lower and upper limits arevgn at injection (there is no
target at high fieldFigure 4.14- right), and therefore they depend on the
cable manufacturer. Both limits can maygto 0.12 units, and also in this
case it is not negligible compared to the size of the target range.

Figure 4.14: Target ranges for systematic at room tempeeatinj. field constraints (solid lines) and
high field constraints (dotted lines), and present measured values in the production (dots).
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Table 4.27: b; target ranges on room temperature raegments of cold masses computed on the
average of the measured magnets, and separately on each combination of cable manufacturer.

Lower limit Upper limit

Limits computed on the average owadr 240 3.60

measured magnets
Limits computed on the average over - -
) o Lower limit Upper limit
single cable combination

01B/02B -2.40 3.60

01B/02C -2.23 3.60

01B/02D -2.40 3.60

01B/02G -2.40 3.60

01B/02K -2.40 3.60

01E/02B -2.40 3.60

01E/02C -2.40 3.60

01E/02D -2.40 3.60

01E/02G -2.40 3.60

01E/02K -2.40 3.60

Max Difference among limits 0.17 0

Table 4.28: bs target ranges on room temperature raegments of cold masses computed on the
average of the measured magnets, and separately on each combination of cable manufacturer.

Lower limit Upper limit

Limits computed on the average owadr 094 0.25

measured magnets
Limits computed on the average over - -
) o Lower limit Upper limit
single cable combination

01B/02B -0.94 -0.27

01B/02C -0.94 -0.24

01B/02D -0.94 -0.13

01B/02G -0.94 -0.19

01B/02K -0.94 -0.18

01E/02B -0.94 -0.19

01E/02C -0.94 -0.17

01E/02D -0.94 -0.20

01E/02G -0.94 -0.12

01E/02K -0.94 -0.34

Max Difference among limits 0 0.22

Table 4.29: b, target ranges on room temperature raegments of cold masses computed on the
average of the measured magnets, and separately on each combination of cable manufacturer.

Lower limit Upper limit

Limits computed on the average owadr 0.27 0.67

measured magnets
Limits computed on the average over - _
) o Lower limit Upper limit
single cable combination

01B/02B 0.25 0.65

01B/02C 0.28 0.68

01B/02D 0.25 0.65

01B/02G 0.22 0.62

01B/02K 0.24 0.64

01E/02B 0.27 0.67

01E/02C 0.25 0.65

01E/02D 0.27 0.67

01E/02G 0.27 0.67

01E/02K 0.34 0.74

Max Difference among limits 0.12 0.12
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Target ranges for the whole machwveighting different cable manufacturer

We finally evaluate the target ranges foe #ystematic by takinmto account of the
final composition of the machine in tesnof cable manufacturers. The ranges
computed in the previous table are agsad using a weighted sum (each weight
represents the fraction ofelcable combination with resept to the total production,
Table 4.2:

10 §10 .

P A ) -

b Qe B dw TS, by Eq. 4.3
K1 1

WhereK=1,...10 are the possible cable combinations.

The results are presentedTiable 4.30 Comparing the weighted limits to the old
ones, obtained with a simple average over the measured magnets, we see a negligible
difference. We conclude that the targeiges used up to now for the steering for the
production are not affected by a statistical bias d¢omea sampling of cable
manufacturer that does not reflect timal composition of the machine.

Table 4.30:Tolerance limits imposed to cold mass room temperature magnetic measurements (here on
bs andby): they are evaluated weighting the effectpefrsistent field harmonics with respect to the
sharing of the cable production.

Lower limit Upper limit
Simple average Weighted average Simple average Weighted average
bs -0.94 -0.94 -0.25 -0.26
b, 0.27 0.26 0.67 0.66

4.9 Conclusion

In this chapter we analysed how the dimenal tolerances associated to the cable
geometry and their magnetizatiorilience the magnetic field harmonics.
Thegeometrical dimensionsf the LHC main dipole cdé have been analysed:

x The measurements show that thererbees imposed to the production are
satisfied by all cable suppliers.

x The effects on the even skew could be relevant if the cables of the upper
poles are systematically larger than the lower cables (or vice versa), whilst
the impact of the geometrical tolerances on odd normal harmonics is
rather small.

X Using a distribution of cable dimeanss based on the measured values,
we simulated with a Monte Carlmethod the impact on field quality
through the sensitivity matrix. A negligible effect on random components
with respect to both measurements and to targets, with the exception of
the cable thickness @i has been found.

X Results show that tolerances on cable thickness can account for most of
the measured and specified a2 (an{, ashereas a negligible effect is
found on the other multipoles.
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X

X

The effect on field quality of coupling cables of different manufacturers in
the same aperture is simulated: ald mormal multipoles is negligible and

on the even skew multipoles can lsrge: if some combinations of
manufacturers for the upper and lovpmle would be systematically met
during production, this would give se to a systematic even skew
multipoles out of specifications. On tlsther hand: we findhat it is not
mandatory to replace a damaged cable with another cable of the same firm
and single cases can be tolerated.

We have compared the expected harmonics (evaluated from the cable
geometry through the sensitivity majr with the collared coils field
measurements. No correlation is found.

The magnetization measurememsthe LHC main dipole dde and the effect on the
tolerances of the field quality have been analysed:

X

The average values of the magnetaatof the two inner layer cable
manufacturers differ of about 15%0n the other hand, the average
magnetizations of the manufacturerstioé outer layer cable are within
5%. The spread of the magnetizatiomvithin the tighttarget of 4.5%.

We analysed the dependence of the measured persistent current field
errors at injection on the cable mdacturers. For high order multipoles

(bs and b) there is a difference that cantb@ced back to the difference in
magnetization between inner cable manufacturers.

x Forbs no dependence on the cable magnetization is found

A magnetic model of the coil has beesed estimate the measurements of
persistent current contributiomea hysteresis loop width, finding a good
agreement.

The dependence of the target range imposed by beam dynamics projected
at room temperature on the cabignufacturer has been taken into
account. The difference in the petsig current (and also in cable
magnetization) induces slightly differeranges at roortemperature. The
target ranges compared by weightthg cable manufacturer according to

the final composition of the machine are very close éar#éimge computed

by taking a simple average ovdrraagnets measured at 1.9 K.
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Chapter 5

Copper wedges

In this chapter the attention is focusewl the four copper wedges that separate the
superconducting blocks of the LHC main dgaoil to achievethe field quality
required by the beam dynamics constraifitsis analysis was started at the very
beginning of the dipoles series-protlan during the second half of the 20[&1],
when about 60 over the 90 scheduled dipolethe pre-series where completed. The
aim was to analyze if the produced coppesdges had an influence on the field
quality of the magnets and consequentlyfdoesee the expected effects on the on
coming series.

In this chapter we first present teudy performed in 2002, and then the whole
production is analyzed to check the totif¢et of the whole apper wedge production
on LHC main dipole field quality. A dimereial analysis is performed on the whole
production.

First, general information about the coppedges is presentetthe most relevant
dimensions of these components are defiaed sensitivity matrices on the field
harmonics are computed. Then, a dimengigoatrol of the 16roduced batches is
presented. Then, the effect of the mmminalities on the odd multipolar components
of the dipole field are computed and compared to the results of the magnetic
measurements. In order to evaluate the impact of copper wedge dimensions on the
final performances of the machine andeplain specific patterns observed in the
field shape of the collared coils we pmrhed a Monte-Carlo analysis. Results are
compared to the allowed ranges forstgynatic components imposed by beam
dynamics, and to the measured spread of multipoles observed in the production.

5.1 Production

5.1.1 Copper wedges profiles

Each aperture of the main LHC dipole ans by four different profiles of copper
wedges as sketched in theof aperture shown iRigure 5.1 There are three wedges
in the inner layer (profiles I-1I-lllland one in the outer (profile 1\{.2]. All wedges
are produced by the same mauitirer, Outokumpu — Finland.
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Figure 5.1: Coil cross section of the LHC main dipole: anerter of the aperture in sketched. The
four copper wedges profiles are indicated with Roman numbers.

Each profile is delivered in batche; one batch containing the amount of pieces
necessary for assembling of ten dipoles plos piece for destructive tests. One dipole
cold mass contains approximately 114 metdrsopper wedges of each profile. The
wedges are delivered in 3.6 m long piedgsensequently, in ondipole cold mass
there are 32 copper wedgeeces of each profile. Hea each batch contains 321
pieces [5.3]. The batches adelivered by the supplier directly to the Cold Mass
Assemblers. It must be pointed out thab ti8pecial” batches used in the early stage
of the production that are natlative to 10magnets: thdatch Awhich was used for
the production of the first theecollared coils (one per Cold Mass Assembler) and the
batch PROT, used in the assembly of the first six dipole prototypes, manufactured by
BuntMetall (Germany).

In July 2001 a modification of the desighdipole cross section has been adopted
in order to improve the field quality in the magnet aperture. The inner layer of the coil
was changed by modifying the copper wedge profiles I, Il and Ill while the outer layer
was not changed [5.4]. The first batch for epotfile done with te new geometry is
the number 14. Another adjustment of @r@ss-section geometry occurred in the
2003 but the wedges profiles were not modified.

5.1.2 Production and dimensional analysis

In order to monitor the production, a certificate of conformity and dimensional
control is associated to each batch. Theudwnt contains physicahd chemical tests
(tensile strength, elongation, hardness, abahtomposition, electrical conductivity)
and dimensional checks. Three pieces p&hbare measured: the first produced, the
last produced, and one intermediate. Theattisions quoted in the certificate of
conformity are shown ifigure 5.2

There are four lengths (a-b-d-e) and one angle (c), all being referred to the two
surfaces A and B. Iifable 5.1the five nominal dimensionsf the four profiles are
listed. For each of the profiles I, 1l and tHe design relative to both the first and the
second-third cross section are reported.
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Figure 5.2 Dimensions quoted in the certificate of comfiity (a-b-c-d-e) measured with respect to the
two surfaces A and B. P1 and P2 are thenjies adopted for the dimensional control.

Table 5.1:Nominal dimensions of the five dimensions quoted in the certificate of conformity. The two
designs are presented. Note that the profile IV was not changed [5.2].

amm] b [mm] c[deg] d[mm] e [mm]

Profile | Cross section 1 5.41 1.26 19.21 15.54 15.42
Cross section 2-3 5.06 1.16 17.86 15.54 15.42
Profile Il Cross section 1 6.91 1.55 17.70 15.93 15.33
Cross section 2-3 6.16 1.22 14.15 15.87 15.28
Profile Il Cross section 1 7.41 1.36 16.77 15.83 15.21

Cross section 2-3 7.79 1.70 18.97 15.99 15.28
Profile IV Cross section 1-2-3 6.64 1.38 18.94 15.71 15.32

The position of the surface veh is created linking the fieand right upper corner
(P1 and P2 ifrigure 5.2is the crucial parameter for the magnetic field quality. In our
analysis, we assume that the sides efdbpper wedges are sgat lines. According
to the specificatiofs.3] can be drown that the surfacentaining P1 and P2 must stay
in a band of tolerance of £0.03 mm arouhd nominal position. Using the available
data a-b-c-d-e, the variatiohP1l and 'P2 with respect to the nominal shape are
computed for each batch. As mentionedha beginning, the dimensional control is
performed on the whole production.

The results are plotted iRigure 5.3- Figure 5.6 The dashed lines are the
dimensional tolerances of £0.03 mm. The tgldtpoints are the average values of the
shift of P1 and P2 from the nominal positioneach batch, whilst the error bars give
the maximum and the minimum among the three pieces measured per batch.

The control protocols show batches of components within tolerances with some
isolated exceptions, especially in the beginrohthe production. Indeed we find that
for profile II, 1l and IV, batch PROT rad batch A are rathedifferent from the
successive production and they are out ofrémlee. The batches of profile | are all
inside tolerances with fluctuation of £0.02 mm.

Profiles I, Il and Il showed an upward trend in the beginning of the production,
when the first study was performed, andperticular the profiles Il and Il reached
pick values around batches 23-28. As a eqansnce a carefully monitoring of these
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guantities was required, arnlle production was then pedically adjusted trougth a
fine tuning of the tools.

Figure 5.3: Profile I, copper wedge measuremeri®l and 'P2 - average among the three measured
pieces per batch — maximum and minimum — erpars — and tolerances (dotted lines).

Figure 5.4: Profile Il, copper wedge measuremen®1 and 'P2 - average among the three measured
pieces per batch — maximum and minimum — erpars — and tolerances (dotted lines).
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Figure 5.5: Profile Ill, copper wedge measurement1 and 'P2 - average among the three measured
pieces per batch — maximum and minimum — erpars — and tolerances (dotted lines).

Figure 5.6: Profile IV, copper wedge measuremenit and 'P2 - average among the three measured
pieces per batch — maximum and minimum — erpars — and tolerances (dotted lines).

5.2 Avallable Data

The copper wedge production was terminated in December 2005. 146 batches of each
profile were delivered to the three cold mass assemblers. In this chapter we will
analyze the evolution of the field quglialong the first 45 magnet produced (15 per
cold mass assembler) in order to find if field imperfections were determined by
wedges non nominalities. Trable 5.2the ID of the magnets and the batch numbers of
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the copper wedges used to assemble them are reported. The first test batch A and the
batch 1 were used in the three firms thenlihtches were assigned entirely to a single
firm. From batch 14 the design of the wedpedile I, Il and 11l were changed for the

new cross section design. In the samplkeegithe first collareccoils with the new

cross section are the 1013 and 1014 for firnthe 2011 for firm 2 and the 3012 for

firm 3.

Table 5.2: Collared coil ID and relative batch numbergtd copper wedges used in the assembly.

Firm1 Firm2 Firm3

cc Profile Profile Profile Profile Profile Profile

ID 1/1im v ccID 1/iml v cclID 1/l v
1001 A/A/A A 2001 A/AIA A 3001 A/AIA A
1002 1/1/1 1 2002 1/1/1 1 3002 1/1/1 1
1003 1/1/1 1 2003 1/1/1 1 3003 1/1/1 1
1004 1/1/1 1 2004 1/1/1 1 3004 1/1/1 1
1005 9/9/9 9 2005 8/8/8 8 3005 6/6/6 6
1006 9/9/9 9 2006 8/8/8 8 3006 6/6/6 6
1007 9/9/9 9 2007 8/8/8 8 3007 6/6/6 6
1008 9/9/9 9 2008 8/8/8 8 3008 6/6/6 6
1009 9/9/9 9 2009 8/8/8 8 3009 6/6/6 6
1010 9/9/9 9 2010 8/8/8 8 3010 6/6/6 6
1011 9/9/9 9 2011 14/14/14 8 3011 6/6/6 6
1012 9/9/9 9 2012 14/14/14 8 3012 16/16/16 6
1013 15/15/15 9 2013 14/14/14 8 3013 16/16/16 6
1014 15/15/15 4 2014 14/14/14 8 3014 16/16/16 6
1015 9/9/9 9 2015 14/14/14 8 3015 16/16/16 6

5.3 Expected field harmonics versus measured

5.3.1 Sensitivity matrix

In this section the influence on the gmetic field induced by the copper wedge
dimensions is evaluated. The sensitivity of each copper wedge dimension on
multipoles in the hypothesis of an infiniteaslic modulus is calculated; this is a good
approximation since the ratio between #&lastic modulus of the copper wedges and
of the insulated cable blocks is larger than[28]. Therefore, it has been assumed
that cable blocks absothe overall effect of copper wedges non-nominalities, keeping
the same coil size. We also find that f@blem is linear within the considered
ranges, thus justifying the use of a stwity matrix. We considered the separated
effects of each copper wedge, giving to the pall, (P2] of each profile the
maximal allowed configurations: [0, 0.030Im and [0.030, 0] mmand we computed
the induced magnetic effects (s€able 5.3. All the possible configurations can be
found as a linear combination of these two.
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Table 5.3:Influence o the allowed non-nominalities of each profile on field harmonics in units. In the
first two columns the two pairs of maximum displacement B3) given to each profile are listed.

'P1 [mm] 'P2 [mm] b 'bs b

Profile |

0.000 0.030 -0.2 -0.002 0.014

0.030 0.000 -0.3 0.04 0.055
Profile Il

0.000 0.030 0.2 0.08 -0.008

0.030 0.000 0.4 0.15 -0.036
Profile 11l

0.000 0.030 0.3 -0.02 -0.005

0.030 0.000 0.6 -0.08 -0.008
Profile IV

0.000 0.030 -0.1 -0.001 0.002

0.030 0.000 -0.1 0.002 0.004

Profile 1ll has the sbngest influence ohgs, whilstbs is mostly affected by Profile
Il. The largest effect oM, is given by Profile I. Profile IV does not influence in
significant way any multipole. These values can be compared to the measured spread
(one sigma) of the multipoles the collared coil and to ¢hwidth of the allowed range
for the systematic according to beam dynamics specificationsTédde 5.4 [5.6].
The effect of a single non nominalitydP1 or &2 - of each profd is, at most, one
third of the measured sigma.

Therefore, copper wedgemn-nominalities are not expected to contribute in a
relevant way to the random component @ fleld harmonics. A detailed analysis of
this problem is give in next section.

Table 5.4:Measured random components of the allowed field harmonics (1 sigma r.m.s.) and allowed
ranges for the systematics given by beam dynajbi6k

bs bs b,
Random (1 sigma) 1.7 0.5 0.2
Allowed band -4.48/1.12 -1.14/0.3 -0.79/0.31

5.3.2 Expected harmonics: evaluationdacomparison with the measured
ones

Multiplying the sensitivity matrix Table 5.3 by the measured copper wedges non-
nominalities, the expected shift in the ltpoles due to the actual shape of these
components is reconstructed.

The estimate is based on two hypothedesiathe position of the wedges in the
coil assembly; it can be placed either in contith the external layer radius or with
the internal circumference dhe coil, with the wedgsliding along surface P (see
Figure 5.7.
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Figure 5.7: Definition of internal and external surfaceswvaimich the copper wedges can be leant. On
the right the two extreme configuratioofthe wedges locations are sketched.

The wedges position will match surfaces M or N depending on the assumption.
In Table 5.5we show the results dhe computation of the effects on the first three
odd multipoles due to the batches already ugetthe collared coils. We used both
assumptions of internal and external eatt The two assumptiorshall be taken as
the extreme situations that can occur, thermal contact being in general assumed as
the most likely situation.

The batches PROT and A induce a non-negligible shift in field harmonics: they
both give rise to a shift ib; of about -1.5 units, and a contribution of about -0.2 units
to bs (negligible effect on §). For the other bahes the effects obs in the external
contact hypothesis fluctuate from a mmim of -0.3 units for batch 6 up to a
maximum of 0.6 of batch 8 and the average effect is small (less than 0.25 units). On
the other hand, using the intatrcontact assumption, théfext is larger: up to 1.4
units for batch 9 and an average effect of 1 unit. The same happégsabich is not
affected in the hypothesis of external contachilst for internal contact there is an
overall effect of 0.12 units.

Table 5.5: Magnetic effects of the measured copper wedge dimensions assuming both hypothesis of
internal and external contact.

Int. Contact Ext. Contact
Batch Cbg, [b5 [b7 (bg Cb5 [b7
PROT -1.5  -0.26 0.066 -1.9 -0.35 0.071
A -1.5 -0.18 0.046 -1.4 -0.23 0.017
1 0.2 0.11 0.033 0 0.02 0.006
6 0.5 0.16 0.011 -0.3 0.01 -0.005
8 1.3 0.09 -0.035 0.6 -0.06 -0.039
9 1.4 0.12 -0.051 0.5 -0.05 -0.048
14 0.6 0.09 0.008 0.2 -0.04 0.005
15 0.5 0.12 0.022 0.1 -0.04 0.001
16 0.5 0.11 0.028 0.1 -0.03 0.004
19 1.2 0.06 0.012 0.5 -0.05 -0.018

average 0.9 0.12 0.005 0.2 -0.01 -0.008
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We then subtract the calculatedeetf of the copper wedges non—nominalities on
the harmonics from the magnetic measurdsen the collared coils (normalized to
nominal polar shimg5.5]). Also in this case, wéave taken into account both
hypotheses for the calculation aP1l and B2; results are plotted iRigure 5.8
Figure 5.9Figure 5.10and are summarized ifable 5.6 The main effect is a large
reduction of the trend dfs in the first dipoles (the first 3 being done with batch A),
seeFigure 5.8 The effects orbs and b are less evident. This means that a relevant
part of the initial trend itz was due to the out-of-tolence of copper wedges of batch
A. In the hypothesis of an external contact, the spredgimreduced from 1.9 to 1.6
units when the effect of coppwedges is taken out (s&able 5.9. In the hypothesis
of internal contact the aftt is even larger. On tlwher hand, theituation ofbs and
bs is only weakly affected by copper wedges non-nominalities.

Table 5.6: Average and standard deviation of multipoles measured in the collared coils, separated
according to different cross-sections, raw values and post-processed values where the effect of copper
wedges is taken out.

Cross section 1 Cross section 2-3

1 1
bs meas. 1.1 1.9 -1.9 1.1
bs- Cbs int. 0.5 1.3 -2.6 1.2
b3' fb3 ext. 1.0 1.6 -2.2 1.2
bs meas. 1.18 0.42 0.41 0.39
bs- (bs int. 1.09 0.41 0.32 0.4
bs- (s ext. 1.22 0.43 0.45 0.4
b, meas. 0.631 0.161 1.126 0.085

b.- T, int. 0.638 0.167 1.113 0.085
b;- by ext. 0.648 0.164 1.13 0.087

Figure 5.8: Running average of measugdand ofb; reduced to nominal copper wedges using both
the assumptions for the evaluation of the non-nominalities.
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Figure 5.9: Running average of measuregdand ofbs reduced to nominal copper wedges using both
the assumptions for the evaluation of the non-nominalities.

Figure 5.10: Running average of measuregdand ofb; reduced to nominal copper wedges using both
the assumptions for the evaluation of the non-nominalities.
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5.4 Effect of the wedge successive production on random
and systematic field components.

5.4.1 Monte—Carlo analysis

To foresee the effects of the non—nominait the whole wedge production on field
quality, we analyzed with a Monte—Canteethod two different scenarios. We used
this analysis to predict the influence or ttatndom and on the systematic part of the
multipoles.

Figure 5.11: Two normalized distributions used for the Monte—Carlo simulation: the flat — scenario 1 -
and the Gaussian (it has zero average and a standard deviation of 0.015 mm and truncated at two sigma)
- scenario 2.

x Scenario 1. (Conservatiy€lat distribution ofP1 and P2 (20000 cases)
between the dimensional tolerances [-0.030, +0.030] mm for each profile
(Figure 5.11left). With this scenario we simulate a situation in which the
supplier is not keeping the production under control, but nevertheless
selects and delivers pieces in tolerance.

X Scenario 2. (In—controlprocess) Gaussian sthibution of the non-
nominalities (20000 cases) of eachoffle with zero average and a
standard deviation equal to 0.015maondé quarter of the allowed band)
truncated at two sigmdigure 5.11right).

Using these two scenarios we compute the distributions of the field harmonics.
Figure 5.12efers to the non—nominalitiekstribution of scenario 1.
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Figure 5.12: Multipoles distribution effects due to the flat distributions - scenario 1 - of the non—
nominalities of the CW (10000 cases).

5.4.2 Effect on random components

The calculated standard deviationstloé field harmonics due to copper wedge
tolerances are listed imable 5.7 The effect on the random is not relevant: in the
worst scenario (the first one) we obtain one half of the measured standard deviation
(seeTable 5.4 of bs, and one fifth obs and h. As expected, sigma in scenario 1 are
larger than in scenario 2.

Table 5.7: Expected standard deviation of the odd field harmonics due to copper wedges within

tolerances.
Vs Vs Vip7
Scenario 1 0.53 0.11 0.040
Scenario 2 0.41 0.08 0.030
Measured 1.06 0.48 0.143

5.4.3 Effect on systematic components

We now evaluate the impact of the coppedge tolerances on the systematic
components of field harmonics takingtanaccount the ranges allowed by beam
dynamics. We assume that the results ef phevious simulation, in the worst case
(scenario 1), give the distribution of the average shift induced by the copper wedge
tolerances on field harmonics. We then evaluate what is the probability that a given
systematic multipole is shifted by a quangtyual to the whole allowed range: results
show that this probabilitis close to zero (seBable 5.8 first row). This means that it
is very unlikely that copper wedges withinlerances would shift the systematic
multipoles of a quantity equ#o the allowed range. Indeed, we also computed the
probability of shifting the systematic of 1/2, 1/3 and 1/4 of the allowed range. In this
case we find non-zero probabilities. For amste, there is a 6 % probability that
copper wedges produced within tolerances can lshidy half of the allowed range.

Therefore, there is a non-negligibleopability that a relevant fraction of the
allowed range for systematic componentseiaten” by the coppewedge tolerances.

The situation is critical especially fdis and b;, since the allowed ranges are very
narrow. The effects obs are much less critical. In order to avoid these effects on
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systematic components, one should carefatiptrol how the avege of the copper
wedge non—nominalities moves during the picicbn. The above analysis shows that
the scenario where averagenon—nominalities passes framne edge of the tolerance
band to the other one shoulddeided. Hence, we must pbiout that copper wedges
should be not only within terances but also withodarge shifts of their non—
nominalities average within the allowed band.

Table 5.8: Probability of a shift of the systematics out of the considered fractions of the allowed bands
(see Table 2) for copper dges within tolerances.

Probability of a shift > band fraction [%]

Band fraction bs bs b,
1 <0.01 <0.01 <0.01
1/2 0.04 6 0.4
1/3 4 26 13
1/4 13 37 21

5.5 End of copper wedge production

In this section the previous study on the initial copper wedge production is extended to
the almost one thousand of assembled cadlamils that feature the cross section 3.
Knowing the batches used in each dipole #eir geometry, we reconstruct the effect
induced by such components on thedigjuality. A comparison between values
expected from copper wedge measured dimensions and magnetic measurements are
given in Figure 5.13 In Table 5.9 and Table 5.10the systematic and random
components of the influence of tbepper wedges production are given.

The effect of the production of the copper wedges on the magnetic field of the
LHC main dipoles is small. The largesffect is found on the induced random
component obz, which account for ¥ of the measured values.

Figure 5.13: Measured b3 in the collared coil of the three cold mass assemblers and the b3 induced by
the copper wedges inserted in the apertures.
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Table 5.9:Random component of the field harmonic ioeld by the production dhe copper wedges.

CMA - sample b3 b5 b7
firm1 - 309 0.25 0.05 0.02
firm2 - 261 0.29 0.05 0.02
firm3 - 280 0.19 0.05 0.02
all -850 0.25 0.05 0.02

all - measured 1.06 0.48 0.143

Table 5.10: Systematic effect of the copper wedges non nominalities on the magnetic field of the
collared coil

CMA - sample 'b3 'b5 ‘b7
firml - 309 0.72 0.05 0.01
firm2 - 261 0.82 0.06 0.00
firm3 - 280 0.80 0.07 0.00
all -850 0.78 0.06 0.01

5.6 Conclusion

We have analyzed the measured dinrs of the copper wedges and therir
influence on field quality.

x The first 3 collared coils (one p&érm) were produced with one batch
(named A) which is out of toleraa and dimensionally very different
from the rest of the production. Athe other batches are within the
tolerances with local point that are out.

X Magnetically, the four profiles have different effect on multipoles:
roughly speakingbs is mostly influenced by profile 1libs by profile I
and b; by profile I. profile IV does not influence significantly any
multipole.

X We found a relevant effect on the (1.5 units) of the copper wedges of
batch A, which is visible in the colled coil magnetic measurements. This
explains part of the upward trend observedimieasured in the first 25
collared coils. This effect is negligible tpand b.

X The copper wedge tolerances are not the main source of the random
component measured in the manufaetudipoles: they account only for
1/3 to 1/5 of the measured valudadeed, there is a non-negligible
probability that copper wedges withialerance drive the systematios
and b; towards the edge of the allowed ranges imposed by beam
dynamics.

x It has been shown that the advicegegi at the beginning of the wedges
production brought to a more carefantrol on the manufacturing and as
a result, the total infience of the copper wedge dimensions on the
collared coil magnetic éld is not relevant.
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Chapter 6

Austenitic steel collars

The austenitic steel collars, which clatie superconducting coils and retain the
Lorentz forces during thpowering of the magng6.1], are, after the cables, the most
complicated LHC dipole component from banechanical and geometrical point of
view. The aim of the chapter is to examinow the austenitic steel collars influence
the magnetic field quality of the LHC dimpmagnets. An analysis of the dependence
of field quality on the collar shape and a comparison of the field quality spread
expected from this component withe measured one was carried ouf@r?],[6.3]
and[6.4].

The goals of the study are:

x To verify if the geometrical tolerances on collars have been kept and if
there are trends in thproduction of the collars.

x To investigate whether magnets madh different collar suppliers
present visible differeres in field quality.

x To estimate through models the patt of the different assembly
procedures used by the manufactuoes the field harmonics, and to
compare with the magnetic measurements.

x To evaluate the effect of the meamicollar dimensions on field quality,
and to compare these estimations to magnetic measurements.

In section 1, general information aboutlas is provided: types, manufacturers,
production procedure and the standard dism@nal controls used to monitor the
production. The available sets of dat@ gresented in section 2. The geometric
dimensions of the collars and their degence on the manufacturer are studied, and
the dependence of measurdiéld quality at roomtemperature on the collar
manufacturer is analyzed in section I&. section 4, after having computed the
sensitivity tables giving the dependenmiemagnetic field harmonics on the collar
geometry, we use the measured dimensiortbetollars to estimate their impact on
field quality, comparing these results with the magnetic measurements.

6.1 Production

6.1.1 Collar Types

The LHC main dipole cross section featuaesvo-in-one design,&. the two particle
beams pass in opposite directions througlsttlee magnet in two garated apertures.
The cross section in the straight part of the collared coil is sketcliegure 6.1 The
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collars are the structure thegeps the superconductinglsainder pre-stress to reduce
movements during the magnet powering. THC dipole is the only case of magnet
using “two in one” collar, i.ethe same pair of collars rfahe two apertures; all the
other magnets have independent retairstryictures per aperture. The collars are
made of a high Mn content austeniti@ade steel (Nippon Steel YUS 130 S) and are
manufactured through a prosesf fine-blanking startinfrom 3 mm thick austenitic
steel coils, with tolerances of therder of 20-30 micrometer. The magnetic
permeability must be less than 1.003 (for H=8AIth at 1.9 K) in order not to affect
the magnetic field6.5]. There are three shapesaufllars along the magnet length to
fit the different geometry of the cross sectj6ro):

X Shape A - straight part collars: about 4400 pieces per magnet

X Shape B - head collars: 120 pieces per magnet

x Shape C - layer jump collars: 95 pieces per magnet

Each shape is manufactured in two differgypes: a “long” collar (labeled by 1)
which is coupled with a “short” one (labeled by 2, ségure 6.1for the case of the
shape A). The structure is kept in place by the insertioneothtee collaring rods.
There are six different collars to benufactured for a total of about’Ifleces for the
whole magnet production. Since in this stwdy are interested in the magnetic field
quality, which is dominated by the straighdrt of the magnet, we will analyze only
the production of the shape A neglagtihe impact of shapes B and C.

6.1.2 Production and quality control

CERN has shared the collaroguction between two supplief8.6]: S; (5/8 of the

total) and $ (3/8 of the total). The same raw material (austenitic steel) is delivered by
the same manufacturer to both firms. Eachacdype is delivered in batches to the
three firms that manufacture the cold masses (after the approval of CERN). The
batches produced by, S&re mainly delivered to the cold mass assembler Firm3,
whereas Firm1 and Firm2 use collars produced byB&tches of collar type Al and

A2 contain about 4400 pieces, enough to fithagnet plus some spare pieces used for
the acceptance tests.

Figure 6.1: Collared coil layout. 1- Collar type Al; 2- Collar type A2; 3- collaring rods; 4-
Superconducting coils; 5 — Collar witness marks.
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The supplier $ measures three collagger batch whereas; nly one. The
location of the dimensionabatrol of the collars types Adnd A2 are indicated with
black spots irFigure 6.2andFigure 6.3 one has about 90 measdrpoints per collar.
All collars have a “witness mark” on one sidsed to distinguisthe right from the
left part. In our analysjsve define the differergarts of the collars as:

T1 right aperture

T2 left aperture

Dx right part of each aperture
Sx left part of each aperture

X

X X X

Figure 6.2: Collar type Al. The black spots indicate the positions of the measured points used for the
dimensional quality control.

Figure 6.3: Collar type A2. The black spots indicate the position of the measured points used for the
dimensional quality control
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6.1.3 Collar assembly procedures

Significant differences can be found in thecedure used to assembly the collars
around the coil in the three ldomass assemblers. EacHl@aocan be mounted on the
coil in four different positions. Sis the surface of theollar visible during the
dimensional measurements (surfacé&igiure 6.2andFigure 6.3 witness mark on the
right) and $ the opposite one (witness mark on tHe I& he collars can be assembled
with Sy towards the connection side (in thiseahe witness will be on the right side,
looking from connection side), or towartte non-connection side (witness mark on
the left side, looking from connection sjdéloreover, each cal can be mounted
with the cavity downwat (U, withess mark on the top) opward (L, witness mark on
the bottom). All the four assembly pdstities of collar A1 are showed iRigure 6.4

in the same way the assembly positions of the collar A2 are defined. In total eight

assembly positions are possible (to assemble a type Al with a type A2).

Figure 6.4: The four possible assembly positions for collarsype Al; the withesses are marked with
a dashed circle.

The assembly unit is the “pair of collanshich is a collar type A2 superimposed
to a collar type Al, and locked by fopins inserted in the smaller holes ($egure
6.4). Each of the three CMA has a differgmbcedure to assemble the collars around
the superconducting coils:

x Firml assembles pair of collars there then mountedy flipping them
around the “x” axis using only two ovéne four possible configurations
(in Figure 6.4 Say and $y).

x Firm2 assembles packs of 5 pairs that are then mounted using all the four

possible positions dfigure 6.4

x Firm3 also assembles packs of coll@l8 pairs) but the packs are rotated
around the “z” axis, perpendicular teetplane of the drawing, hence only
two possible mounting positions are usedHiigure 6.4 S,y and S : the
collars are rotated dnalong the “z” axis)6.7].
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6.2 Avalilable data

6.2.1 Collars dimensions

At the end of 2005 when this work was @aalr out, more than 900 batches of collar
type Al and A2 have been manufactured, tested and delivered to the cold mass
assemblers (about 400 from 8nd about 500 fromi$ At the beginning of the
production, the measurements of the georetidimensions of the collars were not
sufficiently precise to perform an adequgtelity control. Then, starting from batch

177 of the supplier Sand from batch 212 of the suppliet, &n improvement of the
measurement system was implemented. Herrgmson, in our atysis we only use

the geometrical data of cotkaafter the improvement ¢fie measurement system (see
Table 6.).

Table 6.1:Numbers of collar batches used in the geometrical analysis.

Collar supplier Batches available
S, 182 -used in Firm3
S 76 -used in Firml
S 71 -usedin Firm2

6.2.2 Collared coil measuremenras$ room temperature

Magnetic measurements of 741 collamulls were analyzed. During the first
period of the production, the cross section lay out of the superconducting coil was
modified two times to better match the gnatic field quality targets required by the
beam dynamics. About 35 magnets have been produced with cross-section 1, 145 with
cross-section 2, and the rest with sg@ection 3. These magnets differ in the
systematic allowed multipoles, whereas theguith have the same behavior as far as
the not allowed multipoles are concerned. Therefore, the analysis of the not allowed
components of the magnetic field includes the whole amourdatd (about 740
collared coils, seeTable 6.2. On the other hand, the analysis of the allowed
components is restricted to the cragsstion 3 magnets (545 collared coils).

Table 6.2:Numbers of collared coils used in the field quality analysis.

Cold mass Measured collared coils  Measured collared coils
Collar manufacturer )
assembler (all) (X-section 3)
Firm1 13 8
S, Firm2 - -
Firm3 335 279
Firm1 199 139
S Firm2 182 119

Firm3 9 0
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6.3 Trends in collar geometrical data and in magnetic
measurements at room temperature

6.3.1 Dimensional analysis

During the dimensional controls of thellaos, about 90 measurements per piece are
taken. We chose to analyze all the measaremperformed in the “cavity”, which is

the part where the superconducting coil llecated. The nominal shape of the inner
cavity of the collar is defined by the arc of circles A and~Bjire 6.5 left)., with a

radius of 60.98 mm and 44.88 mm respectively and a tolerance of +/-0.030 mm. The
straight lines C and D, both having a tolerance of +/-0.025 mm. A comparison
between the measurements carried outeatipplier and at CERN indicates that the
precision is about 0.010 m[6.9].

The surfaces B, C and D are measuresvimpoints at the edges, the surface A is
measured in an additional point in a weah position. Measurements are always
referred to the nominal shape. We do notulischere the effect of errors in the holes
for the locking rods, which is very complex e analyzed since it can lead to a shift
in the position of the collars and to @olldeformations during the assembly. An
analysis carried out if6.8] shows that some of thesffects are not negligible.

Since no information on the shape between two measured points of a same
surface is available, a hypothesis of lingabetween the two is adopted as in
[6.2],[6.3] and [6.4]. Using this assumption, the non nioalities are sfit in a shift
and a tilt Figure 6.5 right part). The shift is dmed as the average of the
measurements (always expressed witkpeet to the nominal case) taken on the
surface and it is positive when one has more natfan in the nominal case. The tilt
is the difference between the average ef iteasurements taken on the surface, and
one measurement taken on the edge. In thghtpart of one cavity the positive tilt is
defined as an anti-clockvasrotation of the surface whitl the positive tilt of the
surfaces of the left side of tlsavity is a clockwise rotation (s€égure 6.9. For each
of the two collar type we consider 16 surfaces in the two cavities for a total of 16
shifts and 16 tilts.

Figure 6.5: Labeling of the analyzed collaurfaces (left), and conventioas signs for a shift and for a
tilt (right).
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We first divided the collar production according to the collar suppliers, then the
two productions are separated with respethéodipole manufacturemd finally each
sub set is ordered with respéatthe collar batch numbeFhe dimensional analysis is
performed over the sample givenFigure 6.2and summarized ihable 6.3andTable
6.4 The results show that there are naindicant differences in the geometry
between the two suppliers. As an exampléerigure 6.6the dimensions of shift and
tilts of surfaces of the types Al are showd@&he values measured for the shifts are
close or slightly above thelavances, whereas the values measured for the tilts exhibit
smaller standard deviations. The shifts & tollars type Al of the supplier S1 have a
larger spread with respect to the ones of the collars of S2.

Figure 6.6: Averages and standard deviations (tolerdmacs) of the shifts and tilts of surfaces A and
B of the collar type Al taken into account in the analysis divided w.r.t. the two supplard S.
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Figure 6.7: Averages and standard deviations (tolerdnacs) of the shifts and tilts of surfaces C and
D of the collar type Al taken into account in the analysis divided w.r.t. the two supplaard S.

Table 6.3: Averages @ and standard deviation3)6f the shifts and tilts of the four surfaces of the
collar type Al taken into account in theadyrsis divided w.r.t. the two suppliers &d $

Shift

S S
Tl-sx T1-dx T2-sx T2-dx Tl-sx Tl-dx T2-sx T2-dx

surf. A P 0.016 0.004 0.016 0.003 0.004 0.001 0.015 -0.001
VvV 0.010 0.010 0.010 0.008 0.017 0.016 0.020 0.016

surf. B P -0.022 -0.002 -0.018 -0.001 -0.012 -0.013 -0.013 0.002
VvV 0.012 0.015 0.011 0.011 0.013 0.014 0.016 0.015

surf. C P 0.005 0.020 0.030 -0.008 -0.004 -0.015 -0.003 -0.009
vV 0.013 0.011 0.008 0.013 0.013 0.012 0.011 0.016

surf. D P 0.013 0.022 0.028 0.004 0.000 0.019 0.030 -0.007
vV 0.011 0.009 0.009 0.008 0.012 0.017 0.016 0.017

Tilt
S S

Tl-sx Tl1-dx T2-sx T2-dx Tl-sx Tl-dx T2-sx T2-dx

surf. A P -0.016 -0.004 -0.009 0.001 -0.006 -0.003 -0.002 0.000
V 0.006 0.005 0.008 0.002 0.008 0.009 0.009 0.003

surf. B P 0.003 -0.002 0.003 -0.001 0.004 -0.001 0.000 0.004
V 0.002 0.002 0.003 0.003 0.003 0.003 0.003 0.004

surf. C P 0.002 -0.001 0.000 0.000 0.006 0.004 0.005 0.006
V 0.002 0.002 0.004 0.002 0.004 0.003 0.005 0.004

surf. D P 0.002 -0.004 -0.002 0.001 0.000 0.000 0.000 0.000
V 0.003 0.003 0.003 0.002 0.004 0.005 0.003 0.003
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Table 6.4: Averages @ and standard deviationsj(of the shifts and tilts of the four surfaces of the
collar type A2 taken into account in theadyrsis divided w.r.t. the two suppliers &d S

Shift

S S
Tl-sx T1l-dx T2-sx T2-dx Tl-sx Tl-dx T2-sx T2-dx

surf. A P 0.017 -0.012 0.016 0.002 -0.003 -0.009 -0.004 -0.014
vV 0.009 0.012 0.012 0.007 0.023 0.014 0.026 0.014

Surf. B P 0.010 0.003 0.011 0.019 -0.020 -0.011 -0.009 -0.010
V 0.009 0.009 0.010 0.013 0.015 0.019 0.017 0.017

surf. C P 0.015 -0.002 0.016 0.022 -0.017 -0.021 -0.010 -0.015
vV 0.009 0.011 0.010 0.011 0.013 0.015 0.013 0.011

surf. D P 0.003 0.018 0.018 0.017 -0.025 -0.022 -0.014 -0.020
V 0.009 0.009 0.010 0.008 0.013 0.013 0.014 0.010

Tilt
S S

Tl-sx T1-dx T2-sx T2-dx T1l-sx Tl1-dx T2-sx T2-dx

surf. A P -0.008 -0.003 -0.005 0.001 0.001 0.006 0.005 0.000
V 0.005 0.004 0.004 0.002 0.007 0.008 0.006 0.004

Surf. B P 0.001 0.002 0.003 0.001 0.003 0.000 0.001 0.003
V 0.003 0.002 0.002 0.002 0.004 0.003 0.003 0.004

surf. C P -0.001 -0.001 -0.001 -0.001 0.002 -0.001 0.000 0.002
V 0.003 0.002 0.003 0.002 0.003 0.004 0.004 0.003

Surf. D P 0.001 0.001 0.000 0.001 0.000 -0.002 -0.003 0.000
V 0.002 0.003 0.003 0.002 0.004 0.004 0.004 0.004

6.3.2 Harmonics versus cold mass assembler and collar supplier

The aim of this computation is to understand if there is a mark of the collar
manufacturer on field harmonics. For eaotultipole mean value and standard
deviations were calculated, splitting theadaccording to the dar manufacturer and
to the cold mass assembler. Results are giverabie 6.5and Table 6.6and trend
plots are given inFigure 6.8 Figure 6.9 and Figure 6.10 The results can be
summarized as follow:

x Allowed multipoles:

0 The collar manufacturer does ndfieat the allowed multipoles: Firm1l
has 8 magnets made with collarsa®d 139 with collars ;S and the
two sets have similar averages Bgr bs, b;. This means that the two
collar productions give samefeft on the allowed multipoles.

o Systematic differences between firms observed fofFrml has 1
unit more than Firm2-3) antd; (Firm2 has 0.2-0.3 units less that
Firm1-3) cannot be due to the collar manufacturer, since Firm1 and
Firm2 mostly use the same collar manufactuser S

X Not allowed multipoles:

o Also in this case the comparisof 13 magnet of Firml assembled
with collars S to the 199 assembled with collarsshows no relevant
systematic difference in the not-allowed harmonics.

o0 The strong negative systematig¢ component in Firm1l (around 0.4
units) is observed both with collars &1d $ and therefore it is not
due to the collar supplier. A similar remark can be made for the
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systematica, observed in Firm2 with ;Scollars if compared with the
values of the same multipole of Firm1 with collafsa8d .

Table 6.5: Average of magnetic field harmonics, in units of ) R.=17mm, measured at room
temperature and sorted with respiecthe collar and dipole manufacturer

Col Dipole N b3 b5 b7 N b2 b4 a2 a4 a3 ab
Firml 8 -210 005 117 13 -0.18 -0.03 0.07 -0.03 -0.23 0.06

S Firm2 - - - - 0 - - - - - -
Firm3 279 -159 -0.56 1.17 335 -0.10 -0.05 0.64 -0.09 051 0.18
Firml 139 -1.88 0.29 1.21 199 -0.08 -0.02 0.26 -0.02 -0.31 0.04

S Firm2 119 -2.87 -0.79 0.87 182 -0.14 -0.05 0.12 0.37 -0.44 0.00
Firm3 - - - - 9 0.05 -0.04 -0.04 -0.05 0.16 0.07

Table 6.6: Standard deviation of magnetic field harmonics, in units 8fatR.=17mm, measured at
room temperature and sorted with resgedhe collar and dipole manufacturer.

Col Dipole N b3 b5 b7 N b2 b4 a2 ad a3 ab
Firm1 8 088 038 008 13 1.00 0.15 1.11 0.28 0.30 0.06

S Firm2 0 - - - 0 - - - - - -
Firm3 279 080 0.22 0.06 33 0.78 0.09 094 0.29 0.32 0.09
Firml 139 110 0.32 0.08 199 052 0.12 121 0.26 0.27 0.08

S Firm2 119 092 031 0.12 182 041 0.09 107 031 0.28 0.08
Firm3 - - - - 9 058 0.12 090 0.18 0.29 0.05

Figure 6.8: Allowed magnetic field harmonics measured at room temperature, sorted with respect to
the collar and dipole manufacturer. The black marleee the measurement of aperture 1 and the grey
of aperture 2.
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Figure 6.9: Odd skew harmonics measured at room temyrerasorted with respect to the collar and
dipole manufacturer. The black markers are the measent of aperture 1 and the grey of aperture 2

Figure 6.10: Even normal and skew field harmonics measatedom temperature, sorted with respect
to the collar and dipole manufacturer. The blackkees are the measuremeftaperture 1 and the
greys of aperture 2.

6.3.3 Harmonics vs collar assembly procedures

The three assembly procedures adoptedhieythree cold mass assemblers have a
different impact on the field harmonic classes:
x Firml: Since the collars are flippearound the horizontal axis, but not
around the vertical on@ny up-down asymmetry is cancelled, but not a
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left-right asymmetry with respect the magnet center. Therefore, even
skew multipoles are zero by consttion, and no correlation of field
harmonics is expected between the two apertures.

x Firm2: Since the collars are flippearound both the horizontal and the
vertical axis, any up-down and anyftieaght asymmetry are cancelled.
Therefore, even skew multipolesearero by construction, and there is a
perfect correlation between the two apertures.

x Firm3: Since the collars are rotated by @@ound the magnet center, a
systematic asymmetry between ttweo cavities of the collars would
create up-down systematic asymmetiresach one of the apertures, with
opposite sign. Therefore, even skew multipoles can be different from
zero, but the correlation between apegs is intrinsically perfect.

The results are given imable 6.7 where only the samples of more than 30
magnets have been considered to have statistical significance. One can make the
following remarks:

x Allowed multipoles of the different apertures of a same magnet are always
correlated. This correlation cannot be do¢he assembly procedure, since
it is different in the Firms and accand to it, no correlation should be
found for Firml1. This unexplained phenomenon was observed already for
the pre-series; we remind the readet tthe LHC dipoles are the first one
to have a twin collar, and trefore no previous experience on the
correlation between apertures of the same magnet is available.

x In Firm3, where a complete correlation between apertures is expected
according to the assembly procedure, we see tjfas, and partially for
as. This means that the collar shape is the driving mechanism for these
multipoles in this Firm. The fact that this correlation is not observel,for
a, and a, implies that for these multipoles the main source of
imperfections is given by other cponents that are nobrrelated between
apertures.

x In Firml, we observe no correlatidretween apertures on not allowed
multipoles, as expected from thellao assembly procedure. A weak
correlation is observed faz andas. This could come from a systematic
asymmetry in the production of the coils, whose assembly procedure
creates odd skews if the coil has #-teght asymmetry. If the only source
of a, and a were the collars, they should be zero because of the assembly
procedure. The non-zero values measured for Firml are driven by other
mechanisms, which are not celated between apertures.

x In Firm2, we observe no correlation on even normal multipoles. Since
from the assembly procedure a goodrrelation is expected for all
multipoles, also in this case one caatstthat for Firm2 the main source of
imperfections affectindp, and ka are not the collars. The weak correlation
observed foraz and as could be either due tdhe collars or to the
production of the coil as stussed for Firml. Faos, and a the same
argument used for Firm1 holds.
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Table 6.7: Coefficients of the correlations between ffedd harmonics measured in the two magnet
apertures. In bold correlationsefficients larger than 0.7.

Col Dipole N bs bs b, N b, ba a as ag as
Firm3 279 0.70 0.83 0.80 335 0.77 0.29 0.09 0.04 0.71 0.59
Firml 139 0.76 0.83 0.79 199 0.22 0.38 0.07 0.05 0.55 0.49
Firm2 119 0.78 0.81 0.89 182 0.29 0.30 0.06 0.14 0.60 0.56

RO

6.4 Expected field harmonics versus measured

6.4.1 Sensitivity Matrix

A numerical magneto-static model was used to determine the dependence of the
harmonics on the geometrical dimensionghaf collars. In this case we assumed the
collars to be infinitely rigid; under thisssumption the superconducting cable and the
cable insulation absorb all chges of the collar shape.

In the numerical calculationf is assumed that each part of the inner collar
contributes in an independent manner. Wesheined the sensitivities of the shifts
and tilts of the surfaces A, B, C and D thie right part of the aperture T1; the
calculated values for a positive geometrical error of +0.1 mm are sholabie 6.8
For the surface B, the sensitivity of the pesi and negative tilt since they do not give
rise to opposite geometrical movementstted coils were evalded. We marked in
bold the highest sources of field errors: llngest effect on multipoles is given by the
geometry of the surface A. It is interestittgnote that the surface B, which is much
shorter than A, is also relevant for highder multipoles; this surface determines the
radial position of the pelof the inner layer.

Table 6.8: Multipole shift due to collar non nominalities of +0.1mm. The higher sources of field errors
are marked in bold.

A B C D
shift tilt shift tilt+ tilt - shift tilt shift tilt
'bs 0.31 0.85 -0.43 -0.40 -0.56 0.41 -0.10 0.55 -0.10
'bs -0.17 0.01 0.06 0.18 0.20 -0.02 0.01 -0.10 0.04

‘b7 0.05 0.01 0.05 -0.04 -0.02 -0.01 0.00 0.04 -0.02
b, 2.71 1.29 -0.10 -0.45 -0.55 0.95 -0.22 1.62 -0.34

by -0.31 0.33 -0.35 0.03 -0.04 0.07 -0.01 -0.10 0.07
‘as -3.92 -1.34 -0.52 -0.41 0.10 1.04 -0.16 1.22 -0.13
‘ay -0.93 -0.75 0.22 0.30 -0.60 -0.10 0.04 -0.16 0.06
‘as -2.42 -1.00 -0.34 0.20 0.19 0.08 0.01 -0.13 0.11
'as -0.22 -0.40 0.28 0.05 -0.08 -0.05 0.01 0.06 -0.03

6.4.2 Expected harmonics: evaluationdacomparison with the measured
ones

Multiplying the sensitivity matrix by themeasured collar geometrical errors, the
expected shift in the multipoles due tbe actual shape of the collar can be
reconstructed. We showedaththe three dipoles manufacers use three different

procedures to assembly the collars aretdfore the global effect on each field error
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class has to be evaluated taking into accoiatassembly procedure. The expected
field harmonics are evaluated for aperture 1.
x Allowed harmonics:the assembly procedures of Firm2 and 3 are
equivalent and the expected values are

b _ b onariatb anaroart B o TP ona 282
20 T1 = 5

i.e. an average effect between the two apertures is taken. For the expected
values of the collared coils assembled at Firm1l we only sum the terms
bon+1 111 @NA Bps1 7142 (SECtION 2) and thereforié is not necessary to
divide by two.

x Even normal harmonicsthe collar position & is magnetically
equivalent to &, the collar position § is magnetically equivalent to
Ssu, and the effects produced byySare opposite in sign to the ones
produced when the collar is in the positign.STherefore:

o Collared coils assembled by Firms2 and Firm3:

b = b onr1.a17P 201217 P onr1.a2 - Pont2.a2
2n — 2
o Collared coils assembled by Firm1:

By =D onr1a1 FPonTIA2

x Even skew harmonicghe same collar assembled in positiops &d S
gives zero contribution to these harmonics. Therefore:
o Firml and Firm2 use the positiongySand $p thus giving a
global zero effect.
o Firm3 uses the positiona$ and S : the effects are evaluated as

Aon11A1 Q201241 TA2NT1,A2 " QonT2,A2
2

a‘2n =

x Odd skew harmonicsthese multipoles are influenced by a rotational
symmetry, and the conclusions are ttame drawn for the even skew
multipoles.

o Firml and 2 have zero effect due to the assembly procedure.
o In Firm3 the effect s evaluated according to

_ AopuTiar@onaT2.A1T A on 11,42 " Qo0 T2,A2
a2n+1 - 2

The results of the calculation are showedrigure 6.11and inTable 6.9and Table
6.10 We compare the measurements of #perture 1 to the expected values
evaluated as mentioned aboltecan be concluded that:
x We have shown in the previous section thatbs, b;... are not driven
by the collar imperfections. The comparison of expected versus
measured multipoles confirms this result: the expected contribution of
the collars to the spread bf, bs, b; is one third of what measured.
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Moreover, the expected shift in tagerage multipoles between firms is
negligible, not justifying the large measured differencds end b.

For Firm3, where we have proven through correlationskthamda; are
strongly affected by the collarg, good agreement between measured
and expected values both for the average and for the standard deviation
is found.

For the skew multipoles in Firml and Firm2 the assembly procedure
guarantees no contribution from tbellars, and therefore the observed
spreads are due to other components.

The only inconsistency found is that from the collar measurements we
expect a much larger standard deviation of what measurdd &md

in Firm1 and Firm2.

Figure 6.11:Expected and measured field harmonics, and moving averages (solid lines).

Table 6.9:Measured and expected aage magnetic field harmonics.

Collar

S

S

Dipole b, 'bs ‘b b, b, a a as as
Firm3

meas 052 -0.26 006 0.35 -0.05 0.84 -0.12 053 0.19

Firm1

exp 016 -0.07 0.06 039 0.03 000 0.03 0.67 -0.01
meas 039 0.71 0.13 -0.10 -0.09 0.15 0.02 -0.44 0.02
exp -0.17 0.00 0.01 -0.21 0.02 - - - -

meas -0.92 -045 -0.19 -0.13 -0.10 -0.29 0.40 -0.48 0.00

Firm2

exp -0.19 -0.01 0.01 0.94 0.00 - - - -
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Table 6.10:Measured and expected standard deviation of magnetic field harmonics.
Collar D|p0|e b3 b5 b7 b2 b4 o =n az as
meas 085 0.20 0.07 042 0.08 0.67 024 0.26 0.09

S Fm3 b 034 005 002 045 005 044 010 030 0.06
cny  Meas 083 032 007 041 008 100 026 022 007
s, exp 033 008 003 083 014 - - - -
co,  Mmeas 095 031 010 036 009 106 028 030 007

exp 038 0.07 0.02 0.68 0.06 - - - -

6.5 Conclusion

The main results of the analysis are:

x Collar dimensions: there are not significant differences in the geometry
between the two collar suppliers. The values measured for the shifts are
close or slightly above the tolerances, whereas the values measured for the
tilts exhibit smaller standard deviations. The shifts of the collars type Al
of the supplier Shave a larger spreads withspect to the ones of the
collars of $

X The collar shape is the driving mechanism of field harmonics onlig,for
and ag in Firm3, where collars of the supplier, @&re used. Two
independent observations support thHact: firstly, we have strong
correlations between apertures of #zne magnet as expected from the
assembly procedure. Secondly,e trexpected values based on the
measured dimension of the collaagree with magnetic measurements
both for the average and for the standard deviation.

x For all the other cases the collar imperfections are not the driving
mechanism of the field harmonics. particular, we point out that the
large systematic differences betwekpole manufacturers observed bgr
and b; cannot be due to the collars. Moreover, the spread due to the
measured imperfections of the collassonly one third of the measured
spread of the allowed field harmonics.

x The collar specifications and the coltppliers have reached the difficult
goal of minimizing the impact of dar geometry on the magnetic field
harmonics.



Chapter 6: Austenitic steel collars 97

References

[6.1] P. Fessia, D. Perini, S. Russenschukyéllinger, R. Vuillermet, C. Wys$,Selection of the
Cross-Section Design for the LHC Main DipoléEEE Trans. Appl. Supercondol. 10
(2000), 65-8 als€ ERN-LHC-Project-Report-347.

[6.2] P. Tropea, W. Scandale, E. Todestofluence of mechanical tolerances on field quality in
the LHC main dipoles”IEEE Trans. Appl. Supercon®fol. 10 (2000) 73-6, also ilCERN
LHC Project Report 351.

[6.3] P. Ferracin, W. Scandale, E. Todesco, P. Trop&anethod to evaluate the field-shape
multipoles induced by coil deformation999 Particle Accelerat@onference, New  York,
USA, 1999, also in CERN LHC Project Report 287

[6.4] B. Bellesia,V. Remonding W. Scandalg E. Todesco,C. Véllinger, “ Correlations between
Field Quality and Geometry of Components in the Collared Coils of the LHC Main Dipoles”
IEEE Trans. Appl. Supercontlol. 14 (2003 219-222, , also aSERN LHC Project Report
705.

[6.5] F. Bertinelli, F. Fudanoki, T. Komori, G. Peiro, L. Ros$tydduction of austenitic steel for
the LHC superconducting magngtdEEE Trans. Appl. Supercontol. 16 (2006 1773-6.

[6.6] “LHC technical specification for the supply of 1158 cold masses of the superconducting dipole
magnets for the LHC collider’Annex: C1, G4 LHC-MB-C1-0006

[6.7] Private communication with project engineers of CERN — AT department — Magnet and
Superconducting Group

[6.8] I Vanenkov, F. Bertinelli, E. BoteRebollo, S. Berthollon-Vitte, D. Glaud&j correlation

6.9]

study between geometry of collared coils and normal quadrupole multipole in the main LHC
dipoles”, IEEE Trans. Appl. Supercondol. 16 (2006) 219-222.
Private communication, F. Bertinelli— CERN/AT/CRI



98




Chapter 7: Random errors in the LHC dipoles 99

Chapter 7

Random errors in the LHC dipoles

In previous worK7.1]-[7.3] estimates of the geometriandom errors are usually
based on estimating field perturbations induced by a random ackspdat of the coil
blocks with a spread of ~5@8n. Here, we developed a Monte Carlo code aiming at
giving a more precise calculation of this value.

From the LHC dipole field quality measements, the random components of the
field harmonics show a sawsdth pattern, i.e. that fahe odd multipoles, the normal
components are always larger than the s&ees of the same order, and vice versa for
the even ones; this feature has suggesitad the random displacements are not
equally spread along all the possible gesraetand symmetries. Hence, differently
from [7.3] - [7.6] the Monte Carlo simulations haweeen worked out to separately
excite the four classes @itld harmonics. Thus providingpur parameters (one for
each class of multipole) that betteodel the random field components.

In section 1 we present the sets of data we deal withr.nis. of each LHC
dipole integrated multipole, and all the values measured along the axis of each dipole.
In section 2 numerical simulations arefpemed associating random displacement to
the coil blocks; in section 3, a parameter, the coil positioning - defined as the standard
deviation of the geometrical displacemeassociated to the blocks needed to
reconstruct the field random errors - of each class of multipoles are computed. Finally,
in section 4 the study is extended also the dipoles production of TeJ/afptHERA
[7.8], and RHIC[7.9] comparing them to the LHC one.

7.1 Available data and phenomenology

The magnetic field of the LHC maidipoles is measured along eighteen
consecutive positions with a rotating céd cover all the magnet length, and an
integral value of the multipoles is built lmpmputing an average over the positions,
weighted with the main field componeneéschapter 3). Having a set of magnets, one
defines the random component as the stahdaviation of the integral multipoles.

The random component can be taken over all the production of magnets with the same
design, or it can be split according to the different manufacturers to evaluate the
influence of the production tooling amuocedures on the field quality. Trable 7.1

the numbers of collared coils manufactured by the three magnet assemblers used in
this analysis are given.
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Table 7.1:Number of collared coil used in the study, split with respect to the dipole assembler.
All Firm1 Firm2 Firm3

836 263 169 404

The magnetic harmonics, along the magnagtle, feature random oscillations and
usually for each magnet the average along iis i@xrecorded. It can be proven from
chapter 3, that a current line at a radiuroved randomly from its nominal position
of 'r<<r, generates random multipoles tdatay following the power law:

n

gqref

L, L v Eq. 7.1
©r

where theRs is the reference radius, and usualketaequal to 2/3 of the inner radius
of the magnet aperture. The random poments present the same behavior; in
Appendix A the analytical formulation for a simple dipole configuration is given.

Then when a set of magnets is taken into account each multipole presents a
systematic component (the average ofaherages of the magnets) and a random part
(ther.m.s. of the magnet averages).Tlable 7.2and inFigure 7.1ther.m.s. of the
distribution of the averagealg the production are given. Then.s. are computed for
the whole production and splitting the production among the three firms. For the
theoretical curve only the slope has a megnactually the random component should
follow a decay which is proportional to theicabetween the adopted reference radius
and the inner radius of the aperture to the power of the multipole order - for LHC
magnets the rati®./ri=0.60 as shown in Eqg. 7.1. Theluas are within the control
limits given in Table 3.2.

Table 7.2:Measured standard deviations of #werages of the LE collared coils.

multipole All Firm1 Firm2 Firm3
b, 0.55 0.48 0.42 0.55
bs 1.06 1.06 0.96 1.06
by 0.100 0.118 0.094 0.086
bs 0.475 0.318 0.301 0.222
bs 0.035 0.031 0.035 0.029
by 0.143 0.077 0.122 0.068
bg 0.013 0.014 0.015 0.011
bo 0.052 0.024 0.020 0.019
a, 1.04 1.22 1.10 0.87
ag 0.52 0.26 0.29 0.33
ay 0.351 0.265 0.321 0.296
as 0.117 0.079 0.075 0.096
as 0.074 0.069 0.080 0.074
ay 0.043 0.041 0.044 0.039
ag 0.028 0.021 0.027 0.023
ag 0.023 0.025 0.025 0.017
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Figure 7.1: Measured standard deviations of the averages of the LHC collared coils (markers) and
theoretical slope

The random fluctuations of the feelharmonics measured along the magnet
length have also been computed. In orterremove the effect of the different
averages per each magnet the multipole ageeiof each magnet is subtracted to the
values of each position. Values are giveitable 7.3and inFigure 7.2

Table 7.3:Measured standard deviations of the positions of the LHC collared coil.

Multi pole All Firm1 Firm2 Firm3
b, 0.49 0.59 0.51 0.41
bs 0.78 0.78 0.61 0.85
by 0.134 0.155 0.130 0.121
bs 0.198 0.171 0.168 0.226
be 0.058 0.066 0.059 0.052
b, 0.056 0.055 0.050 0.059
bg 0.022 0.025 0.024 0.019
by 0.015 0.016 0.013 0.014
a 0.69 0.79 0.63 0.65
ag 0.32 0.34 0.35 0.29
a 0.28 0.30 0.29 0.26
as 0.14 0.14 0.14 0.14
ds 0.071 0.078 0.073 0.065
ay 0.049 0.049 0.052 0.048
ag 0.024 0.026 0.024 0.023
a 0.019 0.018 0.021 0.018
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Figure 7.2: Measured standard deviations positions of the LHC collared coils (markers) and theoretical
slope.

The main points of the analysis are the following:

X a saw-tooth pattern of the normandom components is evident: the
standard deviations of the odd normahs, (bs, by...) and of the even
normal ., bs, bs ..) decay with the same theoretical slope but
independently but different intercepts

x the decays of the skew multipoles has no saw-tooth and their slopes
follows the theoretical values, their intercepts being in between the odd
and the even normal

X the standard deviation &k, b; andby are around 50% less if computed
separately for each firm.

x The width of the saw tooth for thaverages is two times wider with
respect to the case of the positions.
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7.2 Generation of field random errors

The random parts of the field harmamnimeasured along the magnet production can
be analyzed through Monte Carlo methodse BEpproach is to interpret the field
random components as a random variatiothefblock positions; here the conductor
blocks are assumed as a rigid structure Wwisegn be shifted along the three degrees of
freedom in the magnet cross section plaadially, azimuthally and tilting around the
center-of-gravity (sekigure 7.3.

When not specified differently, the bks are shifted by two orthogonal vectors
(in the cross section plangjhose amplitudes belong o Gaussian distribution of
d/-3; and they are also tilted around the baricentre by an angle such as the block
corner movements are a Gaussian distrdoutivith the standard deviation equal to
d/ -3- In this way the total randodisplacement of each blockds

Figure 7.3: Block displacements used in the simulation.

For each run of the simulation the cagEnerates 1000 apertures with the blocks
shifted randomly, multipoles @arcomputed and their stamdadeviation is evaluated.
The associated maximum statistical errothaf evaluation of the standard deviation of
the distribution of the multipoles is 3% he simulations for a given amplitude
provide a set of random component’(d) and . (d) (the label s denoting
“simulation”).

A sensitivity study of the method is performed in order

X To evaluate the effedn the random componentstboe three movements:
radial, azimuthal and tilt.

X To calculate the influence of each coil block
X To estimate the difference when block of single cables are moved

In all cases the geometric random displacements belong to Gaussian distribution with
standard deviations of=0.1 mm.

7.2.1 Random field errors generdtéy coil block displacements

Here, the random parts of the magnéield harmonics induced by the three
movements of the blocks are considered separately. The radial, azimuthal and tilted
displacements are taken as a normal didiobs with standardleviations equal to

d=0.1 mm. For the block rotations, the angulstributions of tke displacements are
chosen such as the block baricentre (in the case of an azimuthal movement) and the
block corners (in the case of a tilt) belong to Gaussianlaisbns with the standard
deviations equal td.
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The results are shown Figure 7.4 The radial and azimuthal movements give
rise to same effect on the random harmonics; moretheyr have an orthogonal
behavior as it is also analytically euated in the Appendix A for simplified cross-
sections. The effects of the tilting are alar but not negligible, their value being
about 10% of the radial and azimuthal. Téhecay of the standard deviations as a
function of the multipole ordas equal in the three cases.

Figure 7.4: Random part of the magnetield harmonics induced by the three allowed displacements
of the coil blocks: radial, azimuthal and tilt. All thézen displacements belomng normal distributions
with standard deviations equalde0.1 mm.

7.2.2 Random field errors gersted by single block

We now consider that each block of the dpoross section is shifted separately. The
three allowed displacement distributions, radial, azimuthal and tilt, given to the blocks
belong to Gaussian distributions withe standard deviations equald=0.1/-3- mm,
giving a total random displacement of 0.1 mm.

As shown inFigure 7.5 the decay of the randoms when the outer layer blocks are
moved is faster that the omeduced by movements of thener layer blocks. This is
due to dependence of thé, on the term 1f)™ the largen the faster is the decay.
Eventually, it can be stated that blockstlué outer layer have a smaller influence on
high order harmonics. Moreover the differenoéshe absolute values of the random
harmonics due to the movements of the inlager blocks are due to the different
number of cables contained émch block. For instance th& and 4" blocks contain
the same number of cables and inducesidnme random field errors. Therefore the
only dependence for the field errors is thdial position and the number of cable that
each block contains whilst the azithal position is not relevant.
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Figure 7.5: Random field harmonics indad by random geometricalsgiacements along the three
degree of freedom of the 6 blocks of the LHC nudijpole aperture. The total random displacement of
each block igI=0.1 mm Blocks 1-2 outer layer, blocks 3-6 inner layer.

7.2.3 Random field errors geerated by block and clebdisplacements

A Monte Carlo simulation has been perfad by moving randomly the single cables.
The results are showed kgure 7.6and inTable 7.4where a comparison with the
random movement of blocks is carriedit. The logarithmic decays in the two
simulations are similar, but, since, thecdy of higher order multipoles is dependent
on the azimuthal thickness of the blodiks6], the decay is slower. The absolute
values of the standard deviations due to the block moéimaround ofdctor of two
larger than the ones evaluated for the cable displacements.

Figure 7.6: Random part of the magnetic field harmonics induced by blocks and cables random
movements gaussianly distributed with a standard devidtOrimm.
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Table 7.4: Random part of the magnetic field harmonics induced by blocks and cable random
movements gaussianly distributed with a standard deviation d=0.1mm.

blocks cables
b, 5.957 2.386
bs 4.251 1.793
b, 2.487 1.220
bs 1.593 0.822
bs 0.889 0.517
b, 0.552 0.313
bg 0.300 0.199
bg 0.206 0.120
a, 6.637 2.484
as 3.961 1.711

2.596 1.276
1.571 0.744
0.901 0.465
0.565 0.318
0.300 0.185
0.168 0.120
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7.2.4 Asymmetries of normal angkew random components

The same values for the standard démmaof the normal and skew multipoles of
the same order are foreseen from the analytical formulftiéh On the other hand,
when the calculation is performed on the blocks, this symmetry has not been found,
showing differences up to 10-15% for lower order harmonics,Tedde 7.4 For
instance, in the LHC dipole case one finds that the raraois1 10% larger thab,,
whereas the randohg is 8% larger thans(the difference are liable since are larger
than the maximum statistical error associdtethe simulation 3%). This asymmetry
is due to the block tilt: if in the Monte Carlo only azimuthal and radial displacements
are implemented a perfect symmetrytvieen normal and skew is recovered.
Moreover, in Appendix B it is shown th&iking into a dipole configuration with
radial blocks the results are observed, because the block layout breaks the azimuthal
homogeneity of the coil. The asymmetryggalitatively similar to what observed in
movements. Indeed the measured diffeeebetween normal and skew can be up to a
factor of two, whereas sirfations give 10-15% maxium.

7.3 Coll positioning definition and calculation

Estimates of the geometric random errors are usually based on estimating field
perturbations induced by a random displaceanaoérthe coil blocks with a spread of
~50 Hn r.m.s.. The developed Monte Carlo codens to give a more precise
calculation of this value.

First, we evaluate the amplitude neededreconstruct all the classes of the
multipole random components. Then we prapts associate different amplitudes to
generate the random components of each ofasaultipoles in order to better fit the
saw-tooth observed inghexperimental data diable 7.2andTable 7.3
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The coil blocks are all randomly movedarder to excite all the harmonic classes
at the same time. We evaluate the discrepandfd} - of the measured standard
deviations - K" and K" - with respect to the simulated ¥.,(d) and I, (d);
actually, since the discrepancy is evaluat&thtainto account the standard deviations
of each orden and since the decay is a power law of the order (Eq. 7.1) we compared
the logarithms of the stanahdeviation to not be dran only by the low orders:

N

(d) !log § log%,d> log § log L, d @ @ Eq. 7.2

n

whereN is the highest order of harmoniorsidered in the analysis (for LHEG=9).

Since in the range of interest (0.0059.5) \4.(d) and \4,(d) are proportional
to d, we can perform only one simulation fidrds=0.1 mm evaluating\4,’(ds) and
\4r(ds) and therefore&{d) can be re-formulated as:

2 2
N a d S d 0 a d s d o)
(d) | dog 1} IOQM» dog 1) |09M» Eq. 7.3
n2 = ds 3/4 = dS ]/4
minimizing Kd):
% 0 Eq. 7.4

the valued, — the “colil positioning — is calculated:

d, d10° f LV gt jog— 7 Eq. 7.5
o 3 e
° ) N 1n|2—|g]§nds g];nds 36{4 |

For LHC dipoles one findsod25 B (Figure 7.7and Table 7.9 which is, not far

from the average tolerance adopted far geometrical components of the collared
coil. This can be taken as the indicatafrthe good monitoring of the productions and
tuning of the machineries. Actually according to this analysis, the smatler. of the
measured multipoles corresponds to a betbsitioning of the blocks. We define the
uncertainties of the positioning as the maximum distance between the evaluated
multipoles and the measured ones ge7.5): 43% of the LHC dipoles.

L§T h B do r Ld -

Error s
N @' 5 iy :

Eq. 7.6

This large value is mainly due to the savth pattern of the measured random field
components.
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Table 7.5:Coil positioning and the associated error for the LHC main dipoles.
do [ FM] error [%)]
LHC — main dipoles 25 43

— measured
expected

Figure 7.7: Coil positioning calculation of the LHC main dipole magnets.

To obtain the observed difference between normal and skew components, we split the
random movements in the four dipolethmgonal families, associating different
amplitude to each family, as suggested7iri] and[7.2]. We therefore define foukK
functions, two for the normal harmonics:

N

1 d : |Og JtrJnZn 1 Iog J§2n 1 d >2 EC@7-7

n 2

N

, d : log L, log L, d > @ Eq. 7.8

n 2

And two for the skew harmonics:

N

s d : log 5, log L, d > EQ-@-g

n 2

N

, d : log I, log L, d> @ Eq. 7.10

n 2

Minimizing, as before, Eq. 7.3 - 7.6, four coil positionind;; tb, ds, d; — are
computed, one for each dipole field harmonic cldsle 7.§. Optimizing the data
with these four parameters the errotvien simulation and model drops to about
20%.
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We find that for the LHC dipole produoti, the order of magnitude of geometric
random components is compatible withaadom movement of the blocks of ~%h
r.m.s. for the odd normal multipoles, ~3h for the even skew, and 5 to Zhn for
the even normal and for the odd skew, $able 7.6 Moreover if the LHC the data
are split according to the dipole assemblee,random components of odd normal and
skew are nearly 1/3 less, corresponding to smaller amplitudes.

Table 7.6: Coil positioning and the associated errfor the LHC main dipoles. Reference
measurements are the random of the averages.

di [Rn] dp [R] ds [An] dy [AM]  error [%]

bon+1 b2n Azn+1 Azn
LHC 54 12 18 26 25
LHC - Firm1 38 10 12 22 19
LHC - Firm2 42 8 12 24 13
LHC — Firm3 32 10 14 22 17

The same study is performed on the measurements of the random components
along the magnet axis. The results are giverTable 7.7 The coil positioning
considering the total production are equahi® ones evaluated for each firm. This is a
consequence of the results given timee data analysis of sectionl, the three
distributions of the positions are more homogeneous is compared with the ones of the
averages.

With respect toTable 7.6the d; values (relative to the odd normal) are 50%
smaller, wheread, values (relative to the even nornare 50% larger. This is due to
the reduction of the width of the sawasth of the normal field harmonics. This
unexplained feature corresponds to the reduaifahe amplitude of the saw tooth as
described in section 1. On the other hand the coil positioning @htheand a, are
only slightly smaller than what found Trable 7.6

Table 7.7:Coll positioning and the associated error for the LHC main dipoles. Reference
measurements are the random of the positions.

dy [An] dp [R] ds [AM] d; [Rn]  error [%]

bon+1 by, Aon+1 azn
LHC 20 17 14 21 26
LHC - Firm1 19 17 13 21 20
LHC — Firm2 16 15 14 21 19
LHC — Firm3 21 13 13 20 21

7.4 Comparison to Tevatron, HERA, RHIC dipoles
productions

In this section the random componentgted measured field errors of the main
dipoles in operating accelerators, namé&gvatron, HERA and RHIC, are analyzed
(seeTable 7.8§. The aim is to compare thesepale productions tahe LHC. The
measured standard deviations of the integral field harmonics are Stadolen7.9and
in Figure 7.8- Figure 7.10where are also sketchdtle cross sections and the
theoretical decay of the random components evaluat@Rleds)".
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Table 7.8:Parameters of the analyzed dipoles

Number ra?j?jsrtrr:];] CO[Iranr\:;?th Layers Blocks  Ref[mm] Reedi

Tevatron 774 38.1 16.3 2 2 25.4 0.666
HERA 416 37.5 21.2 2 4 25 0.666
RHIC 296 40.0 10.06 1 4 25 0.625

The following remarks can be made:

x the random components follow the thoretical decay law for all machines
considered but saturate at 0.3 units for Tevatron and at 0.1 units for
HERA. This is probably given byhe precision of the measurement
system. Therefore, we used Tewatrdata up to order 6, HERA up to
order 7 and RHIC up to order 8.

x In RHIC and HERA cases one ob&es a saw-tooth pi@rn, where the
standard deviation of the odd normallasger than the odd skew of the
same order, and vice-versa for the even. This is a first difference with
respect to the LHC, which doebmsv a saw-tooth only for the normal
components.

Figure 7.8: Random components measured in the Tevatron dipoles. The red line is the ideal slope:
Rref/ri
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Figure 7.9: Random components measured in the HERA dipoles. The red line is the ideaRglipe:

Figure 7.10:Random components measured in the RHIC dipoles. The red line is the ideaRglpe:
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Table 7.9:Random components measured in the Tevatron, HERA and RHIC dipoles
Tevatron HERA RHIC

b, 0.92 0.73 0.37
bs 3.08 3.42 1.74
by 0.830 0.300 0.100
bs 1.230 1.037 0.440
be 0.370 0.133 0.030
b, 0.540 0.313 0.110
bg 0.290 0.102 0.010
bg 0.400 0.136 0.110
a 1.03 2.14 1.62
ag 1.23 0.56 0.20

1.460 1.210 0.490
0.510 0.202 0.070
0.400 0.279 0.170
0.400 0.095 0.030
0.310 0.217 0.050
0.600 0.066 0.010
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Following the algorithm adopted for ahLHC magnets production, the coil
positioning of Tevatron, HERA and RHICpdiles are evaluated first for the whole
field quality and then differentiating the four classes of harmonic$abte 7.10we
give do for the dipoles of the three acceleratotogether withthe average relative
error and inTable 7.11the values of dd, for the four harmonic families. Recalling
that smaller values of coil positioning caapends to an improvement in the precision
in positioning the blocks:

X There is a clear pa&ttn along the time scale. The eldest production
(Tevatron, 1985) has the higher values.

x The RHIC dipole (produmn completed in 2001), whose lay-out is a
single layer with a thin cable wid{iO mm), assembled by the same firm,
has reached the smallest coil positioning @®9.

x The LHC case, notwithstanding the maemplicated 2-layer structure,
with a 30 mm cable width, and three different assemblers, corresponds to
amplitudes which are only 50% larger than RHIC @%).

X The technological improvement alongthime is well underline by at the
values ofby, and agn+1 : the RHIC-LHC values (~10#) have about one
order of magnitude less witiespect the Tevatron ones (Fh). The low
values of the colil positioning of élse two classes of multipoles underline
a stable reliable production of theesfure poles since the two classes of
harmonics are related to a respect of a Left-Right symmetry.

Table 7.10: Coil positioning and the associated error for the four considered dipole production (in
brackets the year of production completion).

do [ FN] error [%]

Tevatron (1980) 65 35
HERA (1990) 41 40
RHIC (1997) 16 63

LHC (2006) 25 43
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Table 7.11: Coil positioning and the associated error for the four considered dipole production (in
brackets the year of production completion).

dy [An] dp [R] ds [AM] dy [Rn]  error [%]

bon+1 b2n Aon+1 azn
Tevatron (1985) 128 52 70 52 30
HERA (1990) 122 20 24 58 25
RHIC (2001) 52 6 8 32 30
LHC (2006) 54 12 18 26 25

7.5 Conclusion

Summarizing, the main rel¢si of the chapter are:

X The random parts of the field harmos of the LHC main dipole follow
the expected logarithmic decay, i.ef{ ) V (Redr)" wherer is the
aperture radius.

X A parameter, theoil positioning - dy -, is introduced to evaluating the
degree of precision for block positioning inside the magnets through the
magnetic measurements.

x For the LHC dipoles, the measuregdndom components agree with
simulation results based on d =25 I with an average error of 50%.

x For LHC dipoles, the random partsradrmal harmonics show a saw tooth
in a semi-logarithm plot. It has &e found that the measurement of the
random components of the dipole production of Tevatron, HERA and
RHIC feature a similar pattern.

X The coil positioning of the Tevatron dipoles has the higher value of the
coil positioning (65fN) whilst the more recent productions (LHC and
RHIC) have the lowest (52 - 5Bn).

X In order to better estimate the fieddrors the four classes of harmonics
are separately considered and faoil positioning are calculated. For
RHIC and LHC dipole production the dar of magnitude of geometric
random components is compatible watliandom movement of the blocks
of ~50 Bn r.m.s. for the odd normal multipolesB0 Hn for the even
skew, and 5 to 20 nPPfor the even normal and for the odd skew. Such
parameters allow estimating the random geometric errors with an average
error of &20%.
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Chapter 8

Collared coll inter-turn short-circuit:
localization with magnetic measurement

The active part of the LHC plole is the collared coil,a. the superconducting coils
clamped in the stainless steel collars. The assembly of the coils in the collars takes
place under the collaring press. @dch applied load of th@ess, cable insulation tests
are performed to check the electrical grtey of the coil. Since December 2003, a few
cases of electrical shorts during collaringve been detected. In some of them the
short disappeared after the disassemblhefcoil, making impossible its localization.
For this reason, following the experience givef8ii] and[8.2], the use of the warm
magnetic measurements performed on the collared coils has been pri@8seul
locate the shorts during the collaring @edure using its strong signature on the
magnetic field harmonics.

In this chapter, we present a methodoimalize the short circuits by means of the
magnetic field measurement at room temperatlihe localization goes through the
following steps, identifying:

x the aperture and pole

x the longitudinal position,

x the radial position in thizansverse cross-section,

x the cables.
Before the development of this method wilaeshort circuit was detéed with the coil
resistive measurement the cold mass assembler could only identify the affected pole.
Without a finer localization the indetermirman of the position was the total length of
the coil (two times 15 m), which made pnobable the repair. The method lowers the
indetermination to the lenlgtof the magnetic measurement mole (0.75 m), and it can
also distinguish between inner or outgrdg making possible éhprecise localization
and reparation of the damage. For theseorgasince the very first time that the
method was applied, the three cold mass aseesnadopted it as an essential tool to
rescue the faulty collared coil witonsiderable money and time savings.

In sections 2, 3 and 4 method is appliedi@tail to three caseto underline the
qualities but also the limits. An overviewf all the analyzed cases is reported in
section 5.
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8.1 The method

Magnetic measurements at room temperagire a deep insighan the distribution of
the current lines. For this reason, wheshart circuit occurét produces an anomaly
in the magnetic field whose signature dam used to detect the short location. A
standard warm magnetic measurement réopmed on both apentes of the collared
coil and the measurement okthperture without the short is used as a reference.
The localization of a shortrciuit in a collared coil goesribugh the following steps:

x Computation of the field anomaly

x ldentification of the aperture and the pole

X Localization of the longitudial and radial position

x ldentification of the cables inside the coll, the “short configuration”.

8.1.1 Field anomaly identification

The main issue for the method is the cangon of the magnetic measurement of the
faulty aperture with a good reference #mt subtracting the reference from the
measurement one obtains the field anomaly. This procedumapisrtant for the
allowed multipoles, which always hava systematic component, and for
measurements carried out under the caoltapress, which induces a strong magnetic
perturbation on normal multipoles.

Normally, the short circuits are detected when the collared coil is under the
collaring press and when the load is redehshe defect disappears. Therefore the
magnetic measurement has to be performbdn the collared coik still under the
press. Since the measured magnetic field gty influenced by the iron of the press
a reference aperture has to be measured under the pressririoosiiggle out the
defect. Normally the reference and theedtiVe aperture belong to the same magnet.
In order to face difficulties in measng the sane aperture a special magnetic
measurement of a collared coil was peried under the press having always a
reference measurement.

In practice if the short is detected under the collaring press both aperture will be
measured and the sane one is used as meferé the short appear under the collaring
press but, for any reason, the sane apertan not be measured the mentioned
reference aperture measuredhegt beginning is used; if trehort is deteetd out of the
press the collared coil go#lsrough a standard magnetiteasurement and, still, the
sane aperture is used as the reference. There was a caset{see3s@d a collared
coil in which the short circuit appearedeafa first successful magnetic measurement
(probably due to a bad handling): the magmas then re-measured with the short. In
that case the reference and the faulty aperture were the same.

The field anomaly is then compared to the control limits of the production which
have been set for each multipole at £3.5 stahdaviation of the distributions of the
collared coils that are considered as “norn{8l4]. The comparison to the control
limit allows to judge if a field anomaly isleant or not. We will show that electrical
shorts, in the inner layer, give veryaig effects on multipoles that are well beyond
the control limits of the production. This makes the method to detect short very
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reliable. On the other hand, if the shortslamated in the outer layer the signature on
the field quality is much lower (see section 4) giving some indetermination in the
localization.

To analyze the problem we can use timepdified aperture model with three cable
turns pole (sed-igure 8.). Let us consider a shortrcuit in a given longitudinal
position along the magnet axis, where the enirby-passes an entire turn, as shown
by the dashed line iRigure 8.h. A coil cross section taken between the short and the
connection side features a current distribution with a left-right asymmetryipae
8.1b, were the crossed cables are the onas db not carry current). On the other
hand, a coil cross-section taken betweendghort and the non connection side has a
left-right current symmetry (seEBigure 8.t). This gives a tool to longitudinally
locate the short throughagnetic measurements:

x If anomalies are seen in all the four families of multipoles, the short is
between this location and the non connection side;

x If anomalies are seen in odd normal and even skew multipoles only, the
short is between this lotan and the connection side.
Therefore, looking at the giarn of the evemormal and odd skew harmonics along
the aperture, we can locate the short in the magnetic measuring position where the
anomaly in these multipoles falls to zero. We also have two extreme cases, i.e., when
the short is located in one of the coil ends:

x If the even normal and odd skew field harmonics show no anomaly all
along the axis, the short will be located in the connection side end.

x If the even normal and odd skew field harmonics show anomalies all
along the axis, the short will be located in the non connection side end.
The indetermination in théngitudinal localeation is given bythe length of the
measuring position: 534 mm in the ends and inSMe straight part. A shorter mole
of 125 mm is available to better locate short in the longitudinal coordingd&5].

Figure 8.1:a.) Simplified model of a layer with threebta turns; the dashed line represent the turn
bypassed by the current. b.-c.) Cross sectionetttil respectively toward ¢hconnection side and the
non connection side with respect to the short; tlissas inside the cables indicate that no current is
flowing inside.
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8.1.2 Pole localization

An electrical short circuit occurs eithertime upper or in the lower pole, and therefore
it generates a strong up-down asymmetry. usetake again the simple dipole cross
section made of two poles tiree cable turns eachigure 8.3. With a short circuit
placed somewhere in the colil length of the upggEe the ideal current pattern is lost:
in two cables (one in the righnd the other in the left side of the pole) the current is

not flowing (crossed cables igure 8.2.
S
oS

2.8

Figure 8.2: Schematic dipole cross section made of petes of three cabldasirns each. The crossed
cables do not transport current.

In the showed example all the nsgnetries are broken but the Up-Down
asymmetry is stronger then the Left-Righhis is a general feature since we assume
that the short can appear only among teemtiguous cables; therefore the most
affected classes of multipoles are the odd norimabg, b;...) and the even skew4a
a, 3...), and mainlya; and h.

Using a magnetic field model we can evaluate the effect of a short on two
neighbour cables as 5-60 units af, which are well beyond the control limit of 3.2
units (3.5s) established foretproduction. The smallest cabution (5 units) is given
for shorts close to the mid plane.this case there is a strong effectl®n(45 units)
that can also be useddouble check the analysis epn The aperture that is featuring
a field anomaly ira; has the electrical short.

To define the pole where the short isdted one can computes the derivative in
the center of the aperture of the magngeld expansion with respect tg™direction:

G~3y 8 y X
S e ans olxy)
@ X,y 0 ©a2 233 REf a3 Rref a2 Eq. 8.1

xy O

the sign ofap, according to the aboveqeation, is the index which gives the
information of the localization of the short:

X a positivea, means that the short is in the upper pole
X a negativea, means that the short is in the lower pole

8.1.3 Radial localization: layer identification

We now proceed to the identification tfe position in the coil cross-section. A
simple method can be used to detect if thertsis in the inner or in the outer layer,
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following the approach given i8.6]. The used principle is that the field anomaly has
a slow decay with the multipole order if the short is close to the aperture (inner layer),
and a fast one if it is far (outer layer).

In Section 3.1.2 we have shown thae tmagnetic field featured by a single
current line, placed iree=xc+iy.,, can be expanded in arovergent series in the
following way:

f _§ . f _§ .
Bz B.10* c -2 . B.10F¥ b ia -2 . Fq.8.2 |

ref n ref n n
ni @ref 1 | nil &ef 1
and the coefficients are:

_ o1
n 2BR. 7 Eq. 8.3
whereB1 is the main field magnitude at the reference ratidsand .z x+iy is the

complex coordinate. If we group all terms not depending on the multipoleromer
constanti, we obtain:

c,. A==, Eq. 8.4

FromEg. 8.3 it can be seen that multipoles magnita@éeaynaturally, because

n

the bigger isn, the smaller becomes the teﬁi; , since Rsis 17 mm andz is
©% 2

greater than 28 mm (the imeadius of the aperture of the LHC dipole). A small

variation of the conductor positiore; leads to a variation ig, as following:

nil

~ nAch §Qref .

c g, > Eqg. 8.5
" Rref dzc 1
computing the logarithm, we find:
' iz
Inf0c,| Inn nin % > In A Eqg. 8.6
d)zc i Z,
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where ¥| is the conductor distandg. from the aperture center. Expressing the
complex coefficient with theireal and imaginary parts lf,, 'a,) we can also write
the relation:

f(n) {In\/( ®,)> (0 )Y Inn| nln% log A Eq. 8.7

and making a linear fit of the functidn):
f(n)[ P Qn Eq. 8.8
We can deducB:through the fitted slop® (where G-0):

R R exp@Q) Eq. 8.9

Therefore, ifRs is between 28 and 43 mm, the shsrin the inner layer, and if it
is between 43 to 59 mm is in the outer layer.Figure 8.3 as an example, the
calculation of the(h) for two cases of a defect occutr@ the inner layer and one in
the outer layer are plotted. The different slogissriminate the location of the defect.

Figure 8.3: Decay of the function f(n) for a defect occutiia the inner layer and one occurred in the
outer.

8.1.4 Cable localization

The convention used for numbering cal@éshe coil cross-section is shownkigure

8.4, where the upper pole of a LHC apertusesketched. For both left and right
guadrants, the lowest cable of the firsbdd is the cable number 1, then, moving
azimuthally, the last cable of the outer layer is the number 25; cable number 26 is the
lowest one of the inner layer and cable 40 is the upper one.
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Figure 8.4: Cable numbering for half aperture of a LHC dipole.

As we already discussed, when a short o@n entire turn of the coil is by-
passed. This means that there are two cablése coil cross-séion, one on the left
and one on the right part, that do not t@ors any current. From here on we assume
that the short is located in the upper polele aperture (all the considerations are
also valid for a short in the lower polekitag care to apply the right symmetries: the
effects onbyn+1 and an+; are the same whilst they change signligranday,). We
have to define all the possible short circtiitst can be detected in a pole. We assume
that:

X Shorts between inner and outer layer are not allowed: an inter layer shim
is interposed between the two layers.

X Short can appear only among twontiguous cables (it is physically
improbable that two cable that dwt share a surface can be short-
circuited).

Let m be the cable of the righuadrant of the pole whicdoes not transport any
current: we denote by () the “short configuration”, €. the couple otables in the
left and in the right part of the coil spectively where no current flows. Using the
simplified models of the inner and outer layerFofure 8.50ne can state that the
possible shorts are:

x For the inner layer, we havem{l,m between the short and the
connection side, anan(n) between the short atide non connection side

x For the outer layer we haven(m+1) for the cross-section between the
short and the conpgon side, andng+1,m+1) for the short between the
short and the non connection side.

According to our hypothesis, a few combionat are forbidden, such as, for instance,
9-10, as a wedge is placed between thar@d the 19.

The two cables that do not transport catrereate a different current distribution
with respect to design; this causediegld anomaly. Anomalies given by all the
possible short circuits have been evaldaising a magneto-statinodel of the cross
section[8.6]. It is worth to poinbout that the field anomabeare strongly dependent on
the angular positions J of the cables that arew#iched off”: the effects ob,,.+1 and
on azn+1 can be approximated with ¢@&n+1) Twhilst the ones oy, and onaz, with
sinf(2n) T.

The largest effects on field quality are observed for short circuits placed in the
inner layer, the mostfi@cted harmonics beinbs and a ([-40;40] and [0;90]units
respectively): this is why we use these two multipoles as proof of the presence of the
short. By comparing the measured anonwilh the expected effects of all possible
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shorts we identify the short location in the coil cross-section. Since we are using
several multipoles, the kdion is always unique.

Figure 8.5: Short in the inner and outer layer, longitudinal view (left) and cross-section view (right).

Short in the inner layer give anomali@s several multipoles: #énefore in general
only one configuration can match these aalbes and the obtained solution is unique.
On the other hand, outerykr shorts give rise téow impact on the high order
multipoles, and therefore one can has#ferent solutions matching the field
measurement. It can happen that the shocuitiis not “perfect’;this means that a
certain amount of the total current still flevinside the cable. Ithis case, after an
approximate localization, one can improtlee simulations by having a non-zero
current in the cables that are affected bydhert. We will give examples in the next
sections.
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8.2 Application 1: perfect short on collared coil 2101

8.2.1 Detection of the case and field anomaly

The first measurement of this collaredlcshowed no anomalies. Then, during an
insulation test, a drop of about 30:nof the resistance of the coil was measured in
aperture 2, corresponding teshort circuit of one turn. The magnetic field of aperture

2 was then measured again, and the measunreaf aperture 2 without the short was

used as a reference. The anomaly is uniform along the axis, thus suggesting that the
short is in the coil end. Imable 8.1we present the field harmonics averaged over the
measuring positions of the straight part vétid without the short circuit. We evaluate

the field anomaly as the difference between these values, and we express them in units
of the control limits set on the production (that are 3.5 times the measured standard
deviation).

Table 8.1: Field harmonics averaged over the straight part of aperture 2 of the two measurements of
collared coil 2101, difference, control limits on {@duction, and ratio betwedine difference and the
control limits.

. . Control .
Harmonic gc\alll‘z]ct vgg?ggtt ' Limits Srﬁﬂtsrm
3.5V

b2 0.15 -0.69 0.83 1.82 0.5
b3 5.87 -5.87 11.73 2.59 4.5
b4 0.47 0.02 0.45 0.46 1.0
b5 12.44 0.04 12.40 0.70 17.7
b6 -0.05 0.05 -0.10 0.21 -0.5
b7 2.22 0.79 1.42 0.22 6.3
b8 -0.04 -0.02 -0.02 0.08 -0.2
b9 -0.22 0.45 -0.66 0.05 -12.6
b10 0.00 -0.00 0.01 - -
b11 0.51 0.71 -0.19 0.02 -8.9
a2 89.02 0.17 88.85 2.45 36.3
a3 -0.57 -0.48 -0.08 1.12 -0.1
a4 15.18 0.43 14.75 0.98 15.1
ab -0.42 -0.17 -0.25 0.46 -0.5
a6 -3.15 -0.10 -3.05 0.25 -12.4
a7 -0.08 -0.04 -0.04 0.17 -0.2
as -1.70 0.07 -1.77 0.08 -21.1
a9 -0.00 -0.04 0.04 0.07 0.6
alo -0.00 0.00 -0.00 - -
all -0.02 -0.06 0.05 0.03 1.7

8.2.2 Short localization

Aperture and Poleas already said the fault is in the aperture 2 and is confirmed
by our method: average is about 35 times the control limits of the production. Since
theay is positive, the pole ith the short is thepperone.

Measuring position anthyer identification in the last column ofable 8.2the
field anomaly is divided by the control limits set on the production. It is clear that the
field anomaly is only on odd normal and ewskew multipoles: therefore, the short is
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in the connection side end.he linear fit of the functiof(n) defined inEq. 8.7gives a
slope of 0.79 (se€igure 8.¢. Using Eq. 8.9we evaluate the distance of the short
from the centre aB=37 mm, i.e. in thénner layer(whose distance from the centre is
28 t0 43.9 mm).

Figure 8.6: Functionf(n) as defined inEq. 8.7 versus multipole orden for the field anomaly of
collared coil 2101, and linear fit.

Cables identification: The short circuit configuration that minimizes the
difference between the measuremantl the model is the 34-34 (séable 8.2:
expected and measured values matgthin a fraction of unit. InFigure 8.7and
Figure 8.8 expected and measured effects on the even normal and odd skew
multipoles are plotted. The short is placed somewhere within the first magnetic
measuring position among the caBeand the cable 33, as showrkigure 8.9

Table 8.2: Field harmonics anomaly induced by a short: measured and expected.

Field . Measured Expected: 34-34  Meas.-Exp.
Harmonics
b3 11.74 11.89 -0.15
b5 12.40 12.12 0.29
b7 1.42 1.35 0.07
b9 -0.66 -0.69 0.03
b1l -0.19 -0.23 0.04
a2 88.85 88.69 0.15
a4 14.75 15.37 -0.62
a6 -3.05 -3.21 0.16
a8 -1.77 -1.72 -0.05

all -0.00 -0.06 0.06
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Figure 8.7: Expected and measured (e&01) field anomalies i, b; versus short position.

Figure 8.8: Expected and measured (e&101) field anomalies i, bs versus short position.

Figure 8.9: Location of the short circuit detected in the inner layer of cc 2101. The black line indicates
the path that the current does not follow.
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8.3 Application 2: partial short on collared coil 1154

8.3.1 Detection of the case and field anomaly

A short circuit has been detected in @pex 1 under the press during the collaring at

450 bars. A standard magnetic measurement has been performed on both apertures. In
this case the other aperture has been takea reference. In both measurements we
have very large values bf, due to the magnetic pertutlma induced by the iron of

the press, that disappears in the differenceTabe 8.3

Table 8.3 Field harmonics averaged over the straight gfaaperture 1 and af collared coil 1154,
difference, control limits on the production, antladetween the difference and the control limits.

Control ,
Harmonics I?A%feft ReAfSreznce ' Limits Ifﬂ?{g"'
' ' (3.5V

b2 32.21 31.38 0.83 1.82 0.5
b3 26.13 -9.11 35.24 2.59 13.6
b4 0.92 1.28 -0.36 0.46 -0.8
b5 -1.47 0.28 -1.75 0.70 -2.5
b6 -0.06 -0.09 0.03 0.21 0.1
b7 -1.10 0.98 -2.08 0.22 -9.3
b8 0.10 0.03 0.07 0.08 0.9
b9 1.13 0.46 0.66 0.05 12.6
b10 0.00 0.00 0.00 - -

b1l 0.70 0.68 0.02 0.02 0.9
a2 64.97 0.18 64.78 2.45 26.4
a3 0.35 0.16 0.18 1.12 0.2
a4 -13.00 -0.06 -12.94 0.98 -13.2
ab 0.17 -0.02 0.19 0.46 0.4
ab -1.65 0.03 -1.69 0.25 -6.9
a7 0.03 -0.08 0.11 0.17 0.7
a8 1.51 -0.01 1.52 0.08 18.1
a9 -0.09 -0.04 -0.05 0.07 -0.7
alo 0.00 0.00 0.00 - -

all -0.07 -0.07 0.00 0.03 0.0

8.3.2 Short localization

Aperture and Polebs and a more than ten times out of the production control
limits. Since'ay>0, the faulty pole is the upper one.

Measuring positionand layer identification: the even normal and odd skew
multipoles show no anomaly and are wittiie production control limits; therefore it
is on the connection side. The evalaatof the slope of the anomaly decéy) fgives
Q=0.63 and B=31.9 mm, i.e. the inner layer.

Cables identification38-38 is the short circuit configuration that minimizes the
difference between the measurement and the model. The match between expected and
measured values is worse than the previous casd &ébée 8.4: 20 units ofa, and 10
of bs are not accounted. We can have a betfiegeement by assuming that the short is
partial. The best agreement is obtained28% of current flowing in the conductor:
here we recover an agreement within a foacof unit. The short is placed in the first
magnetic measuring position among the cables 38 Figurg 8.10 Figure 8.12.
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Table 8.4: Field harmonics anomaly induced by a shoneasured (cc 1154) and expected for a
complete and partial short.

1=0% inside short I=28% inside short
Field _ Measured circuited cable circuited cable
Harmonics Expected Meas-Exp Expected Meas-Exp
38-38 ’ 38-38 '
b3 35.24 46.24 -11.01 34.68 0.56
b5 -1.75 -2.97 1.22 -2.23 0.47
b7 -2.08 -2.57 0.49 -1.93 -0.15
b9 0.66 0.85 -0.18 0.63 0.03
bil 0.02 0.01 0.01 0.01 0.01
a2 64.78 86.64 -21.86 64.98 -0.20
a4 -12.94 -17.32 4.38 -12.99 0.05
a6 -1.69 -2.01 0.32 -1.51 -0.18
a8 1.52 1.75 -0.23 1.31 0.21
al0 0.00 -0.26 0.27 -0.20 0.20

Figure 8.10:Expected and measured (edsl54) field anomalies i, bs versus short position.

Figure 8.11: Expected and measured (e&101) field anomalies @, b; versus short position.
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Figure 8.12: Location of the short circuit detected the inner layer of cc 1154. The black line
indicates the path that the current doesfollow.

8.4 Application 3: limit of the method, short on c.c. 2230

8.4.1 Detection of the case and field anomaly

The short was detected oneafure 1 under the collaring gss and it persisted after
removal from the press. The collared coil was measured on the normal test bench and
then the aperture 2 was taken as the ret&eWith respect to the other two cases
analyzed the value of thm, of the faulty aperture is one order of magnitude less.

Table 8.5:Field harmonics averaged over the straight part of aperture 1 and 2 of collared coil 2230,
difference, control limits on the production, antladetween the difference and the control limits.

. Defect Reference , Control Limits ' control
Harmonics — ap"1 Ap.2 3.5V limits
b2 1.276 0.072 1.348 1.82 0.74
b3 1.722 -3.381 5.103 2.59 1.97
b4 0.274 0.079 0.354 0.46 0.77
b5 1.032 -0.612 1.643 0.70 2.35
b6 -0.047 0.006 -0.041 0.21 -0.20
b7 0.945 0.919 0.026 0.22 0.12
b8 -0.013 -0.012 -0.025 0.08 -0.31
b9 0.405 0.426 -0.021 0.05 -0.42
b10 -0.003 0.003 0.000 - -
bil 0.734 0.736 -0.001 0.02 -0.05
a2 41.005 -1.258 42.263 2.45 17.25
a3 -0.610 -0.209 -0.401 1.12 -0.36
a4 2.676 -0.175 2.851 0.98 2.91
a5 -0.282 -0.108 -0.174 0.46 -0.38
a6 -0.361 -0.058 -0.303 0.25 -1.21
a7 -0.038 0.023 -0.061 0.17 -0.36
a8 -0.060 0.032 -0.093 0.08 -1.16
a9 -0.007 0.010 -0.017 0.07 -0.24
alo 0.001 0.002 -0.001 - -
all -0.050 0.005 -0.055 0.03 -1.83

8.4.2 Short localization

Aperture and Polea; more than ten times out die production control limits.
Since 'ax>0, the faulty pole is the upper one.
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Measuring positionthe measurements of the positions of the faulty aperture are
within 1 Valong the aperture axis. This gives thiormation that te short is located
in one of the ends.

Layeridentification: the evaluation of the slope of the anomaly déggygives
Q=1.21 and B&56.9 mm, i.e. the outer layer.

Figure 8.13: Layer localization of the short circuit occurred in collared coil 2230; funétigrversus
multipole ordem and linear fit.

Cables identification and measuring positiorthere are four possible
configurations that match the measuesnts: 15-16, 16-17 (on the non-connection
side end) and 16-16, 17-17 (orttonnection side end), s€able 8.6

In principle the four locations are ressble, after the inspection performed on
the given positions the short was localized non-connection side end between the
cables 15-16, sdegure 8.14

Table 8.6:Field harmonics anomaly induced by a shortasueed (cc 2230) and expected for the four
possible matches.

Field_ Measured Expected: Expected: Expected: Expected:
Harmonics 15-16 16-16 16-17 17-17
b2 1.348 1.400 0.000 1.431 0.000
b3 5.103 3.365 4.103 4.818 5.534
b4 0.354 0.231 0.000 0.194 0.000
b5 1.643 1.682 1.702 1.697 1.692
b6 -0.041 -0.027 0.000 -0.038 0.000
b7 0.026 0.108 0.086 0.062 0.038
b8 -0.025 -0.010 0.000 -0.009 0.000
b9 -0.021 -0.014 -0.017 -0.019 -0.021
a2 42.263 40.893 41.427 41.865 42.303
a3 -0.401 -0.177 0.000 -0.251 0.000
a4 2.851 3.394 3.139 2.855 2.570
a5 -0.174 -0.146 0.000 -0.147 0.000
a6 -0.303 -0.258 -0.313 -0.361 -0.408
a7 -0.061 -0.012 0.000 -0.006 0.000
a8 -0.093 -0.070 -0.069 -0.066 -0.062

a9 -0.017 0.003 0.000 0.003 0.000
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Figure 8.14: Location of the short circuitletected in the outer layer of cc 2230. The black line
indicates the path that the current doesfollow.

8.5 Overview of the detected cases of electric shorts

Using an electromagnetic code, the effecslobrts between adjacent cables on field
quality can be forecast, and the analysiexgerimental data gives a location of the
short. The method is very sensitive, alsowiia to detecting if th short is perfect or

only partial. For short locateth the inner laye of the coil the method has been
revealed to be very reliab&nce the field anomalies generated by the defect are very
large compared to the natural spread in field quality induced by tolerances and
assembly procedures. On the other hand, when the short is in the outer layer, the effect
on the field quality is not large enough to have a perfect localization and hence, the
location is given with &ertain indetermination.

Eighteen collared coils predary electrical shorts haveeen analyzed and the
affected coil have been rescued using pgrgzcedure. They belong to two cold mass
manufacturers (11 of Firm1l and 7 of Firm2Zhe main featuresf all the detected
shorts are given imable 8.7 all have been localized the magnet ends, and 11 out of
18 in the connection side, which is most critical one due to the asymmetry of the
assembly. In most of the cases the shairt ike inner layer. They are equally shared
among upper and lower poles, and aperturedl2aas expected. Different locations in
the cross-section have been found; we $ewkral cases of shan the cable 38-38,
corresponding to the samsanufacturing problem.

In the first two cases, due to the insufficient experience on the problem, it has not
been possible to verify the presence &f short where foreseen by the method. These
were difficult cases were the short apgehonly during thecollaring at a given
pressure and disappeared after the sdsmbly of the colled coil. Dedicated
procedures to have an experimental emime of the short have been developed, and
have been applied successfultyall the successive cases. In all cases the location of
the short matched the result of the methaesented here. For the four last collared
coil analyzed, the defect was found in theer layer, and, as mentioned above, a not
precise localization could be done. For each case a set of probable location were
worked out and only after the inspection of the collared coils the exact position could
be determined.
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Table 8.7:Main features of all the detected shorts
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Dipole

1103
1124
1127
1141
1154
1165
1178
1217
1326
1332
1526
2087
2101
2202
2278
2321
2330
2342

Aperture

=

PR NEPNNNNNRERPRPRPRPRPNE RN

Short — Circuit Localization

Pole

Upper
Upper
Lower
Upper
Upper
Lower
Lower
Upper
Lower
Upper
Upper
Upper
Upper
Lower
Upper
Lower
Upper
Lower

Meas.
Position
1

PR R R RR

20

=

20

=

20

20
20

Layer

Inner
Inner
Inner
Inner
Inner
Inner
Inner
Inner
Inner
Inner
Inner
Inner
Inner
Inner
Outer
Outer
Outer
Outer

Short
Configuration
38-38
38-38
38-38
38-38
38-38
38-38
38-38
38-37
40-40
30-30
40-39
34-34
34-34
38-38
19-20
3-3
15-16
24-25
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Chapter 9

Conclusion

In this work a detailed angdis of the influene of the mechanical components and the
assembly procedures of the LHC main dégooh the field shape at room and cryogenic
temperatures has been done.

The analysis of the productions of cables, copper wedges and austenitic steel
collars showed that the dimensions anside the tolerance limits with some
exceptions for the early productions of the wedges and for few dimensions of the
collars. Moreover, the productions of the suppliers of cables and of the two of
collars are very homogeneous. Some differences (~15%) have been found only in the
magnetization of the two supplierstbk inner layer cablef about 15%.

Coupling magneto-static models and the geometrical measurements of the
mechanical components the influence af ttimensions on the field quality of the
dipoles has been investigated; intgaular, the main results are:

Superconducting cables:

x The simulations show that the caldimension variations could account
for most of the specified random componentsagfand a and it is
negligible for the other multipoles.

x For high order allowed harmonidss@nd b) measured at 1.9 K there is a
difference between magnets that can be traced back to the difference in
magnetization between inneable manufacturers.

Copper wedges:

X A relevant systematic effect on tlg (1.5 units) of the first produced
wedges is visible in the collared coil magnetic measurements at room
temperature. This explains paft the upward #nd observed ifbys in the
first 25 collared coils.

X It has been shown that the advigegen at the beginng of the wedge
production brought to a more carefantrol on the manufacturing and as
a result the total influence of thepper wedge dimensions on the collared
coil magnetic field is not relevant

Austenitic steel collars:

x The collar shape is the driving meetism of field harmonics only for the
even normal and odd skew in particular terand & in Firm3, where
collars of the supplierSare used. Two indepenuteobservations support
this fact: firstly, we have strong kelations between apertures of the
same magnet as expected frone thssembly procedure. Secondly, the
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expected values based on the measgdudimension of the collars agree
with magnetic measurements both for the average and for the standard
deviation.

A more general study on the random compas®f the field harmonics has been
worked out in order to evaluate the uncetiain the coil position in the transverse
cross-section generated by mechanical tolea®nchis is one of the main sources of
random components of the field harmonitsjiting the possibility of obtaining a
perfect field quality. We reviewed the datatloé production of dipoles relative to four
accelerators to analyze the agreement oMbete-Carlo estimates with the measured
values. The above quoted Monte-Carlo methwadely used in the past, gives similar
estimates for normal and skew harmonicshef same order. However, already in the
Tevatron production it has been observed that random components of normal and
skew harmonics of the same order caffediof a factor 4 to 6. We proposed to
associate different amplitudes to genenatemal and skew harmonics, in order to
better fit the experimental data. The final result of the analysis is an improved
phenomenological model based on the acquired experience of the four large scale
dipole productions to describe and forecast the random errors in a superconducting
dipole. With these studies we found thagrth is an improvemerdf the degree of
precision in positioning the cable block: for the first dipole production, Tevatron, the
order of magnitude of geometric randommonents is compatible with a random
movement of the blocks of ~ 68n whilst for the more reeg productions (LHC and
RHIC) e the lowest values is recorded (52 -F4). In order to better estimate the
field errors the four ckses of harmonics are sepaha considered and four
displacements are calculated. For RHEDd LHC dipole productions random
movements of the blocks of ~58n r.m.s. are needed for the odd normal multipoles,
80 Bn for the even skew, and 5 to Zh for the even normal and for the odd skew.
Such parameters allow estimating the randmometric errors with an average error

of 20%.

In the last chapter a method based on magnetic measurements at room
temperature to locate electrical shorts in the coil of the main LHC dipole has been
presented. The approach is reliable sitiee field anomalies generated by the short
are, in general, very large compared te tfatural spread in field quality induced by
tolerances and assembly procedures. We l&own that using an electromagnetic
code, one can forecast the effect of shdretween adjacent cables on field quality,
and that the comparison to experimental d@tas a location of the short. The method
is very sensitive, also allong to detecting if the short gerfect or only partial. Along
the LHC main dipole production, 18 coilsegenting electrical shorts have been
analyzed and rescued using this procedure.
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