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Motivation

The main challenge of the Large Hadron Collider project (LHC) being developed at the
European Laboratory for Particle Physics (CERN) is not posed, as one might expect at the
first sight, by the gigantic detectors for the particle physics experiments or by an enormous
amount of civil engineering required to successfully install and maintain the entire accelerator
facility. The main and most difficult challenge is presented by the 15-m long twin aperture
superconducting dipole magnets operated at the temperature of superfluid helium, generating
the magnetic field of 8.33 T, and responsible for guiding two counter-circulating 7-TeV
proton beams on a stable orbit. More than 1200 of such magnets must be installed in the
27-km long accelerator ring in order to accomplish the task. At the same time 20 other types
of superconducting magnets will take care for the beam injection, focusing, and extraction, as
well as for the correction of the multipole field errors.

In view of the series production of such an impressive number of the modern
superconducting magnets a complete system of sophisticated diagnostic tools and procedures
must be developed to ensure the highest quality and the overall integrity of the
superconducting coils, of their electrical insulation, and of the surrounding magnet structure.
The necessity of the high performance insulation in the superconducting dipole magnet is not
exactly driven by the same reasons that enforce the use of the insulating materials in the
standard non-superconducting electromagnetic systems. For the stability reasons the
superconducting Nb-Ti filaments in the cable are immersed in the copper matrix. At the
temperature of 1.9 K any current traversing the cable, not exceeding the critical current value
for the superconductor at the given nominal magnetic field, is transmitted via the zero-

resistivity superconducting filaments. Thus one could hypothetically imagine a
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superconducting coil of the magnet operating with the copper matrix acting as an insulator
between the superconducting Nb-Ti. Unfortunately the problem is much more complex.

At the temperature of superfluid helium the heat capacity of metals is so small that the
slightest movement of the cable, corresponding to the fractions of a single millimeter, may
cause enough friction to locally increase the temperature of the cable above the critical
temperature of the superconductor. In this case the imposed current density surpasses the
value of the critical current density and the surplus is carried away by the copper matrix. It is
clear that the complete lack of insulation under such circumstances or even the presence of
some pointwise defects would lead to short-circuits, additional energy losses and, eventually,
further irreversible increase of the temperature.

Prevention of any cable displacement presents another challenge since during the
operation of the magnet at its nominal field, the electromagnetic Lorentz forces of some
14000 N act on each meter of the cable length trying to tear the entire magnet structure apart.
To eliminate those movements the coils are confined in a fixed volume with a pre-
compression sufficient to counteract the electromagnetic forces exerted on them. Moreover,
the outer layer of the cable insulation is covered with an adhesive, which tightly bonds the
adjacent cable windings. The adhesive polymerized during the heat treatment of the cable
gives to the coil its final rigid shape and form.

If the copper matrix and the helium coolant manage to efficiently carry the heat away
from the superconducting filaments the cable may recover its stability and superconducting
state, and eventually a potentially dangerous problem is auto-corrected. However if the
cooling is not sufficient enough, the normal zone starts propagating rapidly along the cable
and the magnet quenches inevitably, i.e. it undergoes a violent resistive transition from the
superconducting to the normal state. The energy stored in a twin aperture superconducting
dipole magnet corresponds to about 7.4 MJ. During the quench all of this energy would be
released into the magnet destroying it in a spectacular explosion. Therefore as soon as the
quench is detected the stored energy is dissipated in the copper part of the cable and
discharged safely into a special dump resistor. Hence comes another prerequisite for the
cable insulation. Since the magnet is powered up with the high current of 11.5 kA the
resistive voltage resulting from the propagation of the normal zone builds up very fast in the
coil. Even in the high performance quench detection systems this voltage can raise as high as
1kV before the quench is detected and the magnet protection procedure is triggered. The
cable movement is, of course, not the unique cause of the local hot spot creation in the

magnet. A stray particle beam hitting the magnet will invoke the same effect.
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All of those factors combined together impose very high prerequisites on the characteristics
of the applied insulating material. It must not only show excellent electrical and mechanical
properties in extremely low temperatures and withstand the build-up of the voltages of more
than 1kV without a dielectric breakdown, but also it has to endure the high radiation doses
with as little degradation as possible.

This extremely important dielectric barrier separating two adjacent cable turns of the
superconducting coil can be easily damaged during one of the magnet assembly stages
causing thus a possible inter-turn short-circuit. The localization of the fault in most cases
evolves into a complex, expensive and time-consuming process. The possibility of any
intervention on the assembled magnet is extremely restricted. After the assembly the only
existing access to the magnet coils is provided via the connection terminal for the power
supply. Although even in this phase the possible electrical defects are well detectable with the
standard pulse propagation methods, they often disappear after the magnet is disassembled
for repair due to the release of the prestress in the coils. Time-consuming methods involving
local controlled pressure increase over small sections of the coils, combined with the standard
high voltage discharge tests must be employed thereafter to reestablish and localize the short-
circuit. Although this doctoral thesis addresses many different aspects of the analysis of the
superconducting magnets and their instrumentation circuits, it is especially focused on the
novel method conceived for the precise localization of the electrical insulation failures in the
assembled magnet system by means of transient magnetic field analysis. The unprecedented
advantage of this approach in comparison to the standard detection procedures outlined above
leads to the identification and localization of the fault-affected area before the magnet is
disassembled. The method can be used at any assembly stage starting from the collared coils
and finishing on the fully assembled magnet enveloped by the iron yoke and clamped by the

bolted stainless steel cylinder.

Xiii



Overview of the Thesis

The first chapter of the thesis discusses the LHC project and its objectives. The key questions
of the modern particle physics are addressed along with the reasons for which the united
resources of the physicists and engineers from all over the world consider these questions to
be worth answering. The challenges posed by the accelerator facility, the experiments, the
particle detection, the beam dynamics and its phase stability, and of course by the dipole
magnets and their cryogenic system are outlined in this part.

The second chapter underlies the scientific background necessary for the development
of the ideas presented throughout the thesis. The notation conventions for the harmonic
analysis of the magnetic field are introduced along with the notions of the symmetry
preserved as far as the coil geometry and the current distribution in a modern accelerator
dipole magnet are concerned. This chapter addresses as well the characteristic properties of
the magnetic vector field decomposed into separate harmonic components, and discusses the
roles attributed to different parts of the magnet system in the generation of the magnetic field.
Both analytical and numerical calculations with the implications for the design of the magnet
are demonstrated for a flawless single aperture LHC dipole operating under normal — steady
current conditions.

In chapter three an idea for the novel method is born. It begins with the analysis of the
dipole symmetry breaking imposed by a redistribution of the current due to a short-circuit
between the consecutive turns of the coil. Initially the problem is studied in the static case.
The effect predicted for the static case is then developed throughout this chapter by gradual
elimination of the encountered problems towards the transient magnetic field analysis. The

peculiarity of the localization of the electrical insulation failures presented therein is based on
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the fact that the dipole magnets are operated most of the time with the steady current. The
magnet system is submitted to the variable magnetic field only during the acceleration phase
of the particle beam. During this phase the current is ramped in the magnet at the constant
rate and the fast transient phenomena do not occur. Thus a minor interest attributed by the
accelerator physics community to the transient phenomena in the dipole magnets is fully
justified.

The contents of this chapter show that the test activation of a dipole magnet with a
pulsed magnetic field at room temperature gives a lot of advantages as far as the diagnostics
and the quality assessment of the entire magnet system are concerned. The approach leads
inevitably to the analysis of the transient states of the magnetic field; the area of physics in
which the exact analytical solutions exist only for a couple of simplified model problems.
The sole fact that the components of the system are subject to time-varying magnetic fields
implies that the eddy current effects must be calculated for all of the non-magnetic metallic
materials. Also the magneto-dynamic problem of the current redistribution in the conductors
due to the transient skin effect must be taken into account. All of these aspects inevitably lead
to the creation and careful optimization of the transient electromagnetic Finite Element
Method (FEM) model capable of predicting and reflecting the real experimental results.
Finally, the application of the results leads to the design and production of necessary
instrumentation for the non-destructive localization of electrical insulation failures in the
accelerator magnet systems with a precision of a few millimeters. This conclusion fully
justifies the somewhat exotic treatment of the transient states of the magnetic field in the
magnets that are by definition not supposed to be subject to a pulsed magnetic field.

In chapter four advanced time domain reflectometry techniques (TDR) are used for
the analysis of the integrity of the signal propagating in the instrumentation circuits of the
magnets. The technique involves the excitation of the circuit under test with either a fast edge
step function, or a well-defined voltage impulse confined in time and frequency domains, and
thereafter detection of the amplitude and time of reflections along the line. Both variants of
the method are successfully applied to localize electrical faults in the voltage tap, pressure
transducer, and temperature sensing carbon gage circuits of the LHC string dipole and
quadrupole magnets.

The last chapter of the thesis addresses the method, which has never ever been used at
CERN. Partial Discharges (PDs) are pulsed shaped high frequency currents in the cable
insulation, which may occur between the conductive area of the cable and its insulation or

along the insulation surface. The statistical results of the method, i.e. the number, the
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magnitude, and the phase angle of PDs, may lead to the detection of the possible insulation
imperfections and defects, or of the ongoing degradation of the insulation even if the HV
tests, e.g. the measurements of leakage current, are successfully passed. Sometimes it is
required that the sensitivity of the measurements is as high as 1 pC as far as the amplitude of
the detected PDs is concerned. The detection system must be designed according to the
recommendations for the implementation of low level signal measurements in order to
successfully recover the PD signal from noise. In addition the measurement area must be
decoupled from any external electromagnetic fields. The research studies presented in this

chapter were carried out at the PD facilities of the Genoa University in Italy.
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Chapter 1

The Large Hadron Collider Project
at the European Laboratory for

Particle Physics

The motivation for building particle accelerators comes from the everlasting desire of
mankind to unveil the mysteries of the surrounding world, to gain better understanding of the
laws of nature and to comprehend the structure of the universe. Although with each answered
question the multitude of new unknowns appears on the horizon this extraordinary quest has
never ceased to advance on its way and a man has never given up the challenge of reaching
into the very heart of the matter.

To understand the physical processes taking place in our world nowadays one has to
understand the conditions which existed when it all began some 15 billion years ago at the
very origin of the universe in an explosion commonly referred to as the Big Bang. The
circumstances, which accompanied the very instance of creation of the entire universe, can be
reconstructed in a micro scale by analyzing the results of collisions between counter-
circulating beams of particles accelerated to extremely high energies. In fact the same laws of
physics govern both the large-scale universe and the micro-world of quantum mechanics.
Since we are but a speck of dust on the rim of the galaxy which contains myriads of stars
similar to our Sun we cannot do much more than a humble observation of the splendor of the
universe as far as the experimental exploration of the large scale macro-world is concerned.
On the other hand the areas of the micro-world are far beyond the capacity of the direct
human sensory experience. But the quantum universe is right there at our hand ready to be
submitted not only to the passive observation but also to our experiments providing that we
are clever enough to penetrate the kingdom of the subatomic scale. In this regard the particle
accelerators behave like gigantic microscopes bridging the existing gap and allowing to
behold the invisible, to experience what cannot be seen with a naked eye.
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Apart from the difference in scale the process of looking into the subatomic structure
via the particle accelerator is similar to the process of looking at our surroundings with our
own eyes. In case of the human eye the light emitted by the sun or other light sources acts as
a probe sensing observed objects. The photons reflected or refracted by a specific object must
return to the eye where the picture of the object is formed and transmitted to the brain. In
biological microscopy the focusing power of the eye becomes not sufficient for the direct
observation of the test samples and therefore the optical microscopes must be used. In silicon
lithography or medical microscopy, as the explored scales drop down, shorter wavelengths of
light must be used in order to obtain higher resolution. Shorter wavelength is equivalent to
the higher transverse momentum transfer at the moment of the contact between the probe and
the observed object. At the scale where the wavelengths associated with the photons are
bigger than the size of the observed objects the photons become not efficient as the probing
particles and in the Scanning Electron Microscope (SEM) they are replaced with electrons.
However even the most powerful SEM can only show a fuzzy picture of an atom. If we still
want to go further and successfully examine the subatomic structure of matter the probing
particles must be accelerated to extremely high energies. The higher the energy the greater
the sensitivity to small length scales. To explore the quantum world in the range of the length

scales of the order of Ar = 0.1 fm the transverse momentum transfer supplied by the probing

particles must be at least of the order of Ap ~ Ai =2 GeV/c. This prerequisite for high
r

energies became an inseparable attribute characterizing the area of physics which tries to
analyze the structure of matter on the subatomic level.

The Large Hadron Collider (LHC) is an example of a new generation of particle
accelerators designed for the High Energy Physics (HEP) experiments. The facility will be
installed in the existing 27-km long tunnel ring of the Large Electron Positron Collider (LEP)
at the European Laboratory for Particle Physics (CERN) in Geneva (Fig. 1.1). The project
was officially approved by the CERN Council in 1994. The new machine should be
operational in the year 2005. It will collide two counter-circulating 7 TeV proton beams
guided in the magnetic field of 8.33 T. Such a high intensity of the magnetic field, necessary
for deflecting the high-energetic proton beam in the circular ring of the accelerator, can only
be realized with superconducting magnets. More than 1200 of 15-m long dipole magnets [1]
cooled by superfluid helium at the temperature of 1.9 K must be installed in the accelerator
ring in order to achieve this goal. Apart from the dipoles, approximately 400 of 3.5 m-long
superconducting quadrupole magnets generating the gradient field of 220 T/m will be
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required for the magnetic focusing of the beam. Some 20 other types of insertion and
corrector magnets are still necessary for the injection and extraction of the beam, for the
trajectory corrections and for the elimination of the magnetic field errors generated by the
main magnets. In total more than 8000 superconducting magnets are required to ensure the
efficient control of the beam stability.

This chapter gives a general overview of the LHC project. It formulates the key
questions of physics that will be addressed by the LHC. It touches the two major pillars of the
entire project by discussing the issues of the Accelerator Physics and of the Applied
Superconductivity in service of Particle Physics. Finally it points out the greatest challenges

of the LHC project posed by the design and fabrication of 1232 modern twin-aperture

superconducting dipole magnets and it outlines the objectives of this thesis.

Figure 1.1 Location of the 27-km long accelerator ring at CERN
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1.1 The Key Questions of Physics Addressed by the LHC

All matter in the universe is composed of two categories of fundamental particles: quarks and
leptons. The representatives of both groups are classified as fermions, i.e. they all have the
spin ¥2 and obey the Fermi-Dirac statistics as far as the occupation of the quantized energy
levels is concerned. The theory of quarks and leptons and their interactions is called the
Standard Model. Although for traditional and historical reasons it has an attribute of model
imprinted in its name, actually it is a fully mathematical formulation of the consistent
quantum field theory. Despite the fact that some aspects of the theory are still conceptually
incomplete the Standard Model does not really bear any traits of the model in the usual sense
of the word.

A special class of the gauge theories describes the interactions between the particles
within the framework of the quantum field theory. The fundamental pillar of any gauge
theory is an existence of an invariance principle, which defines the gauge symmetry in the
system of particles and imposes the presence of the interactions between them. In the
quantum world the energy of any interaction is carried in form of the discrete packages called
quanta, which correspond to the messenger particles transmitting the forces between the
constituents of matter. Thus an interaction process among two elementary particles takes
place with an exchange of another particles between them. The messenger particles
responsible for the interactions between the quarks and leptons are called gauge bosons. They
all have integral spin and obey the Bose-Einstein statistics as far as the occupation of the
quantized energy levels is concerned. There are four fundamental forces conveyed between
the particles by the gauge bosons. These are:

e gravity,

e electromagnetism,

e weak force and

e strong force.
In 1864 Maxwell showed that the electricity and magnetism have the same origin and
therefore can be united into electromagnetism. One century later in 1965 Feynman,
Schwinger and Tomonaga shared the Nobel Prize in Physics for the development of the
quantum theory of electromagnetism called Quantum Electrodynamics (QED). QED was
already a predecessor of the Standard Model. Photon is a gauge boson responsible for

transmitting electromagnetic interactions.



Before the year 1970 the consistent theories of the weak and strong interactions have
not existed yet. Short-ranged weak force plays an essential role in the formation of the heavy
elements. It is also responsible for the generation of the energy in the sun. The interaction is
called weak because its strength is minor in comparison to the electromagnetic interactions. If
the relative magnitude of both forces is estimated using their effective potentials it can be
demonstrated that the electromagnetic force is approximately 10* times stronger than the
weak force. Also the typical time scales of the interactions are much longer for the weak
interactions as compared to the appropriately defined time scales of the electromagnetic
processes. In 1970 the theory that proposed unification of the electromagnetic and weak
forces under the common dome of electroweak interactions was shown to be mathematically
consistent. In 1973 the first experimental evidence for this unification saw the light of day.
Finally in 1979 Weinberg, Salam and Glashow were awarded a Nobel Prize in Physics for
their contribution to the development of the electroweak theory. Apart from the photon, the
messenger particles of the electroweak interactions are the W*, W', and Z° gauge bosons. A
decay of a free neutron into a proton, an electron and an electron anti-neutrino via a W~ boson
acting as the mediator is an excellent example of a weak interaction (Fig. 1.2)

The nucleus containing multiple
protons carrying the same positive
electric charge remains stable despite
the repulsive interaction between them,
therefore there must exist another
attractive force stronger than the
electromagnetic interaction that

prevents the nucleus from falling apart.

This presentiment for existence of the
Figure 1.2 Decay of a free neutron composed of quarks r
(ddu) into a proton composed of quarks (uud), short-ranged - strong . nuclear - force
an electron and an electron antineutrino via the  holding the constituents of the nucleus
W gauge boson mediating the weak interaction.
of an atom together accompanied
scientists since Rutherford found the first evidence for a proton in 1919. Nevertheless the
quantum theory of the strong interactions called Quantum Chromodynamics (QCD) was
formulated only in 1973. The gauge bosons of the strong force are eight gluons believed to be
massless. They convey strong interactions between the quarks. The strong force is somewhat
unusual in comparison to the other forces. It is weaker when the quarks are close together and

it becomes stronger as soon as we would like to enforce their separation from each other.
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There are six different kinds of quarks called quark flavors, which are grouped into
three families of doublets. For historical reasons the quarks are named: up, down, charm,
strange, top and bottom (see Table 1.1). There are also three doublets of leptons formed by
electron, muon and tau particles and their corresponding neutrinos. For example the electron
doublet is formed by the electron and its neutrino, etc. (see Table 1.2). Each of the particles in
both groups has also its corresponding anti-particle with opposite charge (and all other
quantum numbers). On the contrary to leptons, quarks carry the color charge defined by
QCD. Each of the quark flavors comes thus in three colors referred to as: red, green, and
blue. By analogy to electrically charged electrons and nuclei, which combine together to
create electrically neutral atoms, the color charged quarks combine together to create
colorless or color neutral hadrons. Proton composed of two up quarks and one down quark
(uud), and neutron composed of two down quarks and one up quark (ddu) are representatives
of baryons - the class of hadrons composed of three quarks (gqq). By analogy to residual
electric field present around neutral atoms, which forces them to form molecules, the residual
color force field outside the protons and neutrons generates the attractive nuclear force
responsible for forming the nuclei (Fig. 1.3).

The members of the second class of hadrons called mesons are composed of one

quark and one anti-quark (gg ), e.g. a pion 7" is composed of quarks anti-up and down (ud ).

Table 1.1 Quark doublets
Free Quark Mass Electric Charge
[GeV/c?] proton units]

Quark Flavor

Table 1.2 Lepton doublets
Lepton Mass Electric Charge
[MeV/c’] proton units]

Lepton Flavor




The entire universe known to us is built up only of the quarks up and down, electrons,
electron neutrinos and the gauge bosons. All of the remaining particles are present either in
the cosmic rays, or are generated artificially in the particle accelerators, but even then they
are very-short lived, they decay almost instantaneously and the role they play in the universe
is not known.

The combinations of quarks, which are not color neutral, must be bound within a
specific hadron. This implies that free quarks do not exist, however their existence within the

structure of the hadron can be probed for. If the probing particles have the wavelengths of the

Figure 1.3 Subatomic structure of matter

order of the size of the proton the entire mass of the proton will be sensed in the course of the
experiment. This mass corresponds to 938 MeV/c?. On the other hand if the probing particles
are accelerated to very high energies corresponding to the wavelengths much smaller than
proton size they may penetrate into the subhadronic structure of the proton and scatter from
its single constituents, i.e. form the quarks or gluons. By analyzing different scattering
patterns the number of quarks inside the proton can be established. In this case the separate
constituents of the proton are hit by the sensing particle in such a violent and powerful

manner that the quarks do not have the time to recoil and sense the full magnitude of the
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strong force acting between them. Therefore the probed mass corresponds to the state of the
quark as if it were a free particle. Looking at the Table 1.1 it is easy to verify that the sum of
the free quark masses does not add up to the total rest mass of the proton. It is due to the fact
that most of the hadronic mass comes from the energy confinement resulting from the bound
state of the quarks forming the proton. In this regard the constituent mass of the quarks up
and down locked up in the hadron corresponds to approx. 330 MeV/c?* for each of them. It
cannot be calculated very precisely because the nonperturbative bound state does not allow

the application of the perturbation theory.

1.1.1 The Problem of the Origin of Mass in the Universe

The masses of quarks and leptons are not very well understood. The Standard Model explains
neither their relative values nor the apparent lack of regularity among them. The masses of
neutrinos are not known at all. Most of the theorists agree that they are different from zero
nevertheless at the current stage only the upper limits for the expected values can be set.
From the astronomical observations and calculations of the rotation momentum of the
galaxies it turns out that the galaxies are much heavier than what could be deduced from their
visible matter constituents. Approximately nine tenth of the mass of the universe is invisible
due to this effect. Could the mystery of dark matter be explained by large amounts of massive
neutrinos? At this point we approach even more if not the most challenging problem of the
modern physics. Despite the impressive level of complexity and refinement that physics has
reached in the recent century, still it does not even explain the origin of the visible mass in
the universe. We simply do not know why the matter has developed mass and we do not
understand where this mass actually comes from.

The original prediction of the Standard Model clearly states that all of the gauge
bosons are massless. In 1983 the Nobel Prize winning experiments UA1 and UA?2 directed by
Carlo Rubbia, demonstrated at CERN the direct experimental evidence for the existence of
the heavy bosons of the weak interactions: Z° with the mass of 91 GeV/c® and W*, W~ with
the masses of 80 GeV/c? each. The problem of mass can be technically explained within the
framework of the Higgs mechanism proposed by the Scottish physicist Peter Higgs. The
mechanism assumes that the vacuum state of the universe is not at all empty. Even in the
ideal vacuum continuous processes of energy creation and annihilation take place constantly
giving birth and causing death of transient particles. These processes contribute to the

formation of a spin zero scalar Higgs field filling the entire space. The fermions and gauge

1-8



bosons can interact with this field. In this case the universal gauge symmetry present in the
system is not valid for its vacuum state. Due to the interaction with the Higgs field and the
spontaneous symmetry breaking of this ground state the initially massless gauge bosons of
the weak interactions absorb the energy from the Higgs field, develop mass and become
heavy. In a similar way the masses of fermions can be explained. The existence of another
heavy particle — the zero spin scalar Higgs boson is required for the Higgs mechanism to be
consistent and mathematically sound. The mass of this missing particle has been predicted
within the energy range of 1 TeV. Although the solution of the problem seems satisfactory it
is a little bit forced, i.e. it does not come out as the natural consequence of the Standard
Model, and in this regard the question of mass is still rather poorly understood. What is the
source of the Higgs field and how the Higgs boson functions remains still a mystery. The
search for the Higgs particle will be the main and most important quest of the LHC aiming to
shed some light on the mechanism of the mass development in the universe. Two major LHC
detectors called ATLAS and CMS will be thoroughly searching for the manifestations of the

Higgs boson in the expected energy range.

1.1.2 In Search for the Theory of Everything

The unprecedented success of the unification of electromagnetic and weak forces, which can
be easily classified as one of the most important achievements of humanity, generated a lot of
enthusiasm and instantaneously propelled the scientists towards the integration of the strong
and electroweak interactions into a common Grand Unified Theory (GUT). Unfortunately the
task had proven not to be trivial and since 1973 the QCD remains stubbornly separated from
the electroweak theory. Both concepts coexist side by side within the common framework of
the Standard Model yet there is no direct link between them. In order to successfully achieve
the grand unification some of the GUTs require the transitions between the fermions and
leptons to be possible at the time point close to the origin of the universe, when all of the
forces should have presumably emerged form the common unity. The idea of the interchange
between the leptons and quarks within the framework of Super Symmetry (SUSY) brings in
the existence of the yet unseen suppersymmetric particles capable of undergoing such
transitions at the early stage of the unfolding universe. The transformation of leptons into
fermions and vice versa implies also the decay of the most stable hadron of this universe —

the proton. The lifetime of the proton is estimated to be of the order of 10*? years. Although
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several experiments are running throughout the world aiming to find evidence of this
phenomenon, the decay of the proton into leptons has not been observed yet.

The decay of any particle is a random statistical process, therefore if large amounts of
particles are brought together the probability of observing a proton dying in the burst of
photons is slightly increased. The LHC with its unprecedented luminosity of 10* of proton
collisions per second and per squared centimeter will provide an excellent opportunity for
attempting such an observation.

Apart from the protons, the LHC has been designed also to collide counter-circulating
heavy ion beams, e.g. lead. This kind of collisions provide extremely high center-of-mass
energy available for the production of new particles, and aim to analyze the high energy
nucleus-nucleus interactions as well as to find the signatures of the quark-gluon plasma state
of matter characteristic for the very first instants of the newborn universe. In the quark-gluon
plasma state of matter the energy of the system is so high that the quarks and gluons exist as
free non-constituent entities due to the fact that the strong force does not emerge yet as the
separate interaction binding them together into hadrons. Thus the LHC heavy ion
experiments with their dedicated heavy ion detector called ALICE will provide an excellent
ground for the investigation of the proton decay, possible existence of the supersymmetric
particles and signatures of the quark-gluon plasma. Some other GUT formulations require
also the existence of the magnetic monopoles predicted by the Dirac’s equation. The search
for the magnetic monopole will also become an additional quests of the LHC.

The uttermost dream of any particle physicist on this planet would be of course to
incorporate also the gravity into the integral picture of nature and thus to unify the entire
theoretical physics in the grand Theory of Everything (TOE). Unfortunately the relativistic
theory of gravity seems to strongly dislike quantum mechanics. In this matter the theory gives
an impression to follow exactly the spirit and the attitude of her author, Albert Einstein, who
used to openly express his utmost aversion towards the quantum mechanical concepts of
physics. As a result the numerous attempts of theoretical fusion between quantum mechanics
and relativistic theory of gravity have ended up in enormous renormalization problems
breaking up the calculations with the divergent observables stubbornly tending to infinity
against all sense and reason.

In 1984 the conceptually beautiful although extremely complex Superstring Theory
successfully realized the marriage between the reluctant couple of quantum mechanics and
relativistic gravity. At the same time the concept of SUSY seemed to be automatically
incorporated into the theory. On the other hand the heretical anomalies causing an imminent
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break-down of the most sacred conservation laws of physics in previous unification attempts,
this time vanished in the natural way. All of this happened at the price of formulating the
theory within the framework of abstract 11-dimensional space consisting of 4 traditional
space-time dimensions and 7 additional ones rolled up and folded at the scale level of 10 m
and thus inaccessible from our traditional 4-dimensional world. All of this theoretical
approach is still at the early stage of its development and waits for a good experimental
evidence. The graviton — a presumable transmitter of the gravitational interaction has not
been observed yet.

The consequences of a fully consistent TOE could have an enormous impact on our
understanding of the universe. The theory could bring for example an answer if the set of
what we refer to in our world, as physical constants can be different in different parts of the
universe. Could it be that somewhere else in the vast stretches of the universe, under certain

conditions the speed of light is expressed by a value different from the one we know?

1.1.3 Missing Antimatter Mystery

According to the GUT equations there should be a balance between matter and antimatter in
the universe. Apparently it is not the case, because both the world around us as well as the
vast universe seem to be composed of matter rather than of antimatter. In 1960 Sakharov
showed theoretically that at the origin of the universe equal amounts of matter and antimatter
were produced, however the quark asymmetry defined a unique arrow of the time flow and
made the particles of antimatter more unstable than the particles of matter. Nowadays this
effect can be observed uniquely via a very sophisticated and subtle process of the
spontaneous symmetry breaking with respect to the charge conjugation and space inversion
(CP violation resulting in breaking of the charge-parity invariance) in the systems of mesons
called neutral kaons. Although right now the effect is very small it played an essential role in
shaping of the early universe and the fourth LHC detector called LHC-B will be built

especially for the investigation of the CP violation and the study of rare decays of mesons B.
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1.2 Parameters and Performance of the LHC

1.2.1 Principles of the Synchronous Acceleration

The particles accelerated to very high energies move in the accelerator ring almost with the
speed of light and the relativistic effects of their motion must be taken into account. The
equation of motion for a relativistic proton of rest mass mj and charge g in a magnetic field B
is

dp R

—=q(vXB

” q( ) 1.1)

where

p=——7— (1.2)

is the relativistic momentum of the particle moving with velocity v close to the velocity of

light denoted as c. The differentiation of momentum (1.2) with respect to time yields:

(1.3)

Thus in the general case the force acting on the particle can have the component parallel not
only to acceleration but also to the velocity vector. In the case of the proton deflected in the
magnetic field perpendicular to the velocity vector the force and the velocity of the particle
are orthogonal, i.e. the force acting on the particle is parallel to the centripetal acceleration
pointing towards the center of the accelerator ring. Due to this only the first term is present in

the formula (1.3) and the equation of motion (1.1) becomes:

dv . . =
Moy T MV XD = q(v XB) (1.4)

where  is the angular frequency of the circular motion and 7y is defined for notational

convenience as:

Y=T7—7—
2 1.5
1) &
C
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Taking the orthogonality relations between the vectors in Eq. (1.4) corresponding to the
situation of our high energy proton moving in the beam pipe of the accelerator ring the

equation of motion is simplified to:

mypy® = qvB (1.6)
Hence the resonance relation follows:
gB
= 1.7
myy 1.7

Formula (1.7) expressed in terms of frequency at which the proton circulates in the
accelerator ring is:

B
f=3= 7 (1.8)

2r 2
27rm0\/1—(1)
c

During the acceleration cycle the proton moving along the beam pipe of the accelerator

absorbs energy while passing through the radio frequency (RF) section of the accelerator
facility. The RF sections consist of cavities mounted around the beam pipe and resonating at
a frequency corresponding to a multiple of the beam circulation frequency expressed by
formula (1.8). The electrically charged beam of protons must traverse the RF section exactly
when the electric field in the cavities has the right direction and phase for the acceleration of
the particles. As during the acceleration process the velocity of the accelerated particles tends
to the velocity of light, the relation (1.8) can be satisfied only if either the alternating
frequency of the RF sections is decreased, or the intensity of the magnetic field is increased,
or both actions occur simultaneously. In machines called synchrocyclotrons the magnetic
field is held constant whereas only the frequency changes. The accelerators like LEP or LHC
in which the magnetic field is changed irrespective of what happens to the frequency are
called synchrotrons. In electron synchrotrons the frequency of the RF sections is kept
constant whereas in proton synchrotrons both frequency and the intensity of the magnetic
deflector field are changed during the acceleration of the particle beams.

The particles accelerated close to the speed of light traverse the entire 27-km long
circumference of the accelerator ring at CERN 11240 times per second. The beam has a
bunched structure, i.e. the particles are grouped in bunches.

The superconducting RF cavities of the LHC will generate the maximum voltage of
16 MV at the frequency of 400 MHz. This corresponds to the RF period of 2.5 ns. However it

was decided that the bunch of protons would arrive at the RF cavity only once within the
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10 consecutive RF periods giving thus the separation of 25 ns or 7.5 m between two
consecutive bunches. Each of both counter-circulating proton beams will contain 2835
bunches. The population of each bunch will amount to 10" particles grouped on the average
length of 75 mm (root mean squared value).

The angular frequency of circular motion expressed by (1.7) is related to the proton
velocity by the formula

0=
=2 (1.8)

where R is the radius of the orbit imposed by the accelerator ring. Taking (1.7) and (1.8) into

account it follows that:

R="WW _ My p
gB 5 \/1_ [3)2 gB (1.9)

cC

From (1.9) it turns out again that in order to keep the accelerated protons on the same orbit
the intensity of the magnetic field must increase as the protons gain higher energy. Eq. (1.9)

represented in mixed units of accelerator physics becomes

_.P
0.3B

(1.10)

where R is given in meters B in Tesla and p in GeV/c. The radius of the curvature R
substituted into formula (1.10) does not correspond to the curvature of the 26.8 km-long
accelerator tunnel because the bending dipole magnets do not cover completely the entire
length of the tunnel. It is a consequence of the arrangement of the lattice of magnets defined

by the layout of the accelerator.

1.2.2 Layout of the LHC Accelerator Facility

A layout of the LHC is based on the 8-fold symmetry presented schematically in Fig. 1.4.
The accelerator ring consists of 8 arc sections interlaced by 8 long straight sections. The arc
section in each octant contains twenty three 106.9-m long arc cells, which can be further
decomposed into two identical 53.45-m long half cells. Each half cell contains three 14.3-m
long bending dipole magnets (MB) and a short straight section comprising 3.1-m long lattice
quadrupole (MQ), combined dipole and sextupole correctors (MSCB), a beam position

monitor (BPM) and a place for another short corrector magnet whose type depends on the
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Figure 1.4 Schematic layout of the Large Hadron Collider
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position of the half-cell in the lattice of the accelerator (Fig. 1.5). Each long straight section
has the length of approx. 500 m available for the experiments and special utilities. Dipole
magnets guide the beam in the arc sections of the collider by deflecting the trajectory of the
accelerated particles towards the center of the arc curvature. Due to the intentional and
inevitable presence of the straight sections in the accelerator lattice the bending power of the
dipole magnets must be higher than what could be deduced from the formula (1.10) for the
curvature radius of 4265 m corresponding to the 26.8 km long circumference of the LHC
tunnel. The described layout of the accelerator allows to host 1232 bending dipole magnets.
Each of them represents the magnetic length of 14.3 m which results in the total length of
17617.6 m. Thus with each completed turn of the accelerator ring the proton beam is not
deflected by the dipole magnets on the length of almost 10 km. The total full magnetic length
of the dipole magnets corresponds to the effective curvature radius of 2.8 km and such is the
bending radius of the arc sections in each octant of the LHC. The dipole magnets in the arc
sections are not straight but must follow this radius of curvature. As a result the deviation of
the dipole magnet from the straight line in the middle of its length amounts to 9 mm.
Substituting the radius R = 2800 m into the formula (1.10) along with the maximal p = 7000
GeV/c momentum of the proton beam results in the magnetic field of 8.33 T. Such high
intensity of the magnetic field can be realized at acceptable costs of production only with
superconducting magnets cooled down to the temperature of superfluid helium. This presents
the most challenging problems as far as the designs of the magnets and the cryogenic system
are concerned.

The magnetic focusing of the beam is provided by a different (already mentioned)
type of magnets — the quadrupoles. The focusing effect is illustrated in Fig. 1.6 for the cross-
section of the main LHC quadrupole. The pattern of the magnetic field is represented there in
form of the vector matrix. In the center of the magnet aperture the strength of the magnetic
field is zero but it rises linearly with the increasing distance from the center. The quadrupole
vector field symmetry imposes that the field is purely vertical in the median plane of the
magnet (the plane defined by the horizontal symmetry axis) and purely horizontal in the
vertical symmetry plane of the magnet. The protons (moving in the direction into the surface
of the paper in Fig. (1.6)) which are defocused in the horizontal plane will be deflected
towards the center of the magnet aperture. For the protons initially defocused in the vertical
plane the effect is opposite. They will be deflected even more away from the center of the
magnet. Thus the second kind of quadrupole magnet is necessary for focusing the protons in
the vertical plane and defocusing the ones in the horizontal plane. This effect is obtained by
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rotating the magnet in Fig. (1.6) by 90 degrees. Each cell in the arc section of the LHC
contains one focusing and one defocusing quadrupole magnet. This configuration of
alternating polarity quadrupoles called a FODO pattern has a net focusing effect on the beam
in both horizontal and vertical planes. As a result of this alternating gradient magneto-optical
system the path of particles within the FODO lattice describes an oscillatory trajectory
contained within the envelope defined by the betatron function characterizing the peak
deviation of the beam from the center of the beam pipe. For the LHC this deviation amounts

to 10 mm.

Figure 1.6 Magnetic focusing effects imposed on the proton beam by the quadrupole magnet

The detectors of the corresponding physics experiments are located in the long
straight sections of the octants No. 1, 2, 5 and 8 (see Fig. 1.4). At these four locations the
protons cross from one beam pipe to the other in order to enable the collisions between the

counter-circulating beams. Two 450 GeV/c proton beams are injected into LHC via the
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injector systems in octants No. 2 and 8. The crossing of the particle beams does not take
place in the remaining four long straight sections apart from the ones occupied by the physics
experiments. The long straight sections in octants No. 3 and 7 are used for the collimation of
the beam. The RF sections independent for the two beams are located in the octant No. 4.
Octant No. 6 contains the beam extraction systems used to dump the beams from the

accelerator ring before the new injection.

1.2.3 Multi-Staged Acceleration of the Proton Beam

The injection of the proton beams into the LHC ring is preceded by a multi-staged
acceleration scheme. The entire CERN accelerator complex is shown in Fig. 1.7. The LHC
will take advantage of the existing particle sources and accelerators. In the first stage the
protons will be accelerated in the linear accelerator (LINAC) to the energy of 50 MeV. Next,
in the low energy Proton Synchrotron Booster (PSB) they will gain the energy of 1.4 GeV.
Subsequent Proton Synchrotron (PS) will act as the medium energy booster accelerating the
protons to the energy of 26 GeV. The correct structure of the beam will be already formed at
this stage by the 40 MHz RF system.

Any unstructured beam of particles is automatically divided into bunches by adiabatic
capture resulting from the phase stability principle. Some finite spread always exists in the

time of arrival of individual protons into the region of the RF section. A synchronous proton

b p Cantipridon
b p {protan)
¥ iom

Figure 1.7 CERN accelerator complex — current and future projects
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arrives at a certain time f, of the accelerating RF cycle and it experiences a corresponding
accelerating electric field Ey. Let us assume that at the moment of its arrival the voltage wave
in the RF cavity is falling. A proton that arrives at the RF cavity earlier will experience then a
larger electric field. As a result a larger force accelerating this proton will increase the radius
of its orbit during the next turn in the accelerator ring. For the particles moving close to the
velocity of light acceleration increases momentum but not velocity. Thus the longer path
length enforced by the increased radius of the orbit will cancel out the small effect of the
velocity increase and the next reentry of this proton into the RF cavity will be shifted to a
later time, i.e. towards the arrival time of the synchronous proton. By analogy the proton
which reaches the perimeter of the RF section later than the synchronous particle will
experience lower strength of the electric field, and due to the smaller acceleration the radius
of its orbit will be decreased. Thus its arrival at the next acceleration cycle will take place
earlier and again it will be shifted towards the arrival time of the synchronous particle. The
protons that arrive at the RF cavity at random times with respect to #, will experience varying
accelerations or decelerations. As a consequence of the self-correcting principle of the phase
stability the particles will be finally grouped into bunches with the arrival times centered on
the synchronous proton in each bunch and the bunch spacing imposed by the resonance
frequency of the RF cavity. Thus the 40 Mhz RF system of the PS accelerator will enforce the
envisaged 25 ns spacing between the consecutive bunches.

The trains of structured bunches will be transferred form PS booster to the SPS
accelerator acting as the medium energy booster for the LHC. The beam will be then
accelerated in the SPS ring and injected into the LHC at the energy of 450 GeV. The dipole
field generated by the magnet system of the LHC at injection will correspond to 0.54 T. The
acceleration of two counter-circulating proton beams from this energy to the energy of 7 TeV
will take about 22 min. At the end of acceleration the superconducting dipole magnets will be
operating at the nominal field of 8.33 T. At this point the counter-circulating beams will be

available for creating 14 TeV center-of-mass collisions.

1.2.4 Machine Performance Issues

The total energy of the proton is always shared between all of its constituents. Moreover, due
to the subtle quantum effects the energy of constituents decreases slowly with the increasing
collision energy and at the energy of 7 TeV it is virtually impossible or rather improbable that

the particular quarks or gluons building up the proton carry more than 10 % of its total
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energy. Due to this fact the protons need to be accelerated to the energy of 7 TeV in order for
the physics experiments to explore the energy range of 1 TeV as far as the interactions
between the quarks are concerned. On the contrary to protons the beams of electrons and
positrons accelerated to the energy of 1 TeV would produce the collisions with the center-of-
mass energy corresponding exactly to 2 TeV. Unfortunately any electrically charged particle
forced to move along the circular trajectory produces synchrotron radiation — with every turn
completed in the circular accelerator it looses energy by emission of photons according to the

formula [2]:
AE 1 ¢E*

= 1.11
2R 3g, (myc®)'R (11D

where R is the curvature of the trajectory and E is the energy of the beam and & is the
dielectric constant. In case of LEP with each turn the RF cavities must pump the energy of
220 MeV back to the beam of light electrons in order to keep them at the constant energy of
50 GeV. For the same beam at the doubled energy of 100 GeV the synchrotron radiation
losses are 16 times higher and amount already to 3.5 GeV per turn. For the 500 GeV electron
beam accelerated in a hypothetical 250-km long accelerator ring with radically increased
radius of curvature the losses would amount to 220 GeV per turn. One can easily draw the
conclusion that LEP is most probably the last circular electron-positron collider in the world.
Since the energy loss in formula (1.11) is inversely proportional to the rest mass of the
accelerated particle the synchrotron radiation is approx. 10" times smaller for the protons,
which are 1836 times heavier than electrons. Thus the gain in the synchrotron radiation
definitely wins over the drawback of the energy repartition among the constituents in favor of
the hadron colliders. Nevertheless, apart from the high energy of the beam the high rate of the
collisions defined by the luminosity of the collider remains a determinant factor of the
successful particle physics experiments. The luminosity L is defined as

= N’fn
4ro 0,

(1.12)

where N is the population of a single bunch of particles, 7 is the total number of bunches, fis
the frequency of particle revolutions in the accelerator ring, and the parameters Oy express
the horizontal and the vertical size of the beam at the point of collision. The number of events

of the particular kind taking place in time 7 is then
N, =0 LT (1.13)

where o is the cross-section for the particular type of event to occur.
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With the round beam of 16 pum size at the collision point the LHC must provide the
unprecedented luminosity of 10** cm™ s in order to successfully explore the 1 TeV region
for the manifestations of the Higgs boson. This value of luminosity exceeds the luminosity of
operating worldwide contemporary accelerators by more than one order of magnitude. From
the moment when the proton beams reach their nominal energy of 7 TeV this high luminosity
must be maintained for 10 hours during which the physics experiments will take place. This
again imposes high requirements on the quality of the magnetic field generated by the

superconducting magnets responsible for the beam stability.

1.3 Superconducting Dipole Magnets for the LHC

The acceleration of counter-circulating beams of particles and their corresponding
antiparticles gives a possibility of guiding both beams in the same vacuum tube; due to the
opposite charge carried by both types of particles moving in opposite directions a unique
direction of the magnetic field is sufficient to deflect both beams at the same time. This is the
case of the LEP collider, which accelerates the counter-circulating beams of electrons and
positrons. At the points were the particle bunches are not supposed to collide the
electromagnetic separators shift their trajectories with respect to each other preventing thus
the unwanted collisions outside the experimental areas.

Unfortunately this concept had to be abandoned for the LHC due to the difficulties
with production and storage of the extremely large number of antiprotons necessary to
achieve the required high luminosity value. As a consequence two separate magnetic
channels with opposite magnetic field directions are needed for acceleration of the counter-
circulating proton beams. In order to reduce the production costs of large amount of
superconducting magnets both beam lines have been integrated into a common yoke. In this
way both magnetic channels share the same reinforcement structure and the same cryogenic
system. This design solution proves to be more economical in comparison to the alternative
configuration comprising two separate magnet rings for the proton beams. A fully assembled
two-in-one twin aperture dipole magnet for the LHC is illustrated in Fig. 1.8.

The only way this magnet can generate the magnetic field of the order of 8 T exists
within the framework of the superconducting technology. In this regard the niobium-tin
(NbsSn) would be an excellent choice for the winding material of the superconducting coils.
In the magnetic field of 8 T at the temperature of liquid helium (4.2 K) this superconducting

compound allows to convey the current densities of about 2300 A/mm’* without transition to
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Figure 1.8 Fully assembled twin aperture dipole magnet for the LHC

the normal state. A superconducting dipole magnet built recently at the Lawrence Berkley
Laboratory in United States with the Nb;Sn wires generated the magnetic field of 13 T [3].
Unfortunately the material is brittle and very difficult to handle. As a consequence the coils
of the magnet must be wound with the normal (nonsuperconducting) cable containing
nonreacted niobium and tin. After winding the heat treatment of the coil at the temperature of
700°C triggers the chemical reaction and binds the niobium and tin into the NbsSn
superconducting type II compound. Both the material and the winding technology are too
expensive for the series production of 1232 technologically challenging superconducting
dipole magnets. Thus again the traditional Nb-Ti type II superconductor offers the only
practical solution. However, all of the superconducting magnets built with the Nb-Ti cable
operating at the temperature of liquid helium at the accelerator facilities around the world
generate magnetic fields below 5 T. The only way of generating the magnetic fields higher
than 8 T with this conductor requires to cool it below the lambda point of helium (2.17 K) to
the temperature of about 1.9 K [4]. The critical surface of the Nb-Ti with the marked working

point of the LHC is shown in Fig. 1.9. Above this surface the superconductor undergoes a
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J [KA/mm?] transition into the normal resistive state. The maximum
1 current density carried by the Nb-Ti conductor used for the

winding of the LHC dipole coils amounts to 1950 A/mm? at

R . the temperature of 1.9 K and in the magnetic field of 9 T.
‘ Below the lambda point liquid helium is in the superfluid
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Figure 1.9 Critical surface of the Nb-Ti material with the working

point of the LHC dipoles at the nominal magnetic  pormal metals it is given by the
field of 8.33 T and the temperature of 1.9 K

metals at low temperatures. For

formula:
¢, )=yT+ BT’ (1.14)

The term linear in temperature expresses the electron contribution to the specific heat. The
parameter y denotes the Sommerfeld constant. The second term varying as the third power of
the temperature describes within the Debye model the predominant phonon contribution to
the specific heat of normal metals at the cryogenic temperatures close to absolute zero. The
factor 8 denotes the proportionality constant. The specific heat of Nb-Ti in the normal state
would be described by Eq. (1.14) but in the superconducting state it is given by

B 3
cs(T,B)=yTB—+[[3+T—J;]T3 (1.15)

c2 c

where T, is the critical temperature of Nb-Ti at zero magnetic field and B, is the second
critical field at zero temperature [5]. As a net effect of Eq. (1.15) the specific heat capacity of
Nb-Ti at the temperature of 1.9 K is approximately 10 times lower than at the temperature of
4.2 K. This implies both higher and faster temperature increase for a given deposit of energy.
As a consequence, during the operation of the magnet the microscopic movement of the coil
cable corresponding to the fractions of a millimeter may cause enough friction to locally
overheat the superconductor above the critical temperature causing thus a local resistive

transition. To a certain extent the magnet is metastable, which means that due to the
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composite cable structure and the cooling scheme it can recover from small thermal
perturbations, and the locally created hot spot may regain the superconducting state. However
if the thermal perturbation is large enough the locally generated normal zone will start
propagating rapidly throughout the magnet enforcing a quench, i.e. a violent resistive
transition of the superconducting magnet to the normal state. The same effect may be caused
by a small fraction of protons going astray in the beam pipe and hitting the magnet.

During the operation at the nominal field the magnet is powered up with 11.5 kA
direct current. The energy stored in both magnetic channels corresponds to 7.4 MJ. In case of
the quench this energy must be dumped safely without causing any damage to the coils. A
sophisticated quench protection system comprising bypass diodes and dump resistors has
been designed to protect the magnets [6].

To minimize the probability of the possible quenches a mechanical reinforcement
structure of the magnet prevents any conductor movements. A detailed cross-section of the
LHC dipole magnet is shown in Fig. 1.10. The magnet coils are confined in a fixed volume

by the nonmagnetic collars with a pre-compression sufficient to counteract the
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Figure 1.10 Transversal cross-section of the LHC dipole magnet
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electromagnetic forces acting on the cable during the operation of the magnet. The distance
between the two apertures is 194 mm. The aperture of each coil responsible for the generation
of the dipole magnetic field in each of the vacuum beam pipe channels is 56 mm in diameter.
A ferromagnetic yoke is clamped around the collared coil assembly by an external stainless
steel shrinking cylinder. The yoke enhances the magnitude of the magnetic field induction
inside the apertures of both magnetic channels, reduces the intensity of the fringe fields
outside the magnet by providing convenient flux return paths, and prevents the collars from
expanding when submitted to the Lorentz forces exerted on the coils. The shrinking cylinder
is also an outer wall of the superfluid helium vessel. The inner wall of the helium tank is
defined by the outer perimeter of both cold bore vacuum tubes used to guide the proton
beams. The cold mass inside the shrinking cylinder is filled with liquid helium at a pressure
slightly exceeding 1 bar and cooled to the temperature of 1.9 K by means of the heat
exchanger pipe. The cryostat surrounding the cold mass contains thermal shields, cryogenic
pipelines, radiation insulation and the support system of the magnet. All of these elements are
enclosed within the vacuum vessel retaining the pressure inferior to 10 mbars. Two thermal
shields covered with superinsulation and operating at the temperatures of 5-10 K and 55-75 K
respectively, constitute two intermediate heat intercept stages minimizing any possible heat

leakage into the cold mass.

1.4 The Short Dipole Magnet Program

Since 1989 a test and evaluation program of short superconducting dipole magnets (MBSMS)
for the LHC is under way at CERN. It was intensified in 1995 when a production of a new
series of 1-m long dipole magnets was launched [7]. So far 23 single aperture and 5 double
aperture models have been made and tested in multiple assembly variants. Under superfluid
helium conditions some of these magnets have reached the magnetic field intensity exceeding
9 T during the initial excitation, and the magnetic field above 10 T after several training
quenches, approaching thus the 10.5 T short sample limit imposed by the applied Nb-Ti
cable. The invaluable experience resulting from the MBSMS program is applied in the design
optimization of the long dipole magnets for the LHC. Also most of the experiments carried
out throughout this thesis were executed on short dipole magnets in view of the

implementation of the results into the series production of the series production of the LHC

magnets.
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In order to understand the objectives of this work it will be necessary to get
acquainted with the test object. This chapter aims to introduce a single aperture short dipole
model by going step-by step through its assembly stages. Apart from different lengths the
assembly of the short dipole model is equivalent to the assembly of the full-scale long
magnets.

The superconducting coils for the LHC dipole magnets are assembled in different
phases. First the inner and outer layers of the coils are wound with 15-mm wide Rutherford
cable. In order to achieve an optimal
current distribution in the coil, the
characteristics of the cables are different for
each of the two layers. In the case of the
inner layer, there are 8900 superconducting
Nb-Ti filaments, each of 7 um diameter, in
a single strand of the cable (Fig. 1.11).
Within the strand the superconductor is
immersed in a copper matrix with a copper
to superconductor ratio of 1.6 : 1. Fig. 1.12

shows separate superconducting filaments

arranged in clusters forming the double

Figure 1.11 Inner layer strand

stacking configuration. The ensemble of

the clusters immersed in the copper matrix defines the internal structure of the strand
composite. Apart from the central part of the strand (Fig. 1.11) a layer of the pure matrix
material surrounds also the entire bundle of filament clusters. The thickness of this layer
varies from 50 — 80 pum. Twenty eight strands, each of 1.065 mm in diameter, constitute an
inner layer cable (Fig. 1.13). The transversal-cross section of this cable is shown in Fig. 1.14.

A single strand for the outer layer
cable consists of 6500 filaments,
each of 6 pum diameter (Fig. 3.5.) The
copper to superconductor ratio in the
strand is 1.9 : 1. An external layer
cable is composed of thirty six

strands, each of 0.825 mm in

diameter (Fig. 3.6.). The complex

Figure 1.12 Stacking of the filaments in a strand
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structure of the composite cable is a
consequence of the stability considerations.
The titanium grains of the size of 10 nm play
the role of the pinning centers in the Nb-Ti
superconductor. Despite their omnipresence
in the conductor material the superconducting
filaments must still be small enough to be
stable against the flux jumping. The copper
matrix acts as a stabilizer for the tiny
filaments. If due to the cable movement or
the impact of the stray proton the temperature
of the superconductor is locally increased the
current carried by the conductor will easily
exceed the maximum critical current density.
In this case the surplus is automatically
carried away by the copper matrix. With all

the excess current transferred to copper the

Fig. 1.13 A sample of the thermally disturbed superconductor will

inner layer cable continue to carry its critical current density
without undergoing a violent resistive transition to the normal state. In the
situation of the shared current flow divided between the superconductor
and the copper matrix the heat is generated in both components of the
cable. It is up to the coolant (liquid helium) to efficiently carry this excess
heat away if the superconductor is to recover from the thermal distortion
and regain its full stability. Even in
the extreme case, if the situation
cannot be auto-corrected and the

thermal distortion of the system

leads inevitably to a quench, the

copper matrix plays an essential

Figure 1.14
Cable cross-section

Once the normal zone propagates throughout the

role in the protection of the coils.

magnet the resistivity of copper is much lower than the

Figure 1.15 Outer layer strand
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resistivity of Nb-Ti in the normal state. Thus the quench current
flowing in the copper matrix will reduce the Joule heat generated
in the conductor, and the copper will help to spread the energy
uniformly throughout the entire magnet preventing the localized
overheating of the zone around the hot spot origin of the quench.
Actually, once the quench is detected the natural spread of the
normal zone is sped up by a system of quench heaters running
along the coils of the magnet.

The electrical insulation for both types of cable is
composed of three polyimide layers. The first two layers are
wrapped around the cable with 50% overlap. The last layer is
wound over them with 2 mm gap between the consecutive turns as
it is shown in Fig. 1.17. The width of the external insulation tape is
9 mm. The 2 mm spacing creates channels for the superfluid
helium. In this way, during the operation of the magnet, the
coolant can easily penetrate between the coil turns, and any
excessive heat load can be efficiently conducted away from the
magnet. The effective thickness of the entire insulation system is

about 125 um. The outermost insulation layer is covered with

adhesive. After winding the coils are heated in a curing mold.

Fig. 1.16 A sample of the
outer layer cable

and the final form is given to the

During this process adhesive binds the adjacent cable turns together

coil. A completed inner layer

coil contains 15 cable windings,
and an outer one 25. A single pole of the
magnet consists of one inner and one outer
layer connected together in series. Thus a single pole
Figure 1.17 Cable insulation contains 40 cable turns. One-meter long models of
both coils are shown schematically in Fig. 1.18. The uppermost part of the drawing is a side
projection view of an assembled pole with the external layer placed on top of the internal one.
Below, there are top projection views of the inner and outer layers separately. The layer jump

section, where the two layers are connected with each other, is visible in Fig. 1.19. A special
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Figure 1.18 Schematic drawings of one-meter long coils

corrugated spacer is inserted between both layers during the assembly to provide an
additional inter-layer helium circulation during the operation of the magnet.

Two poles connected together in a serial
sequence of layers outer-inner-inner-outer
constitute a single aperture of the magnet,
which is then collared. A cross-section of the
collared magnet assembly is shown in
Fig. 1.20. Horizontal symmetry axis indicates
the border between both poles. The

longitudinal wedge shaped copper spacers

visible on the cross-section between the

Figure 1.19 Layer j section

conductor blocks improve the current
distribution in the coil, and thus assure the
envisaged quality of the magnetic field.

The coil reinforcement structure in
the form of stainless steel or aluminum
collars is clamped around the coils during
the so-called collaring process. The entire
configuration is uniformly compressed
(Fig. 1.21) until the circular openings in the

top pack of the collars are aligned with the

openings in the bottom pack. When this

Figure 1.20 Cross-section of the collared assembly
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state is achieved, the locking rods are inserted
into the two holes located in the horizontal
median plane of the collars along the entire
length of the coils. When the external
pressure is released the coils spring back and
expand the collars. The residual prestress
remaining in the coils prevents the motion of
the cables and counteracts the stresses arising
during the operation of the magnet due to the
electromagnetic forces acting on the coils. In
order to obtain the desired residual prestress,
the elastic moduli and the size of the coils are

measured before the collaring [8]. The

. information acquired  during  these
Figure 1.21 Collaring of the coil

measurements allows to calculate the
thickness of shimming for the assembly of the magnet, and thus to adjust the value of the
stress remaining in the coils after the collaring. Fig. 1.22 shows the shims placed between the

layers of the coils and the upper part of the collars.

The outer layer of the coils
is separated from the collars by 0.5
mm of ground insulation and by a

0.7-mm thick austenitic steel

protection sheet called collaring
shoe. The aim of the collaring
shoe, visible also in Fig. 1.22, is to

protect the ground insulation of the

coil, and to decrease the friction

forces acting on the coils during gigure 1.22 Shimming of the coil
the collaring process, and thus to prevent the coil from being damaged.

The collared assembly after yoking constitutes a single aperture magnet. The
schematic drawings of the transversal cross-section and the side view of an assembled
MBSMS single aperture magnet are shown in Figs 1.23 and 1.24. A photograph of the

magnet without the cryostat is shown in Fig. 1.25.
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Figure 1.24 Side view of the magnet
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Figure 1.25 Single aperture short dipole magnet

1.5 Objectives of the Electro-Topological Analysis and Diagnostics
of the Superconducting Magnet Systems for the LHC

Two consecutive cable turns of the coil winding in the superconducting dipole magnet for the
LHC are separated by about 250 pm of insulation. This dielectric barrier can be easily
damaged during one of the assembly phases described in the previous paragraph leading thus
to a possible inter-turn short-circuit.

As it was discussed in previous sections, thermal perturbations caused in the
superconducting magnet system by microscopic cable movements or impact of the stray
particles impose shared current flow characterized by the initial transport current divided
between the superconductor and its stabilizing copper matrix. Any perforations present in the
insulation system of the magnet under the conditions of the shared current flow regime would
lead to short-circuits, additional energy losses and excessive heat generation. As a
consequence the magnet would not be able to recover its stability even from minor thermal
distortions and would be automatically forced to undergo a resistive transition to the normal

state.
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At the nominal field of 8.33 T the magnet is powered up with a direct current of
11.5 kA. The propagation of the normal zone during the quench of the magnet is
accompanied by a very fast increase of the resistive voltage due to the fact that any resistance
appearing in the coil windings is multiplied by the high current intensity of 11.5 kA. This
voltage measured with respect to the ground can rise as high as 1.3 kV before the quench
protection system is triggered and the energy stored in the magnet is safely redirected into the
dump resistor. The resistance of the quenching coils causes also the decline of the current in
the magnet after the power supply is switched off. This weakening current produces inductive
voltage drops between the coil turns. The insulation system of the magnet must absolutely
withstand the resistive and inductive voltages building up in such situation. Due to the high
energy stored in the magnet any perforation of the insulator layer encountered during the
resistive transition of the magnet to the normal state would lead to the local burnout of the
cable and irreversible destruction of the coil.

Thus it is extremely important to assure the overall integrity of the insulation system
in the magnet. If any anomalies are encountered they must be unconditionally diagnosed,
localized and repaired. The work presented in this thesis was carried out in the framework of
the CERN Doctoral Student Program as the research and development project associated with
the MBSMS Short Dipole Model Program. The work was concentrated on the efficient
detection and localization of the defects in the insulation system of the superconducting
magnets in view of the series magnet production for the LHC. Since the beginning of 1997

several different areas and aspects of the problem have been addressed in the course of three

consecutive years.

e The possible inter-turn short circuits encountered in the coils are well detectable when the
magnet is collared. The presence of the insulation failure can be diagnosed by means of
high voltage discharge test performed on the magnet. At the first stage of the project a
complete experimental set-up integrated with the data acquisition and analysis system for
this kind of test has been developed, tested and implemented as the preliminary diagnostic
tool for the series production of the LHC magnets. The complete system has been
assembled in five units and delivered to the external companies charged with the
performance of the impulse tests on the coils for the LHC magnets. So far three

companies are equipped with the system: Noell in Germany, Ansaldo in Italy, and
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Jeumont in France. The test procedures and the experimental set-up are described in
paragraph 4 and appendix A of chapter 3.

The high voltage discharge test allows to diagnose the presence of the insulation
defect but the localization of the fault-affected area remains beyond the capabilities of
this approach. When a defective magnet is disassembled for repair the collars are
removed and the internal prestress in the coils is inevitably released. As a consequence
the diagnosed inter-turn short-circuit disappears. Time consuming methods involving
local controlled pressure increase over small sections of the coil must be employed
thereafter to reestablish the position of the defect. In the case of 15-m long coils this
procedure may take 1-2 weeks before successful localization of the problem is achieved.
Chapter 3 introduces a novel method of the precise short-circuit localization in the
assembled magnet system by analysis of the distortion of a pulsed magnetic field
generated in the aperture of the magnet during a high voltage discharge test. The method
has been recently presented on the 16™ International Conference on Magnet Technology
in USA where it has been met with great interest. The résumé of the concepts presented in
chapter 3 of this thesis has been accepted for the publication in IEEE Transactions on
Applied Superconductivity early in the year 2000. At the moment this thesis is being
submitted for official examination, the adaptation of the approach for the long LHC
dipole magnets is in course. The understanding of the novel method requires a thorough
knowledge of mutual implications between the magnet design, topology of the coil
winding, geometry of the conductor distribution in the transversal cross-section of the
coil, symmetry conservation and symmetry breaking as far as the current distribution in
the coil conductors is concerned, and the quality of the magnetic field in the magnet. All

of these aspects are discussed in details in chapter 2.

The second part of the project addressed the auxiliary instrumentation circuits of the LHC
magnet systems. Chapter 4 describes a successful adaptation of the advanced Time
Domain Reflectometry (TDR) techniques for the analysis of the signal integrity in these
circuits of the magnet, which are responsible for monitoring and transmitting the vital
status information concerning the magnet system and its cryogenic environment. The tests
presented in this chapter were carried out on the voltage tap, temperature and pressure
transducer circuits of the string of full-scale LHC magnets simulating the behavior of the
standard half-cell of the LHC arc section.
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The third and last part of the project concerned partial discharges, and aimed at the
detection of the hidden defects in the ground insulation of the magnets. The phenomenon
of partial discharges is not yet fully understood at the current stage of its theoretical
description. The measurement technique is rather difficult to implement, it has never been
used at CERN, and never in the world in the context of superconducting accelerator
magnets. Due to these factors the contents of the partial discharge studies was not at first
intended to be incorporated as an integral part of this thesis. The situation has been
changed after a very promising measurement session carried out in the laboratories of
Components, Materials and Electrical Technologies at the University of Genoa in Italy.
Very interesting results obtained from the examination of the partial discharge patterns
unveiled a powerful potential of this method for the analysis of the ground insulation
integrity in the LHC dipole magnets. The possibility of successful detection of hidden
human error type of manufacturing defects has been welcomed at CERN with great
enthusiasm. As a result a thorough investigation of the method has been scheduled for the
year 2000. Chapter 5, the smallest one of the entire thesis, discusses the results of the

experiments carried out in Italy at the beginning of October 1999.
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Chapter 2

Electromagnetic Principles of the Design
of Superconducting Accelerator Magnets

for the Large Hadron Collider

The pattern of the magnetic field in modern superconducting accelerator magnets is mainly
determined by the geometry of the coils and the distribution of the current in the conductors.
In chapter 3 the analysis of the distortion of a pulsed magnetic field generated in the magnet
during a high voltage discharge will be applied for the precise localization of inter-turn short
circuits in the superconducting coils. Before we come to the analysis of transient magnetic
fields it is essential to introduce the principles of the design of the accelerator magnets and to
explain the physics behind the magnetic field calculations under normal operation conditions,
i.e. when the magnet is powered up with a direct current. The main emphasis of this chapter
is put on dipole magnets; nevertheless, the general principles of the magnetic field analysis
and magnet design introduced here can be easily applied for different types of magnets, e.g.
quadrupoles, sextupoles, etc. Only the topics essential for the ideas developed later on in
chapter 3 are discussed in details. Of course this constitutes but a small subset of many
complex factors that have to be taken into account during the design and manufacturing
process of the magnet. Other important topics e.g. the cryogenics and the stability of the
superconducting magnet systems, quench protection, deformations of mechanical structure
due to the electromagnetic forces, mechanical accuracy for the manufacturing of the magnets,
etc., can be found in many excellent books given in references [1], [2], [3].

A schematic view of a superconducting dipole coil is shown in Fig. 2.1. In the straight
section of the coil all conductors are parallel to the beam axis OZ. In reality an accelerator
dipole magnet cannot be straight. It has to follow the curvature of the orbit of the particles
circulating in the accelerator. Nevertheless the deviation of the magnet from an ideal straight

line in a 27-km long tunnel of the LHC accelerator ring is very small. As the diameter of the
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aperture is much smaller (56 mm) than the total length of the

magnet (15 m), the conductors in the B

straight section of the coil can be
considered as infinitely
long. If the above-

mentioned assumptions
are taken into account and

the beam line is aligned with the OZ
axis, a two-dimensional multipole expansion is

sufficient to calculate the magnetic field in the straight section of

X the magnet with a good precision. This approach leads to the closed form,
Y analytical formulas for the

Figure 2.1 Schematic representation of a superconducting dipole coil evaluation of the magnetic

field components. A schematic pattern of the magnetic field in the coupled LHC dipole coils
designed to guide two counter-circulating particle beams at the same time is shown in
Fig. 2.2. Not the entire coil can be analyzed using 2-D expansion of the magnetic field. The

magnetic field pattern in the head region — the end area of the coil where the superconducting

Figure 2.2. Magnetic field flux lines in the coupled LHC dipole coils
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cables run across the beam pipe, requires a separate 3-D treatment based on the Finite
Element Method (FEM) [4]. The complex topology of the head of the coil imposes a
complicated current distribution and as a consequence no analytical solution exists for the
problem. The influence of the ends on the overall magnetic field quality in the 15-m long
magnet is minor. Nevertheless the perturbations introduced by the head may require further
corrections or compensations as far as the trajectory of the accelerated proton beam is
concerned. An example of the end region of the single dipole coil with the calculated 3-D
vector field matrix is shown in Fig. 2.3. The modeling and the calculation was done with the
Routine for the Optimization of Magnet X-Sections, Inverse Problem Solving and End
Region Design program package (ROXIE) developed at CERN and used for the integrated

design of the superconducting accelerator magnets [5].

Figure 2.3 Magnetic vector field in the end region of a dipole coil
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2.1 Magnetostatic Problems in 2-D

Magnetostatic problems are described by the following, reduced system of Maxwell

equations:
VxH =}, 2.1)
VB =0 (2.2)
B=u,(H+M) (2.3)

where H is the magnetic field intensity, j; is the density of the imposed source currents, B the
magnetic field induction (magnetic flux density) and M the magnetization. Magnetic

induction B can be expressed in terms of the vector potential A in the following manner:

e, €, ¢
. - o o0 9 0A, OA 0A, 0A 0A, A

B=VXA =|— — —=¢ z __ ) e x Tz e | —¥ " x 2.4
% ox dy oz e"(ay 0z ]+ey( 0z Ox )+ez[ ox dy ] @4)

A A A

where
dA, OJA JA, 0A 0A, 0A

B =—-—2 B =—~—-—=% =2 _-—= 2.5
oy oz ¥ dz  ox © ox 9y (23)

In two-dimensional magnetic field the axial component does not exist, i.e. B, = 0, therefore
only A, component of the vector potential is necessary and entirely sufficient to describe the

field. Thus in Cartesian coordinates,

0A 0A
B =—* B =——2= B =0 2.6
ay y ax F4 ( )
and in cylindrical coordinates
B, =l oA, B, =— oA, B, =0 2.7
r 06 ar

In general a curl of the vector potential in Eq. (2.4) is not unique. A curl of a gradient of any

scalar potential is always zero, and thus a curl of a vector potential defined as A=A+ Vy ,

where ¥ denotes an arbitrary scalar field, produces the same result, i.e.: VxA =VxA ,

which does not affect the physical quantity of the magnetic field induction. To remove this

ambiguity the Coulomb gauge condition can be used:
VA=0 (2.8)
Since all of the excitation currents in the 2-D model flow in the z direction, the vector

potential is dependent only on the x and y coordinates: A= A (x,y)e,.
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Thus the Coulomb gauge (2.8) often used in 3-D problems to remove the ambiguity of the
solution is automatically imposed in a 2-D problem. The solution of such a problem using
vector potential approach is unique providing that the correct boundary conditions are
applied. Taking Eq. (2.8) into account the curl of the magnetic field induction yields:
VxB=Vx(VxA)=V(VA)-V?A=-V*A (2.9)

On the other hand taking Egs. (2.1) and (2.3) into account

VXB=puVxH+M)=u,j, +1,VxM (2.10)
Comparing Egs. (2.9) and (2.10) one obtains
VA =—p,j, — VXM (2.11)
For the problems without iron yoke, i.e. in the absence of the iron magnetization, Eq. (2.11) is
reduced to the following Poisson equation:
VZA=—u,j, (2.12)

For the current free regions, e.g. inside the aperture of the magnet, equation (2.12) is further

reduced to the Laplace equation:
VZA=0 (2.13)

The analytical and numerical solution of these three equations in practical cases
corresponding to the magnetostatic problems in superconducting accelerator magnets will be

discussed in details later in this chapter.
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2.2 Multipole Expansion of the Complex Magnetic Field

Let us define the complex magnetic field induction in a 2-D plane as follows:
B(z)=B,(x,y)+iB,(x,y) (2.14)

The variable z is a complex number of the form z = x + iy, whereas B, and B, are real
functions of x and y. B(z) can be expressed in form of multipole magnetic field expansion
only if it is an analytical function. Any analytical function can be represented in a form of
power series expanded about a given point z. In order to fulfill this requirement the B(z) has
to be infinitely differentiable in a neighborhood of that point. If the first derivative of the
function exists all of the higher order derivatives will exist as well. B (z) defined in some
neighborhood of point z is said to be differentiable if the derivative

5(0) =98 _ i BE)-B()
B =g =lm=r— (2.15)

exists and if the limit (2.15) is unique, and therefore independent of how { approaches z. Let
us express the denominator of the limit under question as { — z = Ax+iAy . Two cases are to
be considered:

1. Ax=0, Ay—>0

dB _0(B,+iB,) _ _ 0B, N oB,
dz idy dy 9y

2. Ax >0, Ay=0

dB 3(B,+iB) 3B, OB
= =24
dz ox ox ox

Both limits produce a unique result only and only if

B B
9B, =—a X and 9B, =ai (2.16)

ox dy dx dy

Equations in (2.16) are the Cauchy-Riemann conditions that have to be satisfied by the
B(z) function if it is an analytic function. B(2) expressed using vector potential notation of

(2.6) has the following form:

~ JdA, .0A
B(z)=B,(x, B (x,y)=——%+i—%
(z2)=B,(x,y)+iB,(x,y) . +i %
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The first Cauchy-Riemann condition defined by Eqgs. (2.16) is identical with the Maxwell

equation (2.2) and thus it is satisfied automatically.

3B, 9B, oA

X —

x  dy oxdy

From the second condition one obtains the Laplace equation (2.13) for iron-free

magnetostatic problems

0°A,  9%A,
+

=V?A =0
axZ ay2 Z

For the 2-D complex magnetic field as defined by Eq. (2.14) the Cauchy-Riemann conditions
are identical with two of the Maxwell equations. Hence the complex magnetic field can be
expanded in power series and the quality of the magnetic field in the magnet can be analyzed
in terms of the multipoles of such an expansion. According to the design project of the

LHC [6], the complex magnetic field induction is expanded as follows:

B, +iB, =) (B, +iA,)"" (2.17)

n=1

Coefficients B, indicate normal and A, skew field multipoles. Taking into account

different representations of the complex number z,

z=x+iy=re’ =r(cos@+isinf)

and the transformation of the magnetic field vector from the Cartesian to polar coordinates,

B, cos@ sinf | | B, B, cosf + B, sinf 0
= . = = B, +iB, =(B,+iB,) ¢

B, —sin@ cos@ ) — B, sin6 + B, cos 0
(2.18)
the complex field expansion can be rewritten as:
By +iB, = (B, +iA,)r" e "’ (2.19)

n=1

Hence the decomposition of the series into Cartesian and polar coordinates follows
immediately.

B (r,0)= i r" (B, sin(n —1)0 + A, cos(n —1)0)
n=1 (2.20)

B, (r,0) =Y r"'(B,cos(n—1)0 - A, sin(n —1)6)
n=1
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B (r,0) = Z r" (B, sinnb + A, cosnf)
= (2.21)

By(r,0) =) r"'(8B, cosnb — A, sinnb)

n=1
One can introduce the radius dependent multipole coefficients as:
A(r)= .ﬂ"r""l B,(r)=8, rmt (2.22)

Using this notation B, and Bgevaluated at the reference radius r( can be expressed as:

B.(r,0) = i(Bn (r,)sinnB + A, (r,)cosnB)
n=1 (2.23)

B,(r,,8) = (B,(r,)cosnb — A, (1,)sinnf)

n=1
The coefficients A,(r) and B,(r) of the Fourier expansion, given in Tesla, can be calculated,

e.g. from the radial component B,, as follows:

2z 2z
A,,(r;,)=%fBr(r;,,9)cosn9 de Bn(ro)=;1r—_[B,(rb,9)sinn9 4o (2.24)
0

0
In practice, for the harmonic analysis of the magnetic field the radial component of the
magnetic field is calculated in discrete, equidistant points around the circle of radius ro as

shown in Fig. 2.4 on the cross-section of the LHC dipole magnet.

Figure 2.4 Harmonic analysis of the magnetic field inside the aperture. The values of B, are
calculated in discrete equidistant points around the circle of reference radius ro.
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Let N indicate the total number of the evaluation points covering the full cycle interval [0, 2]

and located at discrete angles

9k=k%r where k=0,1,2,...N-1

Then the discrete Fourier transform yields:

2 N-1 2 N-1 .
A ()= FZB,(rO,Ok)cosan B, (1) = FZBr(rO,Ok)smn@k (2.25)
k=0

k=0

The approximation error depends on the number of points and the magnitude of the higher
order multipole errors in the magnetic field pattern. Experience shows that in general 80

evaluation points are sufficient for multipole calculations up to n = 15.

2.3 Normalized Multipole Coefficient Notation

By introducing a reference magnetic field, equal to the main dipole field B;, and the normal

and skew multipole coefficients relative to the main field at a reference radius o,

Bn (rO) ﬂn r”_l

= — a =

_ )
= (2.26)

the radial and azimuthal components of the magnetic field can be expressed as:

n-1
B (r,0)= BIZ[I—] (b, sinnb +a, cosnd)

n=1 i’b

. n-1 (2.27)
B,(r,0) = BIZ(L] (b, cosnb —a, sinnd)

=1 To

With this choice of the reference field the main normal coefficient of the multipole expansion
(by) is always normalized to 1. Higher coefficients express magnetic field errors relative to
the main dipole B;, and are given in dimensionless units of 10™. The vector potential

expressed in the normalized multipole coefficient notation has the following form:

Ar0)=-B 1S L L] (b cosn®—a sinnd) (2.28)
Z 1°0 n n

n=1 rb
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The normalized multipole coefficients obey very simple scaling rules. Knowing the value of
the coefficients at a given radius ry one can easily calculate their value at a different radius r

according to the formulas given below:

) I

bn(’i)=(ﬁ—] b,(r,) an("l)=[i] a,(7) (2.29)

For example, let us assume that the value of the normal sextupole b3 measured at the

reference radius of 7= 10 mm is 1.42-107*.

by,(ry) = Bin) _ 1.42-107
Bl
Thus if the value of the main dipole field is e.g. B; = 8.36 T the absolute value of the

sextupole component of the magnetic field at the distance of 10 mm from the center of the
aperture will be about 12 Gauss (1.42-107-8.36 T=11.8712-10°T=12-10"T). The
value of bj is positive, which means that the sextupole component of the magnetic field has
the same direction as the dipole field, and on the median plane of the magnet (6 = 0) the
value of the sextupole will add up to the value of the dipole”. According to (2.29) the value of

bz at r; = 17 mm will be,

b,(r) = 331;’1) =1.72-1.42-10™ = 4.1038-10™

1
which means that at the radius of 17 mm the absolute value of the sextupole component will
amount already to 34.3 Gauss. Higher field harmonics, e.g. decapole bs, will scale with the
distance as the power of 4. One can see how important it is to minimize the magnetic field
errors in the magnet. Higher multipole errors present in the magnetic field may introduce a

substantial distortion to the orbit of the particle beam circulating in the accelerator.

Remarks

In American literature the sum in the multipole field expansion starts with the index n = 0.

The expansion given by Egs. (2.27) in American notation would look as follows:

* The vector field geometry of different magnetic field harmonics will be discussed later in details.
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B (r,0)= BOZ(L] (b, sinn6 +a, cosnd)
n=0

To
B,(r,0) = Boi(i] (b, cosnB —a, sinnd)
n=0\ To
The main reference dipole field is denoted here as By. The relative multipole coefficients by,
by, by, correspond to the dipole, quadrupole, sextupole fields respectively. In general a
multipole b, in European notation corresponds to the multipole b,_; in American notation.
Also the sign conventions vary in the literature throughout the world. For example a

definition of the vector potential taken as (compare with Eq. 2.28)

n=1 Tb

A (r,0)=-B, rozl[i} (b,cosn@ +a,sinnb)

reverses the signs of the skew multipoles a, in the multipole expansion (2.27). In expansion
given by the formulas (2.27) a positive skew multipole causes that the radial component of
the magnetic field is positive on the positive half OX axis, which is not the case when the sign
of a, is changed.

The situation with the reversed signs as compared to the expansion (2.27) is often
encountered in the literature (see for example ref. [3]). The sign conventions and the
multipole expansions used throughout this work are fully compatible with the specifications
for the field error naming conventions recommended for the LHC magnets [7]. They are a
natural consequence of the complex field expansion defined by Eq. (2.14), and constructed

especially in order to satisfy the Cauchy-Riemann conditions.
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2.4 Solution of the Laplace Equation for the Vector Potential

Laplace equation for the vector potential in two dimensions has the form of Eq. (2.13). It is
valid only for the regions free of currents and magnetizing materials, which are the practical
conditions inside the aperture of accelerator magnets. As it was shown before, the vector
potential of a 2-D magnetic field has only one component A,, dependent only on the x and y
coordinates. Thus Eq. (2.13) written in the cylindrical coordinates takes the following form:

10

V2A,(r,0) = ——( =0 (2.30)

4 or r* 906*

0A, ), 1 0’4,
—_— 4 —
r or g

This partial differential equation can be solved with the method of separation of variables.

Let us assume that the vector potential can be represented as the product of two functions

dependent only on separated variables r and 8 respectively:

A, (r,8)=R(r)F(0) (2.31)

Replacing the vector potential function in Eq. (2.30) with the expression (2.31) one obtains

the following differential equation:

F=2|, 2

=0 2.32
rdr\ dr ( )

r* do*

1d(dR) 1 d*F

After dividing this equation by the product of R and F' and multiplying by #* it becomes:

rd( dR) 1d°F
——|r— += =0 2.33
Rdr( dr] F do* (233
The first term in Eq. (2.33) is independent of the variable 6. At the same time the equation
must be satisfied for all arbitrary values of angle 6 covering the full cycle of [0, 2m]. This

condition can be fulfilled only if the radial term under question is constant,

where the separation constant is expressed by n®. After several basic transformations this

equation becomes:

d’R _ dR
2 1 +r:i:—Rn2 =0 (2.34)
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Eq (2.34) is a second order linear ordinary differential equation with variable coefficients. It
can be transformed into a differential equation with constant coefficients by defining the

following substitution:
r=e* =>E=Inr
Then the derivatives of £ with respect to r yield:

dé 1 d’é _ 1

2

dr r dr r

==

And the corresponding derivatives of R with respect to r become:

dR _dRdE _dR1

dr d&dr dEr 2 (2.35)
d’R_d(dRd5 )\ d°R(dEY dRd’ _1(d°R_dR
dr*  dr\dE dr | d&*\ dr dé dr*  r*\ d&* d&

Replacing the derivatives in Eq. (2.34) with the results of (2.35) a differential equation with

constant coefficients is obtained, in which R is expressed as a function of the new variable & .

d*R

d(;z —Rn*=0

The general solution of this equation is:
R(E)=Ce™ +C,e™
And expressed as a function of the original variable r:
R(ry=Cr"+C,r™ (2.36)

Now, replacing the radial term in Eq. (2.33) with the separation constant n* leads to the

following differential equation for the function F:

+n*F=0 (2.37)

do’?
The vector potential A, is single valued; measured around the circle of radius rp it is a
periodical function of the angle, i.e. A (7,,0)= A (7,,27). As a consequence the separation
constant » must be an integer. The general solution of the equation (2.37) is:
F(0) =D, sinn6+ D, cosnf (2.38)
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Finally, the general solution of the Laplace equation is the sum of products of the solutions

(2.36) and (2.38) over all values of n:

A(r,0)= Z(CL" r"+C,,r")D,,sinn6 + D, , cosnB) (2.39)

n=1

If the solution for the current free area confined by the coils of the magnet is considered, A,
has to be finite in the middle of the aperture (for r = 0). Hence all of the C,, coefficients must

vanish. By introducing two new constants,

Cn = Cl,n : Dl,n
Dn =C1,n .D2,n
the vector potential can be rewritten as:
A(r,0)= z r"(C,sinn6 + D, cosn@) (2.40)

n=1

Then the magnetic field components according to (2.7) are

B (r,0)= 1% = an"" (C,cosn@ — D, sinn@)
r =l (2.41)
B,(r,0)=- 8541 ==Y nr"(C, sinn + D, cosn6)
r n=1

The relations between the multipole coefficients introduced in (2.22) and the coefficients C,

and D, are as follows

A(r)=C, nr*! B (r)=-D, nr"! (2.42)

Taking them into account we obtain the formulas in (2.23) derived in the previous section for

the values of the radial and azimuthal magnetic field components at the reference radius 7.



2.5 Magnetic Field Harmonics of a Single Current Line Conductor

Let us calculate the magnetic field due to the conductor located in the air, running along the

OZ axis and carrying the current / as shown in Fig. 2.5. -

The normal component of the

curl of the field intensity vector

H is by definition:
- Hdl
(VxH), =limi—
5§—0

This leads directly to the

Stoke’s theorem:

jsj(vXﬁ)d§=§ﬁdi

Using equations (2.1) and (2.3)
without magnetization one

obtains the Ampere’s law:

Y

Figure 2.5 Single line conductor

o [[ 7S =po 1 =§ Bdl (2.43)
N

Hence the azimuthal component of the magnetic field at the radius r is:

Uol
B, - 2nr=p,l = By(r,0)= 5"; (2.44)
And the axial component of the vector potential is:
Mol [T
A =-|B,dr=— In| —
== [ Bodr ==X u (2.45)

YV

V

Figure 2.6 Single line conductor — general case

The integration constant a is introduced into the
natural logarithm in Eq. (2.45) to keep its
argument dimensionless.

Next let us consider the magnetic field at
point M(r, &) due to the conductor with current /
located at point N(a, ¢) (Fig. 2.6). From the cosine

theorem:

R =+/r* +a* —2arcos( — @)
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Then using Egs. (2.44) and (2.45)

Bg — #OI
2nR
I. (R
A (r,0)=— ‘;Lﬂm(;) (2.46)

Let us transform expression (2.46) using a multipole expansion to see which magnetic field

harmonics are generated by a single current line. For the region r < g, using the Euler’s

equation,
iz . . e +e’"
e“ =cosz+ising = cosz= 2
it is convenient to express R in the following form:

R*=a’+r*—2arcos(@-@)=a’ +7r" - ar(e“‘"'” + e’i(e“P)):

2
r r 10— — r 6 o _ie—
—a? [1+—2——(e’“’ 2R 1(9—<p))]___a2 (1—-(3“9 ¢))(1__e (6 w))

a a a a

Then

1n£=l[i1n(1__’;ei(9—¢))+ln(1_16—i(o—¢) ]jl
a 2 a a

The Taylor expansion of natural logarithm,

1 1 1 <
In(l-z)=-z-——z"- =2’ —.—=z7"=- ) =
( ) 2 3 n é n

is valid for z € Cand Izl < 1. Thus,

(Lei(e—cp) )n (16—:'(0-:;») )n .
mE-_1 Yyl +12 =—zl(l) cosn(f —9)

a 2|3 n n —mn\a

The vector potential (2.46) becomes:

4,00 =t 21(5) cosn(8 —g) 2.47)

n=1

And the magnetic field components are:
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oo n o0 n-1
B,(r,0) = %%%:-L‘JZ(LJ sinn(@ — ) = ——g—"!—z[l) sinn(@ — )

2nr n=1\ @ a -\ a
0A I(rY"
Be(r,9)=—a—;=——2%;(;) cosn(@ — @) (2.48)
B.(r,6)=0

For the magnetic field calculations in the region r > g it is convenient to write down R in the

R2 = 2| 1-2 -0 |[{_& -9
r r
InR=1In r+1[1n [1 _ & git6-p) )+ln(1 _ 4 i ﬂ i+t
2 r r a

m§=lni+l[ln(l—gei(o‘¢) )+ln(l—£e'i(9"”) H=lni—zl(g‘] cosn(6 — @)
a a 2 r r a =n\r

Then

following form:

A,(r,0) =—‘;—‘7’:1n[£] + Mil(ﬂ cosn(6 — ) (2.49)

2% o n

= n ) I oo n+l .
B,(r,9)=——g—;r—2(%) smn(G—(p)=———§Lm2(%) sinn(@ — @)

n=1

n+l1
B, (r, e)_”:; ‘2“’” nzrf; cosn(6 — (p)_“;’; Z‘;a 2{(—) cosn(0 — @)

B,(r,0)=0 (2:50)

In both regions all of the field harmonics are present in the magnetic field generated by a

single current line.
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2.6 Pure Multipole Field Generation

A single current line considered in the previous paragraph generates multipole fields of any
order. To see how one can generate pure multipole fields by means of current distribution let
us consider an arrangement of the current leads mounted around a cylinder of radius a (Fig.
2.7). Let us assume that the current flowing in the conductors in the direction of the axis OZ
has the following distribution expressed as a function of the azimuthal angle ¢ : I(g) = Ip

cos(mg), where m is an integer.

Figure 2.7 Single current lines mounted around the cylinder of radius a

The vector potential for the given current distribution (in the region 7 < a) is according to the
formula (2.47):

o n 2w
A (r,0)= %‘%&;%[i—) _(‘;cosm(o cosn(6 —@)do

0§

cosm¢ cosn(@ —(p)d¢=cosn6fcosm(0 cosng d¢+sinn9jcosm(p sinn@ do
0 0

Taking the orthogonality relations of the trigonometric functions into account,
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cosm@ cosn@dp =7nd,,,

cosmesinn@dp =0

2J7£
0
2rn
0

A, is reduced to:

A (r,0)= Bolo L7y osme = Helo L[
2 m\a 2 mla

) cosmb (2.51)

And the corresponding magnetic field components are:
I(rY"
B,(r,0) = _M(_] cosm0O
2a \a

. o (2.52)
B (r,0)= —'uo—IO(L] sinm@ = _ﬂo_lo(L] sinm@
a

2r 2a \a

One can see that the suggested cos(mgy) current distribution leads to the generation of a pure

multipole component of the order n = m only. All other multipole terms of the magnetic field

vanish.
The transformation of the field components from the cylindrical to Cartesian

coordinates is achieved with the following matrix:

B,| |cos® —sin€| B, | |B,cos6—B,sin6 2.53)
B,| |sin@ cos6 | |B,| |B sin6+B,cos6 '

y

1. For m =1 the current distribution is /(@) =I,cos@

According to Egs. (2.52) and (2.53) the corresponding magnetic field components in

Cartesian coordinate system are:

B_ =B, cosf —B,sind =0

. 1, . I
B =Brsm9+Becos9=——msm29—Mcos 6=-—-"2°2
Y 2a 2a a

Thus for m = 1 a constant magnetic field in OY direction is obtained, therefore m = 1

corresponds to a pure dipole field (Fig. 2.8).
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Figure 2.9 Pure normal quadrupole field (b,)

Figure 2.8 Pure normal dipole field (b;)

I,cos2¢

2 the current distribution is 7 (@)

2. Form

rcos20

- _ Mol
24’

B,(r,0)

rsin 26

2a’

_ Kl

B,(r,0)

- Mol
2a®

-z

3B,
or |,

g:

The field gradient is:

4

In Cartesian coordinates

=&y

grsin®

grsin20 cos — grcos 20 sinf = gr(sin 20 cos@ —cos 20 sinf) =

B, =

grcosf = gx

gr(sin 20 sin 8 + cos 268 cos )

B, =

The vector field specified by these two components is plotted in Fig. 2.9. It corresponds to a

0 only the B,

pure quadrupole field. In the median plane of the beam pipe, i.e. for y

it changes its sign while passing from the negative

9

component of the field exists. Moreover

axis. This feature is characteristic for the vector field geometry of all

to the positive OX half-

of the normal even order field harmonics.

I,cos3¢p
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’2 . 1, . ’ 2, .
Bx=lgr2sm3900s0—5gr2cos3951n6=%grz(sm36cos0—cos39s1n9)=

= %g'r2 sin20 = g7’ sinOcos@ = g'xy

B, = %g'rz(sin 305in6 + cos 36 cos ) = % g7’ cos20 = % g'r*(cos® @ —sin*0) = %g'(x2 -y%)

For m = 3 a pure sextupole field is obtained (Fig. 2.10). In this case, as well as for all of the
odd order normal multipoles, the B, component of the magnetic field in the median plane (i.e.

for y = 0) does not change its sign while passing from the negative to the positive OX half-

axis.

E
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e EE NN

7»,,,(/41 i A,
,orvdd 4} by vy v

PN B Y
e T Y,

"""""""
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.....

rrrrrrrr

ety
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Figure 2.10 Pure normal sextupole field (bs)

4. For m = 4 the current distribution is (@) = I, cos4¢

B,(r0)= — o 3 inap B,(r0)= —Holo 30540
2a 2a
g:a_B’_ =—§_—’u°f° r2=g”r2 g,,:_gﬂolo
orjpr 2 a 2 4t
8

B, = 1 g7’ sin46 cos — % g’r* cos40sin@ = % g7’ (sin 40 cos @ — cos40sin Q) =

= %g"r3 sin30 =%g"r3(3sin0 cos*@ —sin’ 9) = % g’ (3x’y—y?)
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B, = % g7 (sin40 sin@ + cos 46 cos 9) = % g7’ cos30 =

= %g"r3(cos3 6 —3sin’ O cosf) = %g”(,g ~3x%)

For m = 4 a pure octupole field is generated (Fig. 2.11). In a similar way for m = 5 a pure

decapole field can be obtained, etc.

The notion of the normal and skew field multipoles was already introduced in section
2.2. In the formulas for the multipole expansion of the vector potential, e.g. in Eq. (2.28), the
coefficients of cos(n6) terms denoted as b, (or B, depending on the fact if they are related or
not to the reference magnetic field) always represent normal fields, whereas the coefficients
of sin(n6) terms denoted as a, (or A,) correspond to skew fields. The same is valid for the
vector potential expansion (2.47), which can be rewritten as:

A (r,0)= g—‘;;%(%) cosn(@ — @) =—‘;—;’:;%(£) (—cosn@cosng —sinn@sinng) =

= —ZL(B,, cosnf — A, sinnb) =— rzl(B,,(r) cosn@ + A (r)sinnf)  (2.54)
n n

n=1 n=1

In this way the multipole coefficients in Eq. (2.54) correspond exactly to the ones defined in

section 2.2. All of the pure multipoles analyzed for the 1(¢) =1,cosm¢ current distribution

are normal fields. If the current distribution around the cylinder in Fig. (2.7) is rotated by an

angle of 7/ 2m a current distribution of I(¢) = I, sinme , leading to the skew multipoles, is

obtained. The vector potential is then proportional to sin(mé):

oo 1( 7 " Holo 1(r Y
A(r,0)= — E —| = 0-p)dp =————| — 7]
,(7,0) ( ) Ismm(p cosn(B@ —p)do >l sinm (2.55)

2r oin\a) g
The field components are:
m-1
B (r,0) = __uolo(L) cosm8
2a \a
Moly (7 "
By(r,0)= - — | sinm@
2a \a

Let us calculate the case for a skew dipole (m = 1)

B,(r,0) = %@f—cose B,(r,0) = —“g—fsine
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B_=B_cos8—B,sin@ =‘u'7f°(sin20+cos2 )= Folo _ const

B, =B, sin6 + B, cosf =0

A skew dipole generates a constant horizontal field (Fig. 2.12). Such magnets are used in
particle accelerators as the corrector magnets adjusting the orbit of the particle beam in the

vertical plane. The results for the pure normal and skew multipoles up to # = 4 are listed in

Table 2.1.
Table 2.1 Cartesian field components of the pure multipoles

Multipoles B, B,
Normal dipole (b;) 0 const.
Skew dipole (a,) - const. 0
Normal quadrupole (b;) 8y gx
Skew quadrupole (a,) — 8% 8y
1
Normal sextupole (bs) g’xy —g'(x2 -39
2
I, 2 2
Skew sextupole (a;3) ——g'(x" =y g’ xy
2
I, 2 3 1, 3 2
Normal octupole (by) —g'Bx"y—-y) —g'(x" =3xy7)
3 3
1 r, 3 2 1 » 2 3
Skew octupole (a4) —gg (x” =3xy%) —g"Bx"y—-y7)
3

The remaining skew field patterns are shown in Figures 2.13-2.15. In the horizontal median
plane only the B, component of the skew multipoles is present. For all of the odd orders of
the skew harmonics this component has the same sign along the OX axis. For all of the even

orders of the skew multipoles B, changes its sign in the middle of the median plane (at x = 0).
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Flgure 2.12 Pure skew dipole field (al) Figure 2.13 Pure skew quadrupole field (ay)
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2.7 Current Shell Approximation

In practice the ideal current distribution with cosine dependence can be approximated by an
arrangement of current shells with uniform current density. The field at point M(r, £) due to a
symmetric 2m-pole magnet (m = 1 for a dipole magnet, m = 2 for a quadrupole magnet, m = 3
for a sextupole magnet, etc.) can be sufficiently approximated by current shells. In order to
implement this model, the XY plane has to be divided into 2m regions (corresponding to 2m

poles of the magnet) with the conductors located at points:

Ci(a, @), Cy(a, m - @), Cs(a, m + @), Cs(a, 277m - @),
Cs(a, 27m + @), ...... , Cam(a, 2m - m - @),

each of them carrying currents +/, -1, -1, +1, +1, ..., +I, respectively (Fig. 2.16).

e The vector potential at the point M(r, #) inside the aperture of the magnet (r < a)
calculated using Eq. (2.47) is:
" 2m-1

Z(—l)k cosn k£—<p—9 + cosn k-”—+<p-9
k=0 m m

Ul =11
A(r,@)=—""-)> —| —
(r:0) 277:Z a

n=1
The sum of the two cosine terms in the brackets yields:
T /4 . T,
2cosn| k——86 |cosng =2cosn@| cosnk —cosnO + sinnk —sinn6

m m m
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\ B

Figure 2.16 Position of the conductors in the approximation for dipole geometry

Thus

oo n 2m-1
A(r,0)= “—012 L L) cosn@ Z(—l)"(cosrzkicosne +sin nkf—sin nej
/4 n\ a m

n=1 k=0 m

For a dipole coil m = 1, and the sum over index & is simplified to:

sinnkr =0 for ne N
0 for n=21 where [ e N

1
2(—1)" cosnkmcosn =
prd 2cosn@ for n=2l+1 whereleN

As aresult A, is reduced to:

.Az(r,9)=%£ 2 l[L) cosn@ cosnb (2.55)

T amt\ a

As one can see a coil with dipole symmetry generates only the multipoles proportional to
the cos(n6) terms, i.e. normal multipoles only.. Moreover, the orders of the multipoles
are odd numbers only. None of the even order harmonics are present in the expansion

(2.55).
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e The vector potential at point M(r, &) outside the aperture of the magnet, calculated using

Eq. (2.49) is:

A(r 9)—“0 Zﬁ(r] 2:2:( D l:cosn(k——(P 6)+ cosn(k +¢ - 9)]

The same calculation procedure applied for the region r > a leads to the result:

Az(r,9)=gﬂ’£ 2 _l_(g) cosn@ cosnb (2.56)

=21+l BT

The simplest current shell arrangement for a dipole coil is shown in Fig. 2.17. Let us assume
that the current density in the shell is constant (J = Jo). Then dI = Joadadg An angle ¢ is
the limiting angle of the current shell, a; and a; indicate its inner and outer radii, respectively.
The vector potential due to the coil with dipole geometry is then calculated by integrating A,

over the radial and angular extent of the current shell.

vy A

—

A2
\ dl = J,a-da-do
| JERE >

dg

Y

Figure 2.17 Current shell configuration for dipole geometry
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e For the region inside the aperture (r < a;)

a9

Az(r,9)=g—“M 2 lcosnG.”‘(L) acosng dadp= 2t/ Z r’ cosnd sinn(p,J da
/4 a

2

n=2I+1 a
n

2u,J, r 1 1 .
=—— — ———— |cosnBsinng 2.57
Vs n=221+1n2(n_2) [al 2 a2 2 ] 1 ( )

The multipole components of the magnetic field are:

n—1
B,,(r,0)=- 2hody T ( 1 },_2 )sinne sinng,
b4

n(n-2)| a " - a,
(2.58)
2u.J - 1 1 )
By, (r,0)=- oo T — ——— |cosnBsinng,
’ . nn-2)|aq, a,
The magnitude of the B,-th (n =1, 3, 5...) component of the magnetic field is:
2u,J, 1 1 .
B =./B *+B, *=2F00 - sinn
n r,n 6,n T n(n _ 2) [aln_z azn_z ]' (pl‘ (2.59)

On the median plane of the magnet (¢ = 0) the radial component becomes zero and B, is

obtained including its sign relative to the main dipole field B;:

T nn-2)a"" a,

2u,J, r*t 1 1 .
B, =B, ,(r,0)=- Holo [ = ]smnq), (2.60)

e For the region outside the aperture (r > ay)

2u,J 1 Tt aY 2u,J cosnf t
A(r,0)="20L E —cosné — |acosn@ dadp=-"22 E sinng, | a"'da =
(-0 T a2mh ,',': '(').(r ) v Y T 50 ntr (pl;’:
2,“0-,0 1 n+2 n+2 .
= a, -—a cosnfsinn
w2 e ) "

(2.61)

The multipole components are:

2,u J 1 n+2 n+2 . .
B (r,0)=——""920 a,”" " —a sinn@ sinn
ra(7:0) . n(n+2)rt ( 2 ! ) @
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B, ,(r,0)= 2Ho/ o 1 — (a2”+2 - al"+2) cosn@sinng, (2.62)

n nn+2r

e For the coil region inside the current shell (¢; < r < ay)

2u,J 1 taY
A (r,0)=—"L —cosnf (—) acosn@ dado+
n ,,;,H n ;’: '! r (2.63)
24,7, 1 t ""( r )
+ —cosnf — |acosn@ dadp =
r 2l
=2/.LOJ0 z cosn@ sinng, 1 (r,,+2_an+z)+ r" 11
TS5 n? (n+2)r" ! n-2|r2 az"_2

And the multipole components are:

2u,J, sinn@sinne 1 w2), (1 1
B (r,0)=—-"0"0 I 2 _ ), _
r.n ( ) ﬂ n {(n + 2)rn+l ( 1 ) rn—2 n-2

2 i ,, n-1 1
B, (r.0) = UoJ, cosnB sinng, 1 _ (r"+2 _a, +2 )_ r 1 1_2
b4 n (n+2)r n-2\r

(2.64)

Let us come back to the magnetic field in the aperture of the magnet. The dipole term B, in a

median plane is evaluated for n = 1 using formula (2.60)

B, =B,,(r,0)= —3‘17%!&(% —a,)sing, (2.65)

The ratio of the n-th term of the multipole expansion to the dipole field component is:

r 1 1 ).
B, _n(n-2) [al""z - a,”” ]smn(p, 3 r a,”” —a"? \sinn(pl 3
B, - (a, —a,) sing, B n(n—2)(a, —al)[ (ala2 )"'2 J sin@, B
n-3
n-3-k k
_ r"Y(a,—a) g,’ 2 ' sinng, 1 sinng,
Cn(n-2)a,-a,) (aa,)” sing, n(n-2) "iazkﬂal,,_z_k sing,
= (2.66)
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If the limiting angle of the current shell is chosen to be ¢ = #/3, the main dipole component

becomes:

V3uJ
B,=B,,(r,0)= —%(az —a)

At the same time the sextupole term » = 3 vanishes (B3 = 0). The next non-zero term in the

expansion is the decapole n =5.

B, =B, ;(r,0) = ———

B, rtf 1 1 1
P 3
B, 15{a,’a, a,a” a,aq

Let us see how big is this ratio at the reference radius of rp = 10 mm for the inner radius of
the shell equal to a; = 28 mm, and the outer one equal to a, = 43.4 mm. (These parameters
correspond to the radii of the inner layer coil for the LHC dipole magnet.) If moreover the

limiting angle of the shell is 773 the following result is obtained:
bs= Bs/B; =-14.4-10"

This is approximately one order higher than the upper limit of acceptable values for the
higher multipole components in a good quality dipole magnet.

In order to improve the quality of the magnetic field, two layers of coils are used in
the LHC dipole magnet. Moreover, to obtain optimal current distribution approximating the
ideal cosine dependence, each layer is divided into sections by means of longitudinal wedge-
shaped copper spacers inserted at certain angles between the blocks of superconducting cable.
If o4, 0y, ...04 indicate the angles limiting the conductor blocks in the shell (Fig. 2.18) then
the angular integral in the formulas (2.57), (2.61) and (2.63) for the vector potential have to
be split into the following sum of integrals:

L/}

o o L7}
Jcoano do =J.coan) dop + Jcosngo dp +...+ J.cosn(p do =
0 0 @ o (2.67)

1. . . . :
=~ (sinna, —sinna, +sinne, —....... —sinna, +sinng,)
n

2-29



\ A

-J +J

Figure 2.18 Current blocks arrangement

2.8 Approximate Magnetic Field Calculations for the LHC Dipole Coils

The quadrant cross-section of the LHC dipole coil an its approximation with ideal cylindrical
current shells are shown in Fig. 2.19. Since the positioning of the superconducting cables in
the layers is not radially concentric, the angular limits defining the location of the current
shells have to be approximated. In the example below the angles are measured between the
center of the aperture and the corresponding points on the mean radius of the layer (as
demonstrated for the inner layer in Fig. 2.19). Under nominal operating conditions both
layers of the coils connected in series are powered up with 11.5 kA (exactly 11530 A) direct
current. To approximate these conditions in the current shell model the corresponding current
densities must be calculated for the inner and outer layer. At the end the quality of this
approximation will be compared with the precise analytical calculations taking into account

an exact position of every cable in each layer. The multipoles are calculated up to n = 9.
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Figure 2.19 Transversal cross-section of the LHC dipole coil and its approximation with the current shells

2.8.1 Inner layer contribution to the field induction inside the aperture
Inner radius a; = 28 mm Outer radius a; =43.4 mm  Average radius a4, = 35.7 mm

Reference radius rp = 10 mm corresponds to the maximum deviation of the particles guided

by a dipole magnet from the beam axis. Angles defining positions of the current shells in the

inner layer are:

=17 =23 =395 u=48° =58" =67 =74
The angular factor in the formulas for the field induction has the form:

sin(n@y) = sin(noy) - sin(noy) + sin(noi) - sin(ndy) + sin(nos) - sin(ndg) + sin(nog)

This gives the following results:

for n = 1: sin(¢;) = 0.68 forn=3:s5in(3¢@) = -0.07 forn=>5:sin(5¢) = 0.31
forn="7:sin(7¢;) = 0.11 for n =9: sin(9¢;) = 0.27

For the current density estimation in the inner layer shell, let us consider, e.g. the shell No. 4
(Fig. 2.19). Its angular extent is o3 - 0 = 16.5°. The total surface of the sector is 158 mm?
This current shell represents 5 cables, thus the effective surface of one cable is 31.6 mm? (in
reality a surface of the conductive area of the inner layer cable at room temperature is 28.69

mm?). The current of 11.5 kA flowing in each cable results in the current density of Jo = 365
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A/mm?. To simplify the calculations this value will be considered to be the current density in

all of the inner layer current shells.

The contributions to the field induction in the median plane, at the reference radius ro,

resulting from the inner layer are:

©.107 [T]

2.105u.J
B, = Bo,1(roso) = __ﬂ:—:uo

ForJy =365 A /mm? B; =-3.073 T. The remaining multipoles are:

1.385 1,7
T

0.107 [T] B, = B, (1,,0) =— °0.107° [T]

05
B, = B, 4(1,0) =+ -6—”"‘—01

01077 [T] B, = B, 4(r,,0) = - .10 [T]

3.26 u,J
B, = By (1,0 = =~ —r ™0

6.05 11,7
T

2.8.2 Outer layer contribution to the field induction inside the aperture

Inner radius a; =43.9 mm  Outer radius g, =59.3 mm  Average radius g, = 51.6 mm
Angles defining positions of the conductor blocks:

oy =17° o, =23° o = 54°

The angular factor in the formulas for the field induction has the form:

sin(n@y) = sin(nay) - sin(noy) + sin(nos)

This gives the following results:

for n = 1: sin(¢;) = 0.71 (almost the same as for the inner layer)  for n = 3: sin(3¢y) = 0.15

for n = 5: sin(5¢y) =-0.91 for n=7: sin(7¢;) = 0.86 for n =9: sin(9¢)) = 1.72

For the current density estimation in the outer layer shells, let us consider, e.g. the shell No. 2
(Fig. 2.19). Its angular extent is 03 - 0 = 31°. The total surface of the sector is 430 mm?. This
current shell represents 16 cables, thus the effective surface of one cable is 26.9 mm? (in
reality a surface of the conductive area of the inner layer cable at room temperature is 22.35
mm?). The current of 11.5 kA flowing in each cable results in the current density of J; = 429
A/mm?. To simplify the calculations this value will be considered to be the current density in
all of the outer layer current shells. For the multipole calculations the current density J; is

expressed as a function of the current density in the internal layer (J; = 1.175Jp).
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The contributions to the field in the median plane, at the reference radius ry, resulting from

the outer layer are:

B, =B, (0= 219He1 1oz L 25THTy oo
T T
For Jo = 365 A /mm” B, = -3.752 T.
The remaining multipoles are:
7.07 .
B, =B, ,(5,,0) = —+J°-10-5 [T] B, = B, ,(,,0) =+L0ﬂ”012.10'5 [T]
B, =B, ,(5,0) = -%-10—7 [T] B, =B, ,(1,,0) = —5;'89”¢J°-10*8 [T]

2.8.3 Total field induction due to both layers

The total dipole field induction resulting from both layers becomes,

0.107 [T]

4.675u,J
B, =B, ,(r,0)= __ﬂ:.uo___

which amounts to —6.825 T. The sextupole contribution from the inner layer has a positive
sign. The corresponding contribution from the outer layer enters the sum with a negative sign.

Thus both terms tend to cancel each other out.

. B _
By = B, 5(1,,0) =—IM”¢J°-10'5 [T] b, =F3 =2.18-10

1

Also the decapole contributions from both layers tend to cancel each other out.

. B
BS=Bes(rO,O)=—O—38M-lO‘5 [T] b, =—=0.82-10"
' T B,
Total of B yields
B
B, =B, ,(r,,0) = ——22 #0107 11y b, =21 =021-10
' /3 B,
And the total of Bo:
14
B, = B, ,(r,,0) = -2 HoJo 197 |71 b, =%*—=0.03-10“1
V4
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2.9 Comparison of the Current Shell Model with ROXIE Calculations

The ROXIE program mentioned already at the beginning of this chapter [5] was created at
CERN for the integrated design of superconducting accelerator magnets. It allows a feature-
based geometry modeling of the coil and the surrounding magnetic structure, i.e. the iron
yoke, both in 2- and in 3-D, using a concise set of meaningful design data. These variables
supplied to the program can be then addressed in the optimization problems, e.g. the
optimization of the magnet geometry as a function of the desired magnetic field pattern. The
mathematical details are given in reference [8].

In this section the results from
the current shell model will be
compared with the analytical ROXIE
calculations. High accuracy of these
calculations is obtained by representing
each strand in the cable cross-section
with a single current line. The
conductors in the ROXIE model are

subdivided into the regions

corresponding to the actual number of Figure 2.20 Keystoned shape of the cables

strands in the cables, i.e. 2 rows of 18 elements for the external layer cable, and 2 rows of 14
elements for the internal one. The current line representing the strand is located in the center
of each region. The magnetic field resulting from the coils is calculated directly from the
Biot-Savart law.

Two types of ROXIE cases are considered below. The first type takes into account the
current grading resulting from the keystoned (trapezoidal) shape of the cable’s transversal
cross-section (Fig. 2.20). As a consequence of this shape the strands near the inner perimeter
of the cable are closer to each other than the ones near the outer edge. This results in grading
of the current density throughout the conductor. The second type of cases assumes uniform
current density in the conductors. Both types are considered under the cold and warm
conditions. For the cold conditions (1.9 K) a temperature depended contraction of the cables
is taken into account. In the cases denoted as warm the thermal contraction between ambient
temperature and the operating temperature of 1.9 K is not considered. Fig. 2.21 shows the
magnetic field due to the coils of the magnet. Table 2.2 compares the ROXIE results with the

current shell model. The coils are powered up with 11.5 kA direct current.
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Table 2.2 ROXIE calculations vs. Current Shell Model

Ip = 10 mm B] [T] b3 b5 b7 bg

ROXIE (current grading, cold) -6.90 1.355 -0.124 0.031 0.0018
ROXIE (current grading, warm) -6.88 1.347 -0.123 0.030 0.0017
ROXIE (uniform current density, cold) -6.87 1.952 -0.127 0.032 0.0020
ROXIE (uniform current density, warm) -6.85 1.940 -0.126 0.032 0.0019
Current Shell Model -6.83 2.180 0.820 0.210 0.0300

Looking at the ROXIE results one can immediately draw a conclusion that by neglecting the
cold contraction the magnetic field pattern does not change in a substantial way. On the other
hand the uniform density cases give about 0.6 units higher sextupole in comparison to the
current grading cases (which reflect the real current distribution in the cables).

For a good quality superconducting magnet the ratios of the higher order field
components to the main field should be less than one unit (1 unit = 10™*). The geometry of the
LHC dipole coil was optimized to compensate the persistent current effects [9], therefore the
sextupole b is deliberately higher than one unit. As it was pointed out in the first chapter,
when the particle beam is injected from the SPS high energy booster to the LHC ring, the
magnetic field in the magnets is ramped at constant rate, in order to keep the accelerated
particle beam on the same orbit. The ramping is finished when the beam reaches its
maximum energy. At this point the magnets produce the maximal magnetic field intensity
and are being operated with steady current. Nevertheless, during the ramping the
superconducting cables are submitted to the variable magnetic field. In such conditions the
eddy currents are generated. Since these eddy current loops flow in the superconducting
material, they do not decay exponentially as standard eddy currents, but become persistent
instead. This effect can create essential distortions in the nominal magnetic field and
therefore must be compensated.

Relative multipole coefficients obtained during harmonic analysis of the magnetic
field are of the order of 10™* and their computation requires high accuracy. The validity of the
results relies on the precise definition of the coil geometry and correct implementation of the
current density distribution into the model. In this regard the current shell approximation
gives a fast and reasonable estimate of the magnetic field generated by the coils. The
decapole component according to the approximation is positive, which is not the case in
reality as it is demonstrated with the ROXIE calculation. The conductor block consisting of
cables 26-30 in the inner layer (Fig.2.19) is mostly responsible for the generation of the

decapole field. The angular confinement of this block used to define the corresponding
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current shell is too rough an approximation in comparison to the real stacking position of the

cables, almost parallel to the median plane in this conductor block.
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2.10 Influence of the Nonsaturated Iron Yoke
on the Magnetic Field within the Magnet

Not only the superconducting coils determine the magnetic field generated by the magnet.

The iron yoke surrounding the coils has important effects on the magnetic field:

1. Itincreases the magnetic field induction inside the aperture of the magnet.

2. Itreduces the total field energy.
3. It shields the fringing fields and provides convenient flux return paths for the magnetic

field outside the magnet aperture.
4. Tt provides magnetic decoupling between two neighboring magnets installed in the

accelerator.

2.10.1 Cylindrical air-iron boundary problem

Before this influence is analyzed in Y
) , AN NN N N N N N N N N N N NN N N
details we will address an AN U NN LU AL NN N RRUNNN NN NN
o .. AN N N N N N R N R N e N
elementary cylindrical — air-iron L~ NN N0 NN U NN TN N NN L LN N NN N
. NN N N N N N N N N N O N N N N N N N NN
boundary problem consisting Of | /N NN NN N U N N Y LU NN UL L NN NN
. . SONNN NN NN NN NN NN NN NN
the calculation of the magnetic ii\\\ NN N
. . . \\\\\\\\ N
fields due to a single current line in NN N
o . N
a cylindrical cavity surrounded by NN i NN X
NN N =~
. . b
iron. In order to do this let us K NN NNNND tii\\\iil\
: , : NANNNNANR S NENANENANENEN
consider again a single line \\\\\\\\\ NN
. NENA VNN N
conductor from section 2.5, \\\\\\\\\\\ \\\\\\\\\\\
\\\\\\\\\\\ NN \\\\\\\\
embedded this time in a cylindrical i\\\\\\\\\\\ \i\\\i\\\iiiii
. . . NAANANRNR N
air tunnel of radius r = b, cut out in iiiiti\\\\\\ \\\\iit\\ti\\\
NN N
g : \\\\Ircm\yo} NN\
an infinite mass of iron NONNN NN RN NN
COAON NN N NN A N NN NN N

characterized by " relative  pigure 2.22 Cylindrical iron-air boundary problem
permeability u (Fig. 2.22).

The conductor located at a given point M(a,¢) runs parallel to the OZ axis of the
cylinder. The flux lines of the magnetic field generated by the current line enter the iron at the

boundary of the interface between both media. Two components of the magnetic field must

be preserved across the interface in order to satisfy the boundary conditions. These are:
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e normal component of the magnetic field induction B, and

e tangential component of the magnetic field intensity H.

As seen from the air region the lines of the magnetic field enter the surface of the
surrounding iron, and thus the boundary surface appears to exhibit negative magnetization
polarity. On the other hand, as seen from the iron side, the lines issue from the boundary
surface into the medium, and for this region the surface seems to exhibit positive
magnetization polarity. This polar magnetization of the boundary is merely apparent,
nevertheless very useful in the implementation of the electromagnetic image methods. Two
systems of electromagnetic images must be taken into account:

1. The influence of the iron yoke with relative permeability i and inner bore radius r = b
on the field generated by a single line conductor carrying current / and located at
point M(a, @), where a < b, can be represented by an image line traversed by current
I, and located on the normal to the boundary, on the other side of the interface at point
N(a;, @) (a; > b). Image and original current lines should allow to ignore the existence
of the boundary because their objective is to produce together the same magnetic
effect on the field inside the cavity as the magnetization induced on the real boundary
due to the presence of the iron yoke. Thus when both lines are in place the entire
space is considered to be filled with air, but the magnetic field calculation is valid
only for the air region inside the cavity (r < b).

2. The second image system is required to represent the magnetic field inside the iron
yoke. It is assumed that this can be achieved by means of two current lines carrying
currents I, and I; located at points M(a, @) and O(0,0), respectively (Fig. 2.23). Again
the objective is to ignore the existence of the boundary, with the restriction that the
magnetic field pattern set up by both lines is valid only in the iron region (r > b),
which spreads to infinity.

If the assumptions pointed out above are contradictory it will be impossible to satisfy the

boundary conditions of the problem. The first condition to be fulfilled by the current lines is

derived directly from the Ampere’s law (2.43). The curl of the magnetic field intensity along
the boundary in the air region (set up by lines 7 and ;) must be equal to the same curl

calculated along the boundary on the iron side (set up by the current lines 7, and 7).

i’;ﬁdi = §I§dz (2.68)

air iron
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Hence it follows immediately that:

I=1,+1, (2.69)

Let us consider the magnetic field at any point P(r, 6) close to the boundary.

e Contribution of the current line 7 at point P

The vector potential at point P resulting from this line is according to Eq. (2.46):

27 a

A, (r,0) =—"2t—;’r11n(£) =Bl Ja* +r* —2arcos(8 — )
a

Then the field intensity components are:

1 0A, I asin(6 — @)
H(r0)=——=-"T>—5—>
Uor 96 2m a” +r- —2arcos(6 — @)
N NN N N N NN NN @\\\‘\\ NN N N N NN
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Figure 2.23 Conductor positions in electromagnetic image method
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H,(rg)=—L% _ L _r-acos®-¢)
U, or 2w a” +r° —2arcos(6 —o)

e Contribution of the current line I;

I a, sin(6 —
Hr,l(ra9)=__1 ) 21 ( (p)
2% a,” +r° —2a,rcos(6 — @)

I r—a, cos(6 — @)
27 a,” +r* —2a,rcos(0 — @)

H, (r,0)=

e Contribution of the current line I,

H (r 9)=__{2__ asin(@ — @)

ra 21 a* +r* —2arcos(8 — @)
H,,(r 9):1—2 r—acos(6 — @)

PAL

21 a’ +r* —2arcos(@ — @)

e Contribution of the current line /5

H_,(r,0)=0
I

H ,0) =3

9’3(r ) 2nr

The normal component of the field induction across the boundary must be preserved, i.e. for

r = b the following equation should be satisfied,

HoH  (5,6) + 1o H,, (5,6) = it H, ,(5,60) + it H, 4 (5,6) (2.70)

which leads immediately to:

Ml asin(@ — @) Kol a, sin(6 — @) __ upol, asin(@ — @)
21 a*+b*—2abcos(0—¢) 2r al2 +b*> —2a,bcos(6 — ) 2 a® +b* —2abcos(@ — @)

The condition has to be valid along the entire interface air-iron, and thus for all values of the
angle 6. This can be satisfied only if the expressions in the denominators of the equation

above are similar functions of 8, i.e. a; has to comply with the following relation:

b _aq
2 b (2.71)
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Hence aa, = b%, and it turns out that the point at which the image current /; has to be placed is
an inversion image of the position of the original single line conductor with respect to the
cylindrical boundary of radius » = b. With this additional constraint the second term on the

left-hand side of the boundary condition (2.70) becomes:

Kol a, sin(6 — ) _ K, a, sin(6 — @) _
21 a,” +b* —2abcos(6 - 2 :
“ 1beos(® ~¢) bz((fli) +1—2ﬂcos(9—<p)]
b b
bZ
_ Mo, a, sin(6 — @) _ Ml a sin(6 - ) _
27 2 2 b’
bz[(é) _,_1_22005(9_(,,)] —7(b2+a2—2bacos(9—(p))
a a a
_ Mol asin(@ —¢)
21 a® +b* —2abcos(@ — )
And the boundary condition is reduced to:
I+II=#I2 (2.72)

The boundary condition for the tangential component of the field intensity imposes that

Hy(b,0)+H,,(b,0) = H, ,(b,0) + H, ,(b,0) (2.73)

Taking advantage of relation (2.71), after several transformations equation (2.73) can be

brought to the following form:

(b—acos(@—-)I-1,-1,)= [%—acos(@ —(p))(l3 -1))

Hence, considering that the condition has to be satisfied for all values of 8, and taking Eq.
(2.69) into account, it follows immediately that I; = I3. Thus a set of three equations is

available for the determination of the current values and directions in every conductor:

I=1I,+1,
I+1, =,
I, =1,
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After solving it the following results are obtained:

1, =1, =ﬁ-_11
u+l1
51 (2.74)
I, =——-
u+1

Fig. 2.24 shows a pattern of the magnetic flux lines plotted for the iron yoke with inner bore
radius of 100 mm and a single conductor line placed 60 mm away from the axis of the

cylindrical cavity. The calculation was carried out for the relative permeability coefficient

% /

N\

Figure 2.24 Flux pattern due to a single line conductor in a cylindrical air-iron boundary problem

Summary

In the problem considered, the magnetic field in a cylindrical air cavity can be represented by

the original conductor carrying current / and its image current line at the position inverse to

original with respect to the air-iron boundary, and carrying current £ i I . With both
U+

current lines in place the problem can be treated as if the boundary had not existed and the
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entire space had been filled with air. The magnetic field in the iron yoke can be represented

by the conductor transporting current , located at the same point as the original current

u-1
u+1

line, and a second current line with current I running along the central axis of the

cylindrical air tunnel.

Remarks

The boundary problem addressed in this section is known as the Searle’s problem of the
second kind. Although it was solved by Searle already in 1898, the detailed calculations are
rarely found in the literature. In reference [10], which is based on Searle’s original works, the
discussion of the problem is based on the geometrical properties of the inversion
transformation. The boundary condition for the tangential component of the magnetic field
intensity is treated alternatively by comparison of the difference of magnetic potential
between two points as measured on both sides of the air-iron interface. In order to implement
this approach the author analyses the work carried out by an imaginary unitary magnetic pole
by moving it from one point to another. The work calculated in this way along the boundary
must be then equal in both media.

The approach just presented in this section follows a strict mathematical treatment of
the boundary conditions, which does not require the introduction of the unitary magnetic
pole. Moreover, the position of the image current line, setting up the magnetic field in the air
cavity due to the presence of the iron yoke, is not assumed in advance. The inversion

transformation automatically becomes a necessity if the boundary conditions are to be

satisfied.
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2.10.2 Analytical Calculations for the Nonsaturated Iron Yoke

The image current method is valid only if the iron yoke is not saturated. Only then the
permeability can be considered to be constant and independent of the position within the
yoke. Taking advantage of the results obtained in the previous section we can calculate the
influence of the iron yoke on the magnetic field within the magnet in such a case.

The position of the conductors in the approximation for dipole geometry magnet
including the effect of the iron yoke is shown in Fig. 2.25. The point Ci’(a’, ¢) is the
inversion image of point Ci(a, @) with respect to the boundary of the air-iron interface at r =
b, and u is the permeability of the iron yoke. According to the properties of the inversion

transformation a’ = b¥a.
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Figure 2.25 Effect of the iron yoke on the inner field of the single line conductors
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e Magnetic field inside the magnet aperture (r < a1)
The contribution to the vector potential from the conductors representing the current shell for
r < ais given by Eq. (2.55). The contribution from the image current lines accounting for the

iron yoke effect is according to the same formula:

A;(r,9)=ﬂ z l(;) cosng cosnf =2ﬂﬁ[ﬂ:—1)1 2 l(;—‘;) cosn@ cosnf

n=21+1 T u+l) ,San 2.75)
The total of both terms is
2u,l 1(rY p-1)a\"
A (r,0)="2- —| —||1+]| —=||=| |cosn@cosnd 2.76
<(.0) T ,,;Mn(a)[ (/,Hl)(b) J ¢ (2.76)

The current shell arrangement including the image shells representing the contribution of the

iron yoke is shown in Fig. 2.26. If we assume that the current density in the shells

y '\

Figure 2.26 Effect of the iron yoke on the inner field of the current shell
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representing the coil is constant (J = Jyp) then dI = Jy-ada-dg. In order to calculate the vector
potential due to the magnet it is sufficient to integrate A, over the radial and angular extent of
the coil (from a; to ay, and from O to ¢;). The contribution of the iron yoke will be
automatically taken into account including the form of the image current and the fact that the
current density in the image shells is smaller than in the coil shells due to the surface increase

of the image shells after the inversion. The total vector potential is:

2n
e
Az(r,9)=2#°']° Z r" cosn@ . j H :
n

sin ada =
Son "o J a 2.77)
= 2o, Z I? ! 1—2 - ;11—2 + Ik \ 2 : (azn+2 - a1n+2) cosn@sinng,
T uamn |(n—-2|q a, ,u+1}b (n+2)

The first term in the sum between parentheses represents the coil contribution to the magnetic
field and the second one corresponds to the contribution of the iron yoke. The multipole

components of the magnetic field are:

n-1
Br’n (r, 9): _%‘)ﬁ%—ﬁn ne Sinn(Pl { 1 1_2 _ 1_2 ]_'_ (,Ll‘ 1\ 1 (a2n+2 _ aln+2 )}

n-2|aq a,

n-1
BG,n (r’ 9)= —E‘tho—JOTTCOS n0Osin n(pl { 1 1_2 — 1_2 ]_'_ (,’L 1 \ 1 (a2n+2 _ a1n+2 )}

n-2\aq a,

e Magnetic field outside the coils but within the bore of the iron yoke (a;<r < b)
The contribution to the vector potential from the conductors representing the current shell for
r > a is given by Eq. (2.56). The contribution from the image current lines is the same as in

the previous case and given by Eq. (2.75). The total of both terms is

Az(r,9)=M 2 l(ﬁ) [1+(—E_—1)(£J :lcosn(pcosne (2.79)

T o\ T u+1

The integration over the extent of the current shell yields:

2u,J cosn@sinn 1YY
AZ(r’0)= ‘u;z)_ 0 2 ?, |:1+(,U )(_) :l(a2n+2_a1n+2) (2.80)

W nt(m+2)r" p+1 b
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The multipole components are:

_2,J, sinnBsinng,

B, ,(r,0)=

. nm+2)rt

2u,J, cosnfsinng,

B,,(r,0)=

. nn+2r

n+l

e Magnetic field in the coil region of the magnet (a; < r < ay)

() Je-e
(sG] Je-a

(2.81)

The total vector potential for this case is a mixture of two previous cases. The integration

over the extent of the current shell has to be executed in the following manner:

2u,J 1 p-1YrY" t%laY
A(r,0)="2 z —{1+ ~——)(;J cosnejj[—]acosn(p dado+
Vi1 Lo\ 7T

u+1

n=21+1 1

, 28l

cosn@sinng,

_ 2T, Y 2

|

The multipole field components are:

[

1

(n+2)r"

n

7

+

11
n_2 rn——2 azn—Z

|

( —
inn@si —;—[( —a")+ (“—i)
B,,(r,0)=— 244/, sinnBsinng, | (n+2)r K+
! + AR
L n-— 2 r"‘z azn—Z
1 + n+
. m[(r" Z_al 2)—(
B, ,(r,0)= 2u,J, cosnfsinng, <
V4 n i (] B
n— 2 rn—z azn_z
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(2.82)

[T

(% ]Zn (a2n+2 _ a1n+2 ):I +
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2n A
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e Magnetic field in the iron yoke (r > b)
As it was shown in the previous section the magnetic field in the nonsaturated iron yoke due
to a single conductor line carrying current / and placed inside an air cylinder bored within

the iron can be represented by a system of two image current lines. The first one with current

I=21

a I should be placed in the same position as the original, and the second one carrying
U+

-1 )
current I = i—ll along the central axis of the aperture.
U+

In the current shell model applied for the dipole geometry the conductor lines
representing both coils carry currents in opposite directions, therefore the image lines at the
center of the i‘nagnet’s aperture cancel each other out. The contribution of the remaining
image conductors to the vector potential is given by Eq. (2.56), which for the iron of

permeability u takes the following form:

A:,_(r,9)=-2‘u—°'l'li z l(a cosng cosnf =M 2 1fa cosnpcosnf  (2.84)
T aamh\ T (u+Ym Sranr

The integration over the radial and angular extent of the image shell (which has the same

geometry as the original current shells) yields:

A(r,0)= 4upd, 2 cosn@sinng, (a2"+2 _al,,+2)

T(uADr L nr(m+ ) (2.85)
The multipole components are:
B (r,0)=— 4popJ, sinn@ sin nz), ( - a{'”)
| (L+Dr nm+2)r
(2.86)
B, (r.6)= 4, J, cosn@sin ’:Jr?l (a2n+2 _ a1"+2)

C(u+Dr n(n+2)r

Magnetic flux lines for the dipole geometry current shells characterized by inner radius a; =
40 mm, outer radius a, = 60 mm, and the limiting angle of ¢, = 7/3, enveloped by the iron
yoke with inner bore radius » = 100 mm are plotted in Fig. 2.27 for the relative permeability
1 =9. Es an example, the magnetic flux lines for a variant of the twin aperture dipole magnet

calculated with the Poisson program package [11] are shown in Fig. 2.28.
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Figure 2.27 Magnetic flux lines generated by the dipole geometry current shells with nonsaturated iron yoke

Figure 2.28 Magnetic flux lines generated by a twin aperture dipole magnet
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2.10.3 Single Aperture LHC Dipole Magnet with Nonsaturated Iron Yoke

The quality of the field in the region where the particle beam is guided, i.e. inside the
magnet’s aperture is of special interest. In that region the field in the median plane of the

magnet is:

2 n—1 _ .
B, =B, (r,0)= _2bedo T sinng, L 1_2 - 1_2 + B 1\ > 1 (a2"+2 -a," 2)
: T n n-2la"? a, p+1 b (n+2)

(2.87)
The nonsaturated iron yoke does not produce any new multipoles in the magnet. For the
dipole geometry coils the index n takes the values of odd numbers only as it was in the case
of the bare coil arrangement. The ratio of the iron to coil contribution to the magnetic field

induction is:

(,U—l\) 1 (a n+2_an+2)
Buw \£t1)0"+2) 0 "~ uc1) n-2 (aa) (e, -a)
B, o - 1 1 1 B (:u +1 }bzn (n+2) azn_z - aln—2

n_2 (aln-z - azn-z )

Taking into account that the permeability of the nonsaturated iron yoke of the LHC dipole

(2.88)

magnet is i = 4000, the ratio (i - 1)/ (U + 1) = 1 and the formula (2.88) is reduced to:

n—2 n+2 n+2
Bn,iron _ n—2 (alaz) (a2 —4a )

b*(n+2) a,””—a""

(2.89)

n,coil

The inner bore radius of the LHC iron yoke is b = 98 mm. For n = 1 the presence of the iron
yoke enhances the magnetic field generated uniquely by the coils by 13.5 % in the case of the
inner layer and by 27.9 % in the case of the outer one. Taking the approximated results of
section 2.8 into account the total dipole field due to both layers enveloped by a nonsaturated
iron yoke is,

©.107 [T]

B, = By, (7,0) = —

1,to0tal

5.676 11,J
T

which amounts to —8.29 T, and means that the intensity of the dipole field in the aperture of

the magnet is 21.4 % greater than the one generated only with the coils (see section 2.8).
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Or in other words, the magnetic field due to the iron yoke constitutes 17.6 % of the total
dipole field in the magnet:

Bl iron
——=0.176

1,t0tal

Let us analyze how the iron yoke influences the values of the other multipole coefficients.
For the sextupole (n = 3) there is a 0.2 % field enhancement due to the inner layer and 2.18 %

due to the outer one. The total field sextupole field is:
B3 — BB,3(rO’O) — __1._1§7¢LO—JO .10-5 [T]

And the relative multipole coefficient is:

B _ 2.04-107*

b, =

1,total

With the presence of the iron yoke the sextupole component becomes slightly smaller for the
current shell model analyzed in section 2.8. In practice the distribution of the material in the
real iron yoke is shaped taking into account its influence on the value of bs. The decapole
component (n = 5) due to both layers is almost not affected (inner layer by 0.004 %, outer by
0.17%.):

B
Bs =By 5(1,0) = _gr&oj_o 107 [T] by =—>—=0675-10""

1,z0tal

For n = 7 there is virtually no field change due to the iron yoke (0.0008% for inner layer, and
0.013% for the outer one.) The relative multipole coefficient is lower due to the important

dipole field increase.

b, = B, _017.10*

1,total

B, is also not affected by the presence of the iron yoke (by 1.3 - 10® % for the inner, and by
0.001 % for the outer layer.)

b, = B, 0.026-10"

1,t0tal
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The results for the current shell model without and with iron yoke are grouped in
Table 2.3. Since the current shell model does not take into account the effect of thermal
contraction it is compared with the results of the ROXIE calculations under warm conditions
and without current grading in the conductors. (Table 2.4). The analytical calculations for the
nonsaturated iron yoke in ROXIE are also based on the image method with the difference that
an image current line is created for every superconducting strand in the cable cross-section.
In this way a high precision analytical solution is obtained. Table 2.5 contains different
variations of the ROXIE cases with the nonsaturated iron yoke. The percentage of the dipole
field enhancement in comparison to the dipole field generated by the coils only is given in
brackets next to the coefficient B;. Corresponding values of B; due to the coils were given in

Table 2.2.

Table 2.3 Current Shell Model Results

Io= 10 mm B1 [T] b3 b5 b7 bg
coils only -6.83 2.18 0.82 0.21 0.030
coils with nonsaturated iron yoke -8.29 (21.4 %) 2.04 0.68 0.17 0.026

Table 2.4 ROXIE Model Results

1o = 10 mm (uniform current dens.,

warm conditions) Bi[T] bs bs b; bo

coils only -6.85 1.940 -0.126 0.032 0.0019

0.0016

coils with nonsaturated iron yoke -8.31 (21.3 %) 1.920 -0.106 0.026

Table 2.5 Various ROXIE Cases for Nonsaturated Iron Yoke

o= 10 mm Bl [T] b3 b5 b7 b9

Current grading, cold conditions -8.36 (21.2 %) 1.434 -0.106 0.026 0.0015
Current grading ,warm conditions -8.33 (21.1%) 1.426 -0.104 0.025 0.0014
Uniform current density, cold -8.33 (21.3 %) 1.932 -0.108 0.027 0.0016
Uniform current density, warm -8.31 (21.3 %) 1.920 -0.106 0.026 0.0016

Analyzing the results in all tables the conclusions similar to the ones in section 2.9
can be drawn. The current shell model gives not only a good estimate of the main dipole field
due to the coils but also a correct value of its enhancement caused by the nonsaturated iron
yoke. Looking at the formula (2.87) it is clear that by bringing the boundary of the iron yoke
closer to the coils one can obtain a dipole enhancement much more substantial than 20%. For
example, if the inner bore radius of the iron yoke is changed from 98 to 80 mm, the dipole
magnetic field in the ROXIE case in Table 2.4 will increase from 8.31 to 9.04 T giving thus a
32 % magnetic field enhancement due to the yoke. Unfortunately this may jeopardize the

2-52



stability of the magnet system. Bringing the yoke closer to the coils of the magnet imposes
the decrease of the size of the collars. As a consequence this direct reinforcement structure of
the coils may be not rigid enough to efficiently counteract the Lorenz forces exerted on the
coils. On the other hand the closer the iron is to the coils the higher magnetic field penetrates
into the yoke causing its faster saturation. Thus the iron yoke boundary cannot be simply
brought as close as possible to the magnet coils.

The iron yoke does not significantly affect the higher order field harmonics. During
the design process the field harmonics are usually at first optimized using the analytical
approach with the nonsaturated yoke. In reality the yoke is not fully saturated only during the
ramping of the magnet at low currents; when the magnetic field in the magnet is very low.
The saturation effects on the magnetic field pattern, and especially on the lower order field

harmonics are addressed in the next section.
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2.11 Saturated Iron Yoke

During the operation of the magnet at its nominal field of 8.36 T the iron yoke is highly
saturated. The permeability of the iron is not uniform — it depends on the position within the

yoke. Eq. (2.3), which applies to this problem, can be alternatively written as,
B=u(H)H (2.90)

where W(H) is a field-dependent permeability of the saturated iron yoke. For isotropic soft
magnetic materials y can be considered to be a scalar mono-valued function of the magnetic
field intensity. Taking under consideration that y is a function it is more convenient to rewrite
Eq. (2.11) for the magnetostatic problem as:

1 s 3
VX;VXAZ =], (2.91)

The most efficient techniques of solving it numerically for the complex problem domains are
based on the Finite Element Method (FEM). The term finite element appeared for the first
time in the literature in 1960 [12]. The first comprehensive book introducing the numerical
calculation procedure was written by Zienkiewicz [13]. Originally the method was used to
handle the complex problems of structural mechanics. The earliest application of FEM to the
electromagnetic problems dates back to 1967 [14]. The first paper that treated the finite
element solution for the saturated magnetic materials was written in 1970 [15]. Nowadays
many sophisticated software packages like ROXIE, ANSYS [16], OPERA [17] address
electromagnetic problems for static, as well as for steady state and transient time-varying
magnetic fields using FEM solvers.

The principle of FEM is based on the discretization of the problem domain into a
number of small inter-connected sub-regions called elements. The network of the elements
obtained after the division of the solution domain constitutes a mesh. An example of the mesh
generated with triangular elements is shown in Fig. 2. 29. The objective of the method is to
approximate the unknown vector potential in each element by a certain trial function, which
interpolates the behavior of the unknown function within the element. With the application of
weighted residuals method or by minimization of properly constructed functionals in
variational principle, the partial differential equations defining the problem, are reduced to a
sparse matrix equation. In this way an algebraic system of equations is obtained.

FEM can treat problems with high degree of complexity of the geometry and media

distribution. The disadvantage of the method is that only a finite domain can be divided into
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elementary sub-regions. As a consequence all of the open boundary problems that have to
consider an infinite space must be approximated with far field boundaries, i.e. a large air
region must be meshed around the effective model in order to validate the solution and
minimize the approximation errors. Moreover, not only the iron yoke, but also the
complicated coil region must be meshed. In Fig. 2.29 a part of the mesh in the coil region is
shown. As one can see even the small air gaps between the conductive areas of the cable must
be divided into finite elements. Sometimes this may pose major problems during the

subdivision, because the length of the air gaps (15 mm) is unproportionally bigger than their

Figure 2.29 A fragment of the problem domain meshed with triangular elements

A high-precision analytical solution for the coil region can be obtained without resorting to
FEM as it was demonstrated in the previous sections. The FEM solver incorporated in
ROXIE [18] is based on a reformulation of the standard total vector potential representation
of FEM by means of the reduced vector potential [19]. This approach does not require the
meshing of the domain in the coil region and allows to combine the FEM solution for the
saturated iron yoke with the analytical solution for the coils. Such an approach reduces also
the calculation errors due to the far field boundary. The aperture of the magnet must still be
meshed pro forma but the mesh does not have to represent the geometry of the coils.
Although the benefits of this method are satisfactory in 2-D problems the approach becomes
quite inconvenient in the 3-D calculations.
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Further advantages can be achieved with a relatively young Boundary Element
Method (BEM), which is based on the boundary integral equation and the principle of
weighted residuals. The objective of BEM is to find the unknown function and its normal
derivative along the boundary between the media. The first book entitled Boundary Elements
was published in 1978 [20]. Since then the BEM approach addresses also nonlinear and time
dependent problems. On the contrary to FEM, BEM is defined on an infinite domain and can
address open boundary problems without approximation. Unfortunately, as compared to
FEM, the consideration of nonhomogenous materials is much more difficult using BEM
formalism.

Optimal results are obtained with the coupled BEM-FEM method. The idea was
developed at the University of Stuttgart in Germany [21] and combines the FEM formalism
for the magnetic media with the BEM description applied for the regions containing imposed
source currents and for the air space surrounding the model [22]. This method gives also an
essential reduction of the size of the system matrix describing the problem, which reflects

substantially in the speed of the numerical calculations.

2.11.1 FEM Formulation for 2-D Numerical Analysis of the LHC Dipole Magnets

with Saturated Iron Yoke

The FEM approach will be extensively used in chapter 3 for the analysis of the transient
states of the magnetic field. The presentation of the method adapted specifically for the LHC
magnets starts already here in the magnetostatic case.

An example of a problem domain for a single aperture dipole magnet is shown in
Fig. 2.30. For the fully symmetric geometry it is entirely sufficient to consider only a
quadrant of the domain with properly applied symmetry conditions. When the analysis
comprises asymmetric current distributions or geometry, the entire domain must be modeled.
The coils are confined in a fixed volume of the iron bore by the collars. Since the collars are
made of nonmagnetic stainless steel they are not included in the static model. However, when
the magnetic fields are time varying, also all of the nonmagnetic metallic materials must be
taken under consideration, as it will turn out in chapter 4.

The entire solution domain £2 consists of two sub-domains representing the air £2,;
with permeability gy and the iron £2,,, with permeability p. The air regions can contain a
number of conductor sources with imposed currents, which do not intersect the air region. Let

us remind that all of the imposed currents in any 2-D problem flow uniquely in the OZ
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direction. The first step on the way to the FEM solution is to formulate the problem in terms

of physical laws. The problem is described by the equation (2.91) valid in the entire domain
= Qau ) !21,011.

Figure 2.30 Elementary model for the numerical magnetic field calculation
in a single aperture dipole magnet with the saturated iron yoke

Equation (2.91) is subject to the following boundary conditions,

e satisfied on the boundary I':

—_ —

B-ni=(VxA) n=0=>A4,=0 (2.92)
e satisfied on the boundary I'y

. 1 ~ dA
Hxn=—(VxA)Xxn=0=>—%=0
u( 2) 0 (2.93)

These are homogenous Dirichlet and Neumann boundary conditions. A Dirichlet condition
specifies a value of the unknown function, whereas a Neumann condition assigns a value of
its normal derivative on the boundary. A combination of both kinds of the boundary

conditions must be then
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e satisfied on the interface air-iron I';:
(B,~B,) i=0=>A,=4,_, (2.94)

1 aAz,i _ 1 aAz,a

(ﬁi —ﬁa)Xﬁ =(_1.(VXAZ,’.)—-L (Vxﬁz,a)jxﬁ=0=>—
H Ky

2.95
U on  u, on (2.95)

The complete formulation of the 2-D problem is given by the differential equation (2.91) and
its boundary value problem specified by the conditions (2.92- 2.95).

The second step is to subdivide the problem domain into a net of finite elements as
demonstrated in Fig. (2.29.) This operation replaces the solution domain with infinite degrees
of freedom by a meshed domain having finite number of degrees of freedom. In reality
ROXIE uses quadrilateral elements, because they provide better interpolation of the vector
potential within the elements and are easier to extrude in a 3-D case. However in order to
simplify the discussion, simple 3-noded triangular elements, as shown in Fig. (2.29), will be

used. Let us consider one of such elements denoted as e and drawn in Fig. (2.31).

Figure 2.31 A finite element in a fragment of triangular mesh

The behavior of the unknown vector potential A, is approximated within the element by a

function A, constructed as a linear polynomial:
A (xy)=A(x,y) =0 +0x+ 05y (2.96)
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The choice of the polynomial is dictated by the ease of its integration and differentiation, as
well as by the fact that any function can be approximated by a polynomial containing enough
terms. The unknown coefficients o are evaluated from the nodal values of approximation
(2.96). The element contains three nodes and there are also three unknown coefficients ;
thus the representation (2.96) of the vector potential is said to be complete, because it
contains all of the terms necessary to account for the linear variation of A, within a triangular
element. For quadrilateral elements a corresponding complete interpolation of A, within the

element would read:

A(x,y)=A(x,y)=0, +0,x+0,y+0,xy
Coming back to the triangular mesh, a following system of equations can be written for the
nodes of the element e:

A= +a,x +o,y,
Aj =0 00X, + 05y, (2.97)
A, =0 +a,x, +05y,

Equation system (2.97) in matrix representation is:

4 L x y ||l
A =1 x; || (2.98)
A, 1 x, y,||lo
The solution of matrix equation (2.98) is
1 A x o Y 1 I A vy 1 1 x A
al=§§ A x; 052=El Ay, 063:51 x; A
A, Xy I 1A, ¥, L x, 4,
(2.99)
where S is the area of the element:
1 x, vy
1
S = ) I
1 x, vy,
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If auxiliary coefficients a;, b, c;, are defined as,

X Vil _
1 vy,
b, = —|1 =Y; = Vn (2.100)
1 =x.
c, = Tl=x,—x,
1 «x, !

and the remaining coefficients g, b;, ¢j, am, bm, cm, are created by analogy, using cyclic

permutation of indices, the solution (2.99) can be conveniently rewritten as,
( - A A
Q ——2—§(a,. ,taA +a,A)

1
la, = E(biAi +b,A, +b,A,) (2.101)

1
Q, =E(ciAi +c;A +c,A)

with

1
S = E(ak +b.x, +c,y,)
where k = i, j, m. Substituting the solution (2.101) into Eq. (2.96) gives the following result,

1 .
Ay =Yoo (@ +bxt e A =Y NiA, (2.102)
k k
which is valid locally in the domain 2. spawn by the element. The functions Ny given by,
. 1
Ni=-c(a, +hx+ey) (2.103)
28

are the local shape functions assigned to the element e. Thus the vector potential (2.102)
interpolating the behavior of the field within the element is a linear combination of the shape
functions and the nodal values of this element. Formula (2.103) transforms the Cartesian

coordinates of the element into the area coordinates. For example the value of N at point

P(x,, ¥p), which lies within the element e (see Fig. 2.31),
. 1
Nj(xp,yp)=5§(a,+b,x,,+c,~y,,) (2.104)

is a ratio of the surface of the triangle App to the surface of the entire element.
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Thus the shape functions specify the area coordinates of the point inside the element. The

inverse transformation from the area to the Cartesian coordinates yields:

xp =N,(P)x;+ N,(P)x; + N, (P)x,
Yr =N,(P)y, +Nj(P)yj +N,(P)y, (2.104)
1=N,(P)+N;(P)+N,(P)

The third equation in (2.104) is an identity. It gives the ratio of the sum of all three internal
sub-triangles, defined between the point P and the nodes of the element, to the surface of the
entire element. It expresses the fact that only two area coordinates are independent — only two
shape functions are the base functions of the area coordinate system. Summing up, the shape

functions have the following properties:

e N;(x,y,)=6,, where k and ! = i, j, m and 6 symbol is a Kronecker’s delta:
1 fork=I
01 =
0 for k #1

Thus, e.g. N; = 1 at node i and zero at all the remaining nodes of the element.

1 if point P is inside the element
o YNiP)y=q o
P 0 if point P is ouside the element

The solution for the vector potential within the element is not an exact solution of the
problem equation (2.91), therefore when (2.102) is substituted into Eq. (2.91) a residual will

be created inevitably.

1 JE
V><—u VXY NiA —J, =R, (2.105)
e k

The permeability in Eq. (2.105) in the iron region is considered to be constant in each
element, although it may vary from one subdivision area to another. In the air region it is

constant in all of the elements.

The next step for obtaining a system of algebraic equations for unknown Ay is to force
the residuals R. to zero in an average sense over the entire domain 2. The entire problem

domain consists of the sum of all of the sub-domains (2, defined by the finite elements.
K
Q=>0Q,
e=1
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Index K indicates the total number of elements in the mesh. If the global residual tends to
zero in the entire domain, the approximated vector potential can be considered as a good
approximate solution of the problem. Forcing of the global residual to zero is done by means
of an arbitrary weighting function w.

jw-z‘édsz:i W, R, dQ=0 (2.106)
Q e=10Q,

In Eq. (2.105), which describes a single element the residual vector R. has only a z
component, because in the 2-D problem vector potential and imposed current sources have
only this component. In this regard the vector weighting functions wy must have only a z

component as well.

Moreover, they must obey the homogeneous complementary boundary conditions:

w,-n=0 on the boundary T, (2.107)

w, X7i =0 on the boundary I',

Forcing the residuals in Eq. (2.105) to zero for all of the elements in the problem domain

yields:
- K - 4 1 - -
[w-RdQ=3 [, R .d2=} [, -(Vx—Ver -7 ]dg =0 (2.108)
Q e=1Q, e=1Q, e
Hence
K 1 . X -
zjwk-[Vx—Ver]dg=zjwk-jzdgz (2.109)
e=1 Q, :ue e=1 Q,

Eq. (2.108) will hold only if all of the integrals on the left-hand side of Eq. (2.109) are finite.
The definitions and the properties of the shape functions Ny assure this for all of the points
inside the elements, nevertheless the property is not guaranteed while crossing the boundary
between the adjacent elements due to the discontinuities resulting from the differentiation of
the vector potential. To demonstrate it let us consider a simple 1-D example illustrated in
Fig. 2.32. At the boundary between the elements the vector potential is by definition always
forced to be continuous. Its first derivative is not continuous nevertheless it is finite. Yet it is
clear that the second derivative will be neither continuous nor finite at the boundary between
both elements. This level of continuity is known as C,. An equivalent type of the second

order derivative in 2-D would cause a problem in Eq. (2.109). Therefore the equation under
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question should be transformed to the weak form,
AX) A which does not contain the derivatives higher than the
first order. One can get rid of the second order
derivatives in Eq. (2.109) by using the vector form of

the Green’s theorem, according to which:

A\ 4

[, -[Vx—l—Ver]dQ= (2.110)

e

boundary between

the elgments 1
A j — VXA, |- (Vx#,)dQ - §wk

VXAexﬁ)dr
€ ) €

While transforming Eq. (2.109) the circular integral in

identity (2.110) is evaluated step by step for all

elements in turm and vanishes due to the interface

N,
L

x condition requiring the continuity of the magnetic flux

between them. For the elements, which are a part of the
Figure 2.32 A C, continuity of a

" function global problem boundaries I'y, I's or I'y the circular

integral vanishes there due to the boundary value problem specified by conditions (2.92 —

2.95) combined with the complementary boundary conditions (2.107) satisfied by the

weighting functions. In this way Eq. (2.109) is reduced to:
2[[ VXA) (Vxi,)dQ ijk j.de (2.111)

Thus the second order derivatives in Eq. (2.111) are already removed, and the continuity
requirements for the vector potential across the element boundaries are reduced. However,
the first derivatives of wy appear in the equation, which implies that the transformation was
done at the cost of increase of the continuity requirements put on the weighting functions.
Both the vector potential and the weighting function in 2-D problems have only the z

component while being independent of the z coordinate at the same time, therefore both can

be represented as,
VxA, =VA,Xé,

Vxw, =Vw, Xe,

which further simplifies Eq. (2.111) to

3 I—I—(Vwk)'(VAe)dQ =Y [#,7.dQ 2.112)
e ¢ Q,

Q,1"e
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The current density is present in Eq. (2.112), which enforces, as mentioned already before,
that the coil region must be meshed reflecting the coil geometry of the magnet. In the next
section it will be demonstrated how to avoid it.

The final step on the way to the FEM solution is to derive the matrix equation for the
single element. Using the Galerkin’s approach the choice of the weighting functions

coincides with the shape functions. Thus

Since the shape functions are C, continuous this choice does not violate the increased
continuity requirements imposed on the weighting functions by equation (2.112). It was also
shown [23] that apart from a few isolated cases this method gives the best results. In this

regard the equation (2.112) rewritten for a single element becomes:

1 (ON; 0A, ON, JA e

[~ St %e+ 22 g0 - [N;j,dQ2=0 (2.113)
oM.\ 0x dx dy dy 2

Partial derivatives of Ny and A, with respect to x and y can be calculated directly from Egs.

(2.103) and (2.102). Hence,

ON: b,
ox 2§
oN, _ &
dy 28

A, < bA
ox —; 28

aAe _zCkAk
ay <28

where k = i, j, m. As far as the second term in Eq. (2.113) is concerned the current density is
constant in the elements representing the coils and can be taken out before the integral. In the

remaining elements it is zero. The integral of Ny is executed over the surface of the triangular

element:
a b c
Neédxdy = =% | dxdy + =% | xdxdy +—~ | ydxdy =
;'! axay 2Sé[ y 2Sé[ y 2S;!y y
1 1 1 1 1 2 S
=—aS+bS —>» x, +¢, S — =—(a,+bx+c,y)=—-—85S=—
25( % % 3; 3 A 3;%] 2( k % V) 53 3

2-64



Thus Eq. (2.113) evaluated at the node k = i yields:

1{ b b A ¢ c, A, S .
— | =L kT ko4 i KLk LS——3j =0
(25,;' 28 2Sk2 28 37 (2.114)

:u'e =i, j,m =i, j,m

After regrouping the terms, Eq. (2.114) is transformed to:

1
4u,S

e

(B +¢)A + (b, +cc))A, +(bb, +cc,)A,) —% j. =0 (2.115)

By repeating the same procedure for the remaining nodes the entire element matrix can be

assembled:

b’ +c’ bb,+cc, bb,+cc, || A 1
1 2, 2 S .
ans bjb,.+cjci bj t+c; bjbm+Cij . AJ. — §]z~ 1|=0 (2.116)
“\bb +c,c;, bb t+c,c b’ +c,’ A, 1

Matrix equation (2.116) can be rewritten in a convenient short form as:
K,A°+S,=0 (2.117)

The element matrix K. in Eq. (2.116) is a symmetric matrix of the order of 3 (corresponding
to the number of nodes in the element) with positive elements on the diagonal. The vector A°
contains unknown potentials whereas S, is the vector of the source currents.

The complete system matrix of the order N, where N is a total number of the nodes in
the domain, is a combination of the matrices obtained for the single elements. The value of
unknown potential at a given node is composed of the contributions of all of the values
resulting from the elements connected to this node. In order to obtain the system matrix each
element matrix must be expanded to the global matrix of the order N by adding zeros in the
remaining locations. The coefficients of the element matrix are put in the global matrix at the
row-column positions corresponding to the subscripts i, j, m present in the element matrix.
During the assembly of the system matrix all of the element matrices must be added together.
Thus the generic formula for the global matrix assembly is,

L
K=K, (2.118)

e=1
where L is the total number of elements in the finite element mesh.
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The system equation after the assembly of the global matrix has the following form

corresponding to the form of the single element equation (2.117).
KA+S=0 (2.119)

The imposed current sources are present in matrix equation (2.119), which implies that the
geometrically complicated coil region must be meshed in the finite element model. In the
next section it will be demonstrated how to circumvent this inconvenient requirement by

using a reduced vector potential representation.

2.11.2 Reduced vector potential representation

As it was pointed out in the previous section the total vector representation enforces that the
geometrically complicated coil region must be modeled in the finite element mesh. Knowing
that the source field resulting from the coils can be calculated by means of analytical methods
with a good precision it would be of great advantage to fuse the analytical results for the coil
region with the FE numerical calculations applied merely to the region of the saturated iron.
The discussion in section 2.10.3 demonstrated that the field enhancement due to the
nonsaturated iron yoke in the LHC dipole magnet is of the order of 20% in reference to the
magnetic field generated by the coils. Thus it is obvious that the major part of the magnetic
field in the magnet aperture is definitely attributed to the coil windings. If the precise
analytical solution for this region is incorporated into the FEM model for the iron yoke, it
will significantly reduce the errors due to the far field boundary in comparison to the total
vector potential representation, where all regions must be included in the FE mesh.
These objectives can be achieved by splitting the total vector potential from the
previous section into two parts:
A=A-+4 (2.120)
The first part, denoted as A;, represents the vector potential corresponding to the source
currents flowing in the coil of the magnet located in free space. The A, part expresses the
reduced vector potential describing uniquely the magnetic field induced by the saturated iron
yoke, i.e. the part of the total magnetic field of the fully assembled magnet attributed only to
the iron magnetization. The source magnetic field can be calculated from the coil geometry
using either the Biot-Savart law or the vector potential integrals. The problem Eq. (2.91)

using the new notation of Eq. (2.120) becomes:

1 e
VXEVX(AS+A,)=JZ (2.121)
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Taking Egs. (2.1), (2.3) for the air region and the material relationship (2.90) for the
saturated iron into account, Eq. (2.121) can be transformed immediately to the following

form,

Vlexﬁr=Vxﬁs—Vx&ﬁs (2.122)
L U

in which the vector potential A, is an unknown function and H; is the intensity of the
magnetic field generated by the coils stripped of the iron. Eq (2.122) is valid in the entire
problem domain 2. The form of this equation is quite similar to the original problem Eq.
(2.91), in which the total vector potential was an unknown function, with the exception that
here the source current density does not appear explicitly on its right-hand side.

In this formulation the boundary conditions (2.92) and (2.93) become

nonhomogeneous Dirichlet and Neumann conditions respectively:

(VXA)-fi=—pH, i on the boundary T, (2.123)

ﬁ(vxﬁr)xﬁ =—%‘lﬁsxﬁ on the boundary T, (2.124)

The interface conditions on the boundary between the iron and the air regions for the reduced
vector potential are corresponding to the ones expressed in Egs. (2.94) and (2.95) for the total
vector potential. The weak form of Eq. (2.122) can be obtained using identity (2.110)

according to which the following equation is valid in the entire 2-D problem domain:

J.[%Vxﬁ,}(wak)dﬂ—wk-(%Vxﬁrxﬁ]dl“= (2.125)
r

Q

=j[ﬁs—ﬁﬁs H(Vx#,)dQ— §, - A xi-Yfg xii |dr
Q K T U

Combining the fact that the tangential component of H; is zero on the Iy boundary together
with the boundary conditions of the problem and the complementary boundary conditions
satisfied by the weighting functions wy (see Egs. (2.107)), the weak form given by Eq. (2.125)
is reduced to:
1 -~ - = ~ ~

[|=Vx4, | (vxis)de=| g -Pg | vxiw)do (2.126)

Q 'u Q ﬂ
In the sub-domain €2, the right hand side of Eq. (2.126) vanishes because one has to

substitute i = , for the entire air region. As it was already mentioned before the current
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density is not explicitly present in Eq. (2.126) allowing thus to calculate the magnetic field
resulting from the coils using analytical methods without jeopardizing the consistency of the
numerical solution in the iron region. Fig. 2.33 shows the reduced magnetic field resulting
from the iron magnetization, whereas Fig. 2.34 illustrates the total magnetic field distribution
resulting from the analytical calculations for the coil region combined with the FEM
modeling of the saturated iron yoke. Table 2.6 contains the comparison of the cold condition
ROXIE results for the nonsaturated iron yoke with the results obtained for its saturated
variant. As indicated already in the previous sections the percentage of the dipole field
enhancement in comparison to the dipole field generated by the coils is given in brackets next
to the coefficient B;. Corresponding value of B; due to the coil geometry was given in

Table 2.3.

Table 2.5 Nonsaturated vs. saturated iron yoke

o= 10 mm B1 [T] b3 b5 b7 bg
Coils with nonsaturated iron yoke -8.36 (21.2 %) 1.434 -0.106 0.026 0.0015
Coils with saturated iron yoke -8.28 (20.0 %) 1.874 -0.109 0.026 0.0015

IBreguceal [T1]

25-26
24-25
22-24
2.1-22
20-21
1.8-2.0
1.7-18
1.5-1.7
1.4-15
1.3-14
1.1-13
1.0-1.1
0.8-1.0
0.7-0.8
0.6-0.7
0.4-0.6
0.3-04
0.1-03

g oo0-01

Figure 2.33 Distribution of the reduced magnetic field resulting from the iron magnetization
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As expected after the analytical considerations, the iron yoke affects higher order field
harmonics. Looking at the results in Table 2.5 one can remark smaller value of the main
dipole field in comparison to the nonsaturated iron yoke. Also the value of the sextupole bs is
increased by 0.44 units. The decapole bs changes only slightly, whereas the higher order
multipoles remain unchanged. In this regard the very first stage of the design process of the
accelerator magnets for the LHC comprises the optimization of the analytical solution as far
as the higher order multipoles are concerned. The second stage addresses then the analysis of
the influence of the iron saturation on the magnetic field harmonics of the lower orders and
the optimization of the iron distribution around the coils.

The reduced vector potential method is a very useful adaptation of the FEM approach
for the calculation of the magnetic field distribution in the LHC magnets, which by definition
include large, highly saturated iron parts. The coil region of the magnet still must be meshed
but the mesh does not have to reflect the complicated geometry of the coil windings. The
hybrid combination of the analytical solution for the coil region with the FEM numerical

treatment of the iron yoke gives the results with higher precision in comparison to the

B! [T]

B s6-91
B s1-86
B 76-81

Figure 2.34 Distribution of the total magnetic field in the magnet
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standard FEM approach applied to the entire problem domain. Since the FEM solution
represents the iron induced magnetic field only, the errors imposed on the total field

calculation due to the far field boundary are considerably reduced.

Concluding Remarks
This chapter presented the techniques of analysis of flawless superconducting magnets. The
next chapter addresses the analysis of magnets with internal insulation defects in view of

precise localization of the fault-affected area before the damaged magnet is disassembled for

repair.
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Chapter 3

A Novel Method for the
Inter-Turn Short-Circuit Localization

in Superconducting Collared Coils

In the previous chapter it was shown that in a dipole magnet the symmetry defined by the coil
geometry and the current distribution in the conductors generates only odd order magnetic
field harmonics. The diagnostic method presented in this chapter is based on the analysis of
the magnetic field effects created when this prerequisite geometry is broken due to a possible
short-circuit between the turns of the coil windings.

To begin with, the problem is studied in the static case. Under such circumstances the
detection of the longitudinal position of the defect is already possible providing that the
resistance of the short-circuit is much lower than that of the cable turn affected by the fault.
In most practical situations, however, the electrical defect requires to be triggered by a high
voltage discharge. The presence of an intern-turn short circuit is then typically detected by
observing the change of the coil inductance as compared to the flawless reference magnet.
Thanks to the specific topology of the pancake winding used in the dipole coil, already at this
stage some valuable conclusions can be drawn concerning the azimuthal position of the fault
affected area. Nevertheless, the longitudinal localization of the problem still remains out of
reach.

The measurement of the transient magnetic field harmonics generated in the magnet
during the test discharge can successfully solve this problem. At first, the physical laws
responsible for the transient phenomena taking place in the coils and their surrounding
reinforcement structure are formulated and adapted to the specific case of the dipole magnet.
Based on this study, a FEM transient model of the magnet, and the relevant physical
parameters optimized with experimental measurements are presented and discussed.

Thereafter, the design and fabrication of the instrumentation necessary for the
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implementation of the detection method is described. The detection procedure is then
thoroughly verified on a dedicated short (1-m long) dipole magnet model equipped with
micro-relays capable of activating artificial inter-turn short-circuits in the internal layer of the
coil. As predicted by the transient model, the method based on the analysis of the distortion
of a pulsed magnetic field described in this chapter is successfully applied to fast and reliable
localization of both the longitudinal and azimuthal positions of the fault-affected area with

the precision of a few millimeters.
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3.1 Static Analysis of an Inter-Turn Short-Circuit

at Room Temperature

In this section we will analyze
m theoretically an ideal low-ohmic
inter-turn short circuit in the coils of

the magnet. The numbering of the

X-section 2 , o
conductors in the 6-block coil is
Y shown in Fig. 3.2. Let us assume that
X-section. 1 1 there exists an inter-turn short circuit
9 32 between the cables number 31 and 32
151 3'1 (Fig. 3.1). Due to the electrical defect

the current is redirected to the

neighboring cable turn via the short-

circuit path. On one side of the inter-
Figure 3.1 Schematic representation of an inter-turn short-

circuit in the coil turn short circuit the current

distribution in the coil is asymmetric

Figure 3.2 Numbering of the cables in the coil
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(cross-section No. 1). In terms of 2-D analysis, in the cross-section preceding the position of
the short-circuit the source current flows in conductor No. 31 but not in No. 32. It returns
carried by conductor No. 152 only. The initial symmetry of the current distribution in the
dipole coil is definitely broken in this way. On the other side of the defect (in cross-section
No. 2) this symmetry is partially recovered; the current distribution becomes symmetric again
with respect to the vertical symmetry axis of the coil. Nevertheless the current leads No. 31
and No. 151 are deprived of current, and the symmetry of the current distribution with respect
to the median plane of the magnet (marked with the line in Fig. 3.2) still remains broken. Let
us see what are the implications of this symmetry breaking in terms of magnetic field
analysis.

Table 3.1 shows how the short circuit affects the normal multipoles of the magnetic
field in comparison to the flawless magnet. The multipoles are listed in the units of [x10™].

The calculations performed with ROXIE include the effect of the nonsaturated iron yoke.

Table 3.1 Static analysis of the normal multipoles under inter-turn short-circuit conditions

Normal multipoles Flawless Coil X-section 1 X-section 2
[x10™4 (no fault) (before the fault) (behind the fault)

b, 16000 10000 10000
b, 0 2.29 0

b; 143 -1.41 -2.65

by 0 0.49 0

bs -0.105 0.666 0.518

b 0 0.029 0

b, 0.026 0.139 0.140

by 0 -0.004 0

by 0.0015 0.0080 0.0107
by 0 -0.0012 0

by 0.0030 0.0027 0.0031

In cross-section No. 1, where the current distribution is asymmetric, measurable multipoles of
even orders, i.e. quadrupole, octupole, etc., are developed. As it was shown in chapter 2 these
multipoles are not generated in a flawless dipole magnet. They are not present in the
magnetic field pattern in the cross-section No. 2 either due to the fact that the current
distribution is there symmetric again. In both cross-sections the signs of bs and bs are
changed with respect to the reference flawless magnet. Multipoles b; and bg increase by one
order of magnitude in comparison to the reference coil. Multipole b;; remains virtually
unaffected.

Besides these changes in both cross-sections a development of skew multipoles is

observed. The results for the skew multipoles are listed in Table 3.2 in units of [x10™]. In the
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cross-section No. 2 only even orders of the skew multipoles are developed. The odd orders of
the skew harmonics vanish from the magnetic field pattern in this region. On the contrary, all
of the skew harmonics are present in the cross-section No. 1. It is remarkable that in both
cross-sections the value of the skew quadrupole is quite high. In order to visualize the
contribution of the short-circuit to the magnetic field of the magnet the graphs in Fig 3.3 are
presented for both cross-sections in form of the negative contrast image, created by turning
off the current in the entire coil except for the short-circuit current traversing the path

modified by the point of fault.

Table 3.2 Static Analysis of the Skew Multipoles under Inter-turn Short-circuit Conditions

Skew multipoles Flawless Coil X-section 1 X-section 2
[x10™] (no fault) (before the fault) (behind the fault)

a; 0 4.94 0

a, 0 36.94 35.17

a3 0 0.26 0

a, 0 3.90 4.03

as 0 -0.12 0

ag 0 0.15 0.22

ag 0 -0.026 0

ag 0 -0.016 -0.008
ag 0 -0.002 0

ajg 0 -0.003 -0.003
ap 0 0.0001 0

Summing up the results of the analysis, measurable normal multipoles of even orders as well
as the skew field harmonics with high skew quadrupole are developed in the region preceding
the electrical defect. In the region behind the short-circuit even orders of the normal
multipoles and odd orders of the skew harmonics vanish from the magnetic field pattern.
Thus passing from one area towards the other a certain discontinuity in the magnetic field
should be detected. This discontinuity effect could be used for the longitudinal localization of
the electrical defect. However, an additional important question must be investigated if there
are any clues resulting from the analysis of the magnetic field that would also pinpoint the

azimuthal position of the fault-affected area within the specified block of conductors.
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1Bl [T]

B 050667 - 053285
B o.4s05 - 050867
B o4sa32- 04805

B o04815- 045432

0.40197 - 0.42815
0.3758 ~ 0.40197
0.34962 - 0.3758

0.32344 - 0.34862
0.29727 - 0.32344
0.27108 ~ 0.29727
0.24492 ~ 0.27109
0.21874 ~ 0.24492
. 0.19256 - 0.21874
. 0.16639 ~ 0.19256
0.14021 - 0.16639
0.11404 - 0.14021

B oosme-oi11404
B o.06160 - 0.08786
B oosss1-o0ste9

Figure 3.3 Contribution of the inter-turn short circuit to the magnetic field of the coil. (X-
section no. 1 — top, X-section no. 2 — bottom)

3-6



3.2 Criteria for the Azimuthal Localization

of the Fault-Affected Area

In the way demonstrated in the previous section the short-circuit analysis has been carried out
for the faults located at different positions in the coil. Three parameters reflecting particularly
well the changes in the field as a function of the short-circuit position were selected to
summarize the results. These parameters are normal quadrupole (b,), normal sextupole (bs)

and skew quadrupole (az). The results are gathered in the tables below.

e Reference — flawless coil

Reference template [x1074

b,

bs

)

Flawless coil

1.43

e Internal layer — block No. 3 (see Fig. 3.2 for the block and conductor numbering

convention)

Short-circuit 26-27 [x10™] b, bs a,
X-section before the fault 0.43 -11.84 6.10
X-section after the fault 0 -12.11 3.24
Short-circuit 27-28 [x107] b, bs a,
X-section before the fault 0.76 -11.07 11.77
X-section after the fault 0 -11.57 8.97
Short-circuit 28-29 [x10™] b, bs a,
X-section before the fault 1.09 -9.88 17.25
X-section after the fault 0 -10.58 14.56
Short-circuit 29-30 [x10] b, bs 2
X-section before the fault 1.42 -8.30 22.50
X-section after the fault 0 -9.18 19.94

The criteria for the localization of the fault-affected area within the conductor block No. 3 of
the internal layer could be summarized in the following manner:
= normal quadrupole 0.4 <b, < 1.5 (arithmetic progression with step 0.33)
¥ high negative normal sextupole  b; <0 &8 < 1b3l < 12.5
& remarkably high skew quadrupole 3 < a; < 23
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e internal layer — conductor block No. 4

Short-circuit 31-32 [x10™] b, bs a,
X-section before the fault 2.30 -1.41 36.94
X-section after the fault 0 -2.65 35.17
Short-circuit 32-33 [x107] b, bs 2

X-section before the fault 2.50 1.10 40.14
X-section after the fault 0 -0.17 38.70
Short-circuit 33-34 [x10™] b, bs a,

X-section before the fault 2.65 3.61 42.72
X-section after the fault 0 2.37 41.58
Short-circuit 34-35 [x10™] b, bs ay

X-section before the fault 2.78 6.04 44.66
X-section after the fault 0 4.85 43.85

The criteria for the localization of the problem within block No. 4 of the internal layer are:

& normal quadrupole 2<by<3
i normal sextupole -1.5<b3<6.5
¥ very high skew quadrupole 35<a,<45

e internal layer — conductor block No. 5

Short-circuit 36-37 [x10™] b, bs a,
X-section before the fault 2.80 13.56 45.60
X-section after the fault 0 13.03 46.28
Short-circuit 37-38 [x10™] b, bs a,

X-section before the fault 2.70 14.40 43.86
X-section after the fault 0 14.09 44.89

The criteria for the localization of the problem within block No. 5 of the internal layer are:

¥ normal quadrupole: 2.5<b,<3
¥ high positive normal sextupole: 13 < b; <15

= very high skew quadrupole: 43 <a, <45
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e internal layer — conductor block No. 6

Short-circuit 39-40 [x10™] b, bs a,
X-section before the fault 1.78 12.86 29.18
X-section after the fault 0 13.54 31.44

The criteria for the localization of the problem within block No. 6 of the internal layer are:

& normal quadrupole: 15<by<2

¥ high positive normal sextupole: 12.5 < b; < 14

= very high skew quadrupole: 29<a,<32

e external layer — conductor block No. 1 (selected short-circuit positions)

Short-circuit 01-02 [x10] b, bs a,
X-section before the fault 0.06 -2.89 1.69
X-section after the fault 0 -2.92 0.90
Short-circuit 02-03 [x10™] b, bs a
X-section before the fault 0.12 -2.81 3.26
X-section after the fault 0 -2.86 2.48
Short-circuit 05-06 [x10™] b, bs a,
X-section before the fault 0.27 -2.33 7.85
X-section after the fault 0 -2.44 7.11
Shert-circuit 08-09 [x10™] b, bs a,
X-section before the fault 0.42 -1.50 12.13
X-section after the fault 0 -1.65 11.46

The criteria for the localization of the problem within block No. 1 of the external layer are:

¥ normal quadrupole: 0<b, <05
¥ negative normal sextupole: b;<0&155Ibsl <3
¥ skew quadrupole: 3<a,<12.5

e external layer — block no. 2 (selected short-circuits)

Short-circuit 10-11 [x10™] b, bs a,
X-section before the fault 0.59 0.22 17.50
X-section after the fault 0 0.002 16.98

39




Short-circuit 12-13 [x10™] b, bs a,
X-section before the fault 0.66 1.09 1941
X-section after the fault 0 0.87 18.97
Short-circuit 18-19 [x10™] b, bs a,
X-section before the fault 0.78 3.66 22.77
X-section after the fault 0 3.47 22.64
Short-circuit 24-25 [x10™] b, bs a
X-section before the fault 0.78 5.41 22.37
X-section after the fault 0 5.32 22.56

The criteria for the localization of the problem within block No. 2 of the external layer are:

= normal quadrupole: 05<b,<0.8
¥ positive normal sextupole: O0<b3;<55
= skew quadrupole: 17 <a, <23

The short-circuits located in the second quadrant of the coil cross-section produce the
same results for the cross-section before the fault and different results for the one behind the
defect due to the changed current distribution. Compare the results for the short-circuits 33-
34 and 153-154 and notice the difference in the current redirection in Fig. 3.1 and Fig. 3.6 in
section 3.4. In case of the defect in the first quadrant (33-34) the values of bs and a; in the
second cross-section become smaller in comparison to the cross-section No. 1, whereas for

the corresponding defect in the second quadrant (153-154) they increase.

Short-circuit 153-154 [x10™] b, bs a,
X-section before the fault 2.65 3.61 42.72
X-section after the fault 0 4.85 43.85

Short-circuits located in the third and fourth quadrants of the coil produce skew multipoles
with reversed sign as referred to the first two quadrants. Compare previous table with the

corresponding results for the short-circuit in the third quadrant of the coil listed below.

Short-circuit 113-114 [x10™] b, bs a,
X-section before the fault 2.65 3.61 -42.72
X-section after the fault 0 4.85 -43.85
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Three conditions connected by logical AND constitute a criterion for the
identification of the position of the short-circuit within the given block of conductors. All of
these conditions are exclusive, which means that a set of three values for computed control
parameters b,, b; and a, chosen at random describes unambiguous field pattern and thus
allows the assignment of the fault location to the specific block of conductors. Moreover, a
monotonous behavior of the parameters as a function of the short-circuit position gives the
possibility to deduce the exact number of the coil turn affected by the fault. From the
measured experimental values of the multipoles it should be possible to deduce the
longitudinal and angular position of the short-circuit within the magnet by solving a properly

imposed inverse magnetic field problem.

3.3 Limitations of DC Test and Analysis for Detection

and Localization of Inter-Turn Short-Circuits

The effect generated by a short-circuit predicted for the static case is hypothetically
measurable with the rotating pick-up coil system used for the quality assessment of the
magnetic field in the magnets [1]. Unfortunately there are serious restrictions in using this
system for the short-circuit analysis. During the measurements under room temperature
conditions the magnet is resistive. The coils of the magnet operated with steady current
overheat very fast under such circumstances jeopardizing the future performance of the entire
magnet assembly. Therefore the intensity of the steady current must be kept very low and the
testing time should be minimized to avoid a possible damage inflicted to the coils due to
excessive heating. It is an opposing objective as far as the measurement procedure with the
rotating coils is concerned. The measurement procedure requires certain lapse of time (the
longer the better) for the stabilization of the signals resulting from the higher multipoles and
for obtaining a high level of the measurement reliability and precision. Moreover, the real
damages of the coils in the magnet are never perfect. Often a partial perforation of the
insulating material produces a high-ohmic fault, which does not disturb the flow of the steady
current in the magnet at all, creating thus a false impression that the magnet is intact. In this
case a certain amount of energy must be released into the magnet within short time duration
in order to identify a hidden fault and reveal its true nature. This is done by means of the
high-voltage discharge measurements described in details in Appendix A at the end of this

chapter and applied for the damaged dipole magnet in the section that follows.
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3.4 Detection of the Insulation Failures
with the High Voltage Discharge Test

Often inter-turn short-circuits are well detectable when the magnet is collared. The presence
of the insulation failure in the magnet can be diagnosed by means of pulse propagation
methods at room temperature. A current impulse is injected between the terminals of the
magnet by a discharge generator. The coil response in form of voltage and current
oscillations is then registered by the EDMA application program [2] and analyzed in terms of
pseudo-period of the oscillations, inductance and effective resistance of the coils (see
Appendix A). Figs. 3.4 and 3.5 show the discharge curves acquired on the collared magnet
assembly during a test at 1 kV. In other words a pulsed current is supplied from a discharge
generator by releasing the energy accumulated in a 1-pUF capacitor charged initially at 1 kV,

into the test object.

1.2

- Reference Short Circuit A Short Circuit B Short Circuit C
f=3800Hz f=4850Hz f=4550Hz f=4070Hz

L=150mH L=0.88mH L =1.00 mH L=126mH —F—
Reg=294Q R4=253Q R.4=26.7 Q R.=299 Q

Voltage [kV]

-0.2 — Reference
— Short Circuit A
-0.4 ~— Short Circuit B |
- Short Circuit C
-0.6 -

Time [us]

Figure 3.4 Voltage oscillation curves at 1-kV discharge test

Figure 3.4 shows the damped voltage oscillation curves for the reference flawless magnet and
for several inter-turn short circuits located in the internal layer of the coils. The test was
carried out on the older design of the 1-m long LHC dipole magnet model realized with the 5-

block geometry coils (2 conductor blocks in the outer, and 3 in the inner layer of the
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transversal cross-section of the coil quadrant). The positions of the short-circuits and the
geometry of the 5-block coil are shown in Fig. 3.6 (compare with the current 6-block design

of the coil geometry depicted in Fig. 3.2). Fig. 3.5 pictures the plots of the current oscillation

30
Discharge Curves at 1 kV = Reference
o5 - - Short Circuit A |
—Short Circuit B
- Short Circuit C

15

Current [A]
o

-10

Time [us]
Figure 3.5 Current oscillation curves at 1-kV discharge test
curves measured during the test at the input

/_\ terminals of the magnet.

. In case of an inter-turn short-circuit the
X-section 2

* 7 A l source current supplied to the magnet is
X-section 1

redirected to the neighboring cable turn

through the short-circuit path. The energy
released into the magnet is additionally
dissipated at the point of fault. For the
propagating impulse the coil appears to be

shorter by a length of a cable turn affected by

the electrical defect. This passive winding
deprived of initially imposed source current is
marked with a thin line in Fig. 3.6. During the

discharge test a transient time-varying

Figure 3.6 Short-circuit positions during the HV magnetic field is induced in the magnet. As
discharge tests
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indicated on the time axis in Figs. 3.4 and 3.5 the entire measurement process is completed
after approximately 400 ps. The variable magnetic field generated in the aperture during this
time will induce a high current in the passive winding deprived of the initially imposed
transport current. The current curves shown in Fig. 3.5 do not have anything in common with
the current induced in the passive loop. These curves correspond to the source current
oscillation, which is measured at the input terminals of the magnet. The short-circuit current
induced in the passive winding is much higher. Unfortunately, a direct access to the fault-
affected area of the magnet and to its passive loop does not exist and the value of the
secondary current induction in the failure region cannot be measured directly. However, as it
will be demonstrated in the following sections, it can be evaluated from the model. The
induced current will generate a magnetic field opposing the flux change in the area spawn by
the fault-affected loop. This current has also an asymmetric distribution on one side of the
short-circuit, and a symmetric one on the other side. Thus, despite additional physical
processes taking place here in comparison to the static case, the effects predicted for the static
case as far as the magnetic field analysis is concerned, should also take place. Exactly as for
the static case one should observe the vanishing of the even orders of the normal field
harmonics and of the odd orders of the skew field harmonics in the area of the magnet were
the current distribution becomes symmetric. One can expect that this field discontinuity effect
should be considerably amplified due to the transient nature of the discharge phenomena as
well as due to the essential degradation of the magnetic field consistency caused by the
secondary current flow in the passive winding.

As a consequence of the current redistribution imposed in the coil windings by the
insulation failure the value of the magnet inductance decreases, whereas the damping factor
and the frequency of the oscillations increase (see Figs. 3.4 and 3.5). The existence of the
fault can be thus verified, nevertheless the method does not allow to localize the position of
the short-circuit. Any intervention on the magnet assembly aiming to repair the malfunction
requires dismounting of the collars. After the reinforcement structure of the magnet is
removed the internal prestress in the coils is released and the short-circuit simply disappears.
In order to reestablish and localize the failure the pressure must be locally increased over
small sections of the coil using external press. This procedure simulates locally the forces
exerted on the coils in the collared assembly. Each time the section of the coil is changed the
discharge test must be repeated in order to check on the acquired oscillation curves if the

short circuit is located in the region of the coil under increased pressure conditions. The zone
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of the increased pressure moves in small overlapped steps along the entire magnet coils. The
procedure may take from one to two weeks until the longitudinal position of the problem is
localized in the 15-m long dipole magnet. Thus it becomes extremely unpleasant, time-
consuming and expensive. It is also quite easy to miss the spot during the first complete
pressure scan of the coil. Once the longitudinal position is localized, the traditional
localization procedures based on resistance and voltage ratio measurements between the
adjacent cable turns are employed for the azimuthal localization of the affected coil winding.

As far as the azimuthal position of the short-circuit is concerned the discharge test on
the collared assembly gives already some valuable hints regarding the angular position of the
defect in the block of conductors. The surface of the passive winding deprived of the source
current is the main factor determining the magnitude of the self-inductance drop in the
magnet. The bigger the surface, the higher the intensity of the current induced in the passive
loop, and finally the bigger the inductance drop in comparison to the reference magnet. In
case of the pan-cake topology of the coil winding used for the LHC dipole magnets the
surface of the single coil turn is maximal in the median plane of the magnet and becomes
smaller the further the cable is away from the median plane (see Fig. 3.6). Hence originates a
valuable hint concerning the azimuthal position of the defect, i.e. the bigger the frequency
change, and the greater the inductance drop, the closer the failure to the median plane of the
magnet. Thus among the short circuits presented in Figs. 3.4 and 3.5 the one in position A
(with the highest peak current measured at the terminals of the magnet (Fig. 3.5)) is the
closest one with respect to the median plane and the one in position C the one furthest away.
This conclusion is in total agreement with the actual positions of the short-circuits depicted in
Fig. 3.6.

The discharge curves do not give any clue as to the longitudinal position of the defect,
because inter-turn short circuits with the same azimuthal position affect the winding with the
same surface no matter what the longitudinal position of the fault-affected area is. However
the analysis of the current distribution symmetry that we have carried out so far suggests that
the precise longitudinal localization of the problem should be possible with the dedicated
system capable of detecting the discontinuity of the certain field harmonics in the magnet
excited with a high voltage pulse. In this way the development of the idea approaches the

domain of the time-varying magnetic fields.
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3.5 Eddy Currents in Quasi-Static
Time-Varying Magnetic Fields

Eddy currents are induced in any conductive medium submitted to the time-varying magnetic
field. In this regard eddy currents can be generated due to the time-varying excitation current
applied to the test object or by the relative motion of the conductive medium with respect to
the source magnetic field. Only the first of these two cases will be considered here. In general

two types of eddy current problems can be specified aiming to calculate either

e eddy currents induced in the conductive medium which does not carry any initially
imposed source currents; this is a proximity effect induced by an external exciting source
present in the neighborhood of the medium under question,

or

e eddy currents induced in the source-driven current conductors; this kind of problem is
called a skin effect problem and it leads to the redistribution of the total current density in

an arbitrary system of the current carrying conductors.

Both of above-mentioned effects must be taken into account to analyze the development of
the magnetic field during the high voltage discharge test performed on the LHC dipole
magnets. All of the nonmagnetic but conducting parts of the magnet structure must be taken
into account during the calculations. Eddy currents will be induced in the copper wedges
inserted between the conductor blocks, in the 0.7-mm thick austenitic steel protection sheet
surrounding the coils, and in the direct reinforcement structure of the coil: the collars, the
collaring rods and the assembly pins. All of these elements of the magnet structure were
thoroughly omitted in the calculation of the magnetostatic problems in the previous chapter,
because all of them are nonmagnetic. On the contrary to chapter 2, all of the tests presented in
this chapter are performed on the collared single aperture magnet assembly deprived of the
iron yoke. Due to this fact the magnetic parts of the magnet structure will be neglected in the
magnet modeling following in the next sections. However, during the test excitation of the
magnet in the pulsed mode all of the nonmagnetic parts of the assembly will contribute to the
final profile and harmonic contents of the time-varying magnetic field pattern generated in
the aperture of the magnet. Also the current density redistribution in the coil conductors will

also have to be taken under consideration.
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The exact analytical solutions for eddy currents exist only for a certain group of
problems with simple geometry containing only isotropic and linear conducting media [3].
All of the industrial, complex geometry problems including nonlinear or anisotropic materials
must be treated with numerical methods, and even then the computation of eddy currents in a
great number of 3-D problems is not satisfactory yet. Only 2-D considerations are presented

consequently throughout this work.

3.5.1 Proximity Effects in the Copper Wedges and in the Coil Reinforcement Structure

During the discharge test performed on the collared magnet assembly the proximity effects
will be observed in the copper wedges and in the entire coil reinforcement structure
composed of the collaring shoe, the collars, the collaring rods and the assembly pins. In order
to derive the field equations governing the eddy current flow in these media let us consider an
elementary problem depicted in Fig. 3.7 and related to the LHC dipole magnet. Region €2,
represents a conductive medium of the wedge-shaped longitudinal spacer inserted between
the conductor blocks of the coil. The wedge is made of copper, thus it is nonmagnetic (U =
o), homogeneous and isotropic. Eddy currents will be induced in this region during the

discharge. Region £ represents a single turn of the coil, which is also homogenous and

Figure 3.7 Elementary eddy current problem in the LHC dipole magnet during
high voltage discharge test
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isotropic; the conductivity and electrical permitivity of the medium are constant at every
point and in every direction. Area denoted as £2,;, corresponds to the inner and outer space
regions of the magnet, filled with air. For the time being let us assume that the skin effect in
the source-driven conductor £2 does not have to be considered, and let us concentrate on the
eddy currents induced in the area of the copper wedge £2..

The current on the right-hand side of Eq. (2.1) has to be split into two terms: jg
describing the density of the source current supplied to the cable of the coil, and j.

corresponding to the density of the eddy currents induced in the copper wedge:

VXH=j +]j (3.1)

The displacement current still remains neglected in Eq. (3.1) because its value is very small
in comparison to the conduction current for the wave frequencies smaller than the optical
spectrum frequencies. The problems in which the displacement current is neglected are called
quasi-static problems. As a consequence of this assumption the charge distribution on the
surface of the conducting media is not present. This is especially valid for the 2-D problems
considered in this work.

Besides Egs. (3.1), (2.2) and (2.3), the following Maxwell equations for the electric

field must be considered while defining the problem,

_ OB
VXE=—"— .
X = (3.2)
VD=p (3.3)
D=¢E (3.4

where E is the strength of the electric field, D is the electric field induction (electric
displacement), p expresses free charge density, and € electric permitivity. The density of the
eddy currents induced in the copper wedge is related to the intensity of the electric field by

means of Chm’s law
j,=cE (3.5)

in which o is the conductivity of the wedge given in [S/m]. By substituting the magnetic field
induction (2.4) into Eq. (3.2) one obtains an electric field strength expressed in terms of the
magnetic vector potential A with the precision characterized by the gradient of an arbitrary
scalar field:

0A

E=—22-VV )
Ey (3.6)
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Since in electrostatic problems, i.e. in absence of the time dependent terms in (3.6), the
negative gradient of the scalar electric potential defines the strength of the electrostatic field it
is quite natural to use the same potential in Eq. (3.6). Hence the density of the induced eddy

currents can be expressed as:

j. =—c[g—‘;‘+ VV] (3.7)

Substitution of the eddy current density from expression (3.7) into Eq. (3.1) leads to the

following vector diffusion equation with the magnetic vector potential as an unknown

variable:

VlexA+aa—A+aVV=j (3.8)
7 ot :
Eq. (3.8) must be solved numerically for each region in which eddy currents will be induced.
The position of the magnetic permeability in the equation is kept on purpose to address the
most general case of the magnetic non-homogenous materials. In the analyzed case of the
nonmagnetic copper wedges this permeability could be of course replaced with the constant
permeability of air and taken out before the first nabla operator.

The eddy current density given by formula (3.7) cannot be calculated using the vector
potential alone. Although the vector potential is just an auxiliary variable introduced to
simplify the description of the problem a precise physical meaning is assigned to its integral.
The magnetic flux traversing a given area can be expressed in terms of the closed contour
integral of the vector potential calculated along the boundary of this area. In Eq. (3.8) the
vector potential at a given point in the region of the copper wedge does not correspond
directly to the amount of the interlinkage flux across the area between this point and the
reference point of zero vector potential value. Thus the gradient of the scalar electrical
potential in (3.8) expresses a corrector term acting as a modifier of the interlinkage flux of the

conductive copper wedge region characterized by the vector potential. In 2-D problem

domain Eq. (3.8) can be transformed to the following form

VX%(VAZXEZ)+0'8§;+G(VV-EZ)=;s (3.9)

which can be further simplified to:

—

1 JA v -
-V—VA +0—F*+0—=
oA 5, % (3.10)
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In general case the gradient of the electric scalar potential should be considered as an
additional unknown in Eq. (3.9). However if the model meets certain conditions this term can
be entirely neglected during the calculations. Let us see under which circumstances this can
be done. According to formula (3.7) the total current density on the right-hand side of Eq.
(3.1)is:

}=js+je=js-o[a£2+vv] (3.11)
Hence the total current intensity in the entire problem domain can be obtained:
— — aA
I=[jda=|jdo-]o| ==+VV |dQ (3.12)
Q Q Q at

On the other hand the induced eddy currents cannot generate any extra current in the average
sense over the domain, therefore by definition the entire measurable current intensity is due

to the imposed source currents:
I=]7,d0 (3.13)
QS

Hence taking into account Egs. (3.12) and (3.13) it follows immediately that the total

intensity of the eddy currents induced in the copper wedge must be limited to zero:

- j a[ag;z +VV )dﬂ =0 (3.14)

V=-— [Z24Q (3.15)

It expresses the mean value of the speed of variation of the vector potential in time in the
region spawn by the conducting domain. The partial derivative of the vector potential with
respect to time could be used to judge in which cases the gradient of the electric scalar
potential becomes zero and can be neglected while solving problem equation (3.9). The
integration area must contain all regions, which experience the flow of the same eddy
currents. The entire eddy current loop must be included in the integration domain. For
example, during the 2-D analysis of cross-section No. 2 in Fig. 3.6, cables No. 31 and 154 are
deprived of the initially prescribed source current due to the insulation defect encountered at
the point of fault. Both conductors are considered in the 2-D model to be parallel and

infinitely long. However, they are connected together at the end in the head region of the coil,
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and therefore the integration domain for the calculation of the eddy currents induced in the
passive winding must include transversal cross-sections of both conductors affected by the
short-circuit. In the case of the parallel conductors, which are not connected with each other
at the end of the magnet, the integration region will include only a transversal cross-section
surface of one such conductor at a time. This is exactly the case corresponding to the
longitudinal copper wedges inserted between the cable blocks to optimize the current
distribution in the coils of the magnet.

An attentive reader would ask immediately what happens if the current redistribution
is to be recalculated in the source-driven conductors. Indeed all of the cables in the positive
half-plane of the coil (x > 0) in Fig. 3.6, not only the ones affected by the inter-turn short-
circuit, are connected with their corresponding return current conductors in the negative half-
plane (x < 0). The source current must be prescribed to these conductors by specifying the
direction of its flow; normally positive for the conductors in the positive half-plane and
negative for the remaining ones. In this regard the imposed source current density has
different polarity for the two halves of the coil defined by the vertical symmetry axis.
Therefore all of the source-driven conductors must be considered as separate ones for the
calculation of the total current density redistribution due to the skin effect.

Unfortunately, the corrector term expressed by the electric scalar potential cannot be
calculated directly using formula (3.15) because the space distribution and time evolution of
the vector potential are not known prior to the solution of Eq. (3.9). To circumvent this
inconvenient impasse let us analyze an elementary eddy current loop illustrated in Fig. 3.8.
The picture in Fig. 3.8 shows a 2-D case of the eddy current loop induced in a slab made of
conducting medium. The illustration was extruded in the direction of the OZ axis only for
better visualization of the problem. Let us assume that the eddy current loop has a unit length
along the OZ axis and that the zero vector potential line of the 2-D model does not coincide
with the symmetry axis of the eddy current loop. The eddy currents induced in the slab are

due to the magnetic flux between points P; and P;.

d
E -E, =—% (3.16)

Thus the following relation defines the electric fields at both points:

a[ L20) ]
E =—-E =2 (3.17)

g ot
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vector potential value -

L eddy current loop
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T A2

symmetry axis
of the eddy current loop

Figure 3.8 Elementary eddy current loop induced in a conducting slab

The magnetic flux traversing the eddy current loop can be expressed as the difference of the

vector potentials between both points:
¢ ,=A —A, (3.18)

The value of A; corresponds to the magnetic flux crossing the area of unit length in the OZ
direction, spawn between point P; and the reference line of zero vector potential value. By
analogy the value of A, expresses the flux traversing a similar area defined between point P,

and the reference line. Taking Eq. (3.6) into account the electric field strengths at both points

are.
a(Al_AZJ
U2 ) oA a(ata
S TR at+at( 2 ] G19
a(Al—Az)
_ 2 ___aAZ i At+A
E, = ot ot +at( 2 ) (3.20)

The first term in Egs. (3.19) and (3.20) is related to the flux across the respective areas

designated by the points P; and P,, and the reference line. The second term in both equations
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is related to the magnetic flux in the area stretched between the symmetry axis of the
analyzed eddy current loop and the zero vector potential line (see Fig. 3.8). Due to the fact
that the zero vector potential line does not coincide with the symmetry axis of the eddy
current loop the electric field strengths cannot be calculated directly from the values of the
vector potential at points P; and P,. After the comparison of Egs. (3.19) and (3.20) with Eq.

(3.6) it turns out immediately that:

Vv =—%(%J (3.21)
Thus the gradient of the electric scalar potential indeed plays a role of the correction term
modifying the distribution of the eddy current density in the conducting medium in case if the
symmetry axis of the induced eddy current loop does not coincide with the A = O reference
line. Otherwise, if the reference line passes through the middle of the induced loop, A; = -A;
and the correction term (3.21) becomes zero. Hence a very important conclusion can be
drawn for the analysis of the eddy current distribution. If the central line of symmetry exists
for the flux distribution resulting from the eddy current induction, the gradient of the electric
scalar potential can be neglected in Eq. (3.9) providing that the vector potential along this line

is set to zero. The validity of this fact was proven for the numerical treatment of eddy current

problems by Nakata [4]. Under such conditions Eq. (3.9) is simplified to:

1 _. - _9A
VX;(VAZXeZ)=]s—O' 3 (322)

In the case of the single aperture dipole magnet, the line of the zero vector potential runs
along the vertical symmetry axis of the magnet (see Fig. 2.30). Thus the problem of the eddy
current distribution in the entire reinforcement structure of the magnet will be indeed
governed by Eq. (3.22). However for the analysis of the copper wedges the corrector term

(3.21) must be taken into account.
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3.5.2 Skin Effect in the Current-Driven Coil Conductors

In order to model the magnetic field pattern generated in the magnet aperture during the high
voltage discharge test it will be necessary to analyze also the flow of eddy currents in the
source current driven conductors of the coil. In Fig. 3.7 a single coil conductor is represented
by the Q; region. The scalar potential gradient term in Eq. (3.9) cannot be neglected in this
case. In the previous section the total current intensity resulting from the eddy currents
induced in the collars was limited to zero (see Eq. 3.14). In the case of the region submitted
to the flow of the prescribed source current, the total measurable current resulting from the
redistribution of the current density in the cable due to the eddy currents must also be limited.

This limit is specified by the current intensity resulting from the initially imposed source

ok

Since the electric scalar potential considered along the straight conductor of the magnet coil

current:

-

A vy ]dQ =[J,dQ (3.23)
QS

%)
ot

represents a gradient field, it must satisfy the Laplace equation:

V¥V =0 (3.24)
The equipotential surfaces in the cable are normal to the current flow, i.e. they correspond to
the transversal cross-sections of the cable. Thus the solution of Eq. (3.24) can be expressed in
the following manner

V(z)= V(d);V(O)

z+V(0) (3.25)

where V(0) and V(d) are the electric potential values at the respective cross-sections
z =0 and z = d in Fig. 3.9. In 2-D model the gradient of the scalar electric potential
corresponds to the derivative of the potential with respect to the z coordinate. Hence, taking
the form of the solution (3.25) into account it turns out that the gradient under question is a

constant in 2-D problem domain:

v - _V@D-VO
0z d

Thus the part of the eddy current distribution described by the scalar potential gradient in Eq.

= const. (3'26)

(3.23) results in a spatially uniform current density over the conductor. This uniform current
density is given by

—

j=-cVv (3.27)
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z=d

Figure 3.9 Current-driven key-stoned coil conductor

The equation for the skin effect problem must be solved along with the current constraint

condition (3.23) for each conductor in the problem domain:

-

Vxl(VAZxEZ)=}v—GaAZ
H ot (3.28)
- JA -
| —0—=% |dQ =1 j dQ

The equation set (3.28) together with the boundary conditions for the vector potential define
completely the skin effect problem in the current-driven conductors. If the source currents are
sinusoidal functions of time the problem is classified as a steady state alternating current
problem. The vector potential and the driving source currents can be represented as the real

parts of the complex harmonic functions of time, e.g.

A, =Re{A")

js — Re{jceiwt} (3.29)

Where, @ = 2nf is the circular frequency of the sinusoidal wave. The use of complex
arithmetic in the equation system (3.28) definitely simplifies the search for the solution in this
case. The calculation of time derivatives becomes straightforward. The equation system in

phasor notation is simplified to:
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—V—I—VAC =j,—i0C A,
K (3.30)

[ G —iwo A)dQ =] j, dQ

Q, Q

Unfortunately (3.30) is not valid for the transient case. During the discharge test performed
on the magnet more than one frequency is present in the spectrum of the damped current
oscillations. The discharge itself has a character of an instantaneous switching followed by a
rapid release of the energy into the magnet. The magnet is definitely not in a steady state
during the test. In order to better understand the meaning of the transient skin effect let us

analyze a quasi 2-D problem of a slab excited with a current representing an arbitrary

function of time.

3.5.3 Transient Skin Effect

Let us consider a metal plate of conductivity ¢ with infinite planar extent in the XZ plane
(Fig. 3.10). The surface of the conductor is defined by the (0, 0, z) plane. Let us assume that

the current density traversing the slab has only one component dependent only on the x

1 Y

N,
V.

A

A

ek

pa

i

4

X

Figure 3.10 A conductor slab model for the quasi 2-D analysis of the transient skin effect
coordinate and parallel to the OZ axis. In the analysis that follows this current density is the
only term on the right-hand side of Eq. (3.1). Since the transient regime of the slab will be

analyzed, it is convenient to apply the Laplace transform to the Maxwell equations:

VxH(s)=0 E(s) (3.31)
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VXE(s)=-suH(s) (3.32)
The curl of Eq. (3.32) yields in the absence of the free space charges:
VXVXE=V(VE)-VE=-V*E=Vx(—suH)=—suVxH =-suc E  (3.33)
And thus
V’E-sucE=0 (3.34)
The same equation is satisfied for the current density:
V2j-suc j=0 (3.35)
In the case of the metal plate considered, equation (3.35) is reduced to:

d’ j(x,s)
de

The characteristic equation of (3.36) has the form

—spuo j(x,s)=0 (3.36)

riospo =0 (3.37)
F, =X4SUo
The general solution of Eq. (3.36) is then
j(x,5) = A(s)e VH* + B(s)eVH* (3.38)
It has to comply with the following boundary condition:
11_)12 Jj(x,8)=0=B(s)=0 (3.39)
Therefore,
j(x,5) = A(s)e V*H* (3.40)

where A(s) = Jo(s) is the current density at the surface of the conductor slab. The operational
current flowing in the segment of width d (see Fig. 3.10) of the conductor integrated over its

full planar extent is:

I(s)= Jo(s)]:de' HO*dx
0

(3.41)
I(s)=

d
——=Jo(5)
JSHo
Thus the current can be considered to be of the uniform density when flowing in a skin region

of thickness expressed by the operational skin depth:
1

o (3.42)
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Any uniform density J(s) can be assumed in a skin of thickness
1 Jy(s)

i J(s) (3.43)

In the transient regime the current of density J(s) will flow in the region specified by

6(s)=

operational skin depth (3.42) as measured from the surface (x = 0) of the conductor. In order
to calculate the effective resistance of the conductor under such circumstances one would
have to analyze the power dissipation in the skin region. Unfortunately Joule’s law cannot be
applied in the transient case because of its nonlinearity. As a consequence, W(s) # R(s)! X(s),

even for the constant R(s) operator.

oo

RI*(s) = R|: f e‘”i(t)dt} # Te'“Riz(t)dt
0

0
To establish R(s) per unit length as a function of the skin depth one has to consider the
voltage drop across the conductor section of length [ (see Fig. 3.10)
V(s)=R(s)-1-1(s) (3.44)
R(s) is the resistance of the conductor submitted to the flow of current I(s) distributed
uniformly with the density J(s) in the area d-&(s).
In the time domain
b !
cS od-9d

I .
od-é © (3.45)

i(H)=jt)d-o6

V()=

vy =" jo
(e

Taking (3.41) into account, the Laplace transform of the last equation in (3.45) yields:

___L, _ L J@) _ L J@) \SUO 346
V(s) p ](S)—o_ JO(S)JO(S)—G—JO(S)———d I(s) (3.46)

Then the operational effective resistance is:

=i J(s) \/suoC _ 1 (3.47)
o J,(s) d o dé(s)

R(s)

Each value of J(s)/Jo(s) in Eq. (3.47) is characterized by a different operational skin depth
&(s). The operational skin depth relates the Laplace transforms of the current I(s) and the
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current density J(s). The average current density characterized by J = Jy results in the

following skin depth:
1
0(s)= (3.48)
\SUOC
If the average current density in the slab is assumed to be J = % the skin depth is,
2
o(s)= (3.49)
suoc

which corresponds to the real skin depth of the sinusoidal AC steady state:

f 2 1
F) = = 3.50
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3.6 FEM Formulation of the Transient Electromagnetic Problem
for the Numerical Analysis of the Magnetic Field
During the High Voltage Discharge Test

The FEM formulation for the analysis of the transient magnetic field during the high voltage
discharge test performed on the collared assembly of the magnet is very similar to the
procedure discussed in details for the magnetostatic case in chapter 2 (see §2.11.1). The
redistribution of the total current density in the coil conductors must be taken into account
here, therefore the convenient reduced vector potential formulation cannot be efficiently
incorporated into the solution of the problem (see §2.11.2). As a consequence the entire coil
region must be thoroughly meshed reflecting the complicated geometry of the magnet coils in
details. Galerkin’s method applied to the weak forms of the equations (3.28) and (3.9) leads

to the time-dependent matrix equation of the form

KA+Maa—?+S=O (3.51)

where K is the system matrix assembled from the single element matrices, the term M in
front of the time derivative also represents a matrix, A is a time-dependent vector of the
unknown vector potentials, and S is a time-dependent vector of the driving source currents
(compare Eq. (3.51) with Eq. (2.119) obtained for the magnetostatic case).

The time dependent solution of the matrix equation (3.51) is also based on the

Galerkin’s procedure. Vectors A and S are discretized in the time domain by means of the

first order function of time (),

A)y=(1-7)-A +7-A (3.52)
S)=1-7)-S,+7-S,, (3.53)

which has the following form:
=1 ¢34

The vectors A, and S, are the values of vectors A and S at the time step #,, which can be
easily verified by substituting ¢ = ¢, in formulas (3.52) and (3.53). Application of (3.54) as the
weighting function in the residual solution of the matrix equation (3.51) results in a
recurrence formula establishing a relationship between the vector potential solution at the

time t,,; and at the preceding time step #,:
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[g-K— M )-An+((l—§)-K+tM )-An+,+.§-sn+(1—§)-sn+l=o (3.55)

n+l n n+l n

If the linear elements are used to disctretize the problem domain the constant factor
appearing in the recursive formula (3.55) equals & = %

The mathematical aparatus for the treatment of the transient electromagnetic problem
is now complete. The damped current osscilation curve (see Fig. 3.5) must be introduced into
the model as the driving-current supplied to the coils of the magnet during the high voltage
discharge test. At this stage a transient model corresponding to the discharge test performed
on the collared assembly of the single aperture LHC dipole magnet can be created and
optimized. Once it is done, we will be able to simulate the test procedure, calculate the time-
development of the transient magnetic field pattern in the aperture of the magnet, analyze its
harmonic contents, and study the feasibility of the observed processes for the precise

localization of the inter-turn short-circuits.
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3.7 Modeling of the Collared Magnet Assembly

Both static and transient models of the 5-block collared dipole magnet without iron yoke
were developed and analyzed using two different CAD environments. The magnet modeling
process, initiated with the static case and developed towards final transient model, is

schematically depicted on the flow diagram in Fig. 3.11.

3.7.1 Evolution from the Static Towards the Transient Model

In the static model created with ROXIE the conductors are excited with a 20 A direct current.
Data concerning the characteristic properties of the superconducting cable used for winding
of the external and internal layer of the coil are taken directly from the internal ROXIE
database. In this way the geometry of the model corresponds to the actual geometry of the
magnet used for testing. Since the collars of the magnet are nonmagnetic the calculation of
the magnetic field harmonics in the static case is based uniquely on the geometry of the coils
and on the current distribution in the conductors. The results of the harmonic analysis of the
radial magnetic field component at ry = 10 mm are given in Table 3.3. (Refer to chapter 2

§2.9 for the explanation concerning the current grading option.)

ROXIE Static Case

OPERA-2D
Transient Case

Figure 3.11 Modeling process of the collared magnet assembly
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Table 3.3 Harmonic analysis of the magnetic field in the ROXIE static model

C t

orading | B1O10°TL | s bs by s b bis bis
On -122.8 -0.96 0.032 0.008 -0.0001 | 0.0114 | -0.0005 | -0.0001
Off -122.2 -0.52 0.017 0.013 0.0002 | 0.0109 -0.0005 | -0.0001

Due to the dipole symmetry of the coils neither skew multipole terms nor even orders of the
normal multipoles are present in the field expansion. Grading of the current gives a difference
of 0.44 units for the sextupole in comparison to the uniform current density case. All of the
normalized coefficients are less than 1 unit (1-10*), which indicates high quality dipole field

with minimized influence of higher harmonics.

The geometry of the coils defined in ROXIE served as a reference for the transient
model implemented in OPERA-2D [5]. Relative multipole coefficients are of the order of 10*
and their computation requires very high precision and accuracy. The validity of the results is
highly dependent on the proper geometry transfer between both CAD environments, as well
as on the correct implementation of the current density distribution into the new model.
Therefore the model implemented in OPERA-2D was cross-checked in the static case to
verify if the results computed with ROXIE can be reproduced. To assure the same notation
and sign convention for the multipole expansion, the harmonic analysis of the field pattern
was carried out outside the OPERA-2D environment. The B, and B, components of the
magnetic field were extracted from the OPERA-2D results for 360 points (1 point per degree)
located around the reference radius of o = 10 mm measured from the center of the aperture.
The extracted values were reassembled afterwards into the radial component B;, which was
then analyzed harmonically by means of Discrete Fast Fourier Transform algorithms. In order
to complete the task a special program incorporating Advanced Analysis Library functions
was written in LabVIEW graphical programming environment [4]. Table 3.4 contains a

geometry transfer cross-check between ROXIE and OPERA-2D.

Table 3.4 Comparison of static models at 7, = 10 mm

Static Case B, [-10*T] | b, bs b, bo by
ROXIE (no grading) | -122.2 -0.52 0.017 0.013 0.0002 | 0.011
Opera-2D -119.3 -0.55 0.020 0.013 -0.001 | 0.013

The comparison shows that the model implemented in Opera-2D and analyzed in the static
case corresponds to the static case analyzed in ROXIE without current grading in the
conductors. Current grading implementation would essentially complicate the mesh division

of the already complicated coil region in OPERA-2D. Besides, during the tests at room
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temperature the current supplied to the coils is carried by the copper matrix of the cable,
because the superconducting Nb-Ti filaments are a very bad conductor unless they are in a
superconducting state. Due to this fact the static current density distribution at room

temperature is closer to the uniform distribution than to the current-graded case.

3.7.2 Optimization of the Transient Model

The transient model uses FEM approach to simulate the behavior of the magnet during a 1-
kV pulsed discharge in which the peak current reaches a value of 20 A (see the reference
current curve in Fig. 3.5). In this case the voltage-current decay and the eddy current effects
in the conductors, copper wedges, collaring shoe, collars, collaring rods and assembly pins,
are taken into account. The elements of the model are presented in Fig. (3.12). A 2-D model
of the collared magnet assembly implemented in the XY plane has certain essential
discrepancies in comparison to reality. These limitations of the 2-D modeling must be taken
very thoroughly under consideration if the model is to reflect an actual real-life experiment.
The most important discrepancy between the 2-D simulation and the 3-D reality is posed by
the collars. In reality the coil reinforcement structure is composed of 0.3-mm thick laminated

collars, which means that two adjacent slices of collars instead of being in direct electrical

collar . =

assembly pin

copper wedge
collaring shoe - F

collaring rod - .

internal layer cable .

external layer cable

Figure 3.12 Elements of the model and the check-point positions for the model optimization
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contact with each other, actually are separated by a 0.1-mm wide air gap. The lamination of
the collars results in the conductivity anisotropy between the XY plane and the Z direction.
Small thickness of a single collar becomes an obstacle limiting the induction of the eddy
currents in the Z direction. On the contrary, in the model the collar region is considered to be
a bulk continuous material spreading out to infinity in the OZ direction. The effect of the
limited eddy current induction can be introduced into the model only in terms of the effective
conductivity different than the actual conductivity value corresponding to the material used in
the collars. The effective conductivity of the collars was adjusted in the model in order to
fine-tune the computational results to the experimental data acquired by measuring the peak
field induction inside the aperture and in several locations around the collars. Four test points
are indicated in Fig. 3.12 with letters A, B, C and D. Position of the pick-up coil used to carry
out the measurements at the respective locations is schematically marked with a black thick
line.

Despite the laminations the collars are not electrically isolated. They are in contact
with each other due to the two collaring rods running along the entire reinforcement structure
of the magnet. The assembly pins also provide the contact path between the collars, but on
the contrary to the collaring rods they do not run along the entire magnet length. They cover
the 9 cm-long sections of the collaring blocks (one block is a set of 29 aluminum collars). To
express the lower contact coupling factor of the assembly pins the effective conductivity must
be used as well. Test point C is in a good location to verify the effective conductivity of the
pins. The collaring shoe layer is also in direct contact with the collars along the entire length
of the magnet. All of the elements of the model in touch with the collars are electrically
connected with each other forming thus loops in which the induced currents will flow. On the
other hand, the longitudinal wedge-shaped spacers inserted between the blocks of coil
conductors are separate, i.e. there is no electrical contact between any two of them. The

results of the optimization are listed in Table 3.5.

Table 3.5 Results of the model optimization: main and fringe field adjustment

Field induction [-10* T] Position A Position B Position C Position D
Experiment -81.8 -13.3 10.8 4.6
Model -82.0 -13.1 11.0 4.9

If the collaring rods and assembly pins were not taken into account the absolute value of the
fringe field in the model in locations B, C, and D would be the same. The following

conductivity values were used in the model for the coil reinforcement structure:
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e collaring shoe (nonmagnetic stainless steel inox) 0.13-10” S/m real value

e collaring rods (nonmagnetic stainless steel inox) 0.13-10’ S/m real value
e collaring pins (nonmagnetic stainless steel inox) 0.06-10’ S/m  effective value
e collars (aluminium) 10 S/m effective value

Thus the best matching was obtained for an extremely low value of the conductivity of
collars (real conductivity of aluminum is 3.65-10" S/m) virtually restricting the induction of
the eddy currents in the collars to zero. It turns out the remaining parts of the coil
reinforcement structure are almost entirely responsible for the shape of the fringe fields
around the magnet. The matching between the experiment and the simulation is very good as
it is demonstrated for the detailed measurements in the proximity of the checkpoint B (Fig. 3.

13) carried out as a function of the

—20 [mm] distance from the top of the collars
B —15 (Table 3.6).
—10

Table 3.6 Fringe field measurement
vs. model computation

Distance B [-10*T]
[mm] Experiment Simuiation
-5 -15.7 -15.2
0 -13.3 -13.1
10 -10.8 -10.4
15 9.5 9.3
20 -8.5 -8.2

For setting the correct value of
the conductivity of the cables an
additional test was carried out to

evaluate the magnitude of the eddy

current effects. For this purpose separate

Figure 3.13 Fringe field measurements as a function of the
distance from the collars

layers of the coils were excited one at a
time to analyze the screening effects. The measurement was done at the checkpoint A. The
discharge voltages were adjusted to retain the 20 A of peak current during the test. The
corresponding current oscillation curves for separate layers of the magnet coils are shown in
Fig. 3.14. The peak current of 20 A is reached in the inner layer at the charging test voltage of
275 V. For the outer (external) layer this voltage amounts to 600 V.
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Figure 3.14 Current oscillation curves for the separate layers of the collared magnet assembly
A close match between the model and the experiment was achieved by assigning to the
conductors the conductivity values measured with 1 A direct current. The peak field values

measured during the experiment and calculated from the model are listed in Table 3.7.

Table 3.7 Separate layer tests

Layer of B [~104 T]

the Coil Experiment Simulation
Internal 21.4 22.5
External 39.5 40.3

The conductivity of the coil components in the model were set to the following values:

e inner layer cable 3.64-10” S/m 1 Amp DC measured value
e outer layer cable 3.23-10" S/m 1 Amp DC measured value
e copper wedges 5.88-10” S/m real value

The results of the optimization are satisfactory and imply the conclusion that the created
model is a good theoretical equivalent of the real collared magnet assembly. It would be the
time to use this model for the numerical analysis of the distortions introduced by the inter-

turn short-circuits in the pattern of the magnetic field during a pulsed discharge.
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3.8 Transient Magnetic Field in Presence of the Inter-Turn Short-Circuit

In previous section the parameters of the model have been optimized until the simulated
magnetic field map inside and outside the magnet matched the experimental results. In this
part the optimized transient model implemented in OPERA-2D will be used to analyze the

magnetic field pattern generated in the aperture of the magnet during the discharge.

3.8.1 The Reference Field Pattern

For the calculation of the reference field pattern a standard behavior of the flawless magnet
during a discharge test at 1 kV is simulated. The current excitation curve corresponds to the
reference curve from Fig. 3.5. The results of the harmonic analysis of the peak field around

the reference radius of ro = 10 and r; = 17 mm are given in Table 3.8.

Table 3.8 Peak field analysis at 10 and 17 mm

Transient model B, [[10° T] bs bs b, by by
analysis at p = 10 mm 822 -156.4 9.8 0.3 0.4 0.01
analysis at r; = 17 mm -82.2 4520 | 819 7.2 -27.9 2.02

The eddy current effects induced in the model components deteriorate significantly the
quality of the magnetic field in comparison to the static case (see Table 3.3). Main dipole
field is attenuated by approximately 33 %. The development of a large sextupole is
remarkable; at 17 mm it scales already to — 452 units relative to the main dipole field. Higher
order field errors cannot be neglected either. Despite the transient nature of the generated
magnetic field neither the even orders of normal multipoles nor the skew harmonics are
present in the field pattern. Only the harmonics characteristic to the dipole geometry are

induced in the magnet.

3.8.2 Magnetic Field Distortions Induced by Short-Circuits

Due to the transient effects accompanying the discharge, the effect of the field discontinuity
in presence of the inter-turn short-circuit should be amplified in comparison to the theoretical
predictions made for the static case in §3.1 and §3.2 at the very beginning of this chapter.
Indeed, it is the case. Table 3.9 lists the computed multipole values for the short-circuit in
position denoted as A (see Fig. 3.6) in comparison to the pulsed magnetic field generated in

the flawless magnet (Table 3.8).
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As it was already explained before, in case of short-circuit the transport current
follows a path different from the nominal one (see Fig. 3.6). On one side of the inter-turn
short-circuit the current distribution in the coil windings is asymmetric (cross-section No. 1).
On the other side it becomes symmetric again despite the additional short-circuit-related
transient current induced in the passive winding affected by the electrical defect. In terms of
the magnetic field quality this symmetry change in the current distribution corresponds to the
vanishing of even-order harmonics of the normal field and of odd orders of the skew

multipoles in the area where the current distribution is symmetric. Remarkable amplification

Table 3.9 Short-circuit analysis at rp = 10 mm

Normal Reference X-section 1 X-section 2
B, -82.2.10*T -60.9-10* T 61.4-10* T
b, 0.0 113.2 0.0

bs -156.4 -768.4 -697.0
by 0.0 31.6 0.0

bs 9.8 -9.9 2.82

bs 0.0 5.2 0.0

b, 0.3 1.4 3.1

bg 0.0 0.5 0.0

by -0.4 -0.9 -0.6

bio 0.0 0.1 0.0

b1 0.01 -0.03 0.01
Skew Reference X-section 1 X-section 2
a 0.0 271.5 0.0

a, 0.0 1320.9 1455.7
as 0.0 45.8 0.0

ay 0.0 195.0 204.5

as 0.0 1.0 0

ag 0.0 23.5 22.7

a; 0.0 -0.7 0.0

ag 0.0 1.9 1.5

a9 0.0 -0.4 0.0

aj 0.0 -0.1 -0.3

ay 0.0 -0.07 0.0

of the effect predicted for the static case is observed. The skew quadrupole is of the order of
1400 units instead of the max. 40 units obtained for the static case. The intensity of the
current induced in the passive winding, deprived of the initially imposed source current,
reaches during the discharge a peak value of 510 A for the analyzed position of the short-
circuit. This transient current generates a parasite magnetic field opposing the original
magnetic field induced in the magnet by the electrically intact part of the coil. The effect is

mostly responsible for the essential deterioration of the magnetic field quality in presence of
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the inter-turn short-circuit. High values of the even-order normal multipoles and odd-order
skew multipoles in the cross-section No. 1 indicate an increased magnitude of the field
discontinuity effect to be measured while passing by the point of electrical fault towards
cross-section No. 2 (see Fig. 3.6). Thus the transient regime promises a good feasibility of the
analysis of the magnetic field distortions for the precise localization of the insulation failure.
Right now we know exactly what we would like to measure in order to detect and
localize the fault-affected area. The physical effect acting in our favor is there. The last
question remains unanswered: ‘What would be the best approach to put it to work and

measure it?’
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3.9 Detection Method

The development of the field harmonics during
a pulsed discharge can be detected with a
system of pick-up coils (Fig. 3.15) aligned on
the median plane of the magnet. The schematic
position of the individual pick-up coils inside
the aperture is shown in Fig. 3.16. In order to
visualize and explain the detection method the
pure normal and skew quadrupoles in Fig. 3.16 |

were chosen as the representatives of the even-

order field harmonics, and the pure normal and |

skew sextupoles as the representatives of the L L
oddorder multipoles. For the defailed | o uiiaver printed cireuitpickeup colls
description of the vector field geometry corresponding to different normal and skew
multipoles refer to § 2.6.

If the pick-up platform is aligned exactly in the median plane of the magnet aperture,
the coils C3, C4, C5 do not pick up any flux resulting from the skew field harmonics. The
skew flux is detected by the coils C1 and C2. On the other hand the contribution of the
normal multipoles to the flux picked up by the coils C1 and C2 is virtually zero as well. Let
us denote the sum of all of the contributions of the normal and skew even-order field

components by E, and E respectively, and the corresponding sum of the odd-order

multipoles by Oy, and O;.

e Normal multipole detection

If the even orders of the normal multipoles are present in the pulsed magnetic field
pattern the coil C3 will pick up a signal +E, — O,, whereas the coil C5 the signal
—E, — O,. The magnetic flux resulting from the normal harmonics of even orders crosses
both coils in opposite directions (see Fig. 3.16). Thus the difference in the voltage
induction between the two coils will be observed and it will correspond to two times the
sum of all of the normal even-order multipoles. As soon as the E, components vanish
from the field pattern the induction difference on both coils will disappear. The

contribution of the even-order field harmonics in the central coil C4 cancels out. Since the
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higher order multipoles are negligible close to the center of the aperture, coil C4 picks up

mainly the dipole field.
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3.10 Design and Fabrication of the Pick-Up Coils

Although the magnitude of the effects to be measured is remarkably increased due to the
transient regime of the test, precise and reliable measurement of the pulsed magnetic field
remains still the most important prerequisite of a successful experiment. The detection
method described in the previous section is based on the measurement of the voltages
induced in an exotic pick-up coil. Due to the relatively short duration of the pulse the
recorded signal will contain high frequency components. Originally, the precision of such a
measurement was put under question. Fortunately for the method, very sophisticated
comparisons of the pulsed magnetic field measurements by means of pick-up coils with the
results of Faraday [7] and Zeeman effects [8] proved the contrary. A detailed analysis of the
phenomena demonstrated that the approach may result in the surprisingly high measurement
accuracy of + 1% if the proper precautions are taken both for the design and manufacture of
the pick-up coils and for the adequate implementation of the transient data recording

techniques and signal processing.

3.10.1 Evolution of the Design Process in Search for the Optimal Solution

The evolution of the design of the pick-up coils for the localization of the inter-turn
short-circuits is shown on the flow diagram in Fig. 3.17. In the first approach (Stage 1) each
of three coils contains 650 turns wound with fine thin wire. The coil windings are potted in an
epoxy resin for stabilization. Each coil is 3 cm long and 1 cm wide. The triplet is selected
from a larger lot of the coils manufactured according to the same design. All of the coils are
installed on a vibrating sample holder and calibrated in a constant 1 T field. The criterion is to
select the three with the same total surface. For the three coils in Fig. 3.17 (Stage 1) the
surface measured during the calibration process varied between 2006 and 2007 cm’. In the
entire lot of 18 manufactured coils the measured surface varied from 1981 to 2025 cm”. Since
the coils are made with a thin wire their total resistance is very high. For the three selected
coils it varied within the range of 1.4 to 1.5 kQ. After the winding it turns out that the coils
with the same surface are not necessarily obliged to have the same resistance at the same
time, which becomes a big disadvantage. The coaxial cabling of the coil should be terminated
with the characteristic impedance, especially if the cables are long and the applied excitation
pulse is short. The exact impedance match of the pick-up system with such a high resistive

load during the discharge is virtually impossible. Even if the pick-up platform is terminated
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tage 1

Figure 3.17 Evolution of the pick-up coil design
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with 1 MQ by the read-out oscilloscope, the dynamic behavior and effective resistance of the
coils must be taken into account in the calculation of the voltage division between the
terminating resistance and the combined resistance of the pick-up platform and its cabling.
One simply cannot ignore the resistance of 1.5 k{2 in comparison to 1 M2 termination. This
introduces already some relevant errors while recalculating the voltage induction. The errors
are magnified even more while integrating the signal for the calculation of the magnetic flux.
Moreover, due to the large amount of cable used for winding, the coils are quite vulnerable to
the thermal expansion effects.

To circumvent all of these problems it is much better to use pick-up coils with a very
small resistance in comparison to the characteristic impedance of the cable used for the
connection of the pick-up probe with the oscilloscope. In addition all of the coils on the pick-
up probe should have exactly the same resistance and the same surface. All of these
objectives are achieved in Stage 2 of the design in form of the single turn printed circuit pick-
up coils realized with chemical surface etching techniques. Each single-turn coil is 4 cm long
and 1 cm wide resulting in the surface of 4 cm®. Each of them has a very low resistance of
0.4 Q. The alignment of the coils is controlled already at the production level. This pick-up
probe gives already very good results during the measurement of the transient magnetic field,
but the level of the induced signal is quite low. At this stage also the idea of the simultaneous
analysis of both normal and skew harmonics of the magnetic field was conceived and
implemented in the pick-up probe.

To improve the level of the induced voltages the final design is realized using the
procedure normally employed for the design and manufacture of the multi-layer printed
circuit electronic boards (Stage 3). Each pick-up coil on the platform is composed of 8 layers
of printed circuit windings (1 x 4 cm each) stacked above each other to create an 8-turn
miniature coil with the total surface of 32 cm®. Two additional protective layers close the
entire sandwich from both sides. Each turn has a resistance of 0.4 Q. Together with the
contact resistance between the layers the total resistance of a single pick-up coil amounts to
3.5 Q. After the connection of the coaxial cables to the terminals of each pick-up coil the
calibration measurement with the vibrating sample holder in the static reference magnetic
field of 1 T confirms the effective surface of 32.1 cm? for all of them. The conductive copper
path, acting as a wire in a standard coil, has a rectangular cross-section 35 um high and 150
um wide. The thickness of the entire 10-layer assembly is 1.4 mm * 0.2 mm. The total height

of the active coil part composed of 8 internal layers does not exceed 1 mm.
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3.10.2 Assembly of the Muiltilayer Printed Circuit Pick-Up Probe.

All of the pick-up coils; the triplet responsible for the detection of the normal multipoles
(coils C3, C4, and C5 in Fig. 3.15) and the remaining side-winger coils responsible for the
detection of the skew harmonics (C1 and C2) are produced together. The general rules and
definitions of terms concerning the design and the end product specification for rigid
multilayer printed boards are given in the standard specification IPC-ML-910 A [9].
-Nevertheless, as far as the specific solution is concerned thé freedom of realization of the
project is left to the designer alone. The layout of the single pick-up coil decomposed into
separate slices explaining the interconnection scheme between the adjacent layers is shown in

Fig. 3.18. The interconnection points are designed in this way that the surface of a single turn
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Figure 3.18 Circuit winding and inter-connections between the layers of the pick-up coil
in each layer is exactly the same. The continuous winding from a given layer to its neighbor
located one level below follows a unique direction, which assures that the fully assembled
printed circuit board behaves like a standard 8-turn pick-up coil wound with traditional wire.
The assembly of the 5 double-sided printed circuit boards follows the multilayer
technology. Each double-sided board (2 layers) is composed of 0.1-mm thick fiberglass
epoxy base covered on both sides with 35 um of conductive copper layer. The outermost
layers of the entire assembly are covered only with 5 um of copper (see Fig. 3.19 for the
dimensions of the layers and the thickness of the copper deposit). The process starts with the
drilling of the positioning reference holes for the precise alignment of the layers. Then the
circuit images prepared on the photosensitive films are transferred to the internal layers (No.

2 to No. 9) in the following steps:
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e The 35-um thick deposit of copper initially present on the layers is covered with the
photoresistive dry film.

e The negatives with the images of the printed circuits are placed on the dry film surface.

e The parts of the dry film exposed to the UV radiation are polymerized.

e After the development of the dry film in the 1% solution of NaOH base, at the
temperature of 30 — 35 °C, the circuit paths are efficiently masked with the blue
polymerized residue of the dry film.

e The layers prepared in this way are submitted to the chemical etching process in a bath of
FeCl; with 3-5 % of HCl acid for approximately 2 minutes. During this period of time the
parts of copper film, which are not covered by the mask, are chemically attacked and

thoroughly removed from the surface of the layer.
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Figure 3.19 Schematic representation of the multi-layer stacking configuration

e After etching, the dry film mask still covering the circuit paths is stripped off in a 6%
solution of KOH base at the temperature of 45 °C.

e Stripping is followed by the final chemical surface treatment preventing the copper paths
from oxidation. In a chemical bath a 3-5 pm layer of nickel and a 0.02 pm layer of gold

are deposited on the surface.

Once the internal layers are prepared, they are interlaced with the 120-pum thick layers of pre-
impregnated low-flow fiberglass, which form an epoxy adhesive tape. The entire sandwich is
aligned with help of the positioning reference holes and glued under the press. The bonding

of the adjacent layers takes place in the vacuum chamber under pressure of 15-18 bars at the
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temperature of 180 °C. At this temperature the fiberglass from the adhesive tape starts
flowing and filling the gaps between the copper circuit paths outstanding from the surface of
the layer. At the same time the heat treatment triggers the polymerization of the adhesive
material and the layers of the assembly are bound together. The entire process takes 40
minutes. At this stage the two outermost layers of the multilayer assembly are still entirely
covered with the initial 5 um of copper.

After the cooling of the sample the interconnection holes (8 small round connection
terminals in Fig. 3.18) and the coil connection terminals (2 large round holes) are drilled
across the entire multilayer assembly. Next step involves a two-stage metalization of the
drilled interconnection terminals with the conductive layer. In the first stage of the chemical
line treatment the interior of the holes is covered with a preliminary thin layer of copper.
Once the very first thin conductive connection exists inside the openings, a galvanic copper
deposition stage is launched. In the galvanic acid bath the interior of the holes and the
outermost layers of the assembly are covered with 20-um thick layer of copper. At this point
the adjacent internal layers are electrically connected with each other forming the circuit of
the pick-up coil.

Only now the image transfer of the circuit access paths is performed for the external
layers (No. 1 and 10). During the chemical etching the terminal holes are masked to preserve
the results of the metalization. After the stripping and the final surface treatment the outer
layers are covered with the 50-um of the protective solder mask (another sort of dry film),
and the completed coils are ready to be detached from the motherboard material. The detailed
technical specifications of the circuit design along with the films containing the images of the
circuit paths and interconnections between the layers are stored in the archives of the Printed

Circuit Design Department at CERN [10].
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3.11 Experimental Set-Up

One of the short dipole magnets was equipped with micro-relays soldered on the internal
layers of the coils in two clusters; one centered around the cross section in the middle of the
magnet and the other close to the end region of the coil (Figs. 3.20 and 3.21). The relays,
excited externally with direct current one at a time, create short circuits between adjacent
cable turns in well-defined positions depicted in Fig. 3.22. A pulsed current is supplied from
a discharge generator by releasing the energy accumulated in a 1 uF capacitor, charged at
1 kV, into the magnet. The voltage induced in the pick-up coils is measured during the
discharge and integrated thereafter to obtain the time evolution of the magnetic field

induction.

Figure 3.20 Magnet coils equipped with micro-relays

The pick-up probe configuration shown in Fig. 3.15 is mounted on the vetronite (G-
11) support. Entire platform slides longitudinally on two vetronite rods aligned inside the
aperture of the magnet (Fig. 3.17 Stage 3). The longitudinal tensile stress is applied to the
rods by the bolted endplates mounted at both extremities of the collared assembly. Fixed
targets installed as an extension to the endplates allow precise micrometric control of the
platform position inside the aperture. The solution adapted for the long magnets will be

discussed later.

3-49



The size and the shape of
the support drawn schematically in
Fig. 3.23 are the results of the
compromise between the positions
of the micro-relays soldered on the
superconducting cable and the free
space left inside thé aperture of the
magnet for the longitudinal
displacement of the pick-up probe.

The precision soldering of
the low-noise high-screen coaxial
connection cable to the individual
pick-up coils is done with all of the
necessary precautions aiming to
avoid the creation of any additional
artificial loops at the connection
terminal. Since the probe operates
in time-varying magnetic fields,

there are no metallic parts on the
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that would distort the signal picked
up by the coils. The only conducting
media on the pick-up coils are the
printed circuit paths, and their
dimensions are much smaller than the
skin depth at the main frequency of
the discharge. (The skin depth value
for the copper at the frequency of 4

kHz is approx. 1 mm).
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Figure 3.23 Vetronite support for the pick-up probe
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3.12 Test Results

The test results confirm the computational analysis demonstrated in section § 3.8. The signals
registered by the five pick-up coils of Fig. 3.15 allowed to identify the longitudinal position
of all triggered faults and also gave an indication of the azimuthal position of the short-
circuits. Before we come to the analysis of these results let us explain the measurement

process using an example of the reference field pattern.

3.12.1 Reference Magnetic Field

The reference magnetic field is measured on the flawless magnet, with no short-circuits
engaged. Figure 3.24 shows the raw signal induced on the central pick-up coil C4.

With modern digital oscilloscopes it is very easy to over-sample the signal, which is
an evident case for the voltage induction curve shown in Fig. 3.24. The sampling rate of the
digital oscilloscope can be much higher than the rate required for the actual bandwidth of the
signal being analyzed. This effect can be used to efficiently enhance the resolution of the
recorded data by an online application of the Finite Impulse Response (FIR) filters [11].

The original signal is noticeably covered with white noise and also with a certain dose

of ringing resulting from the impedance mismatch. We are interested in a high precision of
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Figure 3.24 Raw signal induced on the pick-up coil C4
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the waveform measurement and in this concern the FIR filter will not only increase the
capability to distinguish closely spaced voltage levels on the data curve but it will also
eliminate undesirable noise from the signal. The nature of the discharge test enforces a
single-shot data acquisition mode; therefore it is not possible to average multiple traces of the
same waveform. Digital treatment of the single-shot signal with the FIR filter is similar to
smoothing of the acquired data by means of the moving average algorithm, with the
exception that the FIR filter has much better passband characteristics.

A very interesting feature of the FIR filter is its finite magnitude response resulting in
the guaranteed stability of the filter. Moreover, FIR filter has a constant, zero phase response;
there is no phase shift in the filtered signal in comparison to the original data, i.e. the data
filtered by the FIR filter is FFT-ready. The relative position of different time events in the
original waveform is not distorted by the filtering process even if the frequency content of
these events after filtering is different.

The original signal picked up by the coil C4 after the 3-bit resolution enhancement
realized with a low-pass FIR filter is shown in Fig. 3.25. The noise in the original waveform
is evenly distributed across the frequency spectrum, therefore the improvement in the signal
to noise ratio (SNR) corresponds to the significant improvement of the actual resolution of

the filtered signal. Had the noise spectrum been shifted towards high frequencies the SNR
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Figure 3.25 Signal resolution enhancement by means of the low-pass FIR filter
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would have been better than the resolution enhancement, whereas in the opposite case the
resolution improvement would have been more interesting than the actual gain in terms of
SNR.

With the online FIR filter applied during the measurements the resolution
enhancement between 0.5 and 3 bits can be realized with the steps of 0.5 bits [12]. Each step
corresponds to the reduction of the original frequency bandwidth by the factor of 2.
According to the sampling theorem one can reconstruct a continuous time signal from
discrete, equally spaced samples if the sampling frequency of the digital system is at least
twice that of the highest frequency in the original signal. If this prerequisite is not satisfied
the aliasing between the consecutive digital samples will occur and the acquisition procedure
will result in the complete loss of the features of the original waveform.

The original raw signal in Fig. 3.24 is sampled at equally spaced time intervals of

At = 100 ns without loosing any information in the process. The sampling frequency is thus:
1
=—=10MHz
7, At

The highest frequency of the original waveform that the digital read-out system can cope with

is called the Nyquist frequency. According to the sampling theorem this frequency amounts

to:
S SMH

f Nyg — 5 - Z

The 3-bit resolution enhancement constitutes the sixth step in the available range of the

bandwidth vs. resolution trade-off. Thus the bandwidth of the low-pass FIR filter applied to

the signal is: f
Srm = 2”;" ~0.016-5MHz = 80kHz

All of the signal components with the harmonic frequencies higher than 80 kHz are cut off
from the original data during the filtering process. The main harmonic frequency of the
voltage induction curve in Fig. 3.24 is fy = 3.8 kHz. Thus due to the fact that the original
signal is highly over-sampled the bandwidth resulting from the 3-bit resolution enhancement
is still wide enough not to produce any distortions in the filtered waveform. The 3-bit
resolution enhancement was applied to all of the signals acquired in the measurements. The
smoothing effects of the FIR filter are illustrated in the zoomed windows in Fig. 3.26.

The next step in the signal processing is to integrate the voltage induction curve in
order to obtain the total flux density and eventually the time evolution of the magnetic field
induction. In order to minimize the errors, the integration of the FIR-filtered signal is

performed simultaneously with the data acquisition by an internal digital integrator embedded
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Figure 3.26 FIR filtering effects

directly in the read-out oscilloscope. The digital on-line integration eliminates many of the
restrictions put on the integration techniques realized with analog devices, e.g. the finite
integration time of the analog RC integrator and its disturbance by the input resistance and
capacitance of the recording instrument do not have to be taken into account.

In our case the resistance of the single pick-up coil (3.5 Q) is very small in
comparison to the 1-MQ termination of the oscilloscope. In this way the entire induced
voltage is read by the oscilloscope, and the voltage division between the terminating resistor
and the combined resistance of the pick-up coil and its cabling does not have to be considered
either. The only disadvantage of this approach is that the signal from the pick-up coil
reaching the input channel of the oscilloscope gets reflected there as if it has reached an open
circuit termination, which results in a certain amount of ringing observed in the original
signal. Nevertheless, as already demonstrated, this effect can be entirely canceled out by an
appropriate application of the FIR filter. The integration itself acts as a filter, because the
irregularities of the signal are smoothed out in the process. Actually the integration of the
original waveform and of its 3-bit enhanced resolution version gives the same results.

Sometimes the unique measurement of the integrated signal can be deceptive, because the
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anomalies, which may appear in the induced voltage due to the malfunction of the
experimental setup or spurious voltages coupled into the pick-up coil circuit, are
automatically smoothed out. Therefore the measurement of the induced voltages must be
always run in parallel.

The integrated magnetic field induction corresponding to the signal picked-up by the
coil C4 is shown in Fig. 3.27. The peak value of the magnetic field induction reaches -81.8
Gauss (-82 Gauss predicted by the model).

1990 Bick-Up Coil €4
x 10 a0 Reference Magnetic Field
— B4
60
40

i /\
0

0 \ 50 100 1 5(/ 200 250 300 350 400 450 500

-20 \ /

- \ /

-80

-100

Magnetic Field [ T ]

Time[ps]

Figure 3.27 Time evolution of the magnetic field induction recorded by the pick-up coil C4

The voltages induced on the pick-up coils C3 and CS5 are shown in Fig. 3.28. In reality
the signals on these coils are of the same negative polarity. To avoid overlapping of the
waveforms on the graph both curves are plotted using the opposite polarity representation for
the reader’s convenience. The corresponding plots of the magnetic field induction are drawn
in Fig. 3.29. The peak field values registered by both coils are the same and equal to -80
Gauss (-80.2 Gauss predicted by the model).

In the case of the flawless magnet with no activated inter-turn short circuits virtually
no signal is picked-up by the coils C1 and C2. Only the voltage induction curves are shown
for these two coils in Fig. 3.30. The diagram in Fig. 3.31 compares the experimental data
with the results obtained from the model. As one can see the transient model yields the values

equivalent to the ones obtained during the experiment.
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Figure 3.28 Voltages induced on the pick-up coils C3 and C5. In reality both signals have negative polarity.
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Figure 3.29 Time evolution of the magnetic field induction on pick-up coils C3 and CS5. In reality both curves
have negative polarity.
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Figure 3.30 Voltages induced on the pick-up coils C1 and C2.
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Figure 3.31 Pick-up coil indications in the flawless magnet
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3.12.2 Activation of the Inter-Turn Short-circuits and Analysis of the Damaged Magnet

As an example of the analysis of the magnet with an active inter-turn short circuit, typical
results of the measurements are given below for the short-circuit engaged in position denoted
as A (see Fig. 3.6). Under the fault conditions skew multipoles of remarkable magnitude are
generated in the aperture of the magnet. High amplitudes of the voltages induced on the coils
C1 and C2 reflect the presence of the insulation failure. Let us recall that in the flawless
magnet the residual signal picked-up by both coils was close to nothing (Fig. 3.30). The
radical change of situation under the fault conditions occurs because of the redirection and

redistribution of the source current in the electrically intact part of the coil, and also due to

1 . .
Pick-Up Coils C1 & C2
Short-Circuit A, X-section 1
0.8 —Coil C1[V] ™
— Coil C2 [V]
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Time [ us]
Figure 3.32 Voltages induced on pick-up coils C1 and C2 in the area preceding the point of short-circuit

the transient short-circuit current induced in the passive winding loop deprived of the initially
imposed transport current. The model predictions for the analyzed position of the inter-turn
short circuit indicate that the transient current in the passive winding reaches the maximum
peak value of 510 A.

As expected, the signals on the coils C1 and C2 as well as on the coils C3 and C5 are
unbalanced in the region preceding the point of fault (cross-section No. 1). One observes a
measurable difference between the voltage induction indicated by the coils C3 and C5 (Fig.

3.32), as well as the measurable sum of the signals induced on the coils C1, C2 (Fig. 3.33).
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Figure 3.33 Voltages induced on pick-up coils C3 and C5 in the area preceding the point of short-circuit.
The third curve shows the difference C3-CS.
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Figure 3.34 Test results for short-circuit A in the area preceding the position of the insulation failure.
In reality the signals picked-up by the coils C1 and C2 are of opposite polarity.
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Figure 3.35 Voltages induced on pick-up coils C1 and C2 in the area behind the point of fault
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Figure 3.36 Voltages induced on pick-up coils C3 and CS in the area behind the point of fault. In reality both
waveforms are of the same negative polarity. The third curve shows the difference C3-C5
between the original signals.
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The absolute values of the experimental integrated peak field are compared for all pick-up
coils with the transient model results in Fig. 3.34. Further attenuation of the main dipole field
registered by the coil C4 under fault conditions (see Fig. 3.31 for comparison) reflects the
magnitude of the parasite magnetic field generated in the aperture due to the presence of the
electrical failure.

As soon as the pick-up platform passes behind the point of fault and finds itself
entirely in the region designated as cross-section No. 2, i.e. in the area where the current
distribution becomes symmetric with respect to the vertical symmetry axis of the magnet, the
differences in the voltage induction on the coils C1 and C2 (Fig. 3.35), as well as C3 and C5
disappear (Fig. 3.36). In this way the operator of the experiment knows that the pick-up probe
has just passed by the point of electrical failure. The longitudinal location of the inter-turn
short-circuit can be established in this way with the precision of a few millimeters. The
absolute values of the peak field induction on all pick-up coils in cross-section No. 2
compared with the transient model results are shown on the diagram in Fig. 3.37.

The amplitude of the signal picked up by the coils C1 and C2 is directly linked to the
magnitude of the parasite magnetic field generated in the magnet. According to the analysis
of the FEM model, high values of the skew multipoles appearing in the magnetic field pattern

under fault conditions are mostly due to the transient current induced in the passive winding

-4
x 10 70" Cross-section No. 2
Absolute values of the integrated peak field

Experiment
60- ‘BModel

50-

IS
o
L

Peak Field [ T ]
(9%
2

20-

10

Coil C1 Coil C2 Coil C3 Coil C4 Coil C5

Figure 3.37 Test results for short-circuit A in the area behind the position of the insulation failure
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of the coil. Since the surface of the passive winding changes with the azimuthal position of
the insulation failure the amplitude of the signal picked up by the coils C1 and C2 must be
indeed very sensitive to the azimuthal position of the inter-turn short-circuit. However the
effect cannot be linear because with the change of the azimuthal position the passive winding
is traversed by a different initial magnetic flux generated by the magnet. The peak value of
the transient current intensity induced in the passive winding will depend on this initial flux
crossing the dead loop of the winding as well as on the surface of the winding itself.
Depending on these two factors imposed by the azimuthal position of the defect different
magnitudes of parasite multipoles will be generated, and they will have different net effect
influencing the total magnetic field experienced by the pick-up probe on the median plane of
the magnet. The experiment confirms the predictions of the transient model also in this
matter.

Fig. 3.38 shows the peak field indications of the pick-up coil C1 in cross-section
No. 2 as a function of the azimuthal position of the inter-turn short-circuit. An essential
difference in the coil indication is visible even for the two neighboring inter-turn short
circuits denoted as B1 and B2 (see Fig. 3.22) between the two consecutive cable turns. In
general case, the higher the signal on one of the skew pick-up coils is (C1 or C2), the smaller

is the magnitude of the dipole field registered by the coil C4, and the closer to the median

7 Experimental Data, Coil No. 1, Cross-section No.2
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Figure 3.38 Indications of the coil C1 as a function of the azimuthal position of the short-circuit
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plane can the defect be found. The figures indicated on the diagram bars correspond to the
peak current induced in the passive winding calculated from the model.

The longitudinal position of the inter-turn short-circuits was successfully established
for all of the micro-relays installed in the magnet using the same procedure. The effects
predicted for the static case, e.g. the reversal of the sign of the induced skew multipoles for
the inter-turn short circuits located in the coils below the median plane of the magnet with
respect to the defects triggered in the coils above the median plane, were verified
experimentally. The longitudinal displacement of both clusters of micro-relays allowed to
verify that the insulation failures with the same azimuthal position affected the same passive
winding deprived of the initially imposed transport current. Thus the inter-turn short circuit
located at a specific azimuthal position in the conductor block generated the same magnetic
field distortions in the corresponding regions before and behind the point of fault
independently of its longitudinal position. The study of the signals induced on the pick-up
coils, and especially the analysis of the skew field, gave also the indication of the azimuthal
position of the defects.

The integration of the acquired signals is necessary for the comparison with the
transient model simulations. As far as the detection method is concerned the integration is
used only for convenience. The original voltage induction signal boosted with the properly

applied FIR filter is entirely sufficient for the successful application of the method.

3.12.3 Probe Misalignment Analysis

The results of the misalignment analysis are presented for the short-circuit in position A
located above the median plane of the magnet (Figs. 3.39 and 3.40) for both cross-sections
(Tables 3.10 and 3.11). The peak field on each coil is given in Gauss (1 Gauss = 10* T). The

misalignment cases include horizontal and vertical displacements of the entire pick-up probe

by £ 1 mm and the angular rotation by * 2 degrees.

Table 3.10 Misalignment analysis in cross-section No. 1

X-section 1 Ci C2 C3 C4 G5 Ci1+C2 | C3-C5
dx=0, dy=0 27.1 -32.1 -49.5 -60.5 -53.2 -5 3.7
dx=0, dy = +1mm 246 | -30.9 -47.6 -59.7 -51.2 -6.3 3.6
dx=0, dy = -Imm 29.0 | -32.9 -51.5 -61.4 -55.3 -39 3.8
dx =+1mm,dy =0 23.7 | -36.0 -51.0 -60.5 -52.3 -12.3 1.3
dx=-1lmm,dy=0 31.1 -28.7 -48.0 -60.4 -54.2 2.4 6.2
Phi = 2 deg. 27.0 | -32.7 -51.1 -60.4 -51.5 -5.7 0.4
Phi = -2 deg. 26.7 | -31.0 -48.0 -60.5 -54.9 -4.3 6.9
Experiment 28.6 | -31.8 -52.7 -60.5 -55.5 -3.2 2.8
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Figure 3.39 Cross-section No. 1, inter-turn short-circuit A: position of the normal pick-up coils on the
background of the By component of the magnetic field

dy »

+ 1 mm
- + 2 deg.
dx
-1mm < -"2de
Y

Figure 3.40 Cross-section No. 1, short-circuit A: position of the skew pick-up coils on the background of the
B, component of the magnetic field
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Table 3.11 Misalignment analysis in cross-section No. 2

X-section 2 Cl1 C2 C3 C4 C5 Ci1+C2 | C3-C5
dx=0, dy=0 31.6 -31.6 -53.2 -61.0 -53.2 0 0
dx=0, dy = +1mm 30.3 -30.3 -51.2 -60.2 -51.2 0 0
dx=0, dy = -1mm 32.3 -32.3 -55.3 -62.0 -55.3 0 0
dx =+1mm, dy =0 28.1 -35.4 -54.2 -61.0 -52.3 -7.3 -1.9
dx=-1mm,dy=0 354 -28.1 -52.3 -61.0 -54.2 7.3 1.9
Phi = 2 deg. 30.5 -32.2 -54.9 -61.0 -51.5 -1.7 -3.4
Phi = -2 deg. 32.2 -30.5 -51.5 -61.0 -54.9 1.7 3.4
Experiment 32.0 -32.0 -58.0 -62.3 -58.0 0 0

Vertical displacements do not affect the results of the detection. By comparison of the
experimental results with the misalignment analysis it turns out immediately that during the
measurements presented in the previous section apparently the pick-up probe was not ideally
aligned on the median plane, but found itself slightly vertically displaced below the actual
horizontal symmetry axis of the magnet.

On the other hand horizontal misalignment of the pick-up probe as well as an angular
error of the rotational type can be disastrous. The character of the original effect used by the
detection method is seriously distorted. Nevertheless the discontinuity of the even-order
normal field harmonics and of the odd-order skew multipoles is still reflected by the pick-up
coils while the probe passes the point of electrical fault, providing that the same
misalignment error is maintained during the experiment.

For example, let us have a closer look at the angular misalignment of the pick-up
platform by +2 degrees. All of the pick-up coils experience in this case a mixture of magnetic
flux resulting from both skew and normal multipoles. In cross-section No. 1 the sum of
signals on the pick-up coils C1 and C2 gives an easily detectable value of —5.7 Gauss,
whereas the small difference between the signals induced on coils C3 and C5 (0.4 Gauss)
would suggest that the probe is already in the cross-section No. 2, which is of course not the
case yet.

As soon as the probe actually reaches cross-section No. 2 the sum of the peak field
induction on coils C1 and C2 jumps to —1.7 Gauss, whereas the difference between the coils
C3 and C5 changes from close to zero in cross-section No. 1 to remarkable value of -3.4
Gauss. Thus the discontinuity of the magnetic field is still detected while passing the point of
the electrical defect, assuming that the same rotational error of 2 degrees is kept during the
entire measurement.

Nevertheless to avoid any confusing situations certain precautions were taken into

account while preparing the prototype of the detection system for the 15-m long LHC dipole
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magnets. The pick-up probe is embedded in the middle of the cylindrical support. The
cylinder fits exactly into the beam-pipe of the magnet. It slides on three points; two fixed, and
one acting as a suspension canceling the small ovalization errors of the beam pipe. In this
way the pick-up platform is always in the middle of the aperture no matter how it is rotated.
To control the rotation and provide an ideal horizontal position of the pick-up platform in the
aperture an electrolytic tilt resistor is mounted behind the support cylinder. Whenever the
pick-up probe is not aligned on the median plane of the magnet the tilt resistor transmits an
electrical signal proportional to the angular error to the operator outside the magnet. The
signal is processed by a special signal conditioner and the horizontal alignment of the probe
is corrected. The system will be introduced as a diagnostic tool to the serial production of the
LHC magnets at the beginning of the year 2000.

The detection method described in this chapter was presented on the 16™ International
Conference on Magnet Technology, which took place at the end of September in Ponte Vedra
Beach in USA. The résumé of the entire concept was accepted for publication in the IEEE
Transactions on Applied Superconductivity, and will appear in print early in the year

2000 [13].
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Appendix A. High Voltage Discharge Measurements;
Test Procedures and Analysis of the Results

The high voltage discharge test allows to detect the presence of the possible perforation in the
insulating material, but the precise localization of the problem remains beyond the scope of
the method. The experimental part of the work described in this thesis has begun with the
implementation of this test method for the general diagnosis'of the LHC dipole magnets. A
measurement system capable of simultaneous recording of the voltage and current response

of the coil during the discharge has been designed, set up and tested.

A.1  Description of the Experimental Set-Up

The layout of the experimental set-up illustrating the principle of the test is presented in
Fig. A.1. A pulsed current is supplied from a high voltage discharge generator (max.
charging voltage of 6 kV) by releasing the energy accumulated in a 1 pF capacitor into the
coil of the magnet. Apart from the generator, shown in the top part of Fig. A.1, the system

contains a high voltage divider present on the schematics as two parallel pairs of resistors and
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Figure A.1 Schematic layout of the HV discharge test
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capacitors, and a desktop PC controller console with a PC-scope card installed inside. The
coil under test is represented by three lumped parameters: its self-inductance L, its effective
resistance R, and its total capacitance to ground Cp. The test is carried out at room
temperature. When the system is triggered, the energy accumulated in the capacitor G,
charged at the testing voltage, is released through the resistance Ry into the coil under test via
the thyristor TS. The current transformer ring CT mounted directly around one of the input
terminals gives an output response of 0.5 V per 1 A of the current flowing in the coil. Two
individual input channels of the scope card installed in the PC control unit simultaneously
read the signals from the voltage divider and from the current monitor. After the test the
remaining charge of the capacitor Cg is neutralized by means of the switch E.

In order to provide an efficient and convenient management of the data acquisition as
well as to control the oscilloscope card and to take advantage of its advanced features the
software called Electrical Discharge Measurements Application (EDMA) [2] has been
developed in the LabVIEW programming environment. EDMA combines the control of the
data flow with the analysis of the general condition of the superconducting coils for the LHC
dipole magnets. Acquired data are
analyzed on-line in terms of pseudo
period of the oscillations, inductance and

effective resistance of the coils, and then

compared with the oscillation curves
corresponding to the flawless reference

magnet. The program communicates

with the high voltage pulse generator via

an opto-coupled RS-232 interface. The

application has been designed to conform :
Figure A.2 Experimental set-up

to the maximum safety requirements;
missing connections, manual interventions of the user are immediately detected and
acknowledged on the screen. The set-up provides all the necessary real time information to
perform a preliminary diagnosis of the inter-turn cable insulation integrity. A photograph of
the complete experimental set-up is shown in Fig. A.2. The screenshots of the EDMA
application are presented in Fig. A.3. The entire test system has been assembled in several
units and shipped to the external companies in order to carry out the impulse tests for the
series production of the LHC dipole magnets. Currently it is being used at Noell in Germany,
Jeumont in France and Ansaldo in Italy.
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Figure A.3 Control panels of the EDMA application
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A.2  Discharge Circuit Modeling

The objective of the discharge circuit modeling is to find a set of parameters which would
allow to characterize the experimental data acquired during the discharge test in view to
distinguish between the flawless reference magnet and the damaged magnet affected by an
inter-turn short-circuit. Since the test results are the damped current and voltage oscillations it
seems natural to classify the test object in terms of the oscillation frequency and the damping
factor of the current/voltage decay. In order to do this the coil of the magnet is represented in
a simplified way by a set of lumped parameters describing its self-inductance L, effective
resistance R and the total capacitance to ground C; (Fig. A.4). The energy stored in the
capacitor Co charged with the testing voltage Vy is released into the coil under test via the
resistance Ro. This transient situation corresponds exactly to the experimental set-up
discussed in the previous section. Thus before the discharge is triggered or the switch in Fig.
A.4 closed the initial voltage on the discharge capacitor equals Vo. There are no initial
currents flowing in the coil, and the initial voltage across the capacitor representing the total

capacitance of the coil to the ground is assumed to be zero.

R,

CO/T\

Veo(0) = V(01 =V,
Figure A.4 Lumped discharge circuit

The circuit equations are as follows:

(A.1)
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From the second equation in the system (A.1) it follows that:

. 2.
i(t) = RC, %’—;— +LC, ‘2 t’;

(A.2)
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The first equation in the system (A.1) can be rewritten as:

C,+C, ¢. 1 ¢, . :
Ldt——\i,dt—iR,—i,R, =0 (A.3)
: ‘(’).1 CO‘(’:Z 1°%0 270

V_
° ¢,

After substitution of the formula (A.2) and differentiation of Eq. (A.3) with respect to time,

the following linear differential equation of the third order is obtained:

3. 2. . .
RLC L[St G kR, |4 [ R+ St C RI% B o (a4
dt | dt C, )dt G
Its characteristic equation has the form
s’+as*+bs+c=0 (A.5)
where
C,+C, R
a=—2_"14+—
RC/.C, L
_ 1 4 C,+C, R (A6)
LC, R,LC,C,
1
c=——
R,LC,C,

Eq. (A.5) is a third order polynomial equation. All of the coefficients are positive. In the
oscillatory case considered it will always have one negative real root and two complex roots
with negative real parts. This results from the stability considerations of the passive RLC
circuit. Analyzing the general solution of the third order polynomial equation [14], it can be
proven that the linear term can be factored out according to the following procedure.

We introduce two auxiliary variables ¢ and r, as indicated by:

2
_a 3b=la2—-lb

9 9 3

q
(A7)

2a°~9ab+27¢c 1 5, 1 1
r= =—a ——ab+—c
54 27 6 2

If ¥ < ¢° the cubic equation has three real roots. It will never be the case for the RLC
oscillatory passive circuit. Otherwise, if ¥ > ¢° two more auxiliary factors d and d’ must be

calculated according to the formulas:
d =—sgn(rii/|r]+r* - ¢’

q .
= if d=#0 A.8
gl if d# (A.8)

0if d=0
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The real root (so) of the cubic equation equals then:

5, =(d+d')—§ (A.9)

Now the characteristic equation (A.5) can be factored in the following manner:

(s—5,)(s*+Es+F)=0

(A.10)
s> +(E—5,)s* +(F —5,E)s —s,F =0

where

E=a+s,
(A.11)

c
F =b+Es, =b+aso+s02 =——
So

After having determined the coefficients of the quadratic equation in (A.10) the remaining

roots can be found. They are

) _—E-i§

1 2 (A.12)
—E+iJ6
2T

where § =4F —E* is always greater than zero in the transient oscillatory problem

considered. For notational convenience two auxiliary coefficients are introduced

E
==
(A.13)
5
2
With the use of these coefficients the roots s; and s, become
s, =—p—1
=P 4 (A.14)
s, =—B+iy

and the general form of the solution of Eq. (A.4) is
L,(t)=Ae" +C'e" + D'e™’
As it was pointed out before, the root s is always negative. Let us introduce a new coefficient
o= ]s(,’. Then
i,(1)= Ae™ + C'e P+ D' P = Ae™ + P! (Ccos(y 1) + Dsin(y 1)) (A.15)

One can see that if the roots of the cubic equation (A.5) had positive real parts, the
exponential factor in the solution (A.15) would increase with time without bound. This would

mean that the analyzed system is unstable. The response of such a system always tends to
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infinity no matter what excitation input is applied. Any passive RLC circuit could never
behave in this way. Our particular RLC circuit is excited only with one initial voltage on the
discharge capacitor. The oscillations are always present during the discharge. During each
cycle of the oscillations the energy is exchanged between the capacitors and the inductor but
dissipated in the resistances. Hence, the oscillations will be gradually damped down until the
system reaches its condition of rest. This implies that all the roots of the characteristic
equation (A.5) must be found in the left (Re(s) < 0) complex half-plane.

According to the initial conditions of the circuit the commutation rule for the inductor
states that £,(07) =,(0") =0. Hence
A+C=0 (A.16)
The commutation rules for the capacitor representing the total capacitance of the coil to
ground impose that V. (07)=V,,(0")=0. The change of voltage on the capacitor C; is
described by the second equation in the system (A.1) of the circuit equations. Hence
(A+C)R+(Dy-CB—-Aa)L=0
Taking (A.16) into account the condition is simplified to:
Dy-CB-Aa=0 (A.17)
The third relation binding the constants in the solution (A.15) is obtained from the

commutation rules for the discharge capacitorV,,(07) =V,,(0") =V, . This condition is:

(A+C)RC,+(Dy-CB-Aa)LC, 2 Dy CpB A
e atar, ot =Y
G Co\ B +7" B +y° «
Taking into account two previous conditions it is simplified to:
D C A V,C
Y b A L (A.18)

+
B*+y* B*+y « 2 o

From the set of three equations (A.16), (A.17) and (A.18) the constants A, C, and D can be

calculated

2 2
( _lVOCOaL%Z_Z
A 2 (05-2[3) 2"’7’
cle| Lyca P rr (A.19)
b 2 (-’ +y°
_ 2 2
ﬁ—avocoa_£+2—y_2
| 2y (=B +y° ]
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The resistance Ro = 100 mQ of the discharge generator introduces but a small correction to
' the model. If this resistance is neglected the model will still reflect the oscillatory character of
the voltage/current decay in the coil, at the same time it will be essentially simplified. In
order to introduce this simplification it would be enough to substitute Ro = 0 in the Eq. (A.4).
However the final result can be obtained even faster if the Laplace transform is used.
By substituting Ro = 0 the following equation can be obtained from the equation
system (A.1) |

C, 1

v _ di,
°C,+C, Cy+

i.di—i, R—L—== A.20
Cllz i, : (A.20)

z

Denoting V, = V°f° and C = Cp + C; Eq. (A.20) is transformed to the form corresponding
. 0 1

to the equivalent circuit represented in Fig. A.5.

1¢. : di,
V,._—E£12 di-i,R-L—L= (A21)
t=0

——o/\( \
| O-

1

2

;_\_ C=Cg+ G L

V() =V,

Figure A.5 Equivalent circuit described by Eq. (A.21)

In the Laplace transform domain the impedance of this circuit equals:

2
Z(s)= L+ Ls+ R=LES T RCsH1 (A22)
Cs Cs

And the transfer function is:

1 _ Cs
Z(s) LCs*+RCs+1

G(s)= (A.23)

The current response is given by I(s) = G(s)V(s) and hence
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Is)=Y___© vV.C
s LCs +RCs+1 LCs2 +RCs+1 (A.24)

For convenience two auxiliary factors @ and & are introduced

2_ 1

LC
R R IC (A.25)
bo=—=E==_|—
2L 2\VL

Taking them into account, the expression (A.24) takes form

v, C
Lc s2+£s+L
L LC

1 7 1

1

(s+@E) —(E)+®° L (s+wE) +@2(1-E?)

1
s’+2ws+w?

I(s)= =%

(A.26)

Vi
L

The second order polynomial in the denominator of formula (A.26) can have 0, 1 or 2 real
roots depending on the value of & The oscillatory case equivalent to the situation of the HV
discharge test corresponds to the case when both roots are complex, i.e. when & < 1. From the

properties of the Laplace transform it is well known that:

a1 1 _ _a Sinkt
£ ((s+a)2+k2)—e k

Hence the inverse Laplace transform of formula (A.26) yields immediately:

zz(t)-—' % S‘n(“’\/ng do_ Vi et gnwnfi—€%) =
1 z 2
oy1-¢ \/ J1-¢ (A.27)

7 “sin(wt/1-E%)

Rlaj2

From the first and the third equation in equation system (A.1) (for Ry = 0) it follows that
t t
[iar=—Cy, G|

C, +C, Co+C 3

0

i,()dt = i,(1) = - i) (t) (A.28)

C, C

Thus the total current flowing through the coil of the magnet (represented by the ensemble of

three parameters R, L and C; in Fig. A.4) is

e Co _ion_ VS e g A29
i(t) ciC i,(t) RVO\/I__?e sin(@t4/1-&%) (A.29)
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The voltage oscillation in the coil of the magnet is equivalent to the voltage change across the

capacitor C;. Thus

Ver($) = [0t == [ 1,0t =
10 0
= cla{lev_i_%em(‘h—gz cos(an,/l—gz)+§sin(wz,/1—§2))—%=
=—V"—e""g’cos(cotwll—cg2 -p)-V, (A.30)

J1-¢2

where cos@ =+/1—&” and sing =& . The voltage oscillation in the experimental set-up is

read from the capacitive voltage divider (see Fig. A.1). Moreover the scope card acquiring
the data works in the AC coupling mode. Therefore in reality the DC offset present in

formula (A.30) is canceled, which results in the voltage variation of the following form:
V,C -
= 00 =¢ @ cos(@11-E — ) (A.31)
(Co +C1)\/1_§

The auxiliary parameters introduced in (A.25) represent quantities with well-defined physical

V()

meaning. The term w+/1-E&? corresponds to the angular frequency of the oscillations,

whereas the product of @ and & is the damping factor responsible for the decay of the

voltage/current oscillations in the coil of the magnet. In other words (04 =lwhere T is the
T

time constant of the system. After the lapse of time characterized by 7 the initial amplitude of
the oscillations is damped e times, where e is the base of the natural logarithm. The pseudo-

period of the oscillations equals

T o 2m\JL(C, +C)

N \/1_ RY(C, +C))
4L

(A.32)
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A3  Procedure Applied for the Analysis of the Experimental Data

The analysis of the experimental data is explained in Fig. A.6 on the example of the data set
acquired during a discharge test performed on a single pole of a short dipole model before the
assembly of the magnet. As a first step the extrema are found in the analyzed signal.
Afterwards the maximum and the minimum envelope is fitted to the exponential model
f(t) = Ae®" where A and B are the parameters of the fit. The fitting is performed using the least
square method after taking the natural logarithm of the experimental data:
In f(t) = In A + Bt. The model transformed in this way corresponds to the straight line with
slope B and intercept In A.

The results of the linear regression are used as the initial vector for the general
nonlinear exponential fit based on the Levenberg-Marquardt method. The fitted model
becomes then () = Ae® + C. Zero is used as the initial value for the C parameter. In this way
the amplitude, the damping factor, and the constant shift of the upper and lower envelope of

the oscillations is calculated, along with the mean squared error,

1 N-1
S, =—Y.(fi-») (A.33)
N3
where N is the total number of the data points, f; represents the series of the best fit sequence

and y; the experimental data.
The final stage of the data fitting comprises full nonlinear regression of the damped

oscillation curves. The model describing the current oscillation data is
f () = Ae® sin(2nft) + D (A.34)
and the corresponding function for the voltage oscillations is
f (@) = Ae” cos(2nft — )+ D (A.35)

The initial values for the parameters A, B and the voltage phase shift ¢ are derived from the
previous stage of the regression analysis. The initial value of the oscillation frequency is
taken from the auto power spectrum analysis of the signal. The initial value of the constant
offset parameter D is assumed to be zero.

The auto power spectrum of the analyzed signal is calculated as the FFT of the signal
multiplied by its complex conjugate FFT and divided by the squared number of the data
samples in the input sequence. The results are displayed in root mean squared kV? or A?
depending on the nature of the analyzed signal (voltage or current response). Auto power

spectrum is used to find the base frequency of the oscillations.
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Figure A.6 Analysis procedure

Figure A.7 Idealized echo detection based on the Hilbert transform
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The pseudo-period of the oscillations is evaluated directly from the frequency and verified by
analyzing the zeros of the oscillation curve. The parameter B in functions (A.34) and (A.35)
is always negative. By comparison with the analysis of the discharge circuit in the previous

. 1 R . . . .
section B =-@w& =——=——and thus it is responsible for the attenuation of the signal.
T

Incorporating B into the calculations, the formula (A.32) for the pseudo-period of the

oscillations can be rewritten as

2n,JL(C, +C)) (A.36)

- J1-BL(C, +C)

The capacitance of the coil to the ground expressed by parameter C; is of the order of 10 nF
and can be neglected in comparison to the capacity of the discharge capacitor C, adjustable in
the discharge generator unit within the range of 1 — 3 uUF with the step of 0.5 UF. From

(A.36) a formula for the self-inductance of the coil can be derived:

1

- 2 A.37
C, I:(2—n- ) + Bz} ( )
T

This formula is used to evaluate the inductance of the magnet coils during the discharge test.

An effective resistance of the coil is calculated then as:

R, =2L|B| (A.38)

The time constant of the oscillations (7) can also be extracted by applying the Hilbert
transformation to the experimental data. Moreover, this kind of approach can also be helpful
as far as echo detection in the signal is concerned. The Hilbert transform of the function f{(¢) is
defined as:

17x
Hf (O] =—— j@dc (A.39)
wt=§
This transform is especially useful in the analysis of the oscillating signals. It can be applied
to extract an instantaneous phase information, to determine the envelopes of the oscillation,
as well as to magnify the echoes. One can show that the Fourier transform of the Hilbert

transform of a given function is directly related to the Fourier transform of this function [15]

FIHI £ ()1]=—i sgn(w)F (iw) (A.40)
where
F(iw)=FLf ()] = j f(He ™ ar (A.41)
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is the Fourier transform of the function f{¢). Thus the fast Hilbert transform of the sampled
digital data can be obtained from its FFT spectrum.
The amplitude part of the signals modeled with functions (A.34) and (A.35) can be

expressed as:

fa () = Ae® (A.42)

Its natural logarithm can be written as
In|f, (6) = In| £ (£) + iHLF ()] = —é +InA (A.43)

The slope of the line described by formula (A.43) equals the reciprocal of the time constant
of the oscillations. If there is an echo in the response signal, it is extremely hard to locate it
simply by analyzing the original data. The amplitudes of echoes are minor in comparison to
the amplitude of the original signal, and their time delays are usually much shorter than the
time constant of the oscillating system. The procedure described by the formula (A.43) serves
to amplify them. In the first step the analytic complex signal of the form g(if) = f(¥) + iH[f(?)]
is generated from the original sampled data f(f) using the fast Hilbert transform. Then the
magnitude of the signal g(it) is found. Finally the natural logarithm of this magnitude is
computed for the echo detection. The entire echo detection procedure is shown in the
idealized simulation illustrated in Fig. A.7. The complete post-processor for the HV

discharge test analysis was implemented in the LabVIEW programming environment [16].
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Chapter 4

Advanced TDR Techniques
for the Signal Integrity Analysis
in the Instrumentation of the LHC Magnets

Time Domain Reflectometry (TDR) is one of the most powerful methods used to analyze the
integrity of the signal propagating in a transmission line. The method is based on the
principle that the wave propagating in the line is reflected at the locations where the
impedance of the line changes. The fault points, joints, branches, junctions, abrupt cross-
section changes, etc., cause such reflections. The reflectometry technique involves the
excitation of the circuit under test with either a fast edge step function or a well-defined
impulse confined in time and frequency domains, and thereafter detection of the amplitude
and time of the reflections [1]. TDR techniques have a very wide range of applications [2]
covering among others: analysis of the signal integrity and transfer functions in microstrip,
wafer, and hybrid structures, printed circuits, PC-boards and backplanes, connector interfaces
and cables. In this chapter both variants of the method are successfully applied to localize
electrical faults in the voltage tap connections, pressure transducers, and temperature sensing
carbon gage circuits of the LHC dipole and quadrupole magnets.

In the first part of this chapter basic concepts of TDR techniques are addressed along
with the types of faults encountered in the tested circuits. In the next step the transient losses
in the line and the frequency dependent waveform deformation are analyzed in view of
choosing the correct input signal for a specific test. As an attempt the TDR technique is used
to localize inter-turn short-circuits in a 30-m long solenoidal dummy coil wound with the
superconducting Rutherford cable. The discussion of the problem and the analysis of the
experimental results give clear explanation why the TDR approach fails and cannot be used
for the detection and localization of electrical failures in the superconducting coils of the
LHC magnets.
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Nevertheless, the TDR techniques can be quite efficiently adapted for the analysis of
the signal integrity in the auxiliary instrumentation circuits of the LHC magnets. These
circuits, installed in order to monitor vital status information of the magnet and of its
cryogenic environment, are realized with standard copper non-coaxial cables. The
instrumentation cables constitute rather short transmission lines, in general not exceeding the
length of 10 m, and they are not wound in form of the coils.

In the experimental part of the chapter both variants of the TDR are applied for the
identification, detection and localization of electrical faults in the instrumentation circuits of
the LHC String Magnets [3]. The shape and the magnitude of the TDR reflections bear
important information concerning the type (inductive, capacitive, resistive), the nature (shunt
or series loss) and the parameters (characteristic impedance, time constant, excess inductance,
excess capacitance) of the faults, transitions, or discontinuities encountered in the line under
study. In order to allow a correct interpretation of the results obtained with pulse reflection
methods, the calculation techniques of the responses to different complex loads and
discontinuities are demonstrated in appendices at the end of the chapter. The reader will also
find there some details concerning the operational calculus approach to the distributed line

problem, which is generally used as a convenient mathematical formalism throughout this

chapter.
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4.1 General Remarks on the Measurement Method

The measurement is carried out according to the following procedure. An impulse of a well-
defined shape and duration is sent into the circuit under test. The reflected signal is registered
and displayed on the screen of an oscilloscope. Knowing the time elapsed between sending of
the input impulse and the arrival of the reflected signal, as well as the velocity of the
propagation of the wave in the cable of the circuit, the distance to the fault can be calculated.
In the case of a fast step excitation the voltage waves reflected at the points of impedance
mismatch appear on the screen of the scope as an algebraic sum with the initial incident
wave. The time separation between the incident step and the reflected wave allows to identify
the reflection and the distance to the mismatch. The velocity of the propagation of the signal
in the cable immersed in a medium depends on the relative dielectric constant of the medium

and the velocity of light according to the formula,

V=E “4.1)

The value of v can be estimated without knowledge of the conductor material or of its cross-
section, by measuring the travel time of the wave in a sample of the cable of the same type.
The successful application of reflectometry is limited to the faults producing a visible

deflection of the propagating wave.

4.2 Types of Electrical Faults Encountered in the Circuits

The faults encountered in the circuits can be divided into three main groups:

1. Inductive faults - produce reflections without the change of polarity of the incident signal.
The faults in this group are: open circuit, inter-turn short circuit (in the systems with
wound cables), inductive discontinuity in the cable (caused by an inlet of the cable with
the cross-section smaller than the rest of the line or a corresponding damage e.g. a cable
kink)

2. Capacitive faults - produce reflections with the change of polarity of the incident signal.
The faults in this group are: short circuit at the end of the line, ground fault, stray
capacitance to the ground, capacitive discontinuity (caused by an inlet of the cable with

the cross-section larger than the rest of the line or a corresponding damage inflicted to the

line e.g. cable pop-up.)
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3. Resistive faults — caused by purely resistive loads, produce reflections with or without the
change of polarity depending on the value of the mismatched load in comparison to the
characteristic impedance of the line under test. Open and short circuit of the line,
classified above as extreme cases of inductive and cap-acitive faults can also be classified
as extreme cases of resistive faults with resistance of the load tending to infinity and to

zero, respectively.

4.3 Transient Losses in the Line and the Choice of the Input Signal

The ideal lossless lines, which do not distort the waveform of the propagating signal, do not
exist. Any realistic transmission line causes that the original waveform of the input signal is
deformed and its magnitude diminished. Once the instrumentation of the magnet is installed
the only access point to the circuit exists via the input flange of the magnet. Therefore in the
pulse reflection measurements it is essential to choose the right input signal capable of
reaching the end of the line under test and of coming back again to the monitoring point at the

input of the line.

4.3.1 Transient Skin Effect in a Pulse-Excited Cable

Let us analyze the magnitude of the deformation experienced by a fast voltage step
propagating in the line represented schematically in Fig. 4.1. The amount of the deformation
will be inevitably influenced by the magnitude of the skin effect in the transient regime of the
excited line. At 7 = 0 a voltage step is applied to the line

{ E for t 20
e(t)=
0 for t<0

Thus e(7) = Eu.1(f) where u.,(?) is a unit step function. The Laplace transform of such a source
. E
is: L(e(t)) = <

Z

— k=

x=0 x=1

Figure 4.1 Schematic representation of the pulse-excited transmission line
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The general solution for the operational voltage in the transmission line has the following

*

form ,
Z. e +re "™
V(x,5)=E(s « < 4.2
(.5) ( )Z0+ZC l—riree'zyl (4.2)
Where 7 is the operational propagation function defined as:
¥ = J(R+ Ls)(G +Cs) 4.3)

The resistance, conductance, self-inductance and capacitance in formula (4.3) are the
parameters given per unit length of the line.

If the input impedance of the circuit in Fig. 4.1 is Zy = 0 and the line is terminated
with its characteristic impedance Z; = R., where R, is the real characteristic impedance in the
lossless line approximation, then the reflection coefficients at the input and at the end of the
line are r; = -1 and 7. = 0, respectively. According to formula (4.2) the operational voltage at

the end of the line (x = [) becomes:
E
Vl.s)="—-"" (4.4)

At the beginning of the transient regime the shunt losses can be neglected in
comparison to the skin effect losses. This means that the shunt losses are much lower than the
losses due to the inductance and the capacitance of the line. The line is in the transient regime
during the time:

L C

0< trrans < Loa = MD{E,E} (45)

The conditions expressed by inequality (4.5) transformed from the time domain into the

Laplace transform domain take the following form:

R<<Ls

G << Cs (4.6)

At this point it will be convenient to use the results of the transient skin effect analysis from

chapter 3. For the operational skin depth (3.49) the operational effective resistance (3.47)

__1 Jsuo _ 4
R(s)=—— = ks @.7)

becomes:

* Refer to Appendix A at the end of this chapter for the details.
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The entire part of resistance (4.7) independent of the variable s was replaced by the constant
factor k expressed in [Qs?/m]. As one can see, x characterizes the geometric and
electromagnetic properties of the cable.

According to the assumption that the losses in the line at the beginning of the transient
regime occur mostly due to the skin effect one has to replace the resistance R in the
propagation function (4.3) with the expression (4.7) and the conductivity with G = 0. The

propagation factor y becomes then:

¥(s) = /(icvls + Ls) Cs =sJLC [1+— (4.8)
LJs

In absence of shunt losses (G = 0) the time constant expressed by the ratio of C/G in the

condition (4.5) tends to infinity and the smaller of the two terms is expressed by the ratio of

L/R. Thus only the first condition in (4.6) has to be considered. It takes the following form:

K
L/s

If the condition (4.9) is fulfilled then the second expression under the square root in (4.8) can

<<1 4.9)

be approximated as:

PRI (4.10)

+_—
Ls 2 Ls

Then the propagation function can be split into two separate terms,

K K
y(s) =sJLC + Ns =sB,+ K 4.11
2R, ° 2R, @11

where f,=+LCand R, = \/g are respectively the propagation constant and the real

characteristic impedance in the lossless line approximation. Taking propagation function

(4.11) into account the operational voltage (4.4) at the end of the line becomes,

ks
- sBo+Lw/; ! - 2Rc
‘V(l,s)=—1-2—e [ 2Re ) =Ee & (4.12)
) )

where T = 3,/ is the total delay of the line (the time needed by the signal to pass through the

entire cable length).

Knowing that

. e—kv'; k
- —1-
L[ - ] en“[——zﬁ) (4.13)



2 ¢ e
where k 2 0 and erf(z) = ~\/—_—Je—§ d{ is an error function, the inverse transform of (4.12)
n 0
yields:
L
2RC TOAS

V()= E|1-erf

u (t—-1)= E|:1—e7f[% ):| u, (t-7) (4.14)

2Vt—1

The term 75 in Eq. (4.14)

K22

SR (4.15)
4R,

TO.S

has the dimension of time and represents a fixed constant for a given length of a given cable.

Taking the advantage of the properties of the error function it turns out immediately that,

E

V(T +T,5) = E[l—erf(%)] = (4.16)

which implies that 75 specifies the time after which the amplitude of the voltage at the end

of the line reaches half of the value of the excitation voltage at the input.

To establish the magnitude of the losses we will consider the sinusoidal steady state.
In order to do so the variable s must be replaced with complex i@, where ® is the angular
frequency of the sinusoidal waveform. In this case the propagation function (4.11) takes the

following form:

. . K
) =iof, +
y(iw) =iwf, R

VJiw = iof, + K x/a[ﬁﬂ%—g]:

C 2IQC
K o . K |o

= — +i| ©f, + —
2R, \ 2 2R, \ 2

The following identity was used in the transformations executed in (4.17)

(4.17)

Vizet -2

= 4 =——
2

The real part of the propagation function y always represents attenuation, i.e. it determines the

(1+1)

rate at which the signal decays as it travels along the line. For the lossless line Re(y)
automatically becomes zero. In the transient case considered, taking (4.17) into account,
attenuation per unit length of the line is:

K (0] K
o= — = A/ 4.18
2R V2 2R, ¢l ( )
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The attenuation factor o is expressed in nepers per meter [Np/m]. Neper is a dimensionless
quantity indicating a neperian, i.e. a natural logarithm.

If single-shot pulses are applied to the circuit under test (e.g. a monocycle sine), the
frequency close to the highest frequency in the spectrum of the pulse should be used for the
loss evaluation using formula (4.18). In case of input signal in the form of the fast step
function discussed here, a reciprocal of the rise time is used as the value of the frequency in
question. For example if the applied step voltage has the rise time of 20 ns, the frequency of
50 MHz should be used to estimate the attenuation of the line.

The total attenuation measured experimentally for the line of length / expressed in

decibels is given by the following formula,

Oyl = ZOlog% 4.19)

e

where A; and A, indicate amplitude of the injected pulse and its respective amplitude at the
end of the line. The unit conversion between the o factor in (4.18) and the attenuation per

unit length expressed in decibels is as follows:

20
In10

o, [dB/m]= = 8.686c; [Np/m] ' (4.20)

4.3.2 Distortion of the Rectangular Pulse

The attenuation factor (4.18) is frequency dependent, therefore different harmonic
components of the test pulse propagating along the line are attenuated with different
magnitude, and as a result an essential distortion and smearing of the original signal is
observed. Let us see how this distortion looks like for a rectangular pulse.

A rectangular pulse of finite width #, can be easily constructed by superimposing two

step functions of opposite polarity in the following manner:
e() =E(u,(t)—u,(t-1,) (4.21)

The resulting source signal has the required properties of an ideal rectangular pulse confined

in the time domain and characterized by the amplitude E:

E for 0<t<i,
e(t)=
0 for t>1¢,

The response of the line to the unit step function is given by (4.14). According to the

properties of the Laplace transform and the superposition theorem for linear systems, the
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response of the circuit to the rectangular pulse can be obtained by adding the separate
responses to the individual step voltages defining this pulse. The response to the second step
voltage in the source signal (4.21) is obtained immediately by negating the response (4.14)
and shifting it in time by #,. If we neglect the delay 7 of the line and shift the time origin to
the very moment at which the wave front is read out at the end of the cable the total response

to the excitation with the ideal rectangular pulse will read:

V(,t)= 5[1 - erf(%@ H u_, () - E[l - erf(% /%SI—H u (t-1)  (4.22)

Fig. 4.2 shows the shape of the waveform arriving at the end of the line for a couple of

t
different ratios defined by factor & = T" .
0.5

E
10
i In & =co E = 10 corresponds to 100% of the

amplitude of the ideal input signal.

15 20

t

Figure 4.2 Distortion of an ideal rectangular pulse in a lossy cable

Both the amplitude and the shape of the input signal deteriorate and degrade as a result of the
distortion introduced by the line. Sharp edges of the rectangular pulse are softened. Rise time
and fall time of the pulse become longer. The centroid of the pulse is displaced to the right
and a characteristic trailing tail is developed. At a certain degree of distortion the waveform
arriving at the end of the cable is so smeared that it does not resemble the input signal in any

of its original features.
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4.3.3 Distortion of the Haversine Pulse

Since attenuation is a function of frequency, an input signal should be confined within a
narrow frequency bandwidth. Obviously rectangular pulse is rather a bad example of such a
confinement. The best choice of the input waveform for the impulse reflection measurements
is therefore based on the sinusoidal family of functions.

Before the measurement starts the information regarding the characteristics of the
tested circuit is required. The knowledge of the transfer functions and of the delay times of
the cables used as components of the line is essential for the calibration of the detection
equipment and for the analysis and interpretation of the results. Also the information about
the location of the inter-connectors and of the cable configuration and routing allows to draw
maximum of advantages from the measurement. For example, a system with wound cables,
and in particular a coil, is the system with confined bandwidth as far as its response in the
frequency domain is concerned. It has been established that wound cables exhibit very low
damping for all frequencies below the natural resonant frequency of the coil [4]. To take
advantage of this fact, the input stimulation in the form of the sinusoidal single-shot impulse
should be used. The spectral decomposition of such a signal shows that the pulse is formed
mainly by the base frequency component. If moreover the frequency of the impulse is chosen
to be exactly a half of the base frequency of the coil’s oscillations, all of the higher harmonics
are already in the bandwidth of the coil response, and therefore are effectively attenuated.
The only component in the low attenuation bandwidth region is the first harmonic of the sine
pulse. Useful pulse shapes are illustrated schematically in Fig. 4.3

Knowing the unit step response of the line V.1(r) expressed by formula (4.14) we can

calculate the response of the cable excited with an arbitrary waveform Via(?), €.g. 2 haversine

JAANAY

Haversine pulse Half sine pulse Monocycle
f(t) = (1- cos t)/2 sine pulse

Figure 4.3 Useful pulse shapes for finite impulse reflection measurements
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function, using the convolution theorem. The shape of the waveform at the end of the line can

be calculated according to the following convolution integral:

V(1) = j (5) V. (t-0)dg (4.23)

Unfortunately the convolution (4.23) would involve the integration of the error function
resulting in an indefinite implicit integral. The final result can be obtained a little bit easier if
the impulse response Vi(f) of the circuit under test is known. In this case one has to analyze
the voltage at the end of the line excited with the Dirac’s delta function stimulus &(?). Dirac’s

delta function is a distribution and its Laplace transform equals unity:
L©G@)=1 (4.24)

Thus starting again from Eq. (4.2) as a result of the discussion similar to the one carried out

in details for the voltage step function, the operational voltage at the end of the line excited

with the &(¢) impulse is:

Vi, s)=e e P (4.25)
Knowing that,

) e
L e—k\/E — e M (4.26)
2Jn t’
where k > 0, the inverse transform of (4.25) yields:
V,(,1) = Tos . %y (1-1) (4.27)

2\/_ (t-1)°

Or, if the time origin is shifted to the very moment of the arrival of the wave front at the end

of the line:

To.s

1 105 Y

Vi(l,t)= PR R ® (4.28)

Then according to the convolution theorem the response of the line to the excitation signal

Vin(?) is given by:
t
V() =V, () #V5 (1) = [V, (§) Vs (2 - )du-JV (t=8)-Vs($)dS  (4.29)
0
Unfortunately the analytical closed form solution of the convolution (4.29) can be rarely
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found and the problem must be treated numerically. The advantage of (4.29) in comparison to
the convolution (4.23) is that both functions under the integral are explicit functions of time.
A single haversine pulse shown in Fig. 4.4 can be extracted from the continuous,

harmonic haversine signal of the angular frequency a)- and amplitude E by applying a

V(1) = E(l—Zﬁ‘”—’) : (u_l ) - u_l(t - 2—”)] (4.30)
2 w

rectangular window:

=

T =
[

Figure 4.4 Single haversine pulse. E = 10 is the amplitude of the pulse.

In order to compute numerically the shape of the waveform at the end of the cable, both the
input signal Vio(f) and the impulse response Vs(r) must be represented as discrete signals
sampled with the same fixed time interval At. The convolution integral (4.29) is then replaced

with the following sum:
V,. (n) =V, () ¥V;(n) = D'V, (m)- Vs (n —m)- At 431)

The value of the n-th sample in the output signal corresponds to the time n-Ar and is obtained

as a result of discrete convolution of the digitized input signal and impulse response.
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Index m covers the range defined by the total number of time samples in the convoluted

functions. The entire process is demonstrated step-by-step in Figs. 4.5 to 4.7 for the ratio

&=

b 0.5. The term ¢, = 7 indicates the half-width of the input pulse, i.e. the width of
TO.S w

the pulse measured at 50% of its amplitude (see Fig. 4.4). Fig. 4.5 shows the input function of
Fig. (4.4) sampled at equally spaced time intervals. Index » on the OX axis enumerates the
samples. Fig. 4.6 shows the digitized impulse response function (4.28) plotted for the factor
To.s imposed by the coefficient & = 0.5. The result of the discrete convolution of both sampled

10 -

2 -

ﬁ,‘.mﬂﬂ“””l “Wﬂnm,,,_ n

20 40 60 80 100 120

Figure 4.5 Discretized haversine pulse

data sets is illustrated in Fig. 4.7. Fig. 4.8 gathers several output waveforms computed for
different values of &. All of the plots were generated using the discrete signal processing
functions of the Signals and Systems add-on package available for Mathematica [5].
Comparing the plots in Fig. 4.8 with the distorted rectangular waveforms in Fig 4.2
one can draw the conclusion that with the lowering value of the coefficient & the shape of the
initial input signal is preserved much better for the haversine. The coefficient £ was used in
the discussion as a sort of the pulse quality factor. Decreasing value of &, considered for the

same input pulse, indicates increased degradation of the pulse arriving at the end of the line.
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Figure 4.6 Discretized impulse response function Vs(n) plotted for § = 0.5

10

80 100

Figure 4.7 Result of the discrete convolution — waveform at the output of the cable for & = 0.5
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Figure 4.8 Distortion of the original haversine pulse (€= o) for different values of coefficient &

Regarding the definition of the ratio specified by coefficient &, such situation is equivalent to
increase of 7,5, which for the same cable type corresponds simply to increase of the cable
length.

Not only the frequency spectrum of the pulse decides about its feasibility in the
measurements. The other important factor is the confinement of the input signal in the time
domain. It determines the width of the dead zone. If the pulse is too wide and the electrical
fault is too close to the beginning of the line the reflection from the fault will be overlapped
by the input signal, and thus impossible to detect. ‘

On the other hand if the signal is too fast and the fault is at the end of the long line,
the input pulse will be attenuated completely before it even reaches the fault. Therefore fast,
narrow pulses should be used to detect the problems on short transmission lines and close to
the input, and slow, wide pulses to localize the faults on the long lines far away from the

beginning of the circuit.
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4.3.4 Time Duration of the Transient Regime

The attenuation factor (4.18) cannot be used for the estimation of the losses in the line at high
frequencies because it completely neglects the effect of leakage across the dielectric of the
cable. This type of loss introduces a second term linearly dependent on frequency into the
attenuation factor o. For the commonly used dielectrics like polyethylene these losses remain
very small up to the frequency of several hundred MHz. Although they are small they may be
very important and should be considered especially in the analysis of fast pulses containing
high frequency harmonics and propagating in short transmission lines. At the frequency of
approximately 1GHz the dielectric leakage becomes predominant in comparison to the skin
effect losses. Above that limit the attenuation increases quickly with the frequency, the main
transversal electromagnetic mode of the signal propagation in the cable is dominated by
different modes and eventually the cable cannot be used for the signal transmission any more.

The use of attenuation factor (4.18) with its only term dependent on the square root of
the frequency is constrained only to the time period covering the beginning of the transient
regime. As it was explained in section 4.3.1 at the beginning of the transient regime the shunt

losses can be neglected in comparison to the skin effect losses. The factor 7y 5 expressed as

the function of losses becomes

o’l?
Tos = f (4.32)

and it can be established experimentally by measuring the attenuation in the line. To evaluate

the duration of the beginning of the transient regime, and thus to specify the validity region
for the attenuation factor in formula (4.18), the condition (4.9) has to be transformed back

into time domain. This can be done after having rewritten it in the form

K _ s (4.33)
Ls s

where s is assumed to be positive and real. Inverse transform yields then

2

K 1
— <KL — = 1<K 4.34
L rmt K’ (4.34)
If the term «” from formula (4.15) is substituted here, the condition transforms to
rr
t<<——— (4.35)
AT, R,
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Hence, taking into account that RC2 =% and 7 =[+/LC the condition for the beginning of

the transient region becomes

2

1 << (4.36)

AT T,

Thus the term 7y 5 given by formula (4.32) is a good parameter describing the influence of the
skin effect on the shape of the pulse propagating in the line if the reflectometry measurement

is contained within the period of time which complies with the condition (4.36).
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4.4 TDR for the Localization of Inter-Turn Short-Circuits in the Coiled
Systems Wound with Superconducting Rutherford Cable

In this section we will test the feasibility of the TDR techniques for the detection and
localization of the inter-turn short circuits in the coil-like test objects wound with Rutherford
cable. Before we come to the experimental measurements and their discussion it will be

convenient to derive the pattern of the expected reflection image imposed by the fault.

4.4.1 Reflection Image of the Inter-Turn Short-Circuit in the System
with Wound Cables

It is extremely difficult to efficiently match the coil with its characteristic impedance during
the reflectometry measurement. In order to provide the match at the beginning of the transient
regime of the line a complex load termination would have to be composed of the real
characteristic impedance connected in parallel with the capacitor representing a well
established capacitance. Even then the perfect match cannot be realized, as the value of the
terminating capacitance changes in time, i.e. the line matched at the beginning of the transient
regime will not be matched as the time evolves. The case presented here will be analyzed in
details for the line with an open end.

An inter-turn short-circuit in a system with wound cables can be represented by
introducing a lumped parameter Ry, characterizing the resistance of the fault, into the line
(Fig. 4.9). The input haversine pulse is applied between the core of the cable and the ground.
The reflection image resulting from the simple resistive loads can be analyzed without
resorting to the Laplace transform methods. The general idea of the expected image pattern
can be obtained almost instantaneously by applying the method of traveling waves. In order

to do this we split the line in front of the fault as shown in Fig. 4.9.

Ry
o— SAVAvAY -
A 4— RC RC—>
Part 1 Part 2 T
o— -0 o
0 X 1

Figure 4.9 Inter-turn short circuit in the coiled line with an open end
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The following indices will be used consequently for the voltage and current notation:

- i for incident voltage and current

- rfor reflected voltage and current

-t for transmitted voltage and current
The positive direction for the voltages is indicated in Fig. 4.9 with the vertical arrows across
the line. The positive direction for the currents is assumed to be from left to right. The size of
the fault is considered to be negligible in comparison to the total length of the coil. Therefore
the resistance of the fault is treated as a lumped parameter introduced into the line, and the
fault itself is regarded as pointwise. According to these assumptions, the following relations
are fulfilled:

- for the incident wave traveling towards the point of fault:

— =R (4.37)

- for the wave reflected at the point of fault and traveling back towards the input of the
line: v

l.—’ =-R. (4.38)

r

- for the wave transmitted at the point of fault and traveling towards the end of the coil:

Vt

T TR AR, (4.39)
t

The following laws are satisfied at the junction between the two parts of the line (point of

fault):

- Kirchhoff’s equation for the currents
 +i, =1, (4.40)
- equality of the voltages across both parts of the line
V.+V, =V, (4.41)
Eq. (4.40) rewritten using Egs. (4.37 — 4.39) leads to the following relation

i roo_ t

v _vtv,
R. R. R.+R, R.+R,

V. V Vv,

(4.42)

Transforming Eq. (4.42) one can calculate the voltage reflection coefficient for the waves

traveling from Part I to Part 2 of the line:

=r, (4.43)



The law of the conservation of energy for the junction is:

Vi, =V, +

V.i,

(4.44)

The absolute value of the reflection part must be taken because the energy is always positive.
Using Eqgs. (4.37 — 4.40) Eq. (4.44) can be transformed to:

2 2

7 =Vt(ii+i,)+V'

Rc R.

V2 v v V2 (4.45)
A=Y (L) + L

RC ' RC RC RC

V=V, =V, -V,) =V +V, =V,
Thus the conservation of the energy implies condition (4.41). It means that this condition and
the Kirchhoff’s law (4.40) express together the conservation of the energy at the point of
fault.

Dividing (4.41) by V; and taking into account reflection coefficient (4.43), the formula

for the voltage transmission coefficient for the waves traveling from Part I to Part 2 of the
line is obtained:

7=1+rx=t"

14

(4.46)

If the reflection coefficient ry is positive (and it is the case here), the amplitude of the
transmitted wave will be greater than the amplitude of the incident wave. And thus the signal
read at the end of the line will have higher amplitude than the injected one unless the
frequency dependent attenuation of the line and the magnitude of the skin effect make it
otherwise. In the experiments with the fault localization, the signals are read at the input of
the line; the excitation pulse travels to the end of the line, is reflected there, and appears back
at the beginning of the cable. In the case considered (with the open end of the line) a
haversine pulse of amplitude V; is applied to the line. At the point of fault a small part of this

pulse is reflected and travels back towards the input. The amplitude of this pulse is given by:
V. =rV, 4.47)

This reflection will appear at the input after time # = 2x/v,, where x indicates the distance to
the fault and v, the velocity of wave propagation in the cable. The other part of the wave will

be transmitted towards the end of the coil. The amplitude of this part is given by:
V., =Q1+n)V, (4.48)
It will reach the end of the coil after he time (I — [))/v, where [/ is the total length of the coil,
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and /; is the length of the single turn of the coil. With the inter-turn short circuit the coil
appears to the traveling signal to be shorter by the length of a single turn affected by the
electrical defect as compared to the whole length.

At the open end of the cable the wave gets reflected with the reflection coefficient
r = 1. At this moment the wave travels back from Part 2 towards Part I of the line. On its
way it will encounter again the point of fault.

The ensemble of the discussion presented for the waves traveling from Part 1 towards
Part 2 must be adjusted for the waves traversing the line in the opposite direction. For the
new incident wave Vi’ = (1 + ry)V; coming back from the end of the coil towards the point of
fault (from Part 2 to Part I) the following relations hold:

- for the new incident wave traveling towards the point of fault:

A
—-=—(R; +R.) (4.49)

I,

1

- for the wave reflected at the point of fault and traveling back towards the end of the

line: v
~=R; + R, (4.50)

1

r

- for the wave transmitted at the point of fault and traveling towards the input of the

coil:
— =R (4.51)

The following laws are satisfied at the junction between the two parts of the line (point of
fault)
- Kirchhoff’s equation for the currents
i)'+, =10, (4.52)
- equality of the voltages across both parts of the line
VitV =V (4.53)

Eq. (4.52) rewritten using Eqgs. (4.49 — 4.51) leads to the following relation

_‘/i' + Vrl —_th__‘/il-l_vrl
R.+R. R.+R. R, R,

(4.54)

Transforming Eq. (4.54) one can calculate the voltage reflection coefficient for the waves
traveling from Part 2 to Part 1 of the line:

v.___ R ___
Vi TR 4R, " (4.55)

4
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A part of the wave coming back from the end of the line will be reflected at point x back
towards the end with change of polarity. This part is not interesting because its image will not
appear at the input within the time period of [0, 2(I — I)/v] (the time period needed by the
injected test pulse to reappear at the input of the coil).

Dividing (4.53) by V; and taking (4.55) into account, the formula for the voltage

transmission coefficient for the waves traveling from Part 2 to Part 1 of the line is obtained:

[ !
L = 1 —_ =1 ! 4.56
L=l-n=t, (4.56)

l

Thus the wave transmitted back to the input of the line after the time 2(1 - Ip)/ v, will have the

amplitude:

Vi = (L= 1)V, = A= r,)A+ 7V, = 1=1,")V, (4.57)

The entire measurement process is schematically presented in Fig. 4.10.

V A

1 -1V,

! | l
20 - L)/,

P

Figure 4.10. Detection of the inter-turn short circuit by means of pulse reflection
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4.4.2 Pulse Reflection Measurements in the Coils
Wound with Superconducting Cable

The test object is a solenoidal dummy coil composed of 60 turns wound using 30 meters of
the untreated raw superconducting cable (the cable that has not been submitted to the heat
treatment) around a plastic tube of 7.5-cm radius. The superconducting cable is exactly the
same as the one used for winding of the LHC dipole magnets.

In the configuration adapted for the reflectometry measurements the solenoidal
dummy coil is wrapped in a stainless steel foil, which simulates serves as a ground electrode.
The gap in the foil provides the access to the cable necessary for the short-circuit simulation.
The short circuits are created using the same tool as in the case of the HV discharge test (see.
Fig. 2.5). The measuring system and the test object are presented in Fig. 4.11 and 4.12. The
excitation pulse is sent from the function generator and applied between the core of the
dummy coil cable and the stainless steel foil surrounding the solenoid. The oscilloscope is
synchronized with the pulse sent from the function generator. The feedback signal is read
between the same points where the excitation pulse was applied. The series of measurements
was carried out with the 5 MHz haversine pulse (the highest available frequency for the
single shot pulse of this shape and the instrument used). The other end of the coil remained
open.

Fig. 4.12 shows the response of the dummy coil without any faults. Both injected and
reflected pulses are clearly visible on the plot. The reflection image of the entire cable length
is contained between the beginning of the injection (marked with the square) and the
beginning of the reflection (marked with the circle.) The injected haversine pulse traverses
the dummy coil to its end and back to the input in the time 27 = 528 ns. Hence the total delay

of the line is T = 264 ns. For the total cable length of / = 30 m this corresponds to the delay of
8.8 ns/m. The velocity of the wave propagation is v = 1.1(36)-10° m/s.

Figure 4.11 The measurement system Figure 4.12 Dummy coil under test
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Figure 4.13 The reflection image of the dummy coil

The amplitude of the injected pulse is Ai, = 6 V. The pulse reflected at the end shows
an amplitude defect visible in form of the large undershoot of —1.5 V. The relative amplitude
of the reflected pulse is Ay; = 3.6 V. Hence the attenuation of the 5 MHz haversine pulse by
the dummy coil over the distance of 60 m (2/) equals 4.44 dB, which results in the attenuation
factor of:

ogs = 0.074 dB/m
and in nepers

o= 8.52 mNp/m

ol =0.256 Np
The factor 1y 5 of the dummy coil at the frequency of 5 MHz is
Tos =4.2 ns

The condition (4.36) for the beginning of the transient regime yields ¢ << 1.32 us. Thus the
condition is fulfilled and we are in the transient region during the entire pulse reflection

measurement.

For comparison purposes the reflection image obtained with the 5 MHz haversine
pulse injected into 100-m wound coaxial cable of characteristic impedance Rc = 75 L is
shown in Fig. 4.14. The signal traverses the cable to the end and back again in the time

27 = 830 ns. Hence the total delay of the line (/ =100 m) equals 7=415 ns what gives the
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delay of 4.15 ns per meter. The velocity of the propagation of the wave in the line is
v = 2.4096-10° m/s". The amplitude of the injected pulse is Ai, = 5.7 V, and of the reflected
one that appears back at the beginning of the line is A>;= 3 V. Hence, the attenuation of the
haversine pulse at the frequency of 5 MHz and over the distance of 200 m equals 5.58 dB,
which results in the attenuation factor:
o4 = 0.02788 dB/m
and in nepers
o = 3.2 mNp/m

al =032 Np
The factor 75 at f =5 MHz for the haversine pulse is

Tos5 = 6.52 ns

The condition (4.36) for the beginning of the transient region gives f << 2.1 ps.

* A simple cross-check of this result using formula (4.1) for the insulating material of & = 1.5
yields the velocity of the propagation of 2.4478-108 m/s which corresponds to the delay of 4.09 ns
per meter.
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The dummy coil behaves like a delay line in comparison to the wound coaxial cable;
the electromagnetic wave propagates more than two times slower in the raw Rutherford cable
in comparison to the coaxial line under test. The total attenuation over the length of 30 m of
the solenoid is comparable to the total attenuation measured at 5 MHz over 100 m of the
coaxial cable. At the same time the value of 755 for the more than three times shorter
superconducting line is only 35% lower than the corresponding value for the coaxial line
under test. Also the quality of the reflection image is much worse. The pulse reflected at the
open end of the coil is much wider than the injected one due to the anomalous development
of the trailing tail. Moreover, as it was already pointed out before, an offset shift of —1.5 V is
observed in the signal reflected at the end of the coil. The image region between both pulses
is not a flat line. All this is a consequence of the sophisticated compound structure of the
superconducting cable, which creates and magnifies all possible kinds of distortions and
losses at ambient temperature. On the other hand the inductance of the solenoid increases the
time constant of the wound system and causes the significant distortion of its impulse
response. Another factor influencing the distorted reflection image is the low efficiency of the
ground electrode. The stainless steel foil enveloping the solenoid is an example of a bulk
electrode which, despite being grounded to the common ground of the measurement system,
can be hardly considered as an equipotential surface. The quality of the reflection image is
also related to the distance between the foil and the cable of the coil. If the foil is not tightly
wrapped around the coil windings the signal will be remarkably deteriorated.

The fact that the image region between the injected and reflected pulses is not a flat
line implies that the reflection image of the coil under the fault conditions can be interpreted
only with respect to the reference image of the flawless coil. Fig. 4.15 illustrates such
comparison for the inter turn short-circuit created in the middle of the coil between the turns
No. 31 and 32. The beginning of the reflection caused by the short-circuit between these turns
is visible on the plot at + = 372 ns and marked with the circle. The criterion for the
identification of the reflection caused by the inter-turn short circuit is as follows:

The image region behind the falling slope of the injected pulse is scanned in search
for the first reflection with the positive peak as compared to the reflection image of the
Sflawless coil.

2t; =304 — 108 ns = 264 ns
The time of the wave propagation to the point of fault is then
tr=132 ns
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Figure 4.15 Reflection image of the short circuit between turns No. 31 and 32

Knowing the velocity of the wave propagation in the dummy coil we can calculate the
distance to the point of fault:
If=15 m from the beginning of the coil,
which already indicates exactly the middle of the coil. The coil is wound around the tube with
the radius of r = 7.5 cm, therefore one turn is 47 cm long. The calculated distance to the fault
thus corresponds to the turn number
N=15/047=319

which results in the successful fault localization. As predicted during he discussion in section
4.4.1, the reflection at the open end of the coil takes place a little bit earlier as compared to
the time of the corresponding reflection in the flawless coil. The coil with inter-turn short
circuit is shorter for the propagating signal than the flawless coil by the length of the single
turn winding. This shift was clearly visible for each simulated inter-turn short circuit. The
magnitude of the shift can be used to estimate how many simultaneous inter-turn short
circuits are present in the coil. Despite rather weak reflections caused by the inflicted inter-
turn short-circuits all of the faults within the range of turns between numbers 23 to 45 were
successfully localized with a good precision. Another example of the detection is shown in
Fig. 4.16. As illustrated there for the turn No. 39 and 40, sometimes it was not

straightforward to determine the actual beginning of the studied reflection in comparison to
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the flawless reflection image. Errors in the estimation of the beginning of the reflection
induce errors in the final localization of the problem.

The highest frequency of the haversine pulse produced by the function generator used
in the measurements was limited to 5 MHz. This means that the width of the excitation pulse
(200 ns) was comparable with the delay of the dummy coil (T = 264 ns). Such situation did
not allow to detect the faults near the ends of the coil. Close to the input terminal of the
solenoid, i.e. for turns No. 1 to 22, the reflection from the fault was covered with the image of
the excitation pulse. Close to the end, i.e. for turns No. 46 to 60, the successful detection was
not possible either, because the reflection at the end of the cable was too distorted, and thus

too sensitive and too responsive to the signal changes taking place right before it.
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Figure 4.16 Reflection image of the short circuit between turns No. 39 and 40

The results of the test on the dummy coil clearly indicate that the method cannot be
used for the detection of the inter-turn short-circuits in the real LHC magnets for the

following reasons:

e Apart from the different than solenoidal topology of the coils the superconducting cable
in the LHC dipole magnet is much longer. In a 1-m long model of the dipole magnet the
total cable length is 176 m (in a single aperture). Thus the signal would have to be
transmitted through the length of 352 m before arriving back at the input of the coil. This
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would correspond to the total attenuation of some 26 dB as far as the amplitude of the
signal reflected at the end of the coil is concerned. No need to remark that at such a high
attenuation the reflections resulting from the electrical defects would remain beyond the
capabilities of detection. In reality the injected signal does not even reach the end of the
magnet winding, not only due to the high attenuation and distortion of the traveling wave
front, but also due to the high inductance of the magnet. It is quite obvious that the
method must fail in case of the real scale 15 m-long LHC dipole magnet in which the

total length of the cable is approx. 2.4 km (in a single aperture).

Distributed high self-inductance of the magnet causes that the system excited with an
impulse does not produce the impulse response any more. An attempt was made for
example to use TDR techniques for the signal integrity analysis in the sector of the
compact small superconducting corrector magnets connected in series and separated by
the 30 m-long straight sections of plain single-conductor superconducting cable. Whereas
the rectangular pulse experienced big distortions while propagating in the short part of the
cable between the two consecutive corrector magnets, very satisfactory results were
achieved with the haversine pulses. Nevertheless if the signal was injected in front of the
magnet, the waveform simply did not manage to successfully pass the magnet winding.
The time constant of the 20 cm-long corrector magnet was simply to high in comparison
to the rise-time of applicable test pulses in order to produce the response in form of an

impulse.

During the reflection measurements the signal must be injected between the core of the
cable and the ground electrode. This does not pose any problems for the coaxial cables.
For the noncoaxial cables a selection of the good ground electrode is a vital point for the
successful test. Another approach addressing noncoaxial cables uses differential injection
of the pulse into two parallel lines running close to each other. In the case of the magnet
at any of its assembly stages the available ground electrodes are constituted either by the
collars, the iron yoke or the cryostat. In each case the bulk material can be hardly
regarded as an equipotential electrode, which seriously affects the quality of the reflection

measurements.
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4.5 Localization of Electrical Faults in the Instrumentation Circuits

of the LHC Magnets

The auxiliary instrumentation circuits of the LHC magnets are used to monitor the vital status
information concerning the magnet and its cryogenic environment. Their routing is realized.
with standard copper noncoaxial cables and therefore TDR techniques can be successfully

adapted for the identification and localization of the possible circuit malfunction.

4.5.1 Voltage Tap Circuit

The experimental setup used for the detection and localization of the broken voltage tap
connections in the LHC String Magnets is shown in Fig._4.15. A pulse generator sends the
signal into the circuit under test. Signal injection and the following reflections are registered
on the screen of the oscilloscope. The pulse enters the voltage tap circuit of the magnet
through a 16 ns-delay coaxial cable. The approximate geometry of the circuit in the dipole
magnet was known prior to the measurements. The first part of the circuit is made of a
capillary resin-impregnated guide about 4 m long. The cables used in this part are unshielded
copper cables with the cross-section of 0.089 mm?. At the end of the capillary there is an

inter-connector through which the cables enter the cold mass of the magnet and reach the

Oscilloscope BNC signal supply cable Voltage Taps on the
oo Superconducting Coils
@O [o)e) //
Pulse \—/m v
Generator ) K—/ l
-
Capillary Connector Cable \

/ Cold Mass Interconnector

Voltage Tap Circuit

Figure 4.15 Experimental setup
electric potential checkpoints at well-defined positions on the superconducting coils of the
magnet. The cables in the cold mass are not longer than 2 m depending on the exact position
of the corresponding voltage taps, and their cross section after the inter-connector increases to

0.14 mm’. The geometry of the voltage tap circuit in the short straight section quadrupole
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magnet was not known. In both cases the transfer functions of the cable components of the
circuit were not available either. The total length of the circuit under test is rather short (6 m
maximum for the dipole magnet) therefore fast pulses had to be applied for the detection of
the faults. The input signal was a rectangular pulse 3-ns wide with the leading and trailing
edges of 2 ns each. The pulse generator used in the system was not capable of producing

other than rectangular functions.

Time Domain Reflectometry Tests

Thursday, December 10, 1998 BNC 16 ns signal supply cable Input pulse characteristics:

Width: 3 ns
Leading and Trailing Edge: 2 ns each

0.7

:16ns Bﬁc_

0.5 / Principal reflection 37 ns

0.4

0.3 /} (‘
02 j ‘ \ f \ Multiple reflections at 69 and 101 ns
0 +~F—p=< Z—— 5 /\

,tw 20 30 40 50 60 %\/‘;ow 9 100 110 120 130 140 150 160 170 180
-0.1
\ Signal injection’at 5 ns

Figure 4.16 Reflection image of the coaxial 16 ns—delay cable

Voltage [V]

0.1

0.2
Time [ns]

Fig. 4.16 shows the preliminary measurement on the coaxial signal-supply cable separated
from the rest of the test circuit. Point A indicates an injection of the signal into the cable
occurring at 5 ns. Point B denotes the principal reflection at the end of the cable at 37 ns.
Thus the injected signal travels to the open end of the cable, gets reflected there and
reappears at the input after 32 ns (there and back again time). This result verifies the delay of
the cable to be 16 ns. At the beginning of the line the signal is not fully absorbed. Due to a
small mismatch between the 50 € coaxial conductor and the load at the input of the system,
the wave is reflected with the change of polarity. These multiple reflections appearing in
regular consecutive intervals of 32 ns constitute a parasite background that will be present

throughout the measurements.
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Dipole Magnet MB2

Schematic drawing of the voltage tap layout on the LHC String Dipole Magnet is shown in

Fig. 4.17. A broken voltage tap circuit is indicated with a dashed line. Fig. 4.18 shows the

results of the reflection measurements performed for the operational voltage tap RAMS8 No.

8 in the proximity of the broken voltage tap RBMS8 No. 1. Reflections at points A, B and C

N o o o N o N o
= =k ek =k =
[ [V - N o e e
a ag A = = =
84 [Sagyeal sajgeal [Salgeal [8al
Figure 4.17 Voltage taps on the MB2 dipole magnet
Time Domain Reflectometry Tests Dipole MB2
Thursday, December 10, 1998 Operational Voltage Tap RAMSS No 8 Input pulse ch .
(close to the broken voltage tap RBMS8 No 1) wli):tth? 31650 aractenisties:

07

06

05

04

03

Voltage [V]

02

0.1

-0.1

Leading and Trailing Edge: 2 ns each

—— Voitage [V]

ﬂ

Reflection at 37 ns; at the end of the 50,
16 ns delay coaxial cable. . -

|

Reflection at 96 ns, due to the change of the cable impedance,

|

|
\ |

/

JA\

Al

B
10 20 30 40

A C AN /\\A/
Uso mWMWW 160 1
E

Time [ns]

Figure 4.18 Reflection image of the RAMS8-8 voltage tap circuit
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correspond to the ones identified before in Fig. 4.16. Reflection denoted as E occurring at 96
ns appears most probably due to the change of the cable impedance at the point were the
voltage tap reaches the superconducting coil of the magnet. It takes place 29.5 ns away from
point B on the time scale (59 ns there and back again propagation time). The exact delay
times for the cables used in the voltage tap circuits due to the cable material and geometry as
well as due to the dielectric properties of the media traversed by the cable are not known. To
better visualize the analyzed data an average delay of 5.5 ns per meter’ of the cable used in
the circuits under test is assumed here for the distance calculations. Taking this assumption

and the geometry of the circuit into account the distance from point B to the electrical

Time Domain Reflectometry Tests Dipole MB2
Thursday, December 10, 1998
Y Broken Voltage Tap RBMSS8 No 1 Input pulse characteristics:
Width: 3 ns
Leading and Trailing Edge: 2 ns each
0.7
—— Voltage [V]
0.6 O
Reflection at 37 ns, at the end of the 50 Q,
16 ns delay BNC sxgnal supply cable.
There and back again propagation time: 32 ns
0.5 At this point the signal enters the circuit of the
voltage tap under test ihrough a BNC-banana
adapter. : :
0.4
Reflection at 71 ns, at the broken voltage tap (open circuit)
E 20 ns away from point B (40 ns therc and back again propagation time)
& ]
8
©
>

i ]
. -/
IV A

- - N
D 10 20 30 40% 60 70\/ 80 90 100 :%\/120 130 140 150 160 170 180

-0.1
Time [ns]

Figure 4.19 Reflection image of the RBMS8-1 voltage tap circuit
potential check-point on the superconducting coil would correspond to about 5.4 m, which
indicates the length of about 1.4 m of the cable traversing the cold mass.
Fig. 4.19 shows the reflection image of the broken voltage tap circuit. Reflection due
to the open circuit on the broken voltage tap appears at 77 ns (point F), i.e. 20 ns away from

point B (40 ns there and back again propagation time). This corresponds to about 3.64 m

*Result of the impulse response test carried out on the 3 m of unshielded copper cable similar to
the one used in the capillary
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away from the input connector, which indicates an open circuit near the end of the capillary
guide close to the inter-connector entering the cold mass of the magnet. Fig. 4.20 is a
comparative plot of all curves. The plot corresponding to the broken voltage tap circuit is

marked with a dashed line.

Time Domain Reflectometry Tests . .
Thursday, December 10, 1998 LHC String Dipole MB2

0.7

e BNG
— - —-RBMSB8-1 (broken) :
- ——— RAMSS8-8 (O.K.)

0.6

5

0.5

04 -

0.3

oo M

0.2

Voltage [V]

0.1

£
A P
'\ N e, N - AL

o e P et )
7 W{_\_j K '/ (A
./ 120 /140 160~ 180

-0.1

-0.2

Figure 4.20 Dipole MB2 TDR results Time [ns]

Short Straight Section Quadrupole

Schematic layout of the voltage taps on the LHC String Short Straight Section Quadrupole is

shown in Fig. 4.21 In this case there was no signal on the entire RBMS8 connector indicated

with a dashed line.

P1 P2 P3 P4 P5 P6 P7 P8
1 23 45 6 7 8 1 23 45 6 7 8
RAMSS8 RBMSS8

Figure 4.21 Voltage taps on the SSS quadrupole magnet
4-34




Time Domain Reflectometry Tests

The reflection images of the circuits on the RAMS8 were the same for all available circuits
(pins No. 1-8). One of them is presented in Fig. 4.22. The signal inversion at 100 ns could be
due to the change of the cable impedance caused by its varying cross-section on both sides of
the common inter-connector. Since the exact geometry of the circuit was not known prior to

measurements the interpretation of this feature on the reflection image cannot be explicit.

Thursday, December 10, 1998 Short Straight Section Quadrupoie

Operational Voltage Taps RAMSS No 1-8 &Pgtthp';ke characteristics:
idth: 3 ns
Leading and Trailing Edge: 2 ns each
0.7
— RAMSS
Reflection at 37 s, at the end of the 500,
16 ns delay, BNC signal supply cable.
There and back again propagation time: 32 ns
05 - At this poinit the signal enters the circnit of the
voltage tap under test through 2 BNC-hanand
04
E \
&
8 0.3 \
°
- .
02 T T
Multple reflection at 69 ns
(coaxial connector)
01 \
- ~ * N VaN
° ' " P 7 W
1] \10 20 30 40 60 70 80 30 100 130 140 150 160 170 180

0.1 \
Signal injection’at 5 ns Time [ns]

Figure 4.22 Reflection image of the circuits on the RAMS8 connector
Fig. 4.23 shows the reflection image for the circuits on the broken connector RBMS8 with
the characteristic reflection from the point of fault at 94 ns (point F). The circuit is thus
opened 28.5 ns away from point B on the time scale (57 ns there and back again signal
propagation time). With the same assumption concerning an average delay of the cables as
for the dipole MB2, the distance from point B to the fault corresponds to about 5.2 m. The
reflection appears at the same time for all of the voltage tap circuits on the faulty connector.
This implies that the entire inter-connector outlet common to all of the voltage taps in

question is broken. Fig. 4.24 is a comparative plot of both curves with the coaxial cable

background.
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Short Straight Section Quadrupole

Time Domain Reflectometry Tests e
Thursday, December 10, 1998 Broken Voltage Taps RBMS8 No 1-8 Iv’cfgfh?‘;l;‘:Ch"ac‘““sucs'
Leading and Trailing Edge: 2 ns each
0.7
—— RBMSS8!
0.6
Reflection at 37 ns, at the end of the 500,
16 ns delay, BNC signal supply cable.
05 There and back apain propagation time: 32 ns.
| At this point the signal enters the circuit of the
voltage tap under test through & BNC-banana
04
Refiéction at 94 ns, at the broken voltage tap (open circuit)
= 28.5 ns:away from point B (57 ns there and back agsin propagation time)
[]
g o3 }
—o J
] /
0.2 )
0.1
A
0 AN
10 20 130 140 150 160 170 180
-0.1

Time [ns]

Figure 4.23 Reflection image of the circuits on the RBMS8 connector

Time Domain Reflectometry Tests
Thursday, December 10, 1998 LHC String Short Straight Section Quadrupole

0.7

~———BNC
[EEREE RBMSS (broken)
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0.6 -

i
3

0.5

0.4

0.3

Voltage [V]
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P e A N
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Figure 4.24 SSS Quadrupole TDR results
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4.5.2 Temperature Transducer Circuit

The experimental setup used for the detection and localization of the broken connections in
the temperature and pressure transducer circuits of the MB2 dipole magnet is shown in Fig.
4.25. The main difference in comparison to the setup presented in Fig. 4.15 is a 3.1-m long

Fischer adapter cable inserted before the Fischer connector on the input flange of the magnet.
oscilloscope coaxial 50 Q cable

(o6}
@o oo ‘/M\IC - banana adapter

connection points of the
magnet instrumentation

Fischer connector
/
-

il
capillary connector cable \

pulse
generator

BNC connector

Fischer adapter cable

cold mass interconnector
Figure 4.25 Experimental setup for detection of faults in the temperature and pressure transducers

The adapter cable provides convenient mapping of the input outlet pins to the corresponding
pin numbers on the Fischer connector. For the finite impulse method a coaxial cable of 4 ns
delay was used as the signal supply part of the circuit preceding the Fischer adapter cable.
For the fast step TDR a 16 ns delay cable was applied in this place and the pulse generator
was replaced by aﬁ analog time domain reflectometer. The transition between the coaxial
cable and the Fischer adapter cable is done with a BNC-banana adapter. The geometry of the
capillary guide described already in the previous section does not change for the temperature
and pressure transducers. The background reflection images of the signal supply cables
separated from the test circuit are shown in Fig. 4.26-4.31.

In fast step TDR an initial step of less than 1 ns rise time was applied to the cables.
Fig. 4.26 and 4.27 show the open and short circuit images of the coaxial cable. The marker
points on the plots are underlined to indicate that they do not correspond to the points marked
with the same letters as in the voltage tap measurements plots. Point A denotes the injection
of the incident 300 mV voltage step at 12 ns. Point B corresponds to the end of the 16 ns

delay coaxial cable. In Fig. 4.27 a short-circuit termination was realized by connecting
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Voltage [V]

Voltage [V]

Fast Step TDR

16 ns Delay Coaxial Cable
Open Circuit Termination

0.7
CN2
BNC connector ”‘
0.6 — AN
< 32 ns there and back again > B Voltage [V]
0.5 ‘
BNC connector ‘
{
0.4
B
CN1 - (\
0.3 ’ \ —
Reflection due to the open.
— circuit termination at 44 ns
0.2
0.1 / Incident step at 12 1§
0
) 10 20 30 40 50 60 70
0.1
Time [ns]
Figure 4.26 Fast step TDR reflection image of the coaxial cable with open circuit termination
Fast Step TDR
16 ns delay coaxial cable
short circuit termination
0.5
— Voltage [V
CN2 T Yolmge[Y]
0.4 — 32 n'there and back again \
< >
BNC connector B \' Indiictive effect dueto the
: ctive effect due to
03 1 N\ CN1 ﬂ _shorted BNC-banana adapter
: End of cable at 44 nis /
0.2
Aﬁ Ideal short circuit termination
0.1
Incident step at 12 ns
sl
0 /
D 10 20 30 40 90 110 120 130
-0.1
Time [ns]

Figure 4.27 Fast step TDR reflection image of the coaxial cable with short-circuit termination
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both cable ends of the BNC-banana connector. This created an inductive reflection, described
in details in Appendix C at the end of this chapter, characteristic to the termination of the line
with a small inductor. An ideal short circuit pattern is marked with a dashed line.

Fig. 4.28 and 4.29 show the reflection images of the coaxial and Fischer adapter
cables connected together. At the junction at 44 ns (point B) a transition from a matched
coaxial line to a non-coaxial line with different characteristic impedance takes place. The
reflection at this point is positive — the reflected wave has the same polarity as the incident
step. This implies that the Fischer adapter cable has higher characteristic impedance than the
coaxial cable. The reflection coefficient read out from the plot is about 0.3. Knowing the
impedance of the coaxial cable used (50 ) one can calculate approximate value of
characteristic impedance of the Fischer adapter line. It amounts approximately to 93 €. The
formal treatment of the transitions between two different transmission lines is presented in
Appendix D. The reflection at 78 ns (point C) indicates the end of the 3.1 m long Fischer
adapter cable. The voltage wave travels from the BNC-banana adapter (point B) to the end of
the Fischer adapter cable (point C) and back again in 34 ns. Thus it takes 17 ns for the wave
to pass through the entire cable. This results in a delay of 5.5 ns per meter. Since the cable
used in the Fischer adapter line is similar to the cable used in the instrumentation circuits
inside the magnet this value is used for the distance calculations throughout this paper. The
short circuit at the end of the Fischer adapter line was realized by shorting directly the pins on
the Fischer connector, and the inductive effect visible for the BNC-banana connector in Fig.
4.27 is not present on the plot in Fig. 4.29. Due to the mismatch between the Fischer line and
the coaxial cable the multiple reflections are visible on the plots. A returning wave reflected
at the end of the Fischer line is partially reflected on its way back at the junction with the
coaxial cable and redirected again towards the end of the Fischer line. As it is seen in Figs.
4.28 and 4.29 after a couple of such oscillations the magnitude of the multiple reflections
approaches zero. The ideal responses of the system if the Fischer line were matched with the
coaxial cable are plotted with a dashed line.

The equivalent plots are shown for the finite impulse method in Figs. 4.30 - 4.31. The
marker points for these series of plots are in italics. The input signal is 300 mV rectangular
pulse 2 ns wide with 1 ns leading and trailing edges. Fig. 4.30 shows the reflection image of
the 4 ns-delay coaxial cable with an open-end termination. The injection of the signal takes
place at 4 ns (point A) and the principal reflection at 12 ns (point B). This verifies the delay of

the cable to be 4 ns. Points C and D denote multiple reflections.
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Open end of the Flscﬁer—‘*w*gabies in the Fischer adapter Ideai open end termination—
connector at 78 ns of the matched line =

03 . The end of the coaxial cable
2 "~ and the transition into Fischer
adapter cableat 44 ns
027 "BNC connector
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Figure 4.28 Open-end termination of the Fischer adapter cable

Fast Step TDR
Fischer Adapter Cable (3.1 m)
Short Circuit Termination
0.5
CN2 -
— — Voltage [V]
c N -
& Short circuit at the end
0.4 of the Fischer connector
at 78 ns v
0.3 5 N
- The end of the coaxial cable. ) )
and the transition into Fischer Multiple reflections due to the
adapter cable at 44 ns mismatch of theline'.
0.2 VAN / /
01 _—7
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Figure 4.29 Short-circuit termination of the Fischer adapter cable
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Voltage [V]

Voltage [V]

The reflection images of this cable connected with the Fischer adapter cable, both for open

and short circuit terminations, are plotted in Figs. 4.31 and 4.32. Point E at 46 ns corresponds

to the end of the Fischer line. The method cross checks the result of the fast step TDR as far

as the delay of the Fischer adapter cable is concerned.

4 ns Delay Coaxial Cable

Input pulse characteristics:
Width: 2 ns

Leading and Trailing Edge: 1 ns each

0.3
— Vottage [V]

0.25 :

{ Principal reflection at 12 ns
0.2 !
0.15 } l [\\
0.1 } —

! R / V /M“ % -
0.05

J L
0 T A -
10 70 80 90

A

/\V -
20\/ a0 P 40 50 60

-0.05

Signal injection at 4 ns

-0.1

Time [ns]

Figure 4.30 Open-end termination of the 4 ns—delay coaxial cable

Fischer Adapter Cable (3.1 m)
Open Circuit Termination

Input pulse characteristics:
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Leading and Trailing Edge: 1 ns each
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Figure 4.31 Open-end termination of the Fischer adapter cable
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Input pulse characteristics:

Fischer Adapter Cabie (3.1 m) Width: 2 ns
Short Circuit Termination Leading and Trailing Edge: 1 ns each
0.35 -
——Voltage [V]
03 {‘\
0.25 .
Reflection at 12 ns, at the end of the 50 &,
4 ns delay coaxial cable.There and back again
propagation time: 8 ns. At this point the signal i
021 enters the circuit of the Fischer adapter cable. Reflection at 46 ns, at the short
circuit termination of the Fischer
adapter cable.
g o1s
% ( 34 ns there and back again
S o1 -

] C

0 et Aj . \ ﬁ\i/ \ /O\ SN At o . _ i/ ,

) K 5 v10 - 15U 20V25 \k%j% MST “‘M\Zg""” W\:S%w\ 50 /

-0.05 \ o
Signal injection at 4 ns
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Figure 4.32 Short circuit termination of the Fischer adapter cable

A schematic layout of the temperature sensing carbon resistor is shown in Fig. 4.33. The
sensor is located on the RAMS40 Fischer connector between pins 1-4. Pins 1 and 4 are used
35 Vour 25 for the power supply, and pins 2 and 3 for the temperature
readout. The resistance of the sensor is 100 . Preliminary
resistance verification performed with a digital voltmeter

gave the following results:

100 Q Pin No. | Resistance [Q]
w 1-2 Open circuit
2-3 102
3-4 102
2-4 2.7
1 6 Vi o4 1-3 Open circuit
1-4 Open circuit

Figure 4.33 Temperature transducer
The resistance between pins 1-2 and 1-4 should normally indicate 102 & whereas pins 1 and

3 should be in low-ohmic contact. The preliminary measurement implies that the loss of

contact appears somewhere along the cable connected to pin 1.
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Temperature Transducer T2421 Pins 2-4

0.5
— Voltage [V] :
0.4
B T~
=/ Cotrect low chmic contact between
CN1 54 ns there and back again pins 2 and 4 at 132 ns, corresponding
= o < - — > to the short circuif termination of the line
0.3 V4 The end of the Fischer
adapter cable at the input
flange of the magnet at 78 ns
=
&
s 0.2
°
>
0.1
A
0
D 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 180

Time [ns]
Figure 4.34 TDR image of the temperature sensing carbon resistor circuit — pins 2 - 4
Fig. 4.34 shows a correct fast step response of the circuit between pins 2 and 4. Since both

pins are in contact the reflection image resembles the one of the short-circuit termination of

the line. The reflection with the change of polarity occurs at point D, i.e. 27 ns away from the

Fast Step TDR
Temperature Transducer T2421 Pins 1-3
0.6 ; ; i
48 ns there and back again
AN >z
05 CN2 CN3
e /F ~— Voltage [V]
Cy N )
04 A ~==Fischer connector AN
on the input flange - -
of the magnet Point of fault -open circuit at 126 ns,
loss of contact between pins 1 and 3
= 038 The end of the Fischer
9 adapter cable at 78 ns
£ The end of the coaxial cable
> 02 - ———and the transition into the
Fischer adapter cable at 44.ns
0.1
A
0 i %
D 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Time [ns]
Figure 4.35 Fault detection in the circuit of temperature sensing carbon resistor — pins 1- 3
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input flange of the magnet (point C) on the time scale (54 ns there and back again
propagation time). This corresponds to a distance of about 4.9 m as measured from the
Fischer connector at the input plug of the magnet. The reflection from the Fischer connector
is denoted as CN3. On both sides of the connector the level of the signal remains virtually the
same, which indicates that the transition takes place between two lines with almost the same
characteristic impedance.

The same measurement carried out for the incident step launched between pins 1 and
3 gives the result presented in Fig. 4.36. Instead of a negative reflection a positive one occurs
at 126 ns (point F) 24 ns away from point C (48 ns there and back again propagation time).
This corresponds to 4.36 m distance measured from the input flange of the magnet and
implies that the fault occurs at the inter-connector at the transition to the cold mass of the
magnet. The results of the measurements with the finite impulse are gathered in Fig. 4.37 and
4.38. In Fig. 4.38 the input connector of the magnet (point E) and the point of fault (F) are
separated by 24.5 ns (49 ns there and back again propagation time) which corresponds to the
distance of 4.45 m. Half a nanosecond difference between the fast step TDR and finite pulse

approach results in 9 cm difference in distance between both methods.

Input pulse characteristics:
Temperature Transducer T2421 Pins 2-4 Width: 2 ns
Leading and Trailing Edge: 1 ns each
0.35
— Voltage [V]
0.3 x
0.25 88 ns there and back again measured
from the beginning of the Fischer adapter cable
< >
0.2
S / _ 54 ns there and back again
= < >
o
g 0.15 /
°
>
0.1 -
Reflection at 46 ns, at the Fischer Low ohmic contact at 100 nis
connector on the input flange o between pins 2 and 4, corresponding
0.05 : the magnet . /1o the shortctrenit ermineionof theline
' ¢
Al |B P ; G
0 =7~ Y - :
1] 10 0 30 40 E 50 60 70 80 90 100 110 120 130 140 150
-0.05

Time [ns]

Figure 4.37 Low ohmic contact between pins 2 and 4
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Input pulse characteristics:

Temperature Transducer T2421 Pins 1-3 Width: 2 ns
Leading and Trailing Edge: 1 ns each

0.35
—— Voltage [V]
0.3
0.25
83 ns there and back again measured
from the beginning of the Fischer adapter cable
0.2
N P 49 ns there and back again
: 7
2 0.15
S
°
>
0.1
Reflection at 46 os, at the Fischer Open circuit at 95 s
connector on the input flange of
the magnet
0.05 C 4
LR o dn K 72N
0 T T T T \/ T T 2] T N T L
10 \/20 30 40 E 50 60 70 80 90 g 100 110 120 130 140 150

-0.05
Time [ns]

Figure 4.38 Loss of contact between pins 1 and 3

4.5.3 Pressure Transducer Circuit

A schematic layout of the pressure transducer bridge installed in the magnet is shown in Fig.
4.39. The sensor is located on the RAMS40 Fischer connector between pins 17-20. Power
supply circuit is located between pins 17

and 19. Pins 18 and 20 are used for the

+
e,

17

pressure readout. The resistance of the
operational bridge measured between pins
18 and 20 should read 6950 L. Preliminary
resistance checks performed with a digital

voltmeter indicated open circuit between

19 any two pins of the circuit, which implies a

complete loss of contact between the input

pins and the resistors of the bridge. The

+° 18 Vour - %50 results of the TDR measurements are

Figure 4.39 Pressure transducer shown in Fig. 4.40 and 4.41.
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Pressure Transducer P2411 Pins 18-20
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Figure 4.40 Loss of contact in the pressure transducer circuit
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Figure 4.41 Loss of contact in the pressure transducer circuit
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An open circuit occurs here exactly at the same distance as in the case of the fault localized

on the temperature transducer, i.e. most probably on the inter-connector at the end of the

capillary guide.

4.5.4 Conclusions

The localization of the electrical faults in the instrumentation of the LHC dipole magnets can
be successfully carried out with TDR techniques. Both fast step and finite impulse methods
gave convergent results and lead to the identification and localization of the fault in the
circuits under study. The fast step TDR allows with higher precision to trace the position of
the connectors and plugs along the line as well as to identify the transitions between the lines
with different characteristic impedance. The effect of the parasite background signal from the
coaxial cable can be circumvented either by using a time domain reflectometer capable of
sending and registering the signal on the same channel, or by minimizing the length of the
auxiliary coaxial cables in the system solution realized with individual pulse generator and
oscilloscope. The second option enforces that the detection equipment should be placed as
close as possible to the instrumentation circuit plugs.

The knowledge of the transfer functions and the delay times of the cables used as
components of the instrumentation circuits is essential for the calibration of the detection
equipment and for the analysis and interpretation of the results. These data can be obtained
before installation of the instrumentation components in the magnet.

The information concerning the geometry of the circuit inside the magnet, i.e., the
layouts and descriptions of: corresponding cable lengths, types, and cross-sections, positions
of inter-connectors, common plugs and outlets, characterization of the media being traversed
by the cables (resin, vacuum, proximity to magnetic and non-magnetic materials), exact
location of the cable connections and routing in the cold mass of the magnet (along the
section beginning with the inter-connector at the end of the capillary up to the taps on the
superconducting coils.) would essentially facilitate the identification of the features on the
reflection images.

Sometimes this knowledge is essential in order to avoid misinterpretation of the
results. For example sending a signal between pins 2 and 4 of the temperature transducer
circuit results virtually in no reflections observed at the end of the line. It turns out that the
characteristic impedance of the thermocouple circuit is close to 100 Q and coincides with the

resistance of the temperature gage. Thus the differential injection of the input signal between
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both pins gives an effect of impedance matching at the end of the line terminated with the
temperature sensing carbon resistance. Thus ignoring the parameters of the circuit under test
may cause a deviation from the correct diagnosis.

To additionally improve the quality of signal launching into single line unshielded
copper cables the voltage tap lines running in the capillary could be clustered within a
common shielded multi strand cable.

The résumé of the work discussed in this chapter was presented and published as an

LHC Project Note [6].
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Appendix A. Operational Calculus Approach
to the Distributed Line Problem

Since in the pulse reflection methods the device under test is excited either with the impulse
or with the fast step it is necessary to analyze the transient states of the line. Therefore it is
convenient to apply the operational calculus. The basics of the distributed line theory in the
Laplace transform formalism are introduced below. A comprehensive coverage of the

Laplace transform properties and operational calculus can be found, e.g. in the references [7]

and [8].

¢ Distributed line and the Laplace transform

RAx LAx
A C
—ANNN—000 o :
—»
— > i,=1+Ai
i,=1 _12
VAB= v GAX -1 VCD= V+AV
CAx

C— H— O
B é— D

Figure A.1. A segment of a distributed line

The Kirchhoff’s equations for the element of the network presented in Fig. A.l are as

follows:

- for the voltages

Vs _Raxi-Lax %oy

ot
ai (A1)
AV =Vop =V, == RAXi — LAx—

- for the currents

i, —GAxVp — caxVer _ ;.

ot
Ai=i,—i, = -—GAx(V+AV)—-CAx—a-(—V—%;AL)

In the limit for Ax — O a set of two partial differential equations is obtained from Egs. (A.1)
and (A.2).

(A2)
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AV 3V di

lim =—=—Ri—L—
a0 A ax T o (A.3)

Al di %

m2=2_ gv-cZt
M50 A% ox ot (A4)

The resistance, conductance, self-inductance and capacitance are the parameters given per
unit length of the line. The Laplace transforms of the quantities present in Egs. (A.3) and
(A.4) for the zero initial conditions are listed below:

oo

LV(x,0) = V(x,s5)= j eV (x,1)dt
0

aV(x,1)
ot

L( )= sV(x,s)

oo

aV(x,t)., T _y9V(x,1) 0T d
_— )= - dt =— Vix, = — .
L( o ) Je > t . Je (x,t)dt ax‘V(x 5)

0 0
By analogy the same applies to the corresponding transforms for the current. The form of the

line equations in the operational representation is then

%% =(-R-Ls)I (A.5)
I _ G-coyv (A.6)
ox

After the substitution of Eq. (A.6) into Eq. (A.5) differentiated with respect to x, the

following second order partial differential equation is obtained:

>V
ox?

=(—R-Ls) 3—‘1 =(R+Ls)(G+Cs)V (A7)

The entire term in front of the voltage operator in this equation is denoted as the propagation

function:

¥ = (R + Ls)(G + Cs) (A.8)

Then the equation (A.8) can be rewritten in the form,
%V
— -7V =0 (A.9)
ox

which is the equation of the voltage wave propagation in the line. In the same way a similar

equation can be derived for the current operator. The general solution of the differential

equation for the voltage is
V(x,5) =V (s)e™” +V,(s)e” (A.10)
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Its first derivative with respect to x is

9V

ox

After the substitution of this derivative into Eq. (A.5) the formula for current is obtained.

= —y(V(s)e™ = V,(s)e™) (A.11)

¥ s G+Cs - .
I(x,s)= YV i 4 = Ty, v .
(x,5) R+Ls( (s)e ,(s)e”) R+l (V. (s)e V,(s)e") (A.12)
Zc(s) defined as,
R+ Ls
A = (A.13)
c(s) G+Cs

is a characteristic impedance of the line.
In order to determine the functions ‘V; and V, the conditions at the beginning and at

the end of the line must be considered (Fig. A.1)

Z

)

x=0 x=1

Figure A.1 Line excited by the voltage generator

Let us assume that the line is excited with the voltage generator producing the electromotive

force e(r). Then for the beginning of the line (for x = 0) the following Kirchhoff relation
holds:
&E(s)-2Z,7(0,5)—V(0,s)=0 (A1)

Using the relations (A.10) and (A.12) the equation (A.14) becomes

&E(s) =Z(,%("V1 -V)+(V, +V,)

which after several transformations can be expressed conveniently expressed as

Z
VYV, -rV,= £ &
V= (s) (A.15)
where
Zo — Zc
r =
i Z,+ 7, (A.16)
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is the voltage reflection coefficient at the input of the line. At the end of the line of length [

the following relation is satisfied:

-yl vl
7, =Y _, Vel + Ve (A.17)
I(,s) Ve —V,e"

After several transformations it can be rewritten as,

Vier, =V,e" (A.18)
where,
Z,-Z
o= (A.19)
. Zl +ZC

is the voltage reflection coefficient at the end of the line.
From the two conditions for the beginning (A.15) and for the end of the line (A.18)

the form of the functions V; and V, can be calculated.

Z 1
YV, =&E(s &
1 =8(5) Z+Z. 1=rre™ (A.20)
Z =271
V, = 8(s)—=< e (A.21)
Zy+Z. 1-rre™
Thus the final solutions are:
z e e
V(x,5)=8E(s £ e A.22
(%,5) = &( )ZO +Z, 1-rre™ ( )
-Yx _ -y7(21-x)
T =8(s)— & T (A.23)

Z,+Z. 1-rr e

e

In order to obtain the inverse Laplace transform of the solution it is convenient to notice that
the absolute value of the reflection coefficients is always contained between O and 1, and
therefore the denominator part of the solutions can be expressed as a geometric series

expansion:

1 N n_n -2nyl
—y =2 L T e A.24)
1—rre?" ,; (

e

Using this series expansion the final solutions can be rewritten as:

V5) = 8l6) (€7 41T 1 (A.25)
0+ Zc =0
: )
I(x,5)=8(s) (CREET T RAnd) WAL e 7! (A.26)
7z 2
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When the line is matched with its characteristic impedance, i.e. when it is terminated with the
lumped impedance corresponding to Z¢ (Z; = Zc), then r. = 0 and the formulas (A.25) and
(A.26) become

Z
Vx,5)= C e
(x,5)=E&(s) Z+Z, e

1
Zy+Z,

(A.27)

—7x

I(x,5)=8E(s)

e

V(x,s)

(x,5)

One can see that in this case = Z, at each instant ¢, and at any point x along the line.

e Approximation of the lossless line

The line is considered to be lossless when R = 0 and G = 0. Under these conditions the
propagation factor (A.8) becomes

¥y =svLC = sf, (A.28)

where B, =+/LC is the propagation constant. The characteristic impedance reduces to a real

resistance equal to

R. =% (A.29)

C

The equations for the voltage and current become respectively:

V(x,5)= 8(s)Z - (e 41,67 HCI )z npn g 2nshl (A30)
0 C n=0
I(x, S) = 8(6’) Z R (e—s‘ﬁox _ —sﬁo(Zl—x) )2 n —2nsﬂo (A31)
n=0

For the matched lossless line (Z; = Rc¢) the voltage reflection coefficient at the end of the line

r.= 0 and the equations (A.30) and (A.31) simplify to

W(x,s)= &E(s) Re e P

Zo +1RC (A.32)

I(x,s)= &(s)—/—— Z+R e Pox

The inverse Laplace transform for the voltage yields immediately
V(x,8) =V (0,2 = Byx)-u_(t— Byx) (A.33)
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e(t) R,

0+C

where V(0,t) = is the voltage at the input to the line and u.i(f) is the unit step

function. Thus the voltage at any time ¢ and point x along the line corresponds to the voltage
at the input of the line (x = 0) at time 7 - Byx. This clearly implies that the wave applied at the
input propagates along the line to any point x within the time Sox. Thus 1/f3, corresponds to

the velocity of the propagation of the wave in the line.

1 1

B, JiLC (A34)

If the dielectric medium of the line is characterized by a relative dielectric constant &, the
wave propagates along the line with the same velocity as the electromagnetic waves in the

medium

1 1 c
V== S =T A.35
B, JIC &, (8.33)
where c is the speed of light in vacuum. The per unit length parameters of the line L and C

expressed as the functions of [ are as follows:

L= Rcﬂo
C= _B_o_ (A.36)
Rc

The total delay, inductance, and capacitance of the line of length [ are:

T =Bl
Ltat =Li= RCT (A37)
T
C, =Cl=—
tot R

C
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Appendix B. Calculation of the Ideal Step Response

to Complex Loads and Line Transitions

The fast step TDR techniques can provide very high resolution as far as the features on the
reflection images of the tested system are concerned. The method allows to trace even the
connections between different parts of the line. Correct interpretation of the measurements

can determine

e whether the deflection of the input waveform was caused by an inductive,
capacitive or resistive discontinuity encountered in the line,

e whether the defect causing the reflection represents the series or rather the shunt
type of loss

e what are the characteristic parameters and the time constant of the defect which

causes the distortion on the image of the propagating wave

In order to facilitate the correct recognition and interpretation of the reflection
images, and to allow the extraction of the vital parameters characterizing the system under
test, some examples of the calculation techniques addressing the voltage step response of the
circuit to complex loads and line transitions are presented in this appendix. In all cases,

unless stated otherwise, the line is excited with the step voltage.

(0= E for t=20
€)= 0 for t<0

Thus e(f) = Eu.(¢f) and the Laplace transform of such a source is simply

Lewy==

N

e Example 1. Line matched at the input and terminated with shunt R-L load (Fig. B.1)

The reflection coefficient at the input of the line is ; = 0. The reflection coefficient at the end

of the line:

RLs _R
_RilLs °_Ls(R—R.)-RR
€ RLs +R Ls(R+R.)+ RR_
R+ Ls ¢
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x=0 X=1

Figure B.1 Shunt R-L termination of the line

According to Eq. (A.22) the voltage at the input of the line is

25| Ls(R+R.)+RR, (B.1)

T = l/v, is the time of the propagation of the incident wave from the input to the end of the

2Is

line. In order to perform the inverse Laplace transform it is convenient to express the second

term of (B.1) in form of the partial factorial expansion:

E Ls(R—R;)—RR, e 2T — __E__+ ELR o2
2s Ls(R+R_)+ RR_ 2s Ls(R+R.)+RR.

Then (B.1) takes the following form

ER
V(0,s) = E-E, R+R  |om
2s 2s RR_
e o
(R+R,)L
Hence, the inverse Laplace transform yields immediately,
B} E E ER -“F
V(0,t) = L7(V(0,s)) = Eu’l(t)+(—5+ iR e ° ]u_l(t—2T)
C

where the time constant of the exponential decay is

. (R+ROL
R‘RC

The voltage at the termination of the line (x =) is

V(1 5)= L[ ¢ 4 LR =R) = RR¢ s,
2s Ls(R+R_)+ RR,
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From the inverse Laplace transform one obtains

Vl,s)= L7V, s) = R’f’; e__Tu_l (t-T)

(o)

Both signals are plotted in Fig. B.2. The signal read at the output of the line is marked with a
dashed line. The incident wave V; propagating from the input of the line has half of the

amplitude of the incident step produced in reality by the step generator of the reflectometer.

input (x = 0)

.~ output x=D

.,
.,
..,
o
ssss
~~~~~
.
........

0 T 2T

Figure B.2 Ideal step response to the shunt R-L termination of the line

All types of R-C, R-L shunt and series terminations can be treated in the same way. The

results are listed below and shown in Figures B.3, B.4 and B.5.

e Shunt R-C termination

E ER-R ER -=X
V(0,0) = L7H(V(O,8) =—u_ (t)+| = c_ © u (t-2T
0,0 =L7(V(O.5) 2u1() [2 R+R, R+Rce ]ul( )

V(l,s)=L(V(Uys) = Rf’; [1 - e_—T ]u_l(t -7)

C

. _ CRR.
R+R,
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~output (x =1)

0 T

Figure B.3. Ideal step response to the shunt R-C termination of the line

e Series R-L termination

ER-R., ER, -=F

4 _E
VO.n=L V0N =73 "“(t)+[2 R+R. R+R,

ER ER _er
Vi, )= LNV (Us) = yc _T
U,s)y=L7(V(Uys) [R"'Rc R+Rce ]u—l(t )

L
T =
R+R,

~ input (x =0)

0 T 2T

Figure B.4. Ideal step response to the series R-L termination of the line

e Series R-C termination

E E ER. -Z
0, = -1 s = — 1 _—— ¢ T 1 —_
V(0,t) =L (V(@O,s)) 5 u_ () + ( 2 R+R, e ]u (t-2T)
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=T

(o

— p-l — _ Rc T _
V,s)=L ((V(l,s))—E(l R+ R e ]u_l(t 7)

T=C(R+R.)

output (x =1

input (x = 0)

0 T 2T

Figure B.5. Ideal step response to the series R-C termination of the line

Example 2. A connector between two cables of the same characteristic impedance

The situation considered is presented in Fig. B.6. The second line is terminated with the load
corresponding to its characteristic impedance. The effect of the connector on the junction
between both lines can be modeled by introducing a lump inductor in series with the line at

the connection point. An echo resulting from such a connector will be analyzed in this

example.

Figure B.6 A connector between two lines with the same characteristic impedance

The reflection coefficient at the input of the line is r; = 0.
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From the point of view of the connector located at point d the termination at the end of line 2
seems to be connected in series with the inductor L. Thus the reflection coefficient at the

junction between two lines is

.= Ls
4 Ls+2R,

The operational voltage at the input of the line is:

(V(O, S) =£‘[1+——~‘-——Ls e_ZTIS J=£+£ 1 e—2T1s

25| Ls+2R. 25 2, 2R
L

T: = d/v, is the time of the propagation of the incident wave from the input of the first line to
the junction with the second line.

V(0,t)= L7 (V(0,s)) = Eu_l(t)+5e Tu,(t-T)
The time constant of the exponential decay is

L

T=—"—
2R,

The signal read at the input of the line is shown in Fig. B.7.

0 2T,

Figure B.7 The effect of the connector between two transmission lines of equal R¢
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In reality the step produced by the pulse
generator of the time domain reflectometer
e(t) = mt has a finite rise time greater than zero. In
order to see how it affects the response of

Ramp 1 the circuit one has to analyze the response of

the system to a ramp excitation shown in
Fig. B.8. The signal is defined as e(¥) = mz
for ¢t 2 0, where m is given in V/s. Let us

additionally assume that e(t,) = E. The

A\ 4

t
Figure B.8 Ramp signal

n Laplace transform of such a voltage source

is Lle() =1

7"
A

The operational voltage at the input of the line is then:

g S+ eKe s 2s(s+A]
T

The partial factorial expansion of the second term in the above equation yields:

mT
m s _ | T 2 o208
1 2s 1
2s(s + —) s+ —
T T

Hence the inverse Laplace transform of the operational voltage gives the following result:
2T,

V,(0,0) = L7(V(O,5)) =ﬂ25+’"77[1—e : ]u_l(t—ZTl)

An input step with nonzero rise time can be constructed by adding two ramps together as it is

shown in Fig. B.9.

e(t) =mt

Ramp 1 + Ramp 2 e Ramp 3

Y

Y
A\

e(® =-m(t- tu,(t- )

Figure B.9 Finite rise time step function as a sum of two ramp signals
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According to the superposition theorem for linear systems the response of the connector to
the finite rise time step function can be obtained by adding the responses to the individual
ramps. The response to the second ramp is obtained immediately by negating the response to
the first one and by displacing it by #,:

_1mt=20

V,(0,7) =—Ln~(%_t—”)u_l(t—tn)—m71[l—e . ]u_l(t—tn —2T))

The sum of both responses is shown in Fig. B.10.

Y
[N\
R R
0 2T,

Figure B.10 Connector response to a finite rise time step function

In a similar way a response of any linear system can be calculated as a sum of responses to
the individual ramps. Finite rise and fall time rectangular pulses can also be composed of
multiple ramp functions.

In the fast step TDR a finite rise time of the initial step function enforces a bandwidth
limitation on the measurements. If the discontinuity encountered in the transmission line has
the time constant which is much lower than the rise time of the initial signal launched by the
reflectometer the ideal response will be changed into an impulse response as it was
demonstrated above in Figs. B.9 and B.10. If both time constants are similar the response of
the system will not be an impulse any more, and the extraction of the circuit parameters will
not be possible without numerical modeling. If two consecutive faults in the line are
separated by the distance corresponding to half of the TDR rise time, the reflections resulting

from these faults will merge as one, and the measurement will not be able to resolve them.
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Example 3. Transition between the lines with different characteristic impedance

<—Ryy—>

x=0 x=d

Figure B.11 Two transmission lines of different characteristic impedance

The same analysis as in the previous case can be applied for the transition between two lines

with different characteristic impedance (Fig. B.11). Let us assume that Rc, < Rc1.

The corresponding reflection and transmission coefficients are:

- at the input
ro = 0

at the junction between the lines
from line 1 to line 2
r12=(Rc2~Rc1) / (Rez + Rer)

tip= 1+ ri2

from line 2 to line 1
2,1 =712

1= 1+ ry1 = 1- T2

at the end of line 2

re=1
The response of the system to the step voltage is shown in Fig. B.12. The multiple reflections

resulting from the returning wave partially reflected at the junction and traveling back

towards the open end of line 2 are not shown on the plot.

11,V

r,V;

2T, 2T,

0
Figure B.12 Transition between two lines with different characteristic impedance
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Chapter 5

Partial Discharge Analysis for the
Overall Quality Assessment of the Ground

Insulation in Superconducting Magnets

Partial discharges (PDs) are pulsed shaped high frequency currents, which may occur
between the conductive area of the cable and its insulation or along the surface of the
insulation under the conditions of the voltage stress. The results of the PD measurements, i.e.
the number, the magnitude of the PDs and their phase angle, may lead to the detection of
possible imperfections and defects, or of the ongoing degradation of the insulation system
even if the HV tests, e.g. the measurements of leakage current, are successfully passed.

In general case the application of the high-amplitude AC voltage across the insulating
material results either in a complete or partial breakdown of the insulator. During the
complete breakdown the insulation collapses completely under the voltage stress bridging
thus the insulated electrodes with a low-ohmic resistance. On the contrary, during the partial
breakdown only a part of the insulation collapses, while the remaining part of the insulating
system is still capable of withstanding the voltage stress. This kind of breakdown is referred
to as a partial discharge by analogy to the discharges observed in ionized gaseous dielectrics.

During the partial discharge test the excitation AC high voltage with the frequency of
50 Hz is applied between the core of the cable and the ground, causing thus a development of
a high electric stress voltage stress across the solid insulating material isolating both
electrodes. In this case the defects present in the insulating material or on its interfaces are
especially vulnerable for the generation of PDs. Most commonly encountered defects in the
insulating systems are voids. Several types of possible void configurations can be
identified as:

e a gas-filled cavity (e.g. an air bubble) present in the insulating material,
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e surface void caused by the partial detachment of the insulating material form the surface
of the cable,
e uniform or nonuniform continuous air-gap between the surface of the insulating
material and the surface of the cable,
e uniform or nonuniform air-gap inside the insulating material.
These kinds of void defects lead to the generation of the PDs between the metal electrode and
the insulation, between the insulation and insulation, along the surface of the metallic
electrode or along the surface of the insulation.

Another type of the defect can be characterized by presence of the strange body in the
dielectric, e.g. a metallic pin embedded in the bulk of the insulator material. This kind of
defect leads to the severe local enhancement of the electric field around the metallic intruder
and results in the destruction of the insulating material in the vicinity of the pin. As a part of
the experimental approach aiming at the analysis of the breakdown and pre-breakdown
phenomena in solids the metallic pin is introduced into the insulating materials under test on
purpose.

The theory of the PDs, as well as the pre-breakdown and breakdown phenomena in
solids are not fully understood yet. Currently used models range from the purely
phenomenological and statistical formulations to purely quantum mechanical descriptions of
the observed effects [1], [2]. Although the PD techniques were and are being more or less
successfully applied for the analysis of the power cables [3], motor and generator stator
windings [4], transformers [5] and other electrical machines, still in many cases the
interpretation of the results of the measurements may be ambiguous. The analysis of the
results is also approached with a wide variety of theories and procedures ranging from
microwaves [6] and acoustics [7], through neural networks [8] and wavelet analysis [9] to
deterministic chaos [10].

The challenge of applying this method in the framework of the superconducting
magnets is posed already by the complex structure of the Rutherford superconducting cable.
The insulation of the cable does not adhere ideally to the rough surface of the multi-stranded
conductor, creating thus a nonuniform air-gap running along the entire surface of the cable.
The winding configuration of the multiple insulation layers also imposes presence of the air
gap between the consecutive sheets of insulating material. Moreover, in the case of the LHC
magnets there are also the intentional 2 mm-wide equally spaced gaps between consecutive

cable turns, which are designed for penetration of the cryogen between the coil windings.
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This also creates a set of regularly spaced voids between the outer layer of the coil and the
ground insulation. The ground insulation of the LHC dipoles is composed of further four
separate layers of polyimide foil. Thus the air-gaps are omnipresent in the insulation system
of the magnet, and they will create an omnipresent PD pattern. The most interesting question
to be studied is whether a signal induced by the imperfections in the insulation system can be
distinguished from this PD background signal.

One can imagine a fabrication error inadvertently introduced by locally missing layers
of ground insulation. Although the coil is definitely weaker in the fault-affected area the
magnet still successfully passes all of the standard tests and behaves like a perfect flawless
magnet. Nevertheless the defect, although hidden beyond the detection capabilities of the
standard HV tests, is still there. It might manifest itself later on during the magnet operation
or during the training quenches.

Even locally missing insulation layer introduces the distortion into the standard
geometry of the magnet, i.e. the air-gap between the insulation is increased beyond the norms
of technical specifications. Can such a hidden defect be recognized with PD analysis? The
following chapter brings the preliminary answer to this question.

Since the PD technique has never been used at CERN so far, the measurements
presented in this chapter were carried out at the PD facilities in the Laboratory of

Components, Materials and Electrical Technologies at the University of Genoa in Italy.
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5.1 Partial Discharge Detection

The techniques of PD detection may suffer from a significant degradation and deterioration
of the signal due to the cable length and noise. Therefore a detection system must be designed
according to the recommendations for the implementation of low level signal measurements
in order to successfully recover the PD signals from noise. In addition the measurement area
should be decoupled from any external electromagnetic fields. E.g., the PD measurement
facility at the Genoa University is installed in a shielded room allowing thus to reach the
sensitivity of 1 pC as far as the magnitude of the detected PD is concerned. A standard non-
shielded environment decreases the measurement resolution to 100 pC even if the precautions
are taken for a thorough internal and external radio frequency noise rejection.

The principle of the measurement and the block diagram of the detection circuit are
presented in Fig. 5.1 for a sample of cable used as a test object. An alternating 50 Hz voltage
source provides an input excitation, which is applied across the insulation of the cable under

test until the electric stress in the insulation reaches the threshold of the inception level. When
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Figure 5.1 Partial discharges detection system



this happens, PDs occur at the point X of the insulation. A PD short duration pulse starts
traveling towards the beginning of the cable (the input terminal where the excitation voltage
was applied — point B on the diagram), at the same time the other pulse travels towards the
end of the cable (point E) where it gets reflected and starts returning back towards point B.
The signal detection system registers both the direct and reflected pulses. Both pulses are
separated in time by twice the period required for the second pulse to travel from the PD’s
point of origin (X) to the end of the cable (E) and back to the point of origin. Both signals are
reflected at the beginning of the cable, then at its end, and finally are recorded again upon

their arrival at point B. The simplified form of the signals recorded by the detection circuit is

presented in Fig. 5.2.
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Figure 5.2 Schematic representation of partial discharges signals

If #x denotes the travel time of the pulse from the PD’s point of origin (X) to the end of the
cable (E), and 7. a total travel time of the pulse along the entire cable length L, the

localization of the source of the partial discharge X is calculated according to the following

4

X
ratio; —=-*%.
IL

In reality, due to the continuos AC excitation of the test object and the multiple,
statistical character of the partial discharges, as well as the frequency dependence of the PD

propagation velocity, the registration of the reflected PDs and the localization of the source of
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the partial discharges cannot be established for an arbitrary test object. Direct PD current
pulses can be filtered at the terminals of the test object. They appear in pulse trains of
opposite polarity. In general case the number of discharges increases with the increase of the
excitation voltage, whereas their amplitude remains virtually the same.
The detection system operating at the University of Genoa is voltage coupled. The
main components of the voltage coupled system are:
® adjustable, precise resistive, capacitive and inductive components used to assure the
RLC-type circuit response and to increase the input impedance of the system in order
to limit the current flow in the device under test,

® RC high pass broadband filters,

® low-noise broadband operational amplifiers,

® RF traps for the rejection of radio interference,

® digital oscilloscope for the direct signal registration,

® PC system for the digital data acquisition and statistical analysis,

° a pulse height discriminator for acquiring statistical information concerning the

number and the magnitude of the PD signals,

° an excitation voltage magnitude discriminator for the discrimination of the coherent

noise covering parts of the excitation voltage cycle,

® phase shift analyzer,
® 3D digital matrix memory for enumerating the PD pulses displayed by the
oscilloscope and storing the relevant magnitude — phase shift information

characterizing them.

The digital acquisition system registers the PD pulses and sorts them with respect to
their intensity and their phase angle. The measurement process is shown in Fig. 5.3. During a
given period of time the data concerning all of the detected partial discharges are registered
for further analysis. The results are displayed in form of the color map, on which the
frequency of the PD occurrence is encoded by specific colors. Apart from the PD rate the
graph shows the magnitude and the phase shift of the registered pulses. The phase shift is
calculated in reference to the phase of the input AC excitation signal. Thus a colored dot
indicates e.g. that more than 256 partial discharges having a magnitude of 150 pC and a phase
shift of 135 degrees have occurred during the measurement process. After the data acquisition
is finished a detailed statistical analysis of the measurement can be performed. An example of

the information extracted from the acquired data is presented in Fig. 5.4.
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Figure 5.3 Statistical data acquired during the measurement
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Figure 5.4 Comprehensive data analysis
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Figure 5.5 PDs between the insulation and the core of the superconducting cable

The original three-dimensional information (number, magnitude, phase shift) is dispatched
into separate distributions; i.e. quantity of the observed partial discharges vs. their magnitude,
magnitude vs. phase, quantity vs. phase, etc. The characteristic pattern related to the test
object or its defect can be revealed in this way.

Fig. 5.5 shows a single oscilloscope screen shot of the PD test performed on a short
sample of the outer layer cable used for the winding of the coils for the LHC dipole magnets.
Prior to measurement the cable was wrapped in three sheets of polyimide foil simulating the
ground insulation of the coil, and surrounded with the bulk metallic electrode simulating the
collars. The input AC voltage was applied between the conducting core of the cable and the
metallic electrode. The partial discharge pattern appeared when the amplitude of the voltage
source reached 1500 V (inception voltage). The maximum magnitude of the partial
discharges registered amounted to 300 pC. Despite the continuos excitation with the AC
source there was no heating in the sample, because the current flow was very close to zero
due to the high input impedance of the system.

The screenshot in Fig. 5.5 shows the distribution of the PD on the positive and
negative AC half cycle. The discharge pattern where the first cluster of the discharges has
lower amplitude than the second one is enforced by the insulation of the cable. It implies that

the partial discharges appear between the surface of the cable and the insulation. As it was
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already mentioned, due to the braided structure of the superconducting cable the first layer of
the insulation cannot be ideally wrapped around the core of the conductor leaving thus the air
gaps between both components. PDs start occurring when the excitation voltage reaches a
certain inception level. At this moment the intensity of the electric field is high enough for
the PD to appear, but still the first electron must be incepted in order to trigger the avalanche
and create the discharge. When during the AC cycle the core of the cable is at the negative
potential with respect to the insulation the discharge path will run from the metal towards the
insulation. In this case it is it is quite easy to incept electrons from the metal surface and
generate the discharge. Therefore these discharges occur very close to the inception voltage
and result in lower amplitude of the apparent charge.

On the other hand, during the second part of the AC cycle the insulation is at negative
potential with respect to the conductor. Even if the inception threshold was already reached
the precursor electrons necessary to trigger the discharge are not available instantaneously. It
is much harder to obtain a free electron from the surface of the dielectric. Therefore the local
intensity of the electric field in the void must still be increased. At a certain moment the air in
the gap is ionized. Eventually, when the excitation voltage is much higher than the actual
inception level, the avalanche initiated from the insulation and running towards the surface of
the cable occurs. Of course the amplitude of the PD is correspondingly higher in comparison
to the discharges arcing in the opposite direction.

When the amplitudes of the apparent charge on both half cycles are equal, the PDs

generally occur between insulation and insulation.



5.2 Test Magnets for the PD Analysis
of the Ground Insulation Quality

Two 5-block single aperture short dipole models were prepared for the partial discharge
measurements. One of the magnets was in perfect condition. In a flawless magnet there are 4
layers of ground insulation between the external layer of the coil and the collaring shoe. The
first layer of the ground insulation, which is directly adjacent to the external layer of the coil,
contains 25-um thick quench heater strips sandwiched inside two 125-um sheets of

polyimide. Each of the remaining three layers is also made of 125-pm thick polyimide film.

ground insulation:
quench heater layer
125 um (+ 25 um) + 125 um

ground insulation
3x 125 um

Figure 5.6 Structure of the ground insulation in the magnet

Quench heaters are 15 mm wide metallic strips running along the entire length of the external
layer of the coil in positions illustrated in Fig. 5.7. The strips labeled with the same identifier
(QH1 — QH4) are electrically connected with each other at the end of the magnet. During the
PD measurements the quench heaters, the coils, and the collars are used as the electrodes
characterizing different test configurations.

In reality the quench heaters are a part of the quench protection system of the magnet.
In order to explain their role let us consider a schematic layout of the connection between the
coils of the magnet drawn in Fig. 5.8. Both poles are defined by the median plane of the
magnet aperture. When the magnet works in the superconducting state the voltage measured
between the terminals of the separate poles is less than 40 mV. If this limit is exceeded it

implies that a resistive voltage starts building up in one of the poles, which means the
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“Collars

Figure 5.7 Electrodes for the PD measurements. Positions of the quench heaters are labeled with the
respective QH indicators.

beginning of the quench, i.e. the violent resistive transition of the magnet from the
superconducting to the normal state. The propagation of the quench starts from a single hot
spot, where the temperature is higher than the critical temperature of the superconductor
operating at a given location in a given local magnetic field. As soon as the quench is
detected and confirmed the quench heaters are triggered to heat up the coils in order to speed

up and improve the propagation of the

W normal zone throughout the magnet. In

Coils of Pole No. 1 Coils of Pole No. 2 this way the entire energy initially
Outer Tnner Inner Outer stored in the superconducting magnet

4 is uniformly distributed in the now
resistive coil, and eventually it can be

released into the special dump resistor

| via a diode, preventing thus the

AV, <40 mV AV, <40 mV destruction of the coils. In some rare
Figure 5.8 Serial connection of the separate coils in the situations it may happen that two

magnet
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quenches start propagating in the same pole of the magnet from two different locations in the
opposite directions. In this way the voltage readout at the terminals of the pole will still
indicate the potential difference lower than 40 mV. In order to prevent such situation, the
secondary quench detection systems (QD2, and QD3) monitor the potential difference
between the inner and outer layer of each pole. The details of the quench detection systems
used for the protection of the LHC magnets can be found in ref. [5]. As far as the PD
measurements are concerned quench heaters are reduced to the role of convenient electrodes
located between the coils of the magnet and the collars.

Coming back to the preparation of the test objects, on the other magnet a square of 6 x
8 cm was cut off and removed from the two outermost layers of the ground insulation in
location indicated by a white square in Fig. 5.9. In this way the ground insulation on one side
of the coils was locally damaged. After this small surgery the magnet was collared according
to the standard assembly procedure.

After the assembly both magnets
have successfully passed HV discharge and
leakage tests. During the leakage test the
dielectric rigidity of the magnets to ground
was examined. DC high voltage of 5 kV |
was applied between the coils of the magnet
and the collars for a period of 180 s. The
leakage current flowing across the dielectric

insulation of the magnet was in both cases

lower than 50 pA, which fully complied

Figure 5.9 Locally missing two layers of the ground
insulation

with the test requirements.
Both assemblies behaved like perfect magnets manufactured with highest precautions
as far as the technical specification of the magnet assembly is concerned. The hidden damage
intentionally inflicted to the ground insulation of one of them remained completely invisible
within the scope of the employed standard testing methods.
An essential question remains to be answered if there is a way, apart from the human
intuition, that would nevertheless lead to the recognition of the existing problem. The

following section shows what answers are brought by the PD technique in this matter.
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5.3 PD Measurements Performed on the Dipole Magnets

A comprehensive PD measurement session was carried out on both magnets. The electrodes
available for the application of the excitation voltage are: the coils of the magnet, the collars,
and the quench heaters (QH). Depending on the potentials applied to these electrodes

different test configurations were analyzed.

e Test No. 1~ General test of insulation between the quench heaters and the collars

During this test the active potential electrode of the excitation source is connected to the coils
of the tested magnet and to all of the quench heaters at the same time, whereas the ground
electrode is connected to the collars. The excitation is 50 Hz AC sinusoidal waveform with
the amplitude of 2.5 kV. The configuration minimizes the number of the partial discharges
between the quench heaters and the coil since both of these electrodes are at the same
potential and thus there is no electrical stress applied across the insulation between them. For
the same reason there will be no PDs between the consecutive turns of the coil either. This
arrangement serves for general analysis of the partial discharges across the insulation layers
located between the quench heaters and the collars of the magnet.

Fig. 5.10 shows the comparison of the PD patterns for both magnets. Apart from the
fact that certain amount of PDs observed in the damaged magnet showed higher amplitudes,
and the PD map had to be rescaled in order to contain the entire signal, both patterns look

very similar.

However when a thorough statistical analysis of the patterns is carried out essential

Reference Magnet 54 Damaged Magnet 87
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Figure 5.10 Test No. 1 — Comparison of PD patterns
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Figure 5.11 Test No. 1 — Phase vs. PD Number distribution

differences between both test objects become clearly visible. Fig. 5.11 shows the comparison
of the Phase vs. Number distribution for both magnets. The plots display the total number of
the PDs registered with the same phase shift in reference to the phase of the excitation
voltage. During all of the measurements the acquisition time was set to 45 s. The shape of the
extrema in the plot for the reference magnet is quite smooth, whereas for the damaged
magnet both minimum and maximum become jittery, and small local extrema with lower
amplitudes are separated from the global wide peaks. The differences in the scales between
both plots express higher PD activity on the reference magnet.

Substantial differences in shape of the curves are also visible on the plots of Phase vs.
Charge, where the total apparent charge of all of the registered PDs is summed together for
the discharges with the same phase shift (Fig. 5.12). Again, higher values of the total charge
for the reference magnet reflect higher number of PDs. However when the same plot is drawn
for the average charge, i.e. the total charge divided by the number of PDs experiencing the

same phase shift, it turns out immediately that the discharges observed on the damaged
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Figure 5.12 Test No. 1 — Phase vs. Total Apparent Charge distribution
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Figure 5.13 Test No. 1 — Phase vs. Average Charge distribution

magnet have higher amplitudes (Fig. 5.13). This situation may correspond to the discharges
with the activation voltage much higher than the inception voltage, which would correspond
to the discharges within the insulation (i.e. between the insulation and insulation). The

following tests investigate this problem in a more detailed way.

e Test No. 2 - Simultaneous test of insulation between the quench heaters and the coil

and between the quench heaters and the collars
During this test the active potential electrode of the excitation is connected only to all of the
quench heaters, whereas the coils of the magnet and the collars are connected to the ground.
The amplitude of the AC input signal is 2 kV. In this configuration the electrical stress is
applied across the insulation between the quench heaters and the coils as well as across the
insulation between the quench heaters and the collars. The PD pattern will reflect in this case

the discharge activity in the entire ground insulation. Fig. 5.14 shows the comparison of the
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Figure 5.14 Test No. 2 — Comparison of PD patterns
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Figure 5.15 Test No. 2 — Phase vs. Number distribution

PD patterns acquired for both magnets. The tail visible on the PD pattern of the damaged
magnet is a characteristic feature for an excessive void with the activation voltage much
higher than the inception level. This feature is not present in the regular PD pattern of the
reference magnet. The remaining statistical distributions are compared in Figs. 5.15 — 5.17.
The defect visible already in Figs. 5.10 and 5.11 as a small local maximum split off the main
positive peak is more pronounced on the plots in Figs. 5.15 and 5.16 for a different phase.
The phase shift may result in the change of the electrode configuration. Also the distribution
of the mean charge differs a lot from the one acquired for the reference magnet (Fig. 5.17).
There is definitely something wrong with the insulation of the magnet S7. Could we

possibly diagnose which side of the magnet is affected by the problem?
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Figure 5.16 Test No. 2 — Phase vs. Total Apparent Charge distribution
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Figure 5.17 Test No. 2 — Phase vs. Average Charge distribution

e Test No. 3a — Sidewise test of the ground insulation (QH1 & QH2)

During this test the active potential electrode of the excitation source is connected uniquely to
the quench heaters No. 1 and No. 2 (see Fig. 5.7), whereas the coils, the collars and the
remaining quench heaters (QH3 & QH4) are connected to the ground. The excitation voltage
is 50 Hz AC sinusoidal waveform with the amplitude of 2 kV. The configuration emphasizes
the voltage stress across the ground insulation on one side of the magnet only. If the defected
side of the damaged magnet is tested the PD pattern should be different there in comparison
to the pattern acquired on the reference magnet. On the other hand if the intact side of the
damaged magnet is analyzed both PD patterns should be quite similar.

The comparison between the PD patterns is shown in Fig. 5.18. Definitely both
patterns are different. The pronounced arc-like feature corresponding to an excessive void is

visible on the first AC half-cycle in the damaged magnet. There is also a double peak present
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Figure 5.18 Test No. 3a — Comparison of PD patterns
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on the pattern covering the second AC half-cycle. In general the PD pattern of the damaged
magnet is not symmetric. Not all of the features present on one half-cycle are also visible on
the other one. This expresses an increased discharge activity between the quench heaters and
the ground insulation. The features present in the PD pattern of the damaged magnet cannot

be identified in the corresponding pattern acquired on the reference magnet either.

e Test No. 3b — Sidewise test of the ground insulation (QH3 & QH4)

By analogy to the Test No. 3a the following configuration serves to analyze the PD pattern
when the voltage stress is applied across the ground insulation on the opposite side of the
magnet. This time during the test the active potential electrode of the excitation source is
connected uniquely to the quench heaters No. 3 and No. 4, whereas the coils, the collars and
the quench heaters No. 1 and No. 2 are connected to the ground. The excitation voltage is
exactly the same as in the previous case. The comparison between the PD patterns is shown
in Fig. 5.19. It turns out that, on the contrary to the results of the previous test, the PD

patterns on this side of the magnet are quite similar in both cases.

Reference Magnet 54 Damaged Magnet 57

Eik2R
1924
E12
L&
124
&4
w2

-

P 1 § § E2 # k ) K # k it ‘;‘ ¥ H 3
45 WG OB3S IB0 235 270 OZIE 4 A4S R PES IR0 X3S FI 13 40
gl plase

Figure 5.19 Test No. 3b — Comparison of PD patterns

In this regard the final conclusion can be drawn that the damaged ground insulation zone is
located on the side of the magnet where the quench heaters No. 1 and 2 are. This diagnosis
indeed corresponds to the side of the magnet where the damage was inflicted.

Thus the PD measurements enabled to identify the presence of the fault which was
beyond the detection capabilities of the standard tests. This very first and preliminary
demonstration of the PD techniques in the context of the LHC dipole magnets triggered a

wave of growing interest concerning the possibility of successful detection of hidden
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manufacturing errors. A thorough investigation of the measurement method performed on

different magnet configurations has been planned for the year 2000.
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Conclusions

The work presented in this thesis was focused on the detection and localization of different
possible defects in the electrical insulation system and in the instrumentation circuits of the
superconducting accelerator magnets for the Large Hadron Collider. This kind of
investigation was required by the preparation for the series production of the large number of
technologically challenging 15-m long superconducting dipole magnets responsible for the
deflection of the proton beam in the arc sections of the accelerator.

Initially the problem of the detection and localization of inter-turn short circuits in
defective magnets was addressed. A manifestation of such a fault in the superconducting
coils encountered during a resistive transition of the magnet from the superconducting to the
normal state (triggered either as a part of the test and training of the magnet or caused
inadvertently in a natural way by a thermal perturbation of the magnet system) causes an
inevitable pointwise burnout of the superconducting cable, and thus an irreversible damage
inflicted to the coils of the magnet.

In the beginning a complete experimental set-up integrated with data acquisition and
analysis system was designed and implemented for the preliminary high voltage test of the
inter-turn insulation in the magnet coil. This system has been already commissioned and
delivered to three companies in France, Germany and Italy, contracted for the series
production of the LHC magnets. The preliminary diagnosis performed with this kind of test
enables to detect the presence of the defect in the magnet, nevertheless the location of the
problem cannot be established. In most cases when the magnet is disassembled for repair the

inter-turn short-circuit disappears due to the release of the internal prestress in the coils. Only
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the development of a novel method reaching far beyond the diagnostic capabilities of the
relatively standard high voltage discharge test would overcome these difficulties.

An elegant and efficient solution was brought by the analysis of the distortion of a
pulsed magnetic field generated in the aperture of the magnet during the high voltage
discharge test. The detection method was based on the study of the magnetic field harmonics
induced by the current redistribution in the magnet coils. Such redistribution occurs in the
magnet due to the breaking of the initial current distribution symmetry enforced by the
presence of the inter-turn short circuit. The designed experimental procedure has been
simulated with OPERA-2D and tested on a dedicated dipole magnet equipped with micro-
relays capable of activating short-circuits in the internal layers of the coils. The longitudinal
and azimuthal position of the short-circuits was successfully established for all of the
installed micro-switches with a precision of a few millimeters. This new technique has been
presented on the 16™ International Conference of Magnet Technology in USA at the end of
September 1999. The résumé of the entire concept has been accepted for publication in IEEE
Transactions for Applied Superconductivity and it will appear in print early in the year 2000.
At the moment I am writing these words the method undergoes its adaptation for the 15-m
long LHC dipole magnets. It can be also easily adapted for the different types of accelerator
magnets, e.g. quadrupoles.

In addition to inter-turn defects another kinds of faults have also been addressed in
this study. Advanced time domain reflectometry techniques (TDR) have been successfully
adapted for the analysis of the signal integrity in the auxiliary instrumentation circuits of the
LHC magnets. The instrumentation circuits are responsible for transmitting the vital status
information of the magnet and its cryogenic environment. Different TDR techniques were
tested in the real-life situation on the voltage tap, temperature and pressure transducer circuits
of the string of full-scale LHC magnets simulating the behavior of the standard half-cell of
the LHC arc section. The results and conclusion of these tests were officially presented as a
separate LHC project.

Finally, for the first time, partial discharge techniques were applied for the detection
of hidden defects in the ground insulation of superconducting magnets. These types of human
errors can be introduced inadvertently into the insulation system of the magnet during its
assembly. They are beyond detection capabilities of any standard tests carried out on the
magnet. The experiments gave very promising indications implying that the partial discharge

analysis can be a powerful tool for the detection of such defects.
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