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Chapter 1

Introduction

1.1 Motivation of the FCC study and overview
of alternatives

The discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012
marked an important milestone in particle physics and it provided confirmation
of one of the cornerstones of the Standard Model of physics. However, it did
not answer all the open issues in the Standard Model and it also opened
many new questions. The LHC and High-Luminosity LHC (HL-LHC) will
continue to explore the 14 TeV energy region with the goal of testing and
confirming the Standard Model and finding new physics beyond the Standard
Model |1} [2 |3, 4]. Additionally, prior to the start of the LHC, the situation
where the Higgs boson would be found and no discrepancy within the standard
model would be discovered was named "the nightmare scenario". The LHC
has been incredibly successful in the sense that it made the main discovery
it was designed to do at the beginning of its life, and this discovery fit the
theory very precisely. With the current physics knowledge, it seems that no
new major discoveries are within the LHC energy reach. However, a deeper
understanding of the open questions in physics, such as the details of the
Higgs mechanism and discoveries on supersymmetry, dark matter, the matter-
antimatter asymmetry and the origin of the neutrino masses may be found at
higher energies or with a higher precision machine [5} 6, 7]. From the scientific
point of view, a new particle collider would produce new discoveries about
the fundamental structure of matter and the universe. From past experience,
taking into account the timescale of the design and construction of a particle
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collider of this magnitude will most likely take at least two decades, so it is
necessary to start designing the machine now in order to start operating at
the end of the LHC life.

The European Strategy for Particle Physics (ESPP) stated in 2013: "To
stay at the forefront of particle physics, Furope needs to be in a position to
propose an ambitious post-LHC' accelerator project at CERN by the time of
the next Strategy update”. The FCC study implements this recommenda-
tion by developing a long term program for an accelerator project. The most
promising approach is to first build a technology ready, high-intensity lepton
collider (FCC-ee), followed by a high energy collider (FCC-hh). These two
projects are described in the following paragraphs. This two stage approach
has the advantage that the technology required to build FCC-hh can be de-
veloped while FCC-ee is built and exploited. These two colliders together,
and possibly a third stage colliding protons and electrons (FCC-he), would
provide the highest socio-economic impact for science and society, especially
if they are combined with other complementary studies, like the neutrino ex-
periments being carried out or planned in Japan and the U.S. Additionally,
the staged approach allows to base new design choices of the second stage on
results obtained from the first [5].

Ultimately, the impact that the construction of the FCC-ee and FCC-he
would have in society can be divided into several categories or communities.
For particle physicists, the scientific programme addresses most of the open
questions in high-energy physics. Theorists would also be concerned given
that very detailed and challenging calculations are needed. Detector design-
ers would have the challenge and the opportunity to develop versatile devices
for many different studies. This could also attract scientists and engineers
from other fields. In the field of accelerator physics, the interest lies in new
developments in automatic operation, luminosity optimization and simulta-
neous operation of the FCC and the injectors, including all the associated
experiments. Other scientific communities, for example astrophysicists, would
benefit from the discoveries and new questions produced by the FCC, opening
opportunities for collaboration.

The FCC will fuel the development of high-field superconductors and possi-
bly the so-called high-temperature superconductors, allowing to design higher
field magnets which will in turn allow to design higher energy colliders. Such
a collider would also require developments in cryogenic cooling and high effi-
ciency in grid to RF power conversion. Additionally the FCC would be a great
incentive to develop new technologies in material science, surface treatment
and finishing, high-efficiency medium voltage DC conversion and transport,
energy recovery, communication technologies and data storage and processing.
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High performance data analysis and high-speed electronics will be necessary to
process the enormous amount of data that will produce, most likely involving
new technologies like artificial intelligence. Additionally, advances are required
in civil engineering, specifically in tunnelling technology and material recov-
ery. All these technologies are susceptible to be developed in collaboration
with industry and would provide a direct and almost immediate benefit for
society. Finally, the FCC project allows immense opportunities for training
of teachers and students at master, doctorate and post-doc level [5]. For all
these reasons, there is a clear interest for society to build the FCC.

There are currently two clear research directions to address the current
challenges and questions in High Energy Physics. One of them is to build a
particle collider at the energy frontier, to produce heavier particles that have
not yet been detected. On the other hand, a machine at the precision frontier
would allow to study already known interactions with a higher detail, due to
the small background noise produced in the collisions.

The physics case for a hadron collider in the range of 100 TeV is clear in the
long term, however, it is not yet clear which is the best way to reach this goal.
It may be more interesting to build a lepton collider or a hadron collider with
an energy reach between the LHC and the Future Circular Collider (FCC).
The decision will be supported by the findings of Run 2 of the LHC and other
experiments in the near future. However, it is clear that with the current
plan of the HL-LHC, which is scheduled to finish operation in 2036, it is
necessary to study and plan the successor of the LHC [8]. A conceptual design
report (CDR) of the FCC study is due to be published in the end of 2019, and
it will be one of the inputs to the next ESPP in 2020.

If the approach taken is to build a high precision collider, there are two
alternatives. It is possible to choose a circular collider or a linear collider.
FCC-ee would be a circular electron-positron collider with a collision energy
of up to 365 GeV [9] and the Chinese electron-positron Collider (CEPC) would
reach a collision energy of 240 GeV [10]. The Compact Linear Collider (CLIC)
and the International Linear Collider (ILC) are the two major studies in the
field of linear lepton colliders. CLIC would reach an energy of up to 3 TeV,
to be reached in three steps, and with a length between 11 km for the initial
500 GeV and 50 km for the final 3 TeV stage. ILC is an option with an energy
reach of 250 GeV and possibly a future upgrade to 500 GeV|11] |11]. Both
CLIC and ILC would allow to conduct high precision experiments in the LHC
energy range.

If it is decided to build a collider in the energy frontier, the two main
studies are the FCC-hh, which would produce hadron-hadron collisions and
the Chinese Super proton-proton Collider (SppC) |10} 12]. Both colliders are

3
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planned to reach a centre of mass (c.m.) of 100 TeV. The exact location of
the SppC has not been decided yet and the FCC-hh would be located in the
Geneva area. The FCC-hh will be described in more detail in section [L1.1l

1.1.1 Brief description of the FCC-hh

The FCC project is a proposal for a new 100 TeV hadron collider in the Geneva
area. The study presents three variants, as a proton-proton collider, electron-
positron collider and proton-electron collider, named FCC-hh, FCC-ee and
FCC-he respectively. In the FCC-hh case, the CERN accelerator complex will
be used to inject particles into the FCC. For FCC-ee and FCC-he, new injectors
are needed. FCC-he is an alternative in which collisions are produced between
hadrons and electrons. The most challenging septa type from the magnetic
strength point of view is the FCC-hh due to the enormous beam rigidity that
will be achieved by the proton beam, and thus this thesis will focus on FCC-
hh, which sometimes is referred to as FCC proton-proton or FCC-pp. The
three variants have become more stages than alternatives with time, although
the project is still at an early stage to state this with total certainty and at
this moment it is not possible to confirm which of the three variants would be
built first, given the case.

A schematic of the proposed FCC layout within the Geneva region is pre-
sented in figure

The FCC is planned to have four different experiments set around the
collider rings. Two of them will feature general purpose detectors and will
be located on opposite ends of a diameter because of lattice symmetry and
integration with experimental regions. They would be the two high luminosity
experiments, following the same principle as with ATLAS and CMS in the
LHC. Although the goal of both of them will be the same, the technology and
detector design will be different in each case. There will be two additional
experiments with a more specialized purpose, such as ALICE and LHCb in
the LHC |13, |14} 15, [16]. These two experiments in principle, would operate
at a lower luminosity than the other two.

Both the LHC and the FCC are circular colliders. A collider is a particular
case of a synchrotron, or circular accelerator with constant radius. In a syn-
chrotron, the energy of the particle beam is increased in steps, adding energy
to the particle beam at specific points in the collider while the magnetic field
of the main bending magnets is increased simultaneously.

Once the particles have reached their final energy, they are extracted and
used for experiments or any other purpose. In the case of a circular collider,
there are two particle beams which travel in opposite directions. These par-
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Schematic of an
4 80-100 km
s long tunnel

Figure 1.1: FCC layout schematic

ticles are accelerated and they are collided at certain points, usually in the
centre of the different detectors. It is possible to have the beams circulating in
the same vacuum chamber, although in the LHC and in the FCC there are two
different vacuum chambers, one for each beam, and the beams only cross in
the interaction point. This is illustrated in figure for the case of the LHC.
A similar image for the FCC is not available at this moment. The four experi-
ments are also shown in the schematic, with the crossing of the beams and the
injection and extraction points in each ring. If the LHC is used as an injector
to the FCC, this layout schematic will change while the FCC will maintain
the same layout. The injection layout is shown in figure[I.3] The beam will be
injected at two different points between two experiments. This layout allows
to inject both beams from the outer side of the collider, as shown in figure[T.3]
in which the different letters A, B and L show the different straight sections
of the planned layout.

1.1.2 Brief description of the FCC-hh parameters

The main beam parameters of FCC-hh are shown in table[I.1} The information
of the High Luminosity LHC (HL-LHC) has been included for comparison. The
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HL-LHC is the upgrade of the LHC which will provide an integrated luminosity
higher than the LHC. It is scheduled to start operating in 2025 [1}, [3]. Further
information on the FCC study and ongoing R&D areas can be found in |17, |18|
19420, |21]. A brief description of the normalized emittance and the luminosity
can be found in section [.2.21

Table 1.1: Main beam parameters of FCC-hh

Parameter unit FCC-hh | HE-LHC | LHC
Collision energy TeV 100 27 14
Dipole field T 16 16 8.33
Circumference km 97.75 26.7 26.7
Beam current A 0.5 1.1 0.58
Protons per bunch 1011 1 2.2 1.15
Time between bunches | ns 25 25 25
Normalized emittance | pm 2.2 2.5 3.75
Luminosity 103 em? st | 5 ) 1
Beam energy GJ 8.4 0.7 0.36

1.1.3 Injection and extraction requirements

To either inject a beam into or to extract it from a storage ring, kicker mag-
nets are usually employed. However, the extreme beam rigidity of high-energy
beams in particle colliders, in particular the rigidity of hadron beams, requires
extremely strong pulsed "kicking" fields to impart a sufficiently large deflection
angle to be able to merge a particle bunch into or take it out of the storage ring
orbit in a controlled way over a reasonable length. In fact the required pulsed
field strengths cannot be realized in practice. For this reason so-called (electro-
static or magnetic) septum modules (septa for short) are employed. Septum is
a Latin word indicating a partition or a wall between two chambers. A septum
in a storage ring is a sharp division between a low-field region (ideally zero)
and a high-field region (ideally uniform). During normal operation the beam
in the storage ring travels though the low-field region, ideally unperturbed.
If, for instance, the beam has to be dumped, a kicker magnet will deflect the
orbiting beam by a small angle, pushing it into the high-field region of the
septum magnet downstream. In the high field region the deflection angle will
be amplified significantly, allowing the beam to be extracted over a relatively
short length. The septum module thus acts as a static amplifier of the pulsed
kicker magnet. Clearly, septum modules are essential for accelerator operation,
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not in the least because of safety. The importance of the design and devel-
opment of reliable septum modules can therefore hardly be overstated. The
fundamental design challenges are immediately clear: the field in the high-field
region should be as high and uniform as possible, the field in the low-field re-
gion should perturb the orbiting beam in the storage ring minimally, and the
separation between the two, the septum (blade), should be as thin as possi-
ble, and also robust against activation and damage by the high-energy particle
beam sweeping through during injection of extraction. The septum blade is
named in this way because it may slice the orbiting beam, either intentionally
or not.

For FCC-hh the baseline injection energy is 3.3 TeV. Although the fields
needed for injection are achievable with normal conducting magnets, the main
challenge of the injection system lies in obtaining a design with a small septum
thickness and very low leak field to avoid emittance growth, which will be
explained in later chapters.

The beam parameters at injection and extraction are summarized in ta-
ble and the injection and extraction septa parameters are presented in

table [L.3]

Table 1.2: Beam parameters of FCC injection and extraction.

Beam parameters Unit | Injection | Extraction
Kinetic energy TeV 3.3 50
Magnetic rigidity T.m 11011 166785
# bunches - 10400 10400
Transverse emittances | pm 2.2 2.2
Total beam energy GJ 0.56 8.5

Table 1.3: Baseline parameters of FCC injection and extraction septa.

Hardware parameters Unit Injection | Extraction
Deflection mrad 9.8 1.15
Integrated field T.m 92 204
Physical magnet length m 104 184
Magnetic length m 84 146
GFR inj. beam h/v (radius) mm 9/- 23/19
Beam stay clear circ. beam h/v (radius) | mm | 9/14 (first unit) -
Septum thickness (first unit) mm 8 25
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1.2 Description of the relevant accelerator pa-
rameters

1.2.1 Energy

It is arguably much simpler to build a synchrotron rather than a particle
collider. Having two beams circulating at the same time poses significant
constraints in all aspects, such as operations, magnet design, beam crossings,
and beam-beam effects. However, the energy reach of a synchrotron with a
given radius is significantly lower than the energy of a collider with the same
radius. The energy reach in a collider is given by equation [I.I} where F; and
E, are the kinetic energy of the beams and p{ and p3 are the momenta of the
respective beams.

Eep = \/(El + E2)2 - (ﬁ +]72>)2 -2 (11)

In the case of a collider both momenta are equal with opposite signs, so
the collision energy will be the addition of the kinetic energies.

E.op = E1 + Eo (12>

If instead of a collider, the experiment is a fixed target, the collision energy
becomes much smaller than in the case of the collider as the rest energy of
a given particle is usually much smaller than the energy reached when the
particle is accelerated up to a relativistic regime (Eq).

Brr = \2E1 Eyeut + 225y ~ /2B, Eyen << Er (1.3)

1.2.2 Luminosity and emittance

Luminosity is one of the key figures to describe the performance of a particle
collider. Qualitatively it expresses the rate of relevant events that can be
produced at a collision point. It is the density of events per unit of time and
transverse cross section. To calculate the luminosity it is necessary to compute
some parameters, such as the beam size.

The beam sizes in each plane are given by equation [I.5] The parameters
Brer and 7, are the relativistic parameters, defined as:

Brel = %

Yrel = 1-— 7%el (14)
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Bz,y(s) are the so called beta functions in the horizontal and vertical di-
rection respectively. The beta function characterizes the beam size along the
trajectory. It relates the outer beam envelope with the number of oscillations
of a particle around the ideal orbit, and it is a consequence of the focusing
action of quadrupoles. Therefore the beam size is determined by the beta
function, which is determined by the quadrupole gradients. In other words,
the beta function is a product of the boundaries that determine the beam
movement, not of the beam itself [22].

The function Dy ,(s) is the dispersion function and the term % ex-
presses the momentum spread. Off-momentum particles will oscillate around
a closed orbit that is not the nominal one. This phenomenon is caused by
an off-momentum particle travelling through a dipole. While a nominal par-
ticle will be deflected by the nominal magnetic field integral while it travels
along the nominal trajectory, an off-momentum particle will travel a longer
or shorter distance and will then be more deflected (or less) that is ideally
should be. Its transverse position x can then be calculated by adding a small
term to the nominal position, as shown in equation [I.6] where p is the nominal
momentum and Ap is the momentum error.

Tay(s) = \/ﬂy(s)e”y + (Dgg,y(s)Ap””’y>2 (1.5)

Brelﬁ)/rel DPz,y

T = Tpom + D(s)% (1.6)

As usual, s is the longitudinal coordinate along the accelerator ring. This
excess or defect in the transverse position translates in a different focusing
length when the off-momentum particle reaches a quadrupole. Therefore, its
orbit will not be the nominal one. Since 3(s) and D(s) change along the
trajectory of the particles, o(s) is also variable. For completeness, D(s) can be
calculated analytically by solving the dispersion equation, while an expression
for B(s) does not exist [23} |24].

The parameter €, , is the normalized emittance in the x and y axis. Beam
quality can be expressed in terms of emittance. The so-called geometrical
emittance €, , is equal to the product of transverse beam size o, , and uncor-
related angular spread oy, . For a given beam energy (and assuming linear
beam transport and conservative forces) it is a conserved quantity which is
a measure for the "focusability" of the beam: the smaller the emittance, the
tighter the beam can be focused for a given focusing angle. If the beam energy
is increased, then the transverse beam angular spread oy, automatically goes

10
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down, leading to a decrease in geometrical emittance. This is called adiabatic
damping. The so-called normalized emittance is defined as €,5,y = VretBrei€e,y-
The normalized emittance €, is proportional to the x — p, phase space area of
the beam (and analogously for the y—direction) and as such, it is a measure for
beam quality that is Lorentz-invariant, i.e. Independent of the beam energy.
The normalized emittance is therefore very convenient for comparing beams
at different stages of acceleration.

Assuming that both beams have a gaussian profile, the luminosity is given
by:

Ny N1 N2 frew

L=G
drozoy

(1.7)

In equation [I.7} n, is the number of bunches circulating in the machine.
N; and N, are the number of particles per bunch and f,., is the revolution
frequency. o, and o, are the beam sizes of the particle distribution in the
horizontal and vertical planes respectively. Gg is the geometrical reduction
factor, which depends on the crossing angle of both beams. Although it lies
outside the scope of this thesis, this angle is known as the Piwinski angle and
more information can be found in |25].

It is seen that a smaller beam emittance will increase the luminosity of the
collider, increasing also its efficiency. If the beam size is smaller, more particles
are closer to the ideal orbit and therefore the probability of an interesting
interaction increases and therefore one of the most important figures in a
particle collider is the emittance.

The luminosity has units of [em™ s or [b™! s7!]. There are then two lines
of action to increase the luminosity of a given accelerator. The first one is
to increase the number of particles per bunch and the number of bunches.
Alternatively, it is also possible to increase the luminosity by reducing the
beam size at the interaction point. Increasing the particle density at a given
spot increases the probability of producing a relevant interaction. In the High-
Luminosity LHC, the luminosity is increased by acting on both aspects [2].

1.3 Motivation and structure of this thesis

There are many challenging and open questions in the FCC study, one of the
most outstanding being the beam dump system (BDS) due to its complexity
and to the fact that it is essential to accelerator operation. In the past, only
electrostatic septa or normal conducting septa have been used to inject or
extract particles due to the relatively low beam energy achieved. However, at
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an energy of 50 TeV per beam, the length needed for normal conducting septa,
limited to a field of 2 T by the iron saturation, reaches up to 500 m. It is of
interest then to investigate more compact and efficient septa topologies and the
use of superconducting materials to achieve higher fields while maintaining a
low septum thickness. Additionally, if the extraction septa are designed using
normal conducting technology, their energy consumption would be too high,
in the order of a few MW [17].

Although there are many different components in the BDS, the septa mag-
nets are particularly suitable to be optimized due to the amount of magnets
that will be required. A septum magnet is a special type of magnet wich is
characterized by having to different zones. There is a high-field regions which
will deflect the beam that is being injected or extracted and a zero field region,
where the orbiting beam is located. The ortiting beam must not be perturbed
by the magnetic field of the septum magnet. These two zones are separated
by a septum or wall, which needs to be as thin as possible in order to relax
the requirements on other beam transfer magnets and the required length of
the straight section. A thin septum thickness also reduces the beam losses and
the activation of the material.

The main challenge of the extraction septa is the enormous strength re-
quired at the highest energy level, which makes the use of electrostatic septa
not possible. Alternatively, the magnetic strength of the injection septa is not
so critical, given that the injection energy is 3.3 TeV, approximately half of the
LHC extraction energy. The most critical magnitude at injection is repeata-
bility and field quality, as this will have a direct impact on the luminosity and
performance of the collider.

In chapter 2, a review of different septa topologies is required to determine
the septa that may be suitable to be installed in the FCC and a figure of
merit is proposed as a way of ranking the different septa types systematically.
In chapter 3, the parameter space of Lambertson septa is explored and the
limitations of this topology are found. The possibilities of massless septa are
explored in chapter 4 and the requirements of a pillbox radiofrequency cavity
are estimated. This cavity is used to compensate the leak field of the massless
septa upstream. Particles are tracked along the longitudinal direction of the
cavity to compute the effect of the cavity fields on the orbiting beam.

The superconducting Truncated Cosine 6 topology is explored in chapter 5.
Electromagnetic and mechanical simulations are carried out to study the effects
of the coil ends in the leak field and to quantify the stresses in the septum blade.

Different layout alternatives are investigated in chapter 6. The septa layout
of the injection and extraction region are optimized with the goal of reducing
the number of magnets necessary and therefore the cost. A general method to
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determine the optimum number of families is presented and a general analytical
method to identify the most efficient variable to be changed in order to improve
the layout of the septa.

The effect of the leak field in the orbiting beam is studied in chapter 7.
The permissible leak field is quantified and two methods to determine the
maximum permissible leak field are investigated. The first is based on the
emittance growth caused by the leak field and the second takes into account
the effect of the leak field on the orbiting beam using the beam rigidity. The
first method is retained, based on experience with other accelerators.

Finally, future R&D directions are identified in chapter 8.

The charged particle tracking script developed to estimate the effect of
the pillbox cavity in the particle beam is described in appendix [A] Additional
details of the multiphysics TCT septum model simulated in Opera 3D, in-
cluding an estimation of the inductance, are given in appendix A short
background on the finite element method applied to stress analysis is also
included.
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Chapter 2

Septa catalog

2.1 Introduction

An overview of the different septa topologies is given in this chapter. A gen-
eral description of electrostatic and magnetic septa is given in sections [2.21]
and [2:2.2] respectively. In section 2.:2.3] A brief description of the main char-
acteristics and constraints of a direct drive septum is given in section [2.4.1]
specifically, the influence of the number of turns in the voltage required to run
the septum and the mechanical resistance of the septum blade.

Lambertson septa are presented in section [2.4.3] and SuShi septa are intro-
duced in section 2.4.7.5] Massless septa are described in section 2.4:4] The
Truncated Cosine 0 (TCT) septum is described in detail in chapter These
septa topologies are the ones that will be specifically studied in this thesis.
The performance of these particular septa topologies will be characterized us-
ing the Figure of Merit (FoM) presented in section The figure of merit is
relevant because the septa topologies that are going to be compared are very
different, so a common metric is necessary to rank them.

The rest of the septa topologies described in this chapter are only intro-
duced for completeness, to offer an overview of the existing septa types in
different accelerators. All the septa topologies are presented in the same way.
First, for each topology, a general description of the topology and its char-
acteristics is presented. Then, some representative examples of that topology
are given.
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2.2 Different septa topologies

There are two different families of septa. Electrostatic septa and magnetic
septa, with several different magnetic septa types [26].

e Electrostatic septa
e Magnetic septa

As a first approximation, one wants to build a septum with the thinnest possi-
ble blade, which is to say with the minimum separation between the zero- field
region and the high- field region. This will impose less demanding require-
ments in the kicker magnets or on the preceding septa and will also minimize
the beam losses and the radiation caused by those losses. In order to reduce
the beam losses, the goal is to achieve an efficiency as close as possible to
100%, either in extraction or in injection, fast or slow. A typical value for the
efficiency is between 60 and 70% for multi-turn extraction or about 98% for
single turn extraction [27]. For the first iteration, the septum will always be a
compromise between those variables, as explained in figure [2.1

High field (integral)

Thin septum Zero .field in
blade the field free
region

Figure 2.1: Starting point for septa design

In reality, it is also necessary to take into account other different aspects
that may be relevant for each septum. In the FCC septa, it will be relevant to
consider the use of beam stoppers to protect the superconducting coils in the
event of an impact. A direct collision may induce a quench or even drill a hole
through the material, which would be fatal for operation. Protection against
the heat deposited by the beam tails should also be taken into account when
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designing the cryogenic cooling of the superconducting septa. The impact of
the beam or its tails in the septum blade may cause radioactive activation,
which must be taken into account especially in the case of slow extraction. At
this moment, only single-turn extraction is foreseen in the FCC. Activation can
degrade the materials and the septum performance, limiting its useful life. It
can also be a constraint when repairing or exchanging the septum. For super-
conducting septa, it is assumed that there is a cryogenic Helium supply for the
main lattice magnets which can be used to cool the septa. Therefore, although
the septa need to be taken into account for the cryogenic system dimensioning,
it should not be necessary to design an ad-hoc cooling system. Additionally,
normal conducting septa should also be cooled accordingly. However, energy
consumption in this scenario would only be an issue in the case of normal con-
ducting septa, as explained in section In the case of the FCC, the cycling
of the septa will be slow as they have to follow the energy swing of the accel-
erator. This means that the septum blade will not be limited by the fatigue of
its materials. The septum blade needs to withstand the stresses caused by the
Lorentz forces. Septa magnets that operate in a cycle are subject to fatigue,
which can be a limiting factor when the cycles are of the order of seconds.

In this study, the main parameters taken into account are the septum
blade thickness, the leak field and the maximum magnetic field achieved by
the septum magnet. Although passive quench protection devices and quench
detection and protection circuits need to be taken into account in the case of
superconducting septa. The issues mentioned above will not be fully developed
in this thesis although they will be taken into account when relevant. The full
studies are being carried out but they lie outside the scope of this thesis [2§].
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2.2.1 Electrostatic septa

Circulatingbeam

Septum foil

*~ Electrode

Deflected
beam

Figure 2.2: Schematic of an electrostatic septum

This family of septa uses an electric field to deflect the particles. The
deflection is therefore parallel to the electric field. The electric field is created
between the high voltage electrode and the thin septum connected to ground,
leaving the enclosed part of the septum as the field- free region, so the orbiting
beam can circulate undisturbed.

The septum can be either a foil or a wire array. The foil in the limit can
be seen as a wire array with infinite wires with zero distance between them.
A schematic to illustrate the working principle of an electrostatic septum is
presented in figure 2:2]

Typical values for the electrostatic septa parameters are presented in Ta-

ble 211
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Table 2.1: Typical parameters for an electrostatic septum

Parameter Unit Value
Electrode length mm 500- 3000
Gap width mm 10- 35
Septum thickness pam <100
Vacuum pressure mbar 1079 —10"12
Voltage kV up to 300
Electric field MV /m up to 10
Septum foil material - Mo or W-Re
Electrode material - Ti, St. Steel, Aluminum

Since the particle beam needs ultra- high vacuum to circulate, the main
insulator in an electrostatic septum is vacuum. This means the septum itself is
inside a vacuum tank and it is susceptible to suffering electrical breakdowns.
Vacuum is self- healing after the arc is extinguished but the materials that
make the cathode and the anode have to be chosen considering the possibil-
ity of flashovers. At high electron emission levels, of the order of 1 uA, the
probability of a vacuum breakdown increases dramatically. The breakdowns
can be initiated by the cathode or the anode [29] and it is extremely difficult
to predict them [30]. It is also important to take into account that at low
pressures, the voltage breakdown departs from Paschen’s law [31].

The main reason to use an electrostatic septum is the possibility to achieve
very thin septa thickness, down to 50 um instead of the typical value of a
few mm for magnetic septa.Additionally, while the supplied voltage can be
very high, in the order of 300 kV, the current will be very small. It is a
leak current, much smaller than 1 pA. Thanks to this, the power consumed
by an electrostatic septum is very low and will be dominated by the losses
in the power converter. The main drawback of electrostatic septa is that the
deflection that can be achieved with them is much smaller than with a magnetic
device, as explained in section [2.2.3]

2.2.2 Magnetic septa

Regarding the magnetic field configuration, magnetic septa are dipole magnets.
The main difference between a traditional dipole and a septum magnet is that
in a dipole magnet there is a homogeneous field region while in the septum
there is a high- field region and a zero- field region which are separated by
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a relatively thin septum, in which the high-field region is less homogeneous
than the field in the gap of an equivalent lattice dipole magnet. The septum
blade is usually one side of the coil, and making it thinner means that the
current density increases. One could increase the number or turns in the coil
to reduce the current density but the resistance and the inductance of the
magnet depend proportionally on the number of turns and on the square of
the number of turns respectively, making it slower or unsuitable to be pulsed,
since the load seen by the power converter would be too high. Having more
turns also requires more voltage to power the magnet and more space for
insulation, which might increase the current density instead of reducing it.
Because of this, the coils of pulsed septa in particular are usually built with
as few turns as possible so the current in the coil increases and it usually
falls in the order of several thousands of amperes. At this point the ratio of
conductor and cooling holes becomes important. Using fewer cooling channels
will decrease the current density in the conducting part of the coil, which will
lower the temperature. Using fewer turns to build the coils will also help to
increase the field homogeneity and to reduce the leak field because the current
distribution would be more homogeneous and closer to an ideal current wall.
This is due to the fact that current densities in septa magnets are usually in the
order of 100 to 200 Amm?, and introducing several holes in the septum blade
will make the current distribution too different from an ideal current wall. In
normal magnets this can be viewed as an optimization problem, and a small
saving in material or power in an individual magnet might be a significant
saving given that lattice magnets are usually produced in a big series. In
septa, since the cooling water circulates in turbulent regime, the optimization
needs to be solved numerically and can be very difficult to implement. Besides,
in septa usually there is not enough motive to solve this problem because the
magnets are produced in small series, or even individually. As an additional
remark, in pulsed conductors the current tends to flow on the outer region
of the conductor because of skin effect, which suggest the idea to place the
cooling ducts in the inner region of the septum blade.

If the power converter is far away from the magnet, the Joule losses orig-
inated from transporting such a high current over a few tens of meters will
be high. To solve this, for pulsed septa, there is usually a transformer placed
near the magnet. The transformer ratio is usually around 1:10, since the Joule
losses scale with the square of the current. The power rating of the trans-
former has to correspond to the power of the magnet, which means that the
transformer will have a considerable size, since it typically is in the kW range.
The size and placement of the transformer have to be taken into account in
the integration phase since, in accelerators that are already built, the space is
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limited.

Apart from the current density, the other major cause of the magnet heat-
ing will be the power deposition due to beam losses and sychrotron radiation.
Cooling then becomes an issue, making these magnets impossible to be air-
cooled.

Taking into account the particularities of these devices, one can identify
several families of magnetic septa:

e Direct drive DC and pulsed septa

e Eddy current septa

e Lambertson septa

e Massless septa

e Opposite fields septa

e Permanent magnet septa

e Superconducting septa

2.2.3 Comparison between electrostatic and magnetic septa

In theory, for any extraction there are two options that are equivalent, in
principle it could be done indistinctly with electrostatic or magnetic septa as
long as the particles are deflected as required. However, for the same angle,
as the required septum blade becomes thinner, electrostatic septa are able to
produce a higher deflection since the magnetic septa will be limited by the
current density and the Lorentz force. To illustrate this, we start from the
deflection produced by an electrostatic septum for a single particle [32].

A%
q-|E|-1

6 =
P pecB

(2.1)
Where q is the particle charge, E is the electrical field, ! is the magnet
length, p is the beam momentum, c is the speed of light and § is the relativistic
factor. As it is usual in the literature, mg is the rest mass of the particle and:
é
S 21 B (2.2)
/p? + (myg - ¢)2
In a relativistic particle accelerator the approximation S=1 is reasonable
since the particles are travelling at practically the speed of light. For protons
in the CERN Accelerator Complex this is not true in the LINAC and Proton
Synchrotron Booster (PSB) and Proton Synchrotron (PS). The approximation
B = 1 can be considered true from the extraction of the PS at 26 GeV, where
v =27.7>1.

8=

v
Cc
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Following this, we can consider the deflection produced by a magnetic
septum.

HM:q.uo.d.J.l (2.3)
El

Where d is the septum blade thickness, J is the current density in the
blade and the rest of the variables are the same as in equation (2.1). Now
making both deflections equal and simplifying the equations, for a given sep-
tum thickness, the necessary current density to produce the same deflection
as an electrostatic septum is:

(2.4)

It can be seen that if the blade thickness is too small the current density
will be too high to use copper to build the coil, even if the magnet is pulsed,
making necessary the use of a superconducting material instead of copper with
all the additional challenges that it poses, making an electrostatic septum a
much easier solution. However, this advantage in thickness might be shadowed
when the required deflection of the particles is too big or the beam rigidity
is too high. If we compare the force seen by a particle when it enters the
magnetic or electrostatic septum we have:

ﬁM:q~17><§ (25)

Fr=q-F (2.6)

Making those forces equal and considering a magnetic field of 1 T, which
is a reasonable value and keeps the calculation simple, we obtain the following

relation in modulus between the required electrical field to replace a magnetic
field:

H
B ~c- ‘?‘ — 300MV/m (2.7)

The theoretical values of the electrical field in the case of vacuum a break-
down voltage is about 100 MV /m and about 2 MV /m in the case of a dry air.
The value of 100 MV /m is rather high but a more realistic value for a sep-
tum is 10 MV /m. Taking equation and using this value we can observe
an inverse relationship between the septum blade thickness and the current
density:
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J— 26.53[A/mm)]
— J[A/mm?]

Using equation we can obtain a cutoff thickness, above which it would
be advantageous to use a magnetic septum instead of an electrostatic septum.
Considering that 85 A/mm? as the maximum current density that is typically
allowed for a DC septum, the septum thickness limit found is 0.31 mm. This
cutoff limit is not a hard theoretical limit but a reasonable value that can be
used as a general guide in the preliminary phase of the design of a given septum.
If the design values are close to this cutoff limit, both alternatives should be
studied and other variables such as available space, or energy consumption
for example should be considered. Equation is plotted in figure
In the figure, the part of the curve where a magnetic septum is advisable is
plotted in blue, while the part where the electrostatic alternative is preferable
a priori is plotted in red. If the working point is close to 85 A/mm? then both
alternatives should be explored. One should keep in mind that figure [2.3] is
plotted assuming that the particles are relativistic.

(2.8)

2.3 Description of representative electrostatic septa

2.3.1 The 50 GeV electrostatic septum at J-PARC

As an example, two electrostatic septa are used for the resonant slow extraction
at 50 GeV in the MR proton sychrotron, at J- PARC in Japan [33]. The
relevant characteristics of these septa are summarized in Table

Table 2.2: Characteristics of J-PARC 50 GeV electrostatic septum

Parameter Unit Value
Deflection angle mrad 0.2
Electric field strength MV/m 6.8
Apparent septum thickness mm 0.1
Wire diameter mm 0.08
Inter-wire distance mm 2
Septum wire material - Tungsten- Rhenium

Applying equation [2.4]for the equivalent current density, the obtained value
is J = 225 A/mm?, which is very high for a septum working in slow extraction
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Septum blade thickness as a function of current density for 10 MV/m field
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Figure 2.3: Septum blade thickness as a function of the current density
To complement figure [2.3]it is necessary to take into account that electrostatic
septa are used when the goal is to produce a long spill of particles, which
can last up to a few seconds. They are complemented by a magnetic septum
downstream to provide the necessary deflection, which in the case of proton
accelerators is not usually possible with electrostatic septa only.

with a duty cycle of almost 20%. However, the option of the electrostatic sep-
tum is more appealing since the aim of the extraction system was to minimize
the losses [33]. A cross section of this septum can be found in figure
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Reservoir tank Ribbon
Cathode

Figure 2.4: J-PARC 50 GeV electrostatic septum cross section

2.3.2 The ZS septum at CERN

The SPS is the accelerator preceding the LHC in the CERN Accelerator Com-
plex. It also delivers beam to the fixed target experiments in the North Area
using a third order resonant extraction scheme. The extraction system consists
of five individual ZS modules, each 3 meters long, used in the extraction from
the SPS at 450 GeV towards the North Area, located in the Long Straight
Section 2 (LSS2) which produced a long spill of particles that will be deflected
downstream by the MSE magnetic septa. The anode supports of first three
modules are made of INVAR® alloy (FeNi36) [34]. The anodes of the last
two modules are made of stainless steel. The reason to use INVAR® for the
construction of the first two modules is that its thermal expansion coefficient
is very low, approximately ten times lower than that of stainless steel, and
since the ZS is used in slow extraction mode, the heat deposited is significant,
thus using INVAR® the mechanical stability is guaranteed. This heating in
the past was also the cause of excessive sparking . Calculations and ex-
perience have shown that the heat deposition in the last two modules is low
enough to build the anodes using stainless steel, which is cheaper. This is
due to the fact that the beam is slightly more separated from the blade as it
advances in the extraction line, and it is also the reason to use two different
thicknesses for the WRe (76%,/24%) wires. The first two modules use 60um
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because the first modules practically slice the beam apart and losses have to
be minimized. The last three modules are built using 100pum wires because
the beam has already been partly deflected and the losses are smaller. This
small deflection is enough to use less delicate wires in the construction. The
most demanding parameter to control in this septum in order to provide the
required field quality and deflection is the wire alignment.

The anodes of the ZS septa have been equipped with ion traps. These
ion traps are a pair of electrodes which are put in place to remove the ions
produced by the interaction between the beam and the residual gases in the
vacuum chamber. If they were not installed, the positive ions would eventually
penetrate in the high-field region of the septum and would be accelerated to-
wards the cathode, causing voltage discharges which would in the end destroy
the septum. Having five modules, the polarities of the ion traps can be alter-
nated to produce a negligible integrated vertical deflection when the machine
is operating with electrons or positrons although this is not necessary when
operating with protons since they are much heavier. Currently, the upper elec-
trode is powered at -3 kV and the lower one is connected at -6 kV [36]. Full
description of the ZS septa, the ion traps and the improvements can be found
in 37, 38} |39} [40].

Table 2.3: Characteristics of the ZS septum at CERN

Parameter Unit Value
Electrode length mm 5 x 3000
Gap width mm 10 to 30
Septum wire diameter pm 60 or 100
Vacuum pressure mbar 10~9
Maximum voltage kV -300
Electric field MV/m 10
Septum wire material - Tungsten- Rhenium
Inter-wire distance mm 1.5
Number of wires per module - 2000

Two views of the septum are presented in figure [2.5| and figure In the
first picture the cathode has been removed and the anode wire array can be
clearly seen. In the second one, the cathode is mounted showing the normal
disposition of the septum.
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Figure 2.6: The ZS septum anode and cathode
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2.3.3 The SEH23 septum

The SEH23 is an electrostatic septum used for resonant slow extraction from
the CERN PS accelerator towards the East Area. The resonant slow extraction
is useful to provide a quasi- continuous beam to fixed target experiments [27].
This septum is built with a 100 pgm thick Molybdenum foil instead of a wire
array. As an advantage, since a foil is used instead of wires, no ion traps
are needed because there is no possibility for charged particle to penetrate in
the high-field region. The main parameters of this septum are summarized in
table and more information can be found in [41].

Table 2.4: Parameters of the SEH31 electrostatic septum

Parameter Unit Value
Cathode length mm 778
Gap width mm 17
Septum thickness pam 100
Angular position mrad -5 to b
Septum material - Molybdenum foil
Operating voltage kv 160
Operating electrical field | MV /m 9.4
Conditioning voltage kv 250
Cathode material - Anodized aluminum

A picture of this septum inside its vacuum tank can be seen in figure
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Figure 2.7: Downstream of the SEH23 septum

2.4 Description of magnetic septa families

2.4.1 Direct drive DC and pulsed septa

The traditional construction of these magnets is done as a C-shaped steel yoke
closed by a thin copper conductor that separates the high-field and low-field
regions of the septum. The thickness of this conductor (the blade) is kept
as low as possible to minimize the beam losses. The septum blade has to be
thick enough to carry the required current density and to allow space for the
cooling circuit. The power dissipated in a DC septum magnet is quite high and
typically requires the use of evenly distributed water cooled conductors. The
holes of the cooling circuit reduce the cross section of the conductor, increasing
the resistance and therefore the power dissipated in the coil. For that reason,
the back leg of the coil usually has a bigger cross section.

Another issue with the pulsed septum magnets is that since the current is
high, the Lorentz force in the coil is significant. This affects the coil deforma-
tion and fatigue and ultimately the field quality in the extracted beam gap.
The mitigation of this problem is to hold the coil using springs and clamps.
Ultimately DC septa are usually limited by the cooling and pulsed septa will
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be dominated by fatigue of the septum blade.

The septum blade can be studied using beam theory. In the case of an in-
vacuum septum magnet, the load situation of the septum blade is equivalent to
a beam supported at both ends which is subject only to pure flexural stress, as
shown in ﬁgure taken from [42|. The magnet poles will also try to close the
separation between them, reducing the gap height. In the case of an in-vacuum
septum the deformation is negligible and therefore it will not be considered in
this approximation because the error is very small. In equations and
E denotes the Young Modulus’ of the material, as it is usual in stress analysis.

Figure 2.8: Schematic of a beam supported at both ends

The maximum deflection of the beam shown in figure [2.8]is given by equa-
tion [2.9] where q is a uniformly distributed load. The full derivation is done
in [43].

) 4
fmax = 384EIqL (29)

For a beam under pure stress conditions, the elongation is given by equa-
tion and the elongation is related to the stress by equation where E
is the Young modulus.

€= me“ (2.10)
c=¢-FE (2.11)

The uniformly distributed load in a magnet is due to the magnetic field and
the current, which are considered to be perpendicular in this case. The current
considered in the case of a multi-turn septum is the total current, taking
the turns into account. The current is considered constant and uniformly
distributed, to avoid considering the effect of cooling ducts.

The magnetic field, which in reality varies linearly across the septum blade
with from the nominal value to approximately zero, is taken as the average
of these values. Although this is an approximation that does not accurately
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represent the stresses inside, it is perfectly valid because the total force is not
changed. The total load is then calculated according to equation [2.12
qg=1 B (2.12)
2
Combining equations [2.10} 2.11] and 2.12] the maximum stress in the sep-
tum blade can be calculated as a function of the septum current and magnetic

field. In equation I, stands for the moment of inertia, which should not
be confused with the current I.

5.3
- B-I
7T 7631,

The desired characteristics of a septum magnet can be deduced from equa-
tion It is advisable to design a septum with a gap as small as possible.
The moment of inertia will be decreased by the need of a thinner septum blade
and the magnetic field and the current will be imposed by the magnetic field
integral required.

It is important to remember that in the case of pulsed septa the effects of
fatigue cannot be ignored and the number of cycles becomes a very relevant
factor [44].

The inductance of the magnet can also be estimated analytically. Calculat-
ing the exact value of the inductance can be very challenging. The easiest way
is to use the definition of magnetic energy and find a relationship with the en-
ergy stored in an inductance. The magnetic energy is defined in equation [2.14]
where the integral is performed in all the volume where the magnetic field
exists and the energy stored in an inductance is presented in equation

E:%///B~Hdv (2.14)

1
E = 5le (2.15)

(2.13)

In a direct drive septum magnet, the integral in equation can be
easily approximated analytically. First, it is necessary to use Ampere’s law to
calculate the H field. Ampere’s law states that the magnetic field around a
closed loop is proportional to the current enclosed by the loop. This is shown

in equation [2.16}
fﬁﬁ:]\ﬁ] (2.16)
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In a septum, it is advisable to perform the line integral along a loop that
allows to simplify the calculations taking advantage of directions and regions
where the H field is constant or zero. In the field free region, the magnetic
field can be considered non-existent without introducing a significant error.
Besides, inside the extracted beam gap, the magnetic field is constant, which
reduces the integral to a multiplication. Besides, where the magnetic field is
perpendicular to the line path, the scalar product is zero by definition. The
path for the integral used is shown in figure 2.9

Figure 2.9: Schematic of the application of Ampere’s law to calculate the
magnetic energy

Once the integral has been performed, the magnetic field H can be calcu-
lated, and is given by:
=M (2.17)
g
Where g is the gap height. The magnetic flux density in vacuum (B)
is related with the magnetic field (H) via the magnetic permeability of vac-
uum (49), which is not true in the iron yoke, as shown in equation [2.18] For
this reason, it is not easy to perform the line integral in equation 2.16] along a
path that travels through the iron yoke.

B = puoH (2.18)
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Combining these results and introducing them in equation [2.14] the energy
can be computed according to equation [2.19

o= I3 e19

Since the integral needs to be performed in all the space where the magnetic
field exists, it would be necessary to integrate up to infinity. However, the
integration can be simplified if one considers that the magnetic field is mostly
located inside the extracted beam gap of the septum and there is a small
region at the ends of the septum where the field decays rapidly. The volume
of this region can be computed as the product of the gap height, the width
and the magnetic length of the magnet. The magnetic length of the magnet
in a septum, contrary to what happens in normal magnets, is slightly longer
than the yoke length. The magnetic length of a septum magnet (a) can be
approximated as the yoke length plus the gap height (lyoke + ¢). This is
illustrated in figure which shows a view from the top of the same septum
in figure 2.9 with the volume to perform the energy integral in dashed lines.
The velocity of the beam is also drawn for clarity. Therefore, the volume for
the integral in equation 2.19] can be approximated as:

V=g-h-ax=g-h-(I+g) (2.20)

F==-==

b o =

Figure 2.10: Septum view from the top showing the volume where the energy
integral is performed
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Therefore, the magnetic energy can be computed approximating the volume
integral in equation by a product and a simple expression for the energy
is obtained.

1IN 272
2 oy

Introducing this last result in equation [2.19] and using equation [2.15] an
expression for the inductance (L) can be obtained, not to be confused with the
length (1).

- (lyoke + 9) (2.21)

Nzh(lyoke + g)
Hog

The interest of this approximation lies in the fact that the error of the
calculation lies in the volume integral and ultimately in the calculation of the
magnetic length. The magnetic length of a typical 1 m long septum is usually
off by a few percent, making a very good trade off with the effort that takes
to perform this approximated calculation.

Additionally, the voltage needed to achieve the required rise time for a
pulse increases with the inductance. For this reason, septa magnet coils are
built with as less turns as possible. Finally, pulsed magnets are always built
using a laminated yoke to reduce eddy currents.

L= (2.22)

2.4.1.1 Direct drive DC septa

Figure shows a schematic of a typical DC septum magnet.
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Figure 2.11: Schematic of a DC septum outside vacuum

The septum conductor of a DC septum is typically between 3 and 20 mm
in thickness and the current density can be up to 85 A/mm?. Coils are usually
constructed with as few turns as possible to limit the inductance of the magnet
but there is a trade off with the current density and thus the cooling. DC
septa are outside vacuum, "clamped" onto the vacuum chamber because many
insulation materials can not be used inside ultra high vacuum. This also makes
any intervention on the magnets much easier than on an in-vacuum septum
because they are more easily accessible and there is no activation due to beam
losses. However, this kind of design is only an advantage when the magnetic
field is not too intense since the gap height (and therefore the Ampere-turns)
and the apparent septum thickness grow significantly. The apparent septum
thickness is the addition of the coil thickness, electrical insulation, magnetic
shielding (if there is any) and the vacuum chamber walls, and it is to be
compared to the beam separation. The typical values for a direct drive DC
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septum are summarized in Table [2.5]

Table 2.5: Typical parameters for a DC septum

Parameter Unit Value
Magnetic length mm 400- 1200
Gap height mm 25- 60
Septum thickness mm 6- 60
Current kA 0.5- 4

Current density A/mm? | up to 85
Power consumption kW up to 100
Number of turns - 1- 10

Cooling flow 1/min 12- 60

2.4.1.2 Direct drive pulsed septa

A pulsed septum layout is very similar to a DC septum, but with the difference
that the magnet is excited only when it is necessary. This saves energy and
reduces the cooling requirements. The yoke needs to be laminated to reduce
the power dissipated by eddy currents, the number of turns is reduced to
minimize the coil inductance and they are generally placed inside vacuum to
reduce power consumption and septum thickness. A high inductance produce
a slower magnet, which is not desirable and sets unnecessary constraints in
the power supply, and inductance is proportional to the coil area and to the
square of the number of turns of the coil. Besides, the eddy currents may
affect the magnetic field level and homogeneity if they decay too slowly. As in
any magnet, the laminations must have the appropriate thickness to allow for
full penetration of the magnetic field. Most of the typical values for a pulsed
septum are very similar to the ones of a DC septum. However the power is
usually supplied by a capacitive discharge power supply (with third harmonic
and/or active filters) producing a half- sine pulse with a duration of a few ms.
These values are presented in Table The schematic of a pulsed septum
is the same as for a DC septum, but it will be most likely inside vacuum.
Something that one needs to keep in mind when working with pulsed magnets
is that while the dissipated RMS power might be lower than if it was a DC
septum, the peak power might be higher and that has to be taken into account
when designing the power converter.

While pulsed septa loosen the thermal requirements they introduce vibra-
tion and fatigue. The reliability of a septum under this new constraints has
to be taken into account from the design stage.
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Table 2.6: Typical parameters for a pulsed septum

Parameter Unit Value
Magnetic length mm 300- 1200
Gap height mm 18- 60
Septum thickness mm 3- 20
Yoke lamination thickness mm 0.23-1.5
Current (peak) kA 7- 40
Current density (peak) A/mm? | up to 300
Number of turns - 1- 2
Cooling flow 1/min 11- 80
Vacuum pressure mbar 1079

2.4.1.3 The DAFNE 2°septum

The DAFNE accelerator complex is situated at the INFN-LN, in Frascati,
Italy. The DAFNE Accumulator and Main Rings are part of an electron-
positron collider. There are two mirroring septa installed at the end of the
transfer line between the Linac and the Accumulator since the particles will be
deflected in one direction or another depending on the charge. The septa are
built as a C-shaped yoke closed by a copper conductor, following the principle
illustrated in figure The design parameters and prototype results, as
well as further details on the DAFNE accelerator complex, can be found in
[45] 146] and a summary of the relevant parameters of these septa can be found
in Table The septum is presented in figure taken from [45].

Table 2.7: DAFNE septa parameters summary

Parameter Unit Value
Nominal field T 0.104
Bending angle mrad 38

Gap height mm 22.5

Magnetic length mm 623
Septum thickness mm 1.5
Current density | A/mm? 55

Peak current A 1843
Power kW 2.1
Water flow rate 1/min 6
Pressure drop atm 3
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Figure 2.12: DAFNE 2°septum, as shown in [45], reproduced here for illustra-
tion purposes

2.4.1.4 The SM1 septum at the AAC

The Antiproton Accumulator Complex (AAC) at CERN was an accelerator
complex used in the 1980’s and early 1990’s. It consisted of the Antiproton
Accumulator (AA), the Antiproton Collector (AC), the Low Energy Antipro-
ton Ring (LEAR) and the (SppS), which was a modification to use the SPS as
a proton-antiproton collider. This is the facility where stochastic cooling was
first tested, which led to the discovery of the WT, W~and Z bosons
. The AAC was dismantled after the last SPS collider run in 1991, and the
LEAR was transformed into the Low Energy Ion Ring (LEIR) while the AA
was dismantled and the AC was converted into the Antiproton Decelerator
(AD). Today the AD and ELENA constitute the Antimatter Factory 51].

In the AAC there used to be two identical DC septa called the SM1 and
SM2. The main parameters of these septa are summarized in Table [2.8]
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Table 2.8: Main parameters of the SM1 and SM2 septa

Parameter Unit Value
Nominal field T 0.645
Gap height mm 7
Yoke length mm 1000
Septum thickness mm 11.2
Current density | A/mm? 69
Current kA 3.95
Power kW 110.6
Water flow rate I/min | 2x40
Pressure drop atm 13

Two views of the SMH61 septum in the PS, a DC septum identical to the

SM1 septum, are shown in figure and figure

Figure 2.13: On the left, a DC septum installed in the CERN PS that is

identical to the SM1 septum used in the AA
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Figure 2.14: Rear view of the DC septum identical to the SM1 septum that
used to be installed in the AA

2.4.1.5 The SMH16 septum

The SMH16 is a direct drive pulsed septum installed under vacuum for the
extraction of the CERN PS towards the SPS accelerator. It consists of 2
identical modules in a common vacuum tank, with the second one tilted 20
mrad with respect to the first one. The main parameters of this septum are
summarized in Table

Figure shows one of the modules of the SMH16 installed in the tank
without the end cover.
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Table 2.9: Main parameters of the SMH16 septum

Parameter Unit Value
Nominal field T 1.2
Number of modules - 2
Angle between modules | mrad 20
Gap height mm 30
Yoke length mm | 2x1070
Septum thickness mm 3
Inductance uH 5.5
Coil turns - 1
Peak current kA 28.7
Pulse duration ms 3.8
Transformer ratio - 12
Cooling water flow 1/min 1.2
Pressure drop bar 22.29

Figure 2.15: One of the SHM16 modules installed in the vacuum tank
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2.4.2 Eddy current septa

Coil \J Beam
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Figure 2.16: Schematic of an eddy current septum with a return box and a
magnetic screen

This family of septa relies on eddy currents to shield the leak field. When
the magnet is pulsed, the magnetic field induces eddy currents in the septum
that try to compensate the leak field. Eddy current septa are usually pulsed
with a half- sine waveform between 4 and 15 kHz, or with pulses duration
between 66 and 250 ps. These numbers are based on the penetration depth,
from equation [2.23] However, since the eddy currents depend on the magnet
inductance, they might take a long time to decay. For this reason these are
often pulsed using a full sine, taking advantage of the negative part of the
waveform to reduce the magnitude of the leak field. However, this strategy
will not reduce it to zero, because of the self inductance of the circuit. The coil
is also built with as few turns as possible to reduce its inductance. A return
box is necessary to create a path for the eddy currents.

The yoke is built as a C- shape and the coil is placed around the back leg,
so the dimensions of the return conductor are usually not critical. To reduce
the leak field even further, a magnetic screen can be placed around the orbiting
beam gap. This allows the leak field seen by the orbiting beam to be as low
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as 0.01% of the main field, a significant achievement even for an eddy current
septum, which is a topology known for their low leak field. The attenuation of
the leak field was studied in detail by P. Lebasque for the eddy current septum
of the Soleil storage ring and it is explained in more detail in [2:4.2.2]

The septum blade can be generally made thinner than in a DC septum but
it is likely that it will need cooling like a pulsed septum, and if it is too thin
the current density might be too big, or the Lorentz forces too high.

One important factor concerning the leak field is the pulse width. The
shorter the pulse duration, the less the magnetic field will leak due to the
fact that the magnetic field needs some time to establish and magnetize the
yoke completely. The working principle of an eddy current septum consists
on that the leak field is compensated by the eddy currents, whose magnitude
depends completely on the frequency of the driving current. However, if the
pulse frequency is high, the voltage needed to operate the magnet will be
higher, so the design of the septum and the power converter have to be done
in parallel. Electrical insulation becomes a more important issue when the
voltage increases, which makes the blade thickness increase. Increasing the
thickness of the magnetic shielding will allow for a longer pulse while keeping
the same leak field level, thus reducing the voltage of the power converter.

A schematic of an eddy current septum with a return box and a magnetic
screen is shown in figure 2.16]

The typical running parameters for an eddy current septum are presented

in Table .10

Table 2.10: Typical parameters for an eddy current septum

Parameter Unit Value
Magnetic length mm | 400- 800
Main field T up to 1.4
Gap height mm 10- 30
Septum thickness mm 1-3
Lamination thickness | mm 0.1- 0.35
Current (peak) kA 10
Pulse frequency kHz 4- 15
Number of turns - 1
Cooling flow 1/min 1- 20

The normal process to design an eddy current septum is illustrated in
figure It is not a fixed sequence of design steps and it should not be taken
as a recipe but as a guideline since every problem is different, and there might
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be other requirements or constraints in the design. However, the scheme is
useful to illustrate the main steps and the relations between them. The starting
point for the design is the parameter d, which is the septum blade thickness,
and the deflection angle required by the beam trajectory, that will determine
the field integral needed to produce that deflection and are represented in
black in the schematic. The derived magnitudes are presented in blue to
separate them from the requirements. From the septum thickness one can fix
the skin depth for the eddy currents and it is ideally chosen as a tenth or a
fifth of the septum thickness to ensure that the eddy currents remain a surface
phenomenon and the magnetic field does not penetrate. The skin depth will
determine the pulse frequency (f) according to m where ¢ is the material
conductivity.

1
5 N (2.23)
An eddy current septum has to be designed taking the powering into con-
sideration. The optics will determine the deflection angle, which will produce
a value for the magnetic field integral. From that value, in combination with
the available length, one can obtain the necessary current to produce the field
and, in the end, the inductance of the magnet, which can be derived from 3D
finite element simulations as explained in section [2.4.1]
The length of the magnet is not included in the picture because it is usually
a constraint, not a requirement, or a derived quantity. The inductance of the
magnet is important for the time constants of the eddy currents’ decay and
because it will be the main load of the power supply. The voltage of the power
supply has to be determined both in magnitude and in waveform, which plays
an important role in limiting the leak field, as well as the coil insulation design,
as stated at the beginning of this section.

d

d — = — f
J 10
Deflection Voltage

angle

—— |BdI > » L

Figure 2.17: Summary of the usual design process for an eddy current septum
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2.4.2.1 An eddy current septum for J-PARC

J-PARC is an accelerator complex comprising a Linac, a 3 GeV Rapid Cycling
Synchrotron (RCS) and a 50 GeV sychrotron. The injection system into the
main ring is composed of two septa, the second one being an eddy current type
with the particularity of having a large aperture compared to the typical eddy
current septa that are often installed in electron-positron machines. This large
aperture poses a problem in terms of leak field and eddy current losses. Besides,
one of the reasons to choose an eddy current design instead of any other option
is the possibility of having a very thin septum, but the thinner it is, the worse
it will be for leak field suppression. The possibilities explored to improve the
design and reduce the leak field were to increase the septum thickness, change
the pulse width and waveform and include magnetic shielding. The full details
of the challenges and possibilities can be found in [52,[53] and further discussion
on leak field reduction is carried out in [54]. Table[2.11|summarizes the septum
parameters, and a picture of the magnet is shown in figure [2.1§

Table 2.11: J-PARC 50 GeV eddy current septum parameters

Parameter Unit Value
Magnet length m 1.5
Main field T 0.34
Gap aperture mm (H x V) | 150 x 80
Septum thickness mm 7
Field homogeneity - 0.01
Leak field mTm 0.46
Pulse frequency kHz 2.86
Deflection angle mrad 36
Current waveform - full sine
Pulse width us 350
Inductance wH 18
Current kA 10.8
Voltage kV 5.8
Number of turns - 2

2.4.2.2 Eddy current septa at SOLEIL

SOLEIL is a synchrotron complex located in Saint Aubin, 20 km South of
Paris [55]. The topology chosen for injection or extraction of the electron
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Figure 2.18: J-PARC eddy current injector

beam to or from the Booster and to the Storage Ring is the eddy current.
The SOLEIL septa system is composed of three magnets with the same cross
section. The length of the two septa installed in the Booster (for the injection
and extraction) is 300 mm, while the injection septum in the Storage Ring
is 600 mm long. In these designs a magnetic screen has been included to
reduce the stray field, and the pulse shape has also been investigated. Table
presents a summary of the main characteristics of the Booster extraction
septum, but all the information can be found in [56].
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Table 2.12: SOLEIL Booster extraction septum characteristics

Parameter Unit Value
Magnet length mm 300
Main field mT 286.97
Gap aperture mm (Hx V) | 18x15
Peak current A 3604
Peak voltage \% 290
Coil turns - 1
Septum thickness mm
Shield thickness mm 0.5
Field homogeneity - +1.5%
Leak field pTm 54
Pulse duration s 120

2.4.2.3 SMH42

An eddy current septum is under development at CERN. It will be placed in
the injection to the PS from the PS Booster [57].

The interest of this septum is that the pulse width is very long (2 ms)
compared to the usual values and that it has to work together with a bumper
magnet. The bumper magnet is one of the five bumper magnets (BSW) that
move the orbiting beam slightly to improve the injection quality and reduce
beam losses by reducing the deflections required from the kicker and septa
magnets, as illustrated in figure Further details on the injection scheme
can be found in [58].
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Figure 2.19: Extraction scheme of the SMH42

The functional specification of this septum can be read in [59] and a sum-
mary of the relevant parameters is presented in Table

Table 2.13: Relevant parameters of the SMH42 injection septum
Parameter Unit Value
Physical length mm 940
Magnetic length mm 913
Main field T 0.56
Integrated field T-m 0.51
Field homogeneity % 1.2
Integrated leak field (at 10 mm from septum) mT-m 3.7
Gap aperture mm (H x V) 70 x 95
Deflection angle mrad 54
Pulse width kHz 1
Current waveform - Half-sine
Septum thickness (Downstream extremity) mm 5.8
Septum thickness (Upstream extremity) mm 11
Leak field % of gap field at 10 mm <1%
Inductance pH 1.8
Peak current kA 31.2
Average duty cycle S 1.2

A prototype of the bumper has been built and it is currently being used to

validate simulations.

48



Chapter 2

2.4.3 Lambertson septa

Septum hole
(circulating LHC beam in beam pipe)
|
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Figure 2.20: Schematic of an LHC injection Lambertson septum (MSI)

A Lambertson septum is an outside vacuum septum magnet which needs
to be used in a two-plane injection or extraction scheme. The Lambertson
septum produces a deflection in a different plane than the kicker magnets, as
shown in figure[3.1] Given the disposition of the magnetic field in the yoke and
the upstream or downstream kicker magnets, the Lambertson septum needs
to deflect in a different plane.

The main strength of Lambertson septa is that they are robust. The coils
are placed far from the radiation of the orbiting beam and inserted into the
steel yoke. They are also placed outside vacuum and they are operated as any
normal conducting magnet. These magnets are generally run in DC mode, but
if they are laminated they can also be cycled or even pulsed. Reducing the
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leak field in the orbiting beam gap below the required level can be difficult,
since the orbiting beam gap is just another aperture in the magnet. If it is
necessary, a magnetic shield can be placed around the gap. In general, the
leak field has a tendency to penetrate in the orbiting beam gap, because the
gap is embedded in the yoke and the coil is longer than the yoke, so the end
effects need to be studied carefully, and shielded has to be designed, if needed.
The leak field limits the main field once the yoke starts to saturate, since
the orbiting beam gap is inside the yoke, as opposed to a traditional septum
in which the field-free region is always outside the yoke. Another advantage
of the Lambertson septa with respect to the traditional topology is that a
Lambertson will be able to absorb more energy in case of beam losses. In a
traditional septum all the losses would be absorbed by a thin copper blade, but
in a Lambertson septum they will be absorbed by the iron yoke. A Lambertson
septum will not be a collimator but it can protect the equipment downstream,
saving costs and increasing the overall reliability of the complex. In figure[2.20]
a schematic of the Lambertson septa used for injection into the LHC from the
SPS is presented as an example of a typical Lambertson magnet.

The most characteristic feature of the Lambertson topology is that they
require a two-plane injection (or extraction) scheme because the plane of de-
flection is parallel to the plane of the blade. This is due to the coil and the
gap disposition given that the magnetic field will always be perpendicular to
the iron yoke. There is also a big advantage when designing a Lambertson
septum because the coil(s) can be built as a multi-turn water cooled racetrack
or bedstead coil, instead of the usual one or two-turn complex coils used in
direct drive septa. However, if the magnet is pulsed using a conventional coil
will increase the magnetic inductance of the circuit. In summary, Lambert-
son septa can be seen as a normal conducting window frame magnet with an
additional gap, and are suitable for fields up to approximately 1.5 to 2 T like
any normal conducting magnet. The limit of a normal conducting magnet is
usually determined by the saturation of the Iron yoke.

2.4.3.1 A Lambertson septum at the Hadron Experimental Facility
at J-PARC

The Hadron Experimental Facility is part of the Japan Proton Accelerator
Complex, located in Tokai, Ibaraki. Protons are extracted at 30 GeV from the
Main Ring into the the high-p/COMET beamline by means of a Lambertson
septum and two direct drive magnetic septa. The cross-section of the septum
is presented in figure [2.21] Full details of the transfer line and the Lambertson
septum can be found in |60} 61]. It is outstanding that the poles of the yoke
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are not horizontal. This is due to the fact that the deflection plane is not
exactly horizontal with respect to the ground. The major specifications for
the Lambertson septum are summarized in Table

Table 2.14: Major specifications for the 30 GeV Lambertson septum

Parameter Unit | Value
Iron length mm 3600
Deflection angle mrad | 38.4
Main field T 1.1
Leak field mT 2
Main gap aperture mm 80
Orbiting beam aperture | mm 30
Peak current A 1550
Number of turns - 48
yoke
vacuum chamber eail

N\,

field free hole —

\\‘bending field
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\pn:rton beam

695

1086

Figure 2.21: Cross section of the J-PARC 30 GeV Lambertson septum
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2.4.3.2 LHC MSD Lambertson septa

In the beam dump system of the LHC there are 15 Lambertson septa for each
beam line. The MSD magnets are a family with three consecutive different
magnet models (MSDA, MSDB and MSDC). The differences between them
are the septum thickness and the number of turns in the coil, which allows to
connect the magnets in series and use only one power supply for the 15 magnets
providing different values of Ampere-turns for the three families. In each dump
line there are 15 septa magnet modules, each 4.46 m long. There are 5 modules
of the MSDA magnets, followed by 5 MSDB and 5 MSDC downstream. The
characteristics of the MSD family are summarized in Table The 15
magnets in each beam line are run in series and the difference in the magnetic
field comes from the different number of turns in each model. Due to the LHC
outstanding performance in the last years there is an ongoing study about
the possibility of increasing the collision energy from 14 TeV to 15 TeV (7 to
7.5 TeV per beam), which would be the limit of the main dipoles. For the
MSD magnets that means increasing the working point from 880 to 968 A and
since the Lambertson is a robust technology and there is a certain margin for
operation, there are no major difficulties for this energy increase [62].

Table 2.15: Characteristics of the LHC MSD Lambertson septa

Parameter Unit | MSDA | MSDB | MSDC
Number of magnets - 5 5 5
Physical length m 4.46 4.46 4.46
Septum thickness mm 6 12 18
Current A 880 880 880
Number of turns - 32 40 48
Gap field T 0.79 0.99 1.16
Leak field (estimated from Flux 2D) T [~10°]~10°%]~107F

The leak field in these magnets has been estimated from simulations per-
formed with Flux 2D [63] and verified with Cobham Opera, but at this field
level the calculation is dominated by the software precision. Further details
on the design and drawings can be found in [64, 65]. A picture of the MSDA
Lambertson septa in back to back configuration are shown in figure 2.22]
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Figure 2.22: MSD Lambertson septa in back to back configuration

2.4.4 Massless septa

A massless septum is a traditional septum with no physical septum blade.
Since there is no physical blade, the septum blade will be defined as the dis-
tance in which the magnetic field decreases from 99% to 1% of the nominal
field.

The main advantage of using a massless septum is that in the case of a
beam sweep there will be no damage to the septum blade since there are no
active parts in the beam path. There is no physical blade that can be subject
to any of the typical issues in septa conductors, like thermal or mechanical
stress, damage due to beam impact or radioactive activation. In this case,
the apparent septum blade thickness can be defined as the region where the
magnetic field transitions from 99 to 1% of the nominal value. These values
are set arbitrarily and depend on the application, but they are usually taken
in massless septa design.

The main drawback however is that the transition from the zero- field
region to the high- field region is not sharp but a gradient, and there is no way
to avoid the magnetic field leaking to the field-free region. This gradient and
the leak field depend on various factors, like the gap and the coil geometry and
most importantly the field level, but it will always be inversely proportional
to the distance to the high-field region, because it is the propagation of a
magnetic field in free space. In iron dominated septa, the higher the field
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is, the bigger the transition area becomes. In general the transition region
width is very similar to the gap height. Therefore, massless septa are not very
common and they are limited to low field applications and with small beam
sizes. A reasonable field value for a massless septum is 0.25 T, above that level
the transition region becomes too wide or the leak field becomes too high. An
easy way to reduce the leak field is to tilt the coils and chamfer the pole tips,
increasing the gap height next to the field-free region. This strategy may not
reduce the leak field significantly and might reduce the field quality, although
when the main field is not strong it can help to improve the design.

2.4.4.1 A massless septum prototype from LANL

Figure[2:23] presents a photograph of a massless septum prototype built for the
Proof of Principle (POP) accelerator in Japan. The picture has been taken
from for illustration. This magnet is not used in any accelerator but it
was used to validate the simulations performed with the FE code POISSON.
The gap height, which plays a very important role in the transition region
and the leak field value, is 5 mm and it is of the same order as the transition
region. The coils are tilted to reduce the magnetic field in the proximity of
the transition region, which reduces its width.

S B L

Figure 2.23: Massless septum
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2.4.4.2 The hybrid massless septum from NSRF

Apart from tilting the coils there are some other options to reduce the thickness
of the transition region in a massless septum. The designer can add compen-
sation coils or permanent magnets to compensate the leak field or improve
the field quality in the extracted beam gap. This strategy is studied in depth
in . This design achieves a transition width lower than 40 mm for 0.8 T
field although the effect of ionizing radiation in permanent magnets has to be
taken into account. For clarity, a schematic of the upper half of the magnet is
presented in figure taken also from [67].

G130 — — (180.130)

(-32,40)

(:28,20)

(171973 5 _310,15)|

,11- | /1 ~8kG /><
10000 o [ | L1

Figure 2.24: Upper half of the hybrid septum magnet
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Although a prototype of this septum magnet does not exist yet, the main
parameters of the simulations are summarized in Table[2.16] Besides, although
they are not septa, hybrid and permanent magnets-based quadrupoles are
currently being designed for the CLIC project [68]. In this case the coils are
used for fine tuning of the magnetic field gradient.

2.4.5 Opposite fields septa

An opposite fields septum solves the problem of a wide transition region in
a massless septum at the expense of adding a blade in the center, losing the
massless attribute. The advantage of this kind of septa is that they allow to
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Table 2.16: Main parameters of the hybrid septum magnet

Parameter Unit MSDA
Magnetic field T ~0.8
Current density (no PM) | A/mm? 50
Current density (with PM) | A/mm? 8.1
Transition region thickness mm 40
PM type - NEOMAX 35H
Gap height mm 30

build a septum with a blade conductor that is under very little stress, which
allows to design a very thin blade, as an approximation to a massless septum.
Even if the thickness is not zero, it might not be necessary to deal with all
the drawbacks of massless septa. In an opposite fields septum the magnetic
field reaches zero value at the center of the transition region, thus making
the net force in the septum blade also zero or, in the case of a real septum,
practically negligible. Figure [2.25] shows the general working principle of the
septum described in [69]. This design also has the advantage that can combine
two septa into one, saving space and allowing the beam to be deflected into
two different transfer lines or targets for example.

centerline _—

.--"—-+-_--

ign region

Figure 2.25: Concept of an opposite-fields septum
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2.4.5.1 An opposite fields septum magnet at LLNL

As mentioned in section the width of the transition region is the biggest
drawback of using a massless septum in an accelerator. A way to reduce this
width is to use an opposite-fields septum magnet. If the flux density is low
enough, one of the fields can be shielded using a high permeability material.
In figure[2.26] taken from [69] for clarity, the fields simulated with and without
shielding are compared.

G600 T T I - T
_— no shirms, no mu-metal endosure
-— = ni shirms, with mu-metal sheet encosure
——em with shims and mu-metal shest endosure

500 — . T -

H
(Gauss)
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T

g

Figure 2.26: Effect of magnetic shielding in an opposite fields septum

For completeness, a small summary of the parameters of this septum is
presented in Table 2.17]
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Table 2.17: Main parameters of the opposite fields septum at LLNL

Parameter Unit MSDA
Magnetic field T 0.05
Leak field (No shield) T 0.008
Leak field (With shield) T 1075
Beam separation (centers) mm 56
Transition region thickness (No shield) mm 100
Gap height mm 100
Current (N-I) A-turns | 1990
Magnet length mm 500

2.4.5.2 An opposite fields septum at JHF

The Japan Hadron Facility (JHF) accelerator complex comprises a 50-GeV
main synchrotron, a 3-GeV rapid-cycling synchrotron, and a 400-MeV linac.
The accelerators provide high-intensity, high-energy proton beams for various
scientific fields. These high-intensity, high-energy accelerators, especially the
50-GeV main synchrotron, impose tight demands on the injection/extraction
septum magnets for a thin structure, large aperture and high operating field.
An opposite-field septum magnet system is one of the solutions to realize a
thin septa or very high-field septum magnets. A summary of the magnet
parameters is presented in Full details of this design can be found in
[70]. A cross-section of the model magnet is shown in [2.27]

Table 2.18: Main parameters of the opposite fields septum at JHF

Parameter Unit Value
Magnetic field T 0.188
Field quality % 1
Transition region thickness (No shield) mm 16
Gap height mm 40
Current (N-I) A-turns | 6000
Magnet length mm 400
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2.4.6.1 The permanent magnet septum at KEK

A schematic of a prototype of a 1:4 prototype built in Japan for the KEK accel-
erator complex is presented in figure [2:28 and its most relevant characteristics
are summarized in Table Full details can be found in [71].
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Figure 2.28: Permanent magnet septum schematic

Table 2.19: Major characteristics of the KEK permanent magnet septum

Parameter Unit Value
Iron length mm 227
Main field T 1
Leak field % of main field 0.1
Gap aperture mm (H x V) 48.8 x 22.5
Septum thickness mm 8.8
Permanent magnets material - NdyFe14B (NEOMAX-32EH)
Variability range % -20

2.4.7 Superconducting septa

A superconducting septum, as any superconducting magnet, relies in the place-
ment of the coils rather than in the iron to shape the magnetic field. In fact,
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some of them are even ironless designs [72|. The main reasons to use a super-
conducting design instead of a normal conducting one are the high magnetic
field required and the power saving, but a cryogenic system is necessary to op-
erate it plus the risk of quenching has to be dealt with. If the septum is part
of the extraction system and it is "lost" temporarily due to a quench it means
that the beam needs to be kept in the machine until the superconducting state
is recovered and that is a major risk that can not be overlooked. Such a sit-
uation is not acceptable for accelerators like the FCC or the LHC, therefore
the solution is to dump the beam before the magnetic field decays below the
required level. With an adequate quench detection system, it is possible to do
so because the time constant of the quench is much longer than the detection
itself.

Superconducting septa are the traditional DC septa with the difference of
using superconducting cables. Superconducting septa are very uncommon and
are mostly conceptual designs and simulations. This is due to the fact that
using a superconducting septum poses a problem regarding beam losses since
the energy deposited by the losses can make the magnet quench. A septum is
inherently prone to losses because the beam travels very close to the septum
blade in a curved trajectory. This will cause synchrotron radiation deposited
in the septum blade and most importantly, losses from the tails of the beam.
In an arc dipole, losses are only due to synchrotron radiation. A quench ideally
should be avoided but it will also have to be detected when it happens. Also
the electromagnetic force in the conductor might be too high for the septum
conductor to be supported if the blade is thin.

2.4.7.1 The NbTi superconducting septum at KEK

An example of a superconducting NbTi septum used in an accelerator is the
one installed at KEK in Japan in the 12 GeV proton sychrotron [73|. The
main parameters of this septum are presented in Table Since the magnet
is operated in DC the inductance is not a big issue, but the Lorentz force
needs to be taken into account to be sure that the yoke can support the stress
without deforming the coil significantly.
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Table 2.20: Main parameters of the KEK superconducting septum.

Parameter Unit Value

Maximum field T 2
Aperture (h x w) mm 134 x 154

Magnetic length m 1.27
Septum thickness mm 6.4

Current A 2220
Current density | A/mm? 280
Inductance mH 21
Lorentz force tonf/m 23

The cross sections of the superconducting septum are shown in figure [2.29
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Figure 2.29: Cross section of the 12 GeV superconducting septum at KEK

2.4.7.2 The superconducting septum concept for SIS 300

The FAIR accelerator complex is located at GSI, in Darmstaadt, Germany.
The accelerator SIS 300 will be built in the near future and there is a project
to use a truncated cosine theta superconducting septum [74]. A preliminary
cross section with some dimensions is presented in figure [2.30| and a detailed
design adapted to the FCC-hh extraction requirements will be described in
section For clarity, the coil is located on the outer side of the extracted

beam.
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Figure 2.30: Cross section of the SIS 300 superconducting septum

The most relevant characteristics are summarized in Table 2.21]

Table 2.21: Summary of the SIS 300 superconducting septum parameters

Parameter Unit Value
Maximum field in the gap T 3.65
Maximum field in the iron T 3.45

Septum thickness (without the SC cables) | mm 14
Good field region (h x w) mm 50 x 35
Leak field mT 6
Number of strands - 10
Number of layers - 2
Current kA 1.9
Cable type - Flat Rutherford
Cable dimensions mm 1x25
Turns per pole - 66
Temperature k 4.7
Minimum temperature margin k 1.2
Margin in the load line % 30

A 2D preliminary design for an 8 T Truncated Cosine 6 septum, with a
double layer coil in the Cosine 6 part of the coil was presented in . The
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magnetic simulations achieved an outstanding value of 7.87 T with a leak field
below 4 mT in module. The field is generated by 59 turns transporting 15 kA.
The mechanical design needs to be studied in depth and a support needs to
be designed. The support designed for the 4 T Truncated Cosine 8 septum
presented in section[5.2.2] can serve as an inspiration for the 8 T support design.
Preliminary calculations of the Lorentz forces produce impressive values for the
stress in the coil. In the block coil, the Lorentz force per unit length reaches
1100 kN/m, producing a stress of 16 MPa in the coil. The Cosine 6 part of
the coil needs to withstand a force of 840 kN/m, which results in a 56 MPa
stress. The most challenging part of the support design is the block part of
the coil because space is very limited. An illustration of the estimated stress
in the coil is shown in figure The illustration is shown in .

Lorentz force
1100 kN/m (total block)= 16 MPa

Lorentz force: coil compression
840 kN/m (total block) = 56 MPa

68 mm

(MR (I (oo

Figure 2.31: Cross section of the SIS 300 superconducting septum

The connection of the coil ends, especially the transition from the block
part of the coil to the 2 layers of the Cosine 6 part is still to be studied carefully.
The design of the coil ends of the 4 T Truncated Cosine 6 septum is presented
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in section [5.3] This design is inherently complex and a support needs to be
designed in parallel.

2.4.7.3 The Muon g2 ironless inflector (Double truncated cosine-
theta)

There is an unusual design installed at Brookhaven National Laboratory, in
the Muon G-2 experiment which is located in Long Island, New York. This
topology is commonly known as double truncated cosine-theta. The coils are
made of NbTi and the outer coil acts as a magnetic shield so the circulating
beam is not disturbed. The main difference with the Truncated Cosine 6
septum showed in the previous section is that the magnet in this case does
not need an iron yoke. The magnetic field is contained within the inner and
outer layers of the coil. A schematic of said septum and the field distribution
is shown for clarity in figure Detailed information is available in [76].

NbTi/Nb/Cu
Magnetic Flux

Jacket ——\
¥ mm]
Helium Channel

(For radiation
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Channel

Helium Channel
(For Cooling)

Figure 2.32: Schematic of the Muon G-2 ironless septum and field distribution

This is quite an unconventional design because the main goal of the inflector
is to avoid affecting the magnetic field in the muon ring, which poses very strict
requirements on the leak field, and the muons will travel through the coil. This
would not be possible in a proton machine as the protons would drill a hole in
the inflector, but the muons don’t interact with matter enough to cause losses.
The design is also a so-called self-contained magnet, which ensures that the
magnetic field is contained between both conductor layers, allowing to make a
design without an iron yoke. The main parameters of this ironless magnet are
summarized in Table

65



Septa catalog

Table 2.22: g-2 ironless inflector parameters

Parameter Unit | Value
Maximum field in the gap T 3.5
Shield capability T 1.5
Septum thickness (without the SC cables) | mm 14
Beam aperture (h x w) mm | 56 x 18
Leak field mT 20
Physical length mm 2025
Number of layers - 2
Current kA 3
Cold mass kg 60
Temperature k 4.2

2.4.7.4 The stealth dipole

The stealth dipole was introduced by Peter McIntyre in [77]. It can be viewed
as a direct drive septum with compensation coils. A 2D design with FCC
parameters has been done. A schematic of upper half of the Stealth dipole
with the field lines is shown in figure and the main characteristics of the
septum parameters with a MuMetal shielding around the orbiting beam gap
are presented in table The bigger set of coils produce the main field in
the extracted beam gap, shown in grey with field lines, while the smaller coils
cancel the leak field on the orbiting beam gap which is located on the right
hand side of the picture, although it is not shown here. The smaller coils can
also be viewed as compensation coils which push the leak field into the iron
yoke.

Table 2.23: Main characteristics of the stealth dipole

Parameter Unit Value
B, T 1
Bleak mT 25
Septum thickness mm 25
Gap height mm 19
Total current (A-turns) | 86940
Main current / Compensation coil current | (-) 36
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Figure 2.33: Schematic of the FCC stealth dipole design

2.4.7.5 The superconducting shield septum

A different approach to the septa described in the previous section is to use a
Superconducting Shield (SuShi) septum. A superconductor is placed around
the orbiting beam gap to exclude the magnetic field from that region. The
field is excluded by persistent eddy currents generated on the surface of the
superconductor when the external magnetic field is changed. The working
principle of the shield is shown in figure [2.34

Preliminary numerical simulations in 2D and 3D have been carried out
and more detailed ones are currently being performed. The simulation of
Bean’s critical state model [78| is implemented by changing the conductivity
of the SuShi material at each time step according to the power law shown in

equation ([2.24)).
o= |E

0g is a very small value to avoid having zero conductivity in a material,
which cannot be represented by the software. sigma is the electrical conduc-
tivity of the material and F is the electric field in the superconducting cable.
These simulations are very challenging because the eddy currents are strongly
coupled to the electric field in the superconducting material and currently
there is no established method to perform them. The challenge of this model

5207 + o0 (2.24)
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Figure 2.34: Illustration of the SuShi concept

is that the exponent n is usually quite high, in the order of 50 to 100 ,
which results in an almost vertical characteristic, which makes the solution of
this equation very long using iterative methods. Every iteration does not take
long to calculate, but the time step needs to be reduced to very small amounts,
of the order of microseconds. The time steps need to be compared to the full
simulation period, which for a preliminary simulation is set to five seconds.
However, a promising method to solve this problem has been identified
and a simulation is currently being implemented.
The simulations performed using Opera 2D and 3D solve the equation:

<)? 7—0(012 71/):?: (2.25)

in all space, and in conducting regions:

V.o (dz 7v> 0 (2.26)
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Equations [2:25] and [2:26] are the Maxwell equations for the magnetic field,
respectively:

VxH=17 (2.27)
V.7 =0 (2.28)

This results in:

E=-—=_7V (2.29)

Given that X and V are found at each time step and are primary results,
they cannot be used in the same time step to calculate additional values.
Therefore the conductivity (o) in equation has to be made dependent on
the electric field (E') and not on the vector potential (Z)

Measurements have also been performed to validate and complement the
simulations. Two successful prototypes have been tested at CERN. One of
them is made of bulk MgB, |79] and another one made of a multilayer NbTi/Nb/Cu
material 79).

At the same time, the magnetic field in the high field region of the sep-
tum is shaped by the shape of the superconducting material. The magnetic
field is generated by a Canted Cosine-theta (CCT) magnet with an aperture
big enough to fit the SuShi and both vacuum chambers. This magnet was not
available at the time when the measurements where performed so another mag-
net was used. Three different superconducting materials are being considered:
bulk MgBs, HTS tape and a multilayer Cu/Nb/NbTi composite. Detailed in-
formation on the measurements and the experimental setup of the MgBs and
HTS tape prototypes is presented in [79]. The results of the measurements
performed on the MgBs SuShi prototype are listed in table

Table 2.24: Main characteristics of the MgB, SuShi prototype tested at CERN.

Parameter Unit | Value
By T 2.6

B leak mT 0.1
Septum thickness | mm | 8.4
Inner diameter mm | 45

The multilayer material is being tested in SM18 at CERN at the time of
writing this text and the preliminary results are shown in table Detailed
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information on this prototype and the tests performed can be found in [82].
Figure shows a picture of the experimental setup with the shield inserted
into the MCBY magnet, before insertion in the cryostat.

Figure 2.35: SuShi NbTi prototype assembled in the MCBY magnet prior to
insertion in the cryostat.

As a second step of the study, a modified Canted Cosine # magnet is being
designed and the SuShi geometry will change from a tube to a half moon shape
to produce outstanding field quality in the orbiting beam gap naturally, using
only the geometry of the shield. This concept is illustrated in figure [2.36]
reproduced from . Full details of the measurements on both prototypes
and the CCT-like septum concept, which is expected to be tested at CERN in
2021, can be found in [83].

2.4.8 A semianalytical method for coil placement in septa

A semianalytical method for finding the coil positions necessary to produce
a given magnetic field with a chosen number of current lines is presented in

70



Chapter 2

Table 2.25: Main characteristics of the NbTi SuShi prototype tested at CERN.

Parameter Unit | Value
Bg T 3

B]e ak mT 0.1
Septum thickness | mm | 4
Inner diameter mm | 45

........

Circulating Beam
ike
windings

High Field Region

Figure 2.36: Future SuShi protoype to be tested in 2021

. The input of the algorithm is the desired multipole configuration and the
number of current lines to be used per pole. The output is a complex variable
denoting a position z = x +14-y. This should not be confused with a conformal
mapping, the complex variable z is only present when the magnetic field multi-
poles are represented in cartesian coordinates, where B = B, (x,y)+i-By(x,y).
The advantage of this algorithm is that the only necessary techniques to gen-
erate the polynomials are linear algebra techniques. The solution of the poly-
nomials can be easily found using numerical methods and implemented in any
mathematical software. The roots of these polynomials will be the positions of
the current lines in the complex plane. The method has also some limitations,
in particular, it is a 2D method, the magnet ends need to be designed inde-
pendently. The method assumes the cable size to be zero, which depending on
the magnet could not be an acceptable simplification. The method assumes
isotropic linear media. Therefore, it is not valid to design an iron dominated
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magnet that works near the saturation point. Besides, the method may pro-
duce results that are physically impossible to build, some of the current lines
might be placed at very short or very long distances from the others or it might
be necessary to provide unrealistic currents. Although the method has limi-
tations, it can still be very useful for different applications, like designing air
dominated magnets or cancelling stray magnetic fields that can sometimes be
present in septa. Traditionally magnet designers have always followed an itera-
tive method, based mostly on experience and optimizing the pole tip shape. It
is also common to consider the iron as a linear material in the first simulations
to reduce computation time significantly, which is a situation that would bene-
fit from applying this algorithm. The number of iterations to design a magnet
can be very high, with hours-long 3D simulations. Using this formalism at the
beginning of the design, the number of iterations can be reduced, saving time
in the full process. Combined function magnets can also be designed with this
method, although superposition can always be applied.

2.4.8.1 Unipolar configuration

There are two different kinds of magnets configurations that can be produced
with this algorithm, unipolar (all current lines flow in the same direction),
or bipolar (there are positive and negative current lines). The current lines
placed with the unipolar configuration need to be closed to produce a coil and
it must be done in a way so that the magnetic field multipole produced is not
perturbed.

Yfau]

X [a.u] X[a.u]

Figure 2.37: Unipolar configuration examples of a dipole and a quadrupole
field
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2.4.8.2 Bipolar configuration

In the case of bipolar designs, the number of positive current lines is the same
as the number of negative current lines, therefore, there will always be an even
number of current lines.
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Figure 2.38: Bipolar configuration examples of a dipole and a quadrupole field

A more exotic design with a unipolar configuration can be performed with
this method, shown in figure . In this case, the orbiting beam gap
must be between the coil and the iron yoke. The iron yoke must be designed
to provide a return path for the magnetic field lines and avoid saturation.

This preliminary design does not consider the coil support or a further
optimization of the coil placements, which have been treated as almost current
lines. A 2D finite element simulation was necessary to take into account the
saturation of the iron yoke. It is necessary to allow enough width for the iron
yoke to remain below saturation level, otherwise the iron permeability would
not be significantly greater than the permeability of air and there would be
a non negligible magnetic field in the orbiting beam gap. The configuration
in this magnet is unipolar, which makes it necessary to close the current lines
although this has not been done for this magnet.
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Orbitingbam gap

Figure 2.39: Detail of magnet gap and coil layout for the massless septum
designed with the analytical method

2.5 Figure of merit

In the previous sections, it has been made evident that there are many differ-
ent septa topologies with different strengths and weaknesses, which makes it
difficult to choose an alternative when starting a design and deciding which is
the best technology for a given system. It is of interest to create a common
metric with fixed criteria. Parameters of interest related the performance of
a septum magnet are the main field, the leak field, the septum thickness, the
aperture height and the saturation of the magnetic yoke. The proposed figure
of merit is a non dimensional variable that increases with a better septum per-
formance and decreases when the parameters differ from the optimal values.
The formula to calculate the figure of merit is presented in equation .
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BO Bpoleﬁ (230)
Bleak Bsat S
The first factor corresponds to the ratio between main field (B) and leak
field (Bieak), @ septum will be better when the main field is strong and the
leak field is low. The second factor introduces the saturation of the iron yoke.
Bgat is the saturation value of the iron and Bpole is the magnetic field at the
pole. For a normal conducting septum this factor should be close to unity
since it is quantifying the efficiency of the iron use in the yoke. In the case of
superconducting septa, By is taken as the critical field of the superconductor
and Bpole as the peak field in the coil, regardless of its location. Above the
critical field the superconductor will quench and the septum will not work, so
it is a factor quantifying the efficiency in the use of superconducting mate-
rial. A lower factor will indicate an over-dimensioned design, hence increasing
the costs and possibly using more space than necessary. In the case of the
SuShi septa, there is no coil or iron yoke apart from the external magnet that
produces the magnetic field independently of the SuShi, so this factor will
be replaced by the ratio between the thickness of the SuShi device and the
penetration depth at the corresponding working point. It is obvious that this
factor can never be one because there needs to be a margin to the load line.
The last factor is a comparison between the gap height (h) and the septum
thickness (s). A thinner septum blade is preferable to a thicker one, while a
bigger gap height is preferable for impedance and loss reduction.
In the case of superconducting septa, equation [2.30]is adapted as explained
above, producing equation [2.31]

Kpc =

By Beoi h

Ksc =
Bieak Bpeak S

(2.31)

For SuShi septa, the figure of merit is adapted according to equation equa-
tion (2.32).
Bewt iﬁ
Bleak dp S

In this case d, is the penetration depth of the external magnetic field.
Equation equation can be simplified but it is presented as the multipli-
cation of three ratios for similarity with equation .

A description of every septa topology being considered for FCC and some
more and a calculation of the figure of merit for every one of them can be
found in [87]. The figure of merit calculated for every septum presented in [87]

Ksushi = (2.32)
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can be found in table [2:26] which has been reproduced here to better illustrate
the scope of the figure of merit and its calculation. The values obtained by
the SuShi prototypes are significantly higher than the other topologies because
the SuShi operates always at critical current which makes an almost perfect
shielding thanks to the persistent eddy currents present in the surface. The
shielded Truncated Cosine 6 (TCT), Double Truncated Cosine § (DTCT) and
the Stealth dipole present a very low figure of merit. This is due to the fact
that both designs produce a leak field that is two orders of magnitude higher
than the SuShi prototypes since they rely on compensation coils or iron rather
than in a natural phenomenon like eddy currents. However, depending on
every individual case, the leak field can be totally or partially mitigated by
placing a shield around the zero-field region. It could be argued that since the
leak field can be mitigated it has no place in the calculation of the figure of
merit. However, since the SuShi prototypes have been measured to reduce the
leak field below 0.1 mT, it is fair to allow shielding to septa with a higher leak
field.

For comparison, the figure of merit has been calculated for some represen-
tative septa to serve as a benchmark of the values that can be achieved by
existing septa. The septa used for this benchmark are the eddy current sep-
tum at SOLEIL, presented in section [2.4.2.2] the SMH16 at CERN, presented
in section [2:4.1.5] and the MSE septum from MedAustron. The SMH16 is a
pulsed septum and the MSE septum of MedAustron is a DC septum. These
septa have been chosen as reference because they are representative of the dif-
ferent type of septa that are usual in accelerators. Since it is not possible to
know which iron was used to build the yokes of these septa, the saturation of
the iron has been set at 1.6 T, which is a conservative value for iron in general,
but septa normally work far from the saturation point and it is not necessary
to choose the highest saturation iron. The saturation could be set to 1.8 or 2 T
although that does not change the order of magnitude of the figure of merit.

Table 2.26: Calculation of the figure of merit for the different septa topologies
presented.

Septum Bo/Bext (T) | Bsat/Be (T) | Bpole/Bpeak (T) | Bieak (mT) | h (mm) | s (mm) | K (-)
SMH16 1.2 1.6 1.2 14 30 3 0.64
SOLEIL eddy current 0.29 1.6 0.29 0.18 15 3.5 1.23
Shielded TCT 4 6.5 5 0.1 35 30 36
Shielded TDCT 4 6.5 6.5 1 56 30 7.56
SuShi MgB2 2.6 8.4 8.4 0.1 50 8.4 154
SuShi NbTi 3 4 4 0.1 50 4 375
Shielded Stealth 4 6.5 3.76 0.1 19 25 17.5
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In the following chapters, the figure of merit will be calculated for the
septa topologies being considered for FCC-hh injection and extraction and
the design of the injection and extraction septa layout will be based on this
figure of merit. Based on the figure of merit, the only septa present in future
accelerators should be SuShi type septa. The figure of merit cannot be the only
decision tool used when deciding the septum topology to be used in a given
case. There are many other factors that are more difficult to be quantified
in a single figure, like for example the availability of cryogenic cooling, space
constraints or power consumption requirements. The figure of merit then
becomes a powerful decision tool although not the final one.
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Chapter 3

Lambertson septa

3.1 Introduction

A description of the Lambertson septa used in past and present accelerators
(ISR and LHC) will be done in sections and Then, limitations and
possible upgrades of this septa topology will be explored in the following sec-
tions. The limitations of the Lambertson septa topology are established in
section B4l A detailed simulation of the cross section of the LHC Lambert-
son septa, scaled for the FCC, is performed in section Different modi-
fications of the cross section to increase the field level are explored. Passive
modifications of the cross section, like adding a secondary orbiting beam gap
or changing the shape of the orbiting beam gap are studied in section [3.5
The use of high saturation materials in the area around the orbiting beam gap
is studied in section Active compensation of the leak field is explored
in section The use of a super ferric variant of the scaled Lambertson
septum is briefly discussed in section [3.6] Finally, in section [3.7] the figure
of merit is calculated for the different Lambertson septa variants described in
this chapter.

3.2 ISR Lambertson septa

The Intersecting Storage Rings (ISR) was the first Hadron collider in the
CERN accelerator complex. It operated between 1971 and 1984 colliding pro-
tons at 300 GeV from two independent rings, which intersected at the interac-
tion point |88]. Each ring of the ISR used two Lambertson septa for injection
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from the PS to the ISR, with a septum thickness of 14 and 20 mm respec-
tively. An interesting particularity of these magnets is that they were tilted,
as shown in figure The magnets were tilted because injection into the ISR
from the PS was made in a plane inclined from the ground. In the case of
the first septum, the tilt angle was 12.5 degrees and for the second septum
the tilt was 22.75 degrees. It can also be observed that there is a main coil
(1) and a compensation coil (3). The purpose of the compensation coil is to
guide the magnetic field lines (2) away from the orbiting beam gap (4) so only
the beam that is going to be injected sees the magnetic field (5 and 6). It is
necessary due to the high field in the extracted beam gap and the asymmetry
of the yoke, which makes the magnetic reluctances of the two halves of the
magnetic circuit different. If no action was taken, there would be some stray
field leaking into the orbiting beam gap because different field lines would see
different magnetic reluctances because the lenght to be closed by them would
be different. In these magnets, a different approach was taken. The cross-
section of both halves were made different to make the magnetic reluctance
of each side equal. Therefore the vertex of the groove becomes the symmetry
axis for the magnetic field and no field lines cross to the opposite side of the
magnetic circuit.
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Figure 3.1: Schematic of an ISR Lambertson septum

A picture of one of these septa magnets is also shown in figure[3:2] Although
it cannot be appreciated in the drawing, a steel foil with cooling channels was
added around the vacuum chamber of the orbiting beam gap. Due to lack of
space, the bakeout of the vacuum chamber was done by circulating a current
of 1000 A from one end to the other. While this was done, the yoke had to be
cooled via the steel foil to avoid degradation of its properties.

The characteristics of the ISR Lambertson septa are summarized in table

B-1189]-
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Figure 3.2: ISR Lambertson septum in storage

Table 3.1: Main characteristics of the ISR Lambertson septa

Parameter Unit Value

Septum blade thickness mm 14/20
Magunetic field T 1.24/1.48

Inclination angle Degrees 24.5

3.3 LHC Lambertson septa description

As of today, there are two families of Lambertson septa installed in the LHC.
The MSI and the MSD magnets, used for injection and extraction respec-
tively. The MSI has two variants (MSIA and MSIB) while the MSD has three
(MSDA, MSDB, MSDC). They were built by CERN in collaboration with
THEP (Protvino). As a particularity, both the MSI and the MSD have a thin
(0.9 mm) MuMetal layer around the orbiting beam pipe to reduce the leak
field and its influence on the orbiting beam.

3.3.1 LHC MSI description

The 450 GeV proton beam coming from the SPS is injected into the LHC
by means of vertically deflecting kicker magnets and horizontally deflecting
septum magnets. The constant injection energy explains why these septa are
operated in DC. There are five injection septa per injection line, two MSIA
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and three MSIB. The differences between the MSIA and MSIB magnets are
bifold, the septum thickness of 6 mm for the MSTA versus 15 mm in the case
of the MSIB, and the different number of turns. The coil of the MSIA has
sixteen turns and the coil of the MSIB has twenty four turns. All magnets
in each injection line are connected in series and hence they have the same
current and the difference in the field values is due to the different number of
turns.

As a particularity, the MSI magnets need to have two orbiting beam gaps to
allow both LHC beams to pass through the yoke. A picture and a schematic of
the cross section of the MSI magnets are presented in figure 3.3 and figure [3.4]
respectively.

Figure 3.3: Picture of a MSI Lambertson septum
The characteristics of the MSI septa are summarized in table 3.2] and have

been taken from , where more detailed drawings can also be found.
Detailed magnetic measurements can be consulted in [91].
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Figure 3.4: Schematic cross section of a MSIA Lambertson septum with field
lines

Table 3.2: Summary of the characteristics of the MSI Lambertson septa

Parameter Unit | MSIA | MSIB
Magnetic field density T 0.76 1.13
Septum thickness mm 6 15.5
Pole gap height mm 25 25
Physical length mm 4000 4000
Effective length mm 3718 3718
Orbiting beam gaps diameter | mm 64 64
Current A 950 950
Number of turns - 16 24
Power kW 10.6 15.9
Cooling flow l/min | 7.9 11.8
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3.3.2 LHC MSD description

The LHC MSD septa are used to dump the circulating beam at any energy
between 450 GeV and 7 TeV. Contrary to the MSI septa, when there is beam
in the LHC, they are always on and they must follow the energy swing of the
accelerator. The MSD magnets are a family with three consecutive different
magnet models (MSDA, MSDB and MSDC). The differences between them are
the number of turns in the coil and the septum thickness. For each dump line
there are 15 septa magnet modules, each 4.46 m long. There are 5 modules
of the MSDA magnets, followed by 5 MSDB and 5 MSDC downstream, all
electrically connected in series.

A picture of two MSD septa in back to back configuration was shown
in figure and a schematic cross section with field lines is presented in

figure

Figure 3.5: Schematic cross section of a MSD Lambertson septum with field
lines

The characteristics of the MSD septa are summarized in table[3.3|and have
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been taken from |90} [63], where also more detailed drawings can be found. The
detailed magnetic measurements can be consulted in [92].

Table 3.3: Summary of the main characteristic of the MSD Lambertson septa

Parameter Unit | MSDA | MSDB | MSDC

Magnetic field density T 0.80 0.99 1.16
Septum thickness mm 6 12 18
Pole gap height mm 44 44 44

Physical length mm 4460 4460 4460

Effective length mm 4095 4095 4095
Orbiting beam gap diameter | mm 64 64 64
Current A 880 880 880

Number of turns - 32 40 48
Power kW 22.7 28.3 34

Cooling flow l/min | 16.5 20.7 24.8
Number of septa per beam - 5 5 5

While the power dissipated on the MSD magnets is significant, a study was
undertaken to assess the performance of these septa and the extraction optics
if the LHC is operated at 15 TeV centre of mass energy (c.o.m.) instead of 14
TeV. That is 7.5 TeV per beam instead of 7 TeV per beam [62]. The result
is satisfactory, the MSD magnets are not the bottleneck for the operation at
7.5 TeV because there is still some margin to increase the field in the main
gap without increasing the leak field significantly. However, to avoid installing
an additional power converter the optics of the dump line have to be slightly
modified and the centre of the beam moves 0.3 mm vertically, which is not
significant. The cooling system and the existing power converter can cope
with the parameters at 7.5 TeV without problems.

3.4 LHC Lambertson septa scaled for the FCC

3.4.1 Finding the limiting factor of the existing Lambert-
son septa

For FCC-hh, the top extraction energy will reach 50 TeV per beam, which
will impose very demanding requirements on the septa magnets. A very quick
check that can be done easily is to scale up the same magnets from the LHC
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requirements to the FCC extraction parameters. The FCC study baseline
parameters in March 2017 are summarized in table and compared with the
LHC values, which can be found in |93|. Being a study project the baseline can
be subject to changes but at the moment of writing this document they are the
latest values available. The leak field values have been established choosing
typical values for Lambertson septa. In section [7.2] they will be validated.

Table 3.4: FCC beam dump baseline parameters as of March 2017

Parameter Unit FCC LHC
Available length m 120 80
Magnetic field integral Tm 190 59.2
Total deflection mrad 1.2 2.4

Blade thickness mm 25 12/16/18

Good field region (hor/ver) mm | 28/19 32/32
Leak field mT-m | 1012 96
Average leak field (per magnet) mT 5 1.6
Total dump line length km 2.8 975

The scaling of the magnetic field in a FCC version of the LHC Lambertson
septa has one hard limit. If the magnetic field in the gap is too high the septum
blade will saturate and the leak field will increase. Therefore the main limit
for the increase of the magnetic field will be the leak field. To calculate an
approximate value of the maximum magnetic field in the extracted beam gap
one can use equation [3.1] usually named magnetic Ohm’s law:

NI=¢-R (3.1)

The magnetic reluctance (2R) is the result of applying the electrical analogy
to a magnetic circuit. It is analogous to the resistance in an electrical circuit.
The magnetic flux (¢) corresponds to the electrical current in Ohm’s law and
the left term, NI, named usually magneto-motive force, takes the place of the
voltage. For the Lambertson limitation, the most interesting term is the re-
luctance. The magnetic reluctance definition is attributed to Henry Augustus
Rowland [94] and for a uniform magnetic circuit it is given by [95].

l
R=

= 3.2
Hr o (3:2)
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In equation , the reluctances of the different media in a magnetic cir-
cuit will have to be added like electrical resistances, in series or parallel. Since
the Lambertson septum is symmetrical, only the upper half of the magnetic
circuit is shown in figure[3.7] where the green arrows indicate the mean path of
the magnetic flux. Due to the inherent symmetry, equation can be applied
to the full septum or only to one of the halves. At the orbiting beam gap, the
reluctance of the vacuum and the iron are connected in parallel, so the flux will
be divided according to the different reluctances. Therefore, while the iron is
not saturated, its permeability will be much higher than the permeability of
vacuum, so its reluctance will be much smaller than the one of the yoke and
practically all the flux will avoid the orbiting beam gap. As the iron starts
to saturate and its permeability decreases, the vacuum term becomes more
relevant and can not be neglected as when the iron is working in the linear
part of the BH curve. That means that while the iron yoke of the septum is
not saturated, the equation for the magnetic circuit can be calculated using
equation The magnetic circuit is shown in figure [3.6

Rir{:ln
B—
R:rrl:l I I
Rgap N!
Rb|adE
Rir{:ln

Figure 3.6: Magnetic circuit of the Lambertson septum

NI = (rb’mgap +¢'miron +¢'%orb (33)
It has been assumed in equation that no magnetic flux crosses the gap
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near the coil. It is a valid assumption as long as the corners of the yoke are
not saturated.

Then
l l; lorp l

NI =¢ao- 9P 4 . LUCILESSTI or ~ ¢ —9% 3.4
HgaptoA HironftoA HorbitoA HgaptoA (3.4)

With
LS SR SR 35)
Rorb  Rvlade  Rieak  Rbilade '

and

¢ = Pviade + Picak X Pblade (3.6)

And as the iron, especially the septum blade, becomes more saturated the
inequality ftiron > figap Decomes less acceptable and therefore it is necessary
to take into account the iron part of the circuit, and the orbiting beam gap.

A quick calculation, taking values for the nominal parameters of the MSDA
magnets [90, [63] and the relative permeability of non-saturated iron as 4000
[95], the value of the nominal magnetic flux in the MSDA septum magnet can
be computed:

N'I'Mgap'/JO'A

lgap

o= =434.3WbH (3.7)

The simplest way to increase this value is to scale it linearly, an approx-
imation which is valid if the working point of the iron is in the linear part
of the BH curve. A reasonable value for the saturation of magnetic steel is
1.4 T [65, |91}, |92} 195]. The precision of this value is not extremely important
since this calculation is a linear approximation and will be validated with de-
tailed simulations afterwards. The scaling of the magnetic flux is given by
equation [3:8

1.4T

Gmaz = ¢ - 080T = 760Wb (3.8)

Introducing this new value for the magnetic flux in equation we obtain
a new value for the excitation current of 49280 A- turns, which corresponds
to a current of 1540 A. To validate this calculation, simulations in 2D have
been performed. The septum that meets the FCC requirements is only the
MSDC but all three models have been simulated for completeness. The values
of the leak field in the centre of the orbiting beam gap are plotted in figure
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Figure 3.7: Schematic of the magnetic flux in the Lambertson septum

as a function of the main gap. It can be seen that for the MSDC, the maxi-
mum leak field allowed is reached when the field in the extraction beam gap
is 1.36 T, which is in good agreement with the calculation from equation
It can be observed that the MSDC model saturates later than the MSDA and
MSDB. This is due to the different blade thickness of the three models, the
MSDC septa have more space for the flux to circulate through the septum
blade. Although the plots show the magnetic field density, which is the com-
mon quantity used in magnetic measurements, the quantity that causes the
saturation is the magnetic flux, originated by the excitation current.

3.4.1.1 Calculating the leak field

Once the maximum leak field allowed has been estimated analytically, the next
step is to simulate the magnets, in this case using Opera 2D, and validate the
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calculations explained in this section and in section [7.2}
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Figure 3.8: Leak field of the MSD Lambertson septa as a function of the main
field

In order to reduce the leak field in the orbiting beam gap there is a 0.9
mm MuMetal foil installed around the vacuum chamber. Besides, the space
present between this MuMetal foil and the iron yoke is only 2 mm, which is very
thin compared to the diameter of the orbiting beam gap but it is necessary
to place heating bands for the vacuum chamber bake out. The model has
been meshed with enough elements to represent accurately the variation of
the magnetic flux across all the different materials [96]. The model used for
the MSDC simulation is presented in figure [3.7] The coil has been simplified,
and the individual turns have been replaced by a single turn carrying the
corresponding current. A detail of the mesh in the area of the orbiting beam
gap is shown in figure [3.9
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Figure 3.9: Detail of the mesh in the orbiting beam gap and vacuum chamber

Finally, two simulated field maps in the orbiting beam gap produced from
the simulations for 1.36 T and 1.38 T in the extracted beam gap, are presented
in figure [3.10] where the colour scale is presented in T. The magnetic field
component shown is the modulus of the magnetic field. It can be seen that
the first simulation, at 1.36 T, has an acceptable leak field while in the second
one the leak field increases due to the saturation of the MuMetal foil and it is
not an acceptable value which will cause perturbations in the orbiting beam.

Besides, a detailed simulation of the MSDC septum has been performed at
1.36 T to check that it really fulfills the leak field requirements.
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Figure 3.10: Details of simulations of the magnetic field modulus. Left: field
map in the orbiting beam gap for 1.36 T in the extracted beam gap. Right:
field map in the orbiting beam gap for 1.38 T in the extracted beam gap.

3.4.2 Using an unique family of Lambertson septa at the
FCC extraction system

Using 1.36 T as the nominal field results in a magnetic length of 139.70 m.
The fact that the physical length is longer than the magnetic length implies
that the fill factor of the magnetic line is 85%. The fill factor can be explained
by the fact that the coil ends need non negligible space, causing the physical
length to be longer than the magnetic length. For comparison, the length ratio
in the LHC is approximately 89%, but in the FCC case the coil is expected to
be bigger because the number of Ampere-turns is significantly higher than in
the LHC case. Continuing these calculations to derive all the parameters of
the LHC- like Lambertson septa, we obtain the values presented in table [3.5]
These calculations have been done considering the same cross section, magnet
length and coil design as in the MSDC model.
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Table 3.5: Parameters of the Lambertson septa for the FCC using only one
family of magnets

Parameter Unit Value
Magnetic field integral Tm 190
Nominal magnetic field T 1.36
Leak field mT 5
Orbiting beam gap diameter mm 32
Extracted beam gap width mm 45
Magnetic length m 139.70
Magnet line fill factor % 85
Physical length m 164.36
Mass per magnet (estimated) tons 9.245
Individual magnet length m 4.46
Number of magnets per beamline - 36
Apparent septum thickness mm 25
Total current (NI) A-turns | 56832
Current A 1184
Coil turns - 48
Power consumption per magnet kW 61.58
Total power consumption (2 dump lines) kW 2x2217

A simulation using Opera 3D 17R1 shows that the maximum value for the
leak field integral at 1.37 T is very close to 10 mT-m, and since the magnet
is 4 m long, the average leak field (2.5 mT) is below the limit of 4.5 mT that
was established previously. A field map on a 1 x 1 mm? grid of the leak field
integral in the orbiting beam gap is shown in figure where the plot is
centered in the orbiting beam gap and the septum blade is outside the right
hand side of the plot.
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Figure 3.11: Leak field map of a 1.36 T MSDC septum on a 1 x 1 mm? grid
located in the orbiting beam gap.

3.5 Lambertson modifications in 2D

3.5.1 Double orbiting beam gap alternative

The most obvious way to increase the magnetic field in the extracted beam
gap is to reduce the saturation of the yoke. This will make the permeability
of the iron higher, as explained in figure [3.7] and will decrease the proportion
of magnetic flux that will penetrate the orbiting beam gap. The proposed
cross section of this design is presented in figure [3.12] including the drawing of
the magnetic field lines to better illustrate the intended saturation reduction
in the yoke, which is the goal of this design. The coil has also been moved
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closer to the extracted beam gap to reduce the current needed to produce the
magnetic field. This movement has a big drawback, it makes it impossible to
use a racetrack coil since the coil would be in the trajectory of the extracted
beam gap. The coil type has to be changed to a bedstead or some other
shape, which will have an influence on the field at the ends of the yoke. It
could be a bedstead coil which would perform well in terms of field quality.
The cross section has also been reduced for this simulation to further increase
the magnetic field in the gap by reducing the proportion of air and copper,
which are non magnetic, with respect to iron. Assuming the same number of
turns as the MSDC, 48, it yields a current of 1240 A.

Figure 3.12: Cross section of the proposed double orbiting beam gap Lambert-
son
septum with field lines

In 2D there is no gain in the magnetic field in the gap since the limiting
factor is the saturation of the iron. However, there is a 21% reduction of
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the peak power consumption with respect to the scaled-up MSDC before the
magnetic field starts penetrating the orbiting beam gap. This is mainly due
to the effect of moving the coils closer to the gap and increasing the amount of
iron in the yoke to avoid saturating the steel. However this makes the weight
of the yoke to increase up to almost 40 tons. Besides, with a double orbiting
beam gap, the back to back scheme is not feasible unless additional bumps are
included in the beam orbit. This is not interesting because the gain in field
does not justify such an important change in the beam optics and very likely
in the whole straight section. The characteristics of the beam dump line using
the double orbiting beam gap Lambertson are summarized in table [3.6

Table 3.6: Main characteristics of the double orbiting beam gap Lambertson

Parameter Unit Value
Magnetic field integral Tm 190
Nominal magnetic field T 1.4
Leak field mT 5
Orbiting beam gaps diameter mm 32
Extracted beam gap height mm 40
Magnetic length m 135.7
Magnet line fill factor % 85
Physical length m 160
Individual magnet length m 4.46
Mass per magnet (estimated) tons 39.87
Number of magnets per beam line - 36
Apparent septum thickness mm 25
Total current (NI) A-turns | 50602
Current A 1054
Coil turns - 48
Power consumption per magnet kW 48.8
Total power consumption (2 dump lines) kW 2x1757

It can be estimated that while the power per septum is slightly higher
than in the case of the scaled MSDC, the total power consumption of a beam
dump line with the double orbiting beam gap is approximately 400 kW lower.
This is due to the fact that the required number of septa is lower in this
alternative. The main drawback of this design is that the cross section increases
significantly and therefore the mass also increases proportionally.

Finally, the field map is shown in figure This field map only gives
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qualitative information at this resolution although looking at the location of
the saturated areas it is possible to deduce where the modifications should be
made. The maximum field level in the axis is set at 2.5 T and the leak field in
both orbiting beam gaps is 5 times below the maximum allowed. The 0.9 mm
thick MuMetal sheet that is present around the vacuum chamber also helps to
reduce the leak field.

Component: B
0.0 125 25

“

Figure 3.13: Field map of the double orbiting beam gap Lambertson septum

3.5.2 Reducing the leak field by changing the shape of
the orbiting beam gap

A priori, an option to reduce the leak field could be to use the shape of the or-

biting beam gap to guide the field lines. Two alternatives have been explored,

a square shape and a wedge shape. The advantage of the square shape is that
it is a very simple geometry that can be used as a first step towards fully under-
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standing the other shapes. The disadvantage is that the square geometry acts
as a Panofsky quadrupole [97] and it adds a significant quadrupole component
to the leak field. This quadrupole component could potentially be introduced
into the optics of the FCC lattice. The square shape is therefore not the best
alternative conceptually. The wedge shape naturally guides the magnetic field
towards the septum blade due to the higher permeability of iron with respect
to the air. This will only work while the septum blade is not saturated. Once
the iron in the septum blade saturates the permeability of the iron decreases
and the shape of the orbiting beam gap loses its influence on the leak field, as
explained in section [3.4.1] A detail of the orbiting beam gap with the square
and wedge shape is shown in figure [3.14] and the flux lines have been added
to the picture to illustrate the intended result.

Figure 3.14: Different shapes of the orbiting beam gap considered

Comparing the leak field of the Lambertson septa with the different orbiting
beam gap shapes one can see that the difference between the circular shape of
the MSDC and the wedge shape is negligible while the square shape is much
worse for the leak field. This comparison is plotted in figure Although it
is difficult to see, the blue and black lines, which correspond to the MSDC and
Wedge values are superimposed. The values plotted correspond to the fields
next to the septum blade, where the leak field is the highest.
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Figure 3.15: Influence of the orbiting beam gap shape in the leak field

Comparing the scaled up MSDC septum and the wedge shape, for the same
leak field, there are approximately 20 mT difference in the magnetic field in
the gap. These values are presented in table[3.7]to make the comparison easier.
The most outstanding result from this comparison is that the leak field when
using a square orbiting beam gap is an order of magnitude higher.

Table 3.7: Comparison between the leak fields and the extracted beam gap
fields as a function of the shape of the orbiting beam gap

Leak field (mT) | Extracted beam gap field (T)
Scaled MSDC 2.3 1.36
Wedge shape 2.6 1.38
Square shape 87 1.36

To better understand the differences in leak field one can compare the maps
of the magnetic flux density in the yoke in the same conditions as in figure
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presented in figure B.16] Taking the scaled MSDC as a base case, it can be
seen that in the corners of the square orbiting beam gap the iron is highly
saturated while the round and wedge shape reduce the field level by guiding
the flux lines smoothly. In all cases, the central part of the septum blade has a
low field level, around 1.25 T in most of this area, but the the permeability of
the iron that is saturated decreases significantly and the magnetic field starts
to penetrate inside the orbiting beam gap.

Component: B
00

Figure 3.16: Magnetic flux density in the septum blade of the scaled MSDC

Since changing the shape of the orbiting beam gap does not improve signif-
icantly the maximum field attainable by a modified MSD Lambertson septa,
the next step is to study the influence of high- saturation materials.

3.5.3 Reducing the leak field by adding high saturation
materials

The FCC extraction septa will have to follow the energy swing of the accelera-
tor from injection to top energy. The magnets therefore will be slowly ramped,
following the increase of field of the main bending magnets. For reasons of lim-
iting core-loss, the magnets will be made of laminated steel sheets. The choice
of steel is determined by the saturation, which impacts the penetration of the
main field into the field-free region. Most commercially available electrical
steels saturate at 2 T or even lower inductions. An exception is ultra pure
iron with saturation induction of about 2.15 T, and cobalt steels that can
reach up to 2.35 T before saturating [4]. The use of the latter in accelerator
environments is strongly discouraged for safety reasons, due to neutron acti-
vation to Co-60. Furthermore, the cost and availability of this material in the
large quantities required for the FCC septa, cannot justify the small gain in
saturation induction.

Several lanthanides are known to exhibit ferromagnetic properties at cryo-
genic temperatures. It has been reported that Holmium has a saturation mag-
netization of 3.9 T . Holmium pole tips have been successfully used as flux
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concentrators for small superconducting magnets [99]. The Curie temperature
for this rare-earth metal however is below 20 K, making its application as a
field enhancement material for this particular application impractical. This is
also the case for other lanthanides like Dysprosium or Erbium [100]. Holmium
properties also vary immensely with production methods, and its cost is very
high. The BH curve of Holmium at 4.2 K has been plotted up to almost
6 T in figure for better understanding of its magnetic properties, taken
from [100]. The BH curve for ISOVAC 1300 100 is plotted in the same figure
for comparison. However, the data supplied by the manufacturer of ISOVAC
was incomplete, so the curve has been manually extended after the saturation
point with relative permeability of 1. Higher B values for ISOVAC shouldn’t
be taken as an exact value but as an approximation.

BH curves, Holmium vs. ISOVAC 1300 100

HOLMIUM
ISOVAC 1300 100

D D2 04 06 08B 1 12 14 16 18 2
H (A/m) » 108

Figure 3.17: BH curve of Holmium at 4.2 K

Even if it is very impractical to add Holmium pieces to a possible FCC Lam-
bertson septum, some simulations have been performed because the Holmium
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flux enhancement might be useful for other applications. A picture of the cross
section of the Lambertson septum simulated and a detail of the Holmium block
is presented in figure [3.18

Figure 3.18: Lambertson septum with Holmium tip and septum blade detail

To study the improvement that the Holmium block, in light blue, produces
in the Lambertson design, a plot of the leak field as a function of the extracted
beam gap field is very useful, and its comparison against the scaled MSDC
Lambertson septum. Such comparison is plotted in figure [3.19

Influence of the addition of Holmium in the leak field
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Figure 3.19: Comparison of the scaled Lambertson septum and the design with
a Holmium tip
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From figure 3.19] it can be deduced that the addition of Holmium to the
design would be a good choice for high fields in the extracted beam gap. The
leak field is lower at fields above 1.8 T approximately, when an iron septum
blade would be highly saturated. For lower fields, and especially for the 1.36
T value that has been established for the scaled MSDC Lambertson septum,
the leak field of the Holmium design is approximately 6 times higher than
the required FCC baseline value of 5 mT and approximately 20 times higher
than the Lambertson septum without Holmium. This might be surprising at
a first glance but it is due to the different slopes of the linear parts of the
BH curves of Holmium and the steel used (ISOVAC 1300-100). It can also be
appreciated indirectly in figure [3:19) that the graphs plotted are symmetric to
the BH curves. Although the leak field above 1.6 T is lower with the addition
of Holmium in the septum blade, it is still very high and reaches quickly
the level of 80 to 100 mT. Depending on the application this value might be
acceptable but in the case of the FCC it is not low enough. However, given
that at low energy the magnetic rigidity of the beam decreases and the beam
is more affected by the leak field and therefore it is not possible to write an
absolute statement regarding this matter.

A detail of the saturation of the septum blade is presented in figure [3.20]
It can be seen that the Holmium region is mostly not saturated but the iron
region on top and bottom of the Holmium largely exceeds 2 T, which means
that in order to decrease the leak field the only solution is to add more Holmium
around the orbiting beam gap. This is a highly unrealistic solution, but in the
future could be feasible.

Component: B
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Figure 3.20: Saturation of the septum blade with the addition of a Holmium
block

104



Chapter 3

3.5.4 Reducing the leak field by adding compensation
coils

After investigating the influence of different materials and the redesign of the
orbiting beam gap cross- section, which are passive methods of improvement,
the next step is to probe the active compensation of the leak field. The use
of compensation coils or perhaps some extra turns to fine-tune the magnetic
field is a common practice in magnet design. The danger of this approach
is that it can become infinite. The leak field can be seen as an error and
theoretically it can be compensated by breaking the error in an infinite number
of pieces and compensating each piece independently. This is the approach
used to reduce the harmonic content of the magnetic field of the lattice magnets
below specification [101}[102| using Fourier or Taylor expansion of the magnetic
field. This approach is very convenient when one can use different specialized
function magnets since any error can be compensated individually. In the case
of septa the aim is to cancel the leak field in modulus and usually the space
for compensation coils is very limited.

Taking a step back, for a given magnetic field in free space that needs to be
canceled, one could find a position where to place one or more coils and thus
fully cancel the original magnetic field. A very easy way of doing this is to use
the algorithm described by Fartoukh in [84] [103]. This algorithm is very well
suited for homogeneous linear media. If there are two or more linear materials
present the equations for the two of them have to be linked and the way to
do it is not straightforward. If the geometry is simple enough one can use
conformal mapping techniques and the image method to solve for the scalar
magnetic potential as if it was an electrostatic potential [95] [104]. For usual
geometries of magnet gaps (squares or circles), the most commonly used map-
ping is the Schwartz-Cristoffel mapping. which is also implemented in many
software packages like MATLAB [105, [106]. When the materials considered
are not linear, like electrical steel, this algorithm is not useful because the
magnetization of the yoke is not uniform. The way to overcome this obstacle
is to discretize the material in pieces small enough in which the material can
be considered linear, which is nothing else than the well known Finite Element
Method. Although it will not be accurate, Fartoukh’s method can be used as
a first approach if the finite element analysis is foreseen to take long to mesh
and solve.

Coming back to compensating the leak field of the scaled version of the
Lambertson septum, it is not necessary to compensate all the harmonics of
the magnetic field, it is enough to make the harmonic terms small enough,
considering the higher order terms tend to be smaller naturally. The first iter-

105



Lambertson septa

ation is to use only one compensation coil to make this compensation as simple
as possible. Since it is not easy to cancel the leak field with one compensation
coil, a second coil can be added, or a third. As stated before, the danger of this
method is that it is very easy to keep adding compensation coils to compensate
for the effects of the last set of compensation coils added, and this can esca-
late very quickly to an unrealistic solution, even if the desired compensation
is achieved. For this study, the amount of compensation coils has been limited
to two. Also, since the main idea of this approach is to use superposition to
cancel the leak field there is no MuMetal screen in these designs because it
would go against the objective.

The leak field that has to be compensated depends on the shape of the
orbiting beam gap. A detail of the different shapes considered and the field
lines of the leak field are presented in figure to better illustrate the starting
point of the compensation coils approach.

Figure 3.21: Leak field to be compensated depending on the orbiting beam
gap shape

It can be seen that the approach in the case of the circular orbiting beam
gap has to be different than in the case of the square one. The first one has
mainly a dipolar component while the square orbiting beam gap introduces a
significant quadrupolar content. The wedge shaped gap produces a magnetic
field which is approximately the superposition of the other two. This will
impact the positioning of the coils. Another key parameter will be the value
of the current in the compensation coils. To have a first idea of the propor-
tion between the main current and the compensation current, an optimization
problem has been set up in Opera 2D, using the Opera Optimizer [96] to au-
tomate the process. The optimizer performs a grid search although it saves
time by reducing the grid to the nodes that produce the best results at each
iteration step. The design variables are the two currents and the objective
functions are to maximize the magnetic field in the extracted beam gap and
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to minimize the surface integral of the leak field over the orbiting beam gap
divided by the area of the orbiting beam gap. As explained in section this
figure of merit is more representative than minimizing the leak field at a given
point or minimizing the integral of the leak field along a given line since there
are regions of the orbiting beam gap where the leak field is in the order of
mT and others where it approaches 0.5 T. This figure is measured in T-mm?.
This magnitude should not be confused with Wb since the surface vector in
the magnetic flux definition is perpendicular to the one used here. However, in
tables 3.8 and [3.9] the figure of merit is represented in T because the surfaces
are the same, the field is only averaged over the orbiting beam gap.

Using the magnetic field at a given point or integrating along a given line
is risking not to obtain a correct design. To reduce computation time, the
objective that was minimized was the surface integral of the leak field over
the orbiting beam gap and the division by the area was only done to the
optimal solution found. This will not change the result since the value will be
proportional and due to the way the Opera Optimizer works, saves significant
computation time.

3.5.4.1 Adding one set of compensation coils

Using one compensation coil a range for the optimum values was found. There
is obviously a relation between the magnetic field in the extracted beam gap
and the leak field in the orbiting beam gap.

The results are presented in detail in table [3.8 The negative signs in the
compensation coil current expresses that the polarity of the compensation coil
is opposite to that of the main coil.

Table 3.8: Results of the optimization using one compensation coil

Parameter Unit Minimizing leak Maximizing
field integral the main field
Main coil current A-turns 97 - 103 278 - 10°
Compensation coil current | A-turns -394.95 -540.53
Magnetic field in the T 1.50 1.85
extracted beam gap
Leak field integral over T 3.61.10~° 2.17-10~%
the orbiting beam gap

A detailed simulation for the two cases has been performed and although
these two designs were the best of all the possibilities, a look at the field maps
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of the orbiting beam gap shows that the compensation is not successful. The
leak field maps of the lowest and highest ratios identified are presented in
figures and respectively. They are not presented in the same figure
because of the difference in the leak field values. The maximum value in the
axis of figure[3:22]is 0.1 T and in figure [3.23] the maximum value is 0.5 T.
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Figure 3.22: Leak map field of the lowest leak field design

The highest ratio design produces a leak field that is at least 0.25 T in
almost every part of the orbiting beam gap. This value is not acceptable
and achieving a magnetic field in the extraction beam gap of 1.85 T does not
justify such a high leak field. The lowest ratio design improves the leak field
significantly. The leak field in most of the orbiting beam gap is below 50 mT.
This is one order of magnitude less than the highest ratio design and it comes
at the expense of achieving a magnetic field in the extracted beam gap of “only”
1.5 T. In terms of main field it is an improvement of 10% with respect to the
scaled MSDC Lambertson septum. However, the leak field is still one order of
magnitude higher than what is specified in the FCC parameters in table [3.4]
and this analysis shows that it is not enough to use only one compensation
coil to fully cancel the leak field. This result can not be used in the FCC beam
dump line but it might be useful for another application in the future.
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Figure 3.23: Leak map field of the highest magnetic field design

3.5.4.2 Adding two sets of compensation coils

Using two independent compensation coils again no clear optimum was found.
After checking the feasibility, a range for the currents ratio was established.
It was found that the results did not change significantly with respect to the
cases in which only one compensation coil is used. The results are presented
in detail in table Again the negative sign represents that the coil polarity
is opposite to the main one.

Table 3.9: Results of the optimization using two compensation coils

Parameter Unit Minimizing Maximizing the field
leak field in the extracted beam
integral gap
Main coil current A-turns 102794.67 422357.76
Compensation coil A-turns -18.7 -18.7
current
Second compensation | A-turns -1077.18 -18.7
coil current
Magnetic field in the | T 1.5 2.05
extracted beam gap
Leak field integral T 2.41-.107° 2.47-1074
over the orbiting
beam gap

The leak field map for the highest field design is shown in figure It
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can be seen that the leak field is approximately 0.5 T almost in every region
of the orbiting beam gap, with the white regions of the image being above this
value. Even if the magnetic field is above 2 T the leak field is two orders of
magnitude above the FCC baseline parameters that can be found in table 3.4]

Component: B
oo

Figure 3.24: Leak map field of the highest leak field design

Since a 2 T Lambertson septum with compensation coils is not acceptable,
the other alternative is to try to reduce the leak field as much as possible and
accept the resulting magnetic field value in the extracted beam gap. Even
a magnetic field of 1.5 T is still a 10% improvement from the 1.36 T scaled
MSDC septum. The leak field map of this design is shown in figure

Studying the results of using one compensation coil and two independent
compensation coils, the conclusion is that it is not possible to cancel the leak
field completely. Although the average leak field value used in the optimiza-
tion seems better than the baseline requirement at first sight, once the field
map is produced, it can be seen that the average value does not represent the
leak field accurately since it varies abruptly depending on the region of the
orbiting beam gap. Besides, looking at table [3.9] one can see that the min-
imum leak field design is equivalent almost to using only one compensation
coil. A further optimization of the two coils approach consists in changing the
position of the compensation coils. The improvement is negligible because the
leak field stays within the same levels and the field quality in the extracted
beam gap decreases. The next idea for compensating the leak field is to use
permanent magnet blocks instead of compensation coils. It is not likely that
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Figure 3.25: Leak map field of the lowest leak field design

the permanent magnets will improve significantly the cancellation of the leak
field but since they do not consume any power it is worth studying their use.

3.5.5 Reducing the leak field by adding permanent mag-
nets

As an alternative to compensation coils, simulations were performed using per-
manent magnets to compensate the leak field. There are new magnet designs
at CERN for the DIRAC experiment and LINAC4 that use only permanent
magnet blocks to produce the magnetic field |107, |68] and even permanent
magnet septa are being investigated at KEK [71]. The main advantage of
permanent magnets is that they don’t consume any power, but the magnetic
field produced is fixed. This could be acceptable for the injection septa since
injection always takes place at the same energy but not for the dump line
because it has to be possible to extract the beam at any energy. The magnet
blocks chosen for the simulation were Samarium- Cobalt permanent magnets
(SmgCo17). They are similar to NdFeBo magnets but the Samarium- Cobalt
magnets have usually higher coercivity and temperature stability although
temperature stability has to be studied carefully and the magnet should be
installed in a location with constant temperature [108]. Besides, the radia-
tion hardness of the Samarium- Cobalt magnets is much higher than that of
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the Neodymium magnet blocks |71]. Since the operational cost of permanent
magnets can be virtually zero given the right conditions, it is worth to study
the influence of using permanent magnet blocks to compensate the leak field.
The BH curve has been taken from [109] and it is plotted in figure

BH curve of the Samarium- Cobalt permanent magnet
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Figure 3.26: BH curve of the Samarium-Cobalt permanent magnet blocks

Four different alternatives for the positioning of the permanent magnet
blocks have been investigated and they are all illustrated in figure [3.27] The
direction of the magnetization of the permanent magnets is drawn in green
arrows. The aim of this positioning is to force the magnetic field lines to
avoid the orbiting beam gap. The two cross sections in the top of figure [3:27]
are obviously the most inefficient since they will increase the saturation on
the left side of the orbiting beam gap. However, they can not be discarded
immediately. The two possibilities at the bottom of figure are naturally
guiding the leak field lines out of the orbiting beam gap. They are in a manner
shielding the orbiting beam gap from the leak field with their own magnetic
field lines. They rely on superposition of the magnetic field produced by the
coil and the magnetic field produced by the permanent magnet blocks to guide
the field lines around the orbiting beam gap or if that is not possible, to
compensate the leak field inside the orbiting beam gap.
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Figure 3.27: Four cross sections considered

Finally, no significant improvement was identified using permanent mag-
nets because in all cases the leak field is too high. The field maps of the four
different cross- sections are presented in figure [3:28] All the simulations have
been performed for a main field value of 1.36 T in order to compare them
with the other alternatives. In all pictures, the white regions are the regions
of the orbiting beam gap where the leak field exceeds 0.5 T. It can be seen
that the two designs at the bottom of figure [3:28] are much better perform-
ing in terms of leak field but there is still a significant region of the orbiting
beam gap where the leak field is above 0.25 T. These high values for the leak
fields and the fact that the permanent magnets can not be tuned, discourage
the use of permanent magnet blocks instead of compensation coils, in spite of
the fact that permanent magnets are becoming more common in accelerator
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environments, even in the septa domain [107 110].

A

Figure 3.28: Field maps

3.6 Super ferric design

The limiting factor of the Lambertson septa topology have been studied. It
has been found that the most critical aspect is the saturation of the yoke in the
septum blade. Different ways to reduce this saturation and to compensate the
leak field have been investigated. The only further study that could be carried
out is to produce a super ferric Lambertson septum. The main advantage of
a super ferric design is a potential reduction of the power consumption, since
it will be operated in quasi DC mode. However, the septum thickness and the
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leak field cannot be reduced while maintaining the same magnetic field in the
extracted beam gap because they are only a consequence of the saturation of
the septum blade, as explained in section [3.4.1

3.7 Figure of merit applied to the Lambertson
topology

To finalize the study on the Lambertson topology, it is interesting to calculate
the figure of merit introduced in [2:5] The figure of merit has been calculated
only for the FCC scaled Lambertson septum and for the double Lambertson
topology. It has been shown in this chapter that modifying the orbiting beam
gap shape, adding high saturation materials, compensation coils or perma-
nent magnet does not produce a better design. The results are presented in
table

It can be seen that the figure of merit of the superferric Lambertson is
one order of magnitude lower than the scaled one and the double Lambert-
son. The figure of merit rewards minimizing the amount of superconducting
material used in the coil design and using it more efficiently, in higher field
regions. The second factor of equation [2.31] which measures how efficiently
the superconducting material is used, will be equal to one only when the coil
is operating at the critical field, that is, never. It will always be lower than
one, and in this case it is exceptionally low because the peak field in the coil
is about 0.8 T. This is an inherent feature of the Lambertson topology, the
coil is far from the high field region and it is protected by the iron yoke.
It can be argued that the superferric Lambertson septum is not significantly
different than the normal conducting one, only the coil changes from being
made from copper to being built from superconducting material. One would
expect a superconducting magnet would obtain a higher value in the figure
of merit calculation. However, as it was shown in section Lambertson
septa are limited by the septum thickness. For a given thickness the magnetic
field cannot increase indefinitely without the leak field increasing, which would
be unacceptable. In this calculation, the magnetic field was computed while
maintaining the leak field below 0.1 mT. For this reason, the magnetic field
of the super ferric Lambertson septum is the same as the normal conducting
variant. Following this analysis, from the point of view of the maximum mag-
netic field, it is always interesting to choose a superconducting dipole, but in
the case of a septum this might not be true, and the advantages of using a
superconducting materials are in the form of space or energy savings, if any.
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As a discussion, it can be argued that the figure of merit is not a reliable tool
for comparing different magnets because the super ferric Lambertson obtains
a much lower value than the normal conducting variants. As described in
section [2.5] the figure of merit only takes into account magnetic parameters.
In a full injection or extraction region there are many more variables that
come into play, such as cost, straight section length, availability of cryogenic
installations, etc. One obvious case is when the accelerator is being upgraded
and the available space is one of the constraints, which is a different case from
when the accelerator is in the study phase as in the case of the FCC. The
figure of merit is a useful tool but is not the only tool available and it should
not be. Septa design is always an exercise of compromise in itself, as shown
in figure but it is also a compromise with all the other components of the
machine, including the civil engineering and services. If all these aspects are
considered, a more detailed analysis is needed.

Table 3.10: Calculation of the figure of merit for the different Lambertson
septa presented.

Lambertson type By (T) | Bsat (T) | Bpole (T) | Bieak (mT) | h (mm) | s (mm) | K (-)
Scaled Lambertson 1.38 1.9 2.9 0.1 46 30 32
Double Lambertson 1.65 1.9 3.15 0.1 46 30 42
Super ferric Lambertson | 1.38 6.5 0.8 0.1 46 30 2.6
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Chapter 4

Massless septa

4.1 Introduction

In this chapter we will investigate the possibility of using massless septa for the
FCC. In section[4.2] the Pacman septum topology is presented and an optimum
design is compared with existing massless septa. In section the feasibility
of using an RF cavity for leak field compensation is explored. Finally, a new
injection protection scheme using a double massless septum is briefly studied
in section to assess the potential of this strategy.

4.2 Pacman septum

4.2.1 Introduction

The concept of the Pacman septum is shown in figure It can be seen that,
while the iron yoke is not saturated, the magnetic field will not escape to the
zero field region.
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Figure 4.1: Pacman septum with field lines

The injection and extraction beam requirements have been presented in
section [I.1.3] It is important to note that the Pacman septum here is assumed
to be a super ferric magnet. Being a dump septum, it is necessary to operate
the magnet in quasi-DC, following the energy swing of the collider. In order
to avoid having enormous coils, the current density needs to be higher than
that of copper in a normal conducting magnet, operated in DC, which is in the
order of 5 A/mm?. For a septum magnet, since it is usually a pulsed magnet,
the current density in the coil can be up to 100 A/mm?2. For a 2 T Pacman
septum, the curent density considered is in the region of 200 A/mm?, which
is at least a factor of two above what can be cooled in a resistive coil and

therefore needs to be made superconducting.
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4.2.2 Optimization

The most interesting question about the Pacman septum is that it can be
optimized to reduce the leak field and the septum thickness and increase the
magnetic field in the gap with a better field homogeneity. For reference, the
field produced by a generic Pacman septum with an angle of 45° and a 38 mm
gap height is not homogeneous and presents a septum thickness of about 50 mm
counting from the end of the orbiting beam gap, which sometimes is referred
to as the beam stay clear region.

The variables used in the optimization are the opening angle, the coil di-
mensions and the extension of the yoke before the corner of the opening angle
of the yoke. This is shown in figure

Figure 4.2: Pacman septum variables, angle (6, gap width (W), pole tip (P)
and gap height (H)
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It is not surprising to find as a result that the main contribution to the
apparent septum thickness is the gap height. The distance needed for the
magnetic field to decay to acceptable levels is proportional to the gap height.
This is common to most iron-dominated septa. The field magnitude and qual-
ity depend on the gap height, and for a bigger gap the deviation of the field
lines from the ideal trajectory, straight between the two poles, becomes more
evident. In the case of lattice dipoles this means an increase of the higher
order field harmonics while in septa it appears as a leak field.

Magnetic field in the GFR

25
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position (mm)

Figure 4.3: Pacman septum field plot along the midplane

A field plot along the midplane is shown in figure [£.3] where the good field
region is situated between the coordinates -40 and -10. Then the orbiting beam
would be located in the area between the coordinates 10 and 30, which presents
a leak field much higher than it would be acceptable. Therefore, it is necessary
to optimize the Pacman septum cross section to produce a homogeneous field
and reduce the apparent septum thickness, where the magnetic field transitions
from the nominal value to zero.

The aperture dimensions on any magnet are determined by the beam pa-
rameters, so the only option left is to add passive or active compensation
(shims or coils) to optimize a Pacman septum. The optimisation process has
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been carried out iteratively in three steps. First, a parametric scan of the
three variables was performed, and the best design was kept. The second step
was to introduce shims in the good field region to improve the field quality.
Last, compensation coils were added to reduce the leak field and the apparent
septum thickness and the current in these coils was also set. This process is
illustrated in figures [£.4] L7 and [£.6] respectively. Figure .4] presents the op-
timization variables of the cross-section shown in figure Figure shows
a detail of the good field region with the addition of shims. Figure shows
a detail of the cross section with the addition of the compensation coils and
the different zones have been marked for clarity.

This approach is acceptable because the Pacman septum can be treated as
two almost independent magnets. The magnetic field in the good field region is
produced by the main coils. However, the open part of the cross-section, from
which the Pacman septum takes its name, acts as a second magnet producing
a very low field, which is the leak field. It is also important to note that the
shims have been optimized to produce a good field quality at 2 T. When the
field is significantly lower, the field quality also decreases significantly. This
effect is due to the fact that the magnetic field is dominated by the pole shape
and its saturation. For a different pole shape, the field distribution will be
different because the local permeability of the iron yoke will vary. Therefore,
it is necessary to modify the shims accordingly with the magnetic field obtained
in the gap. This makes the use of the Pacman septum in the extraction system
very challenging since it needs to operate in an energy range instead of at a
fixed energy. Due to this fact, it may be suitable for the injection region.
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Figure 4.4: Result of the first step of optimization. Opening angle and coil
placement.

Figure 4.5: Result of the second step of optimization. Shims in the good field
region.
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Note that the gap height is 38 mm but the poles are shimmed up to a height
of 50 mm in the central part. Although the gap size is 38 mm, the magnetic
field is generated by a 50 mm gap. The poles could not be shimmed in the
opposite way, having a 38 mm gap and adding iron, even outside the good field
region since that would reduce the acceptance of the Pacman septum. This
increase in height is the key to improve the field homogeneity to an acceptable
value. It comes at the expense of having a greater apparent septum thickness
and a lower field, since the pole tips are highly saturated. All the Pacman
septum characteristics are detailed in table

Table 4.1: Parameters of the optimized Pacman septum.

Parameter Unit Value
Magnetic field T 1.34
Leak field mT 3.26
Apparent septum thickness mm 55
Gap height mm 38

NI (main coils) A-turns | 54912
Current density (main coils) A/mm? | 264
NI (compensation coils) A-turns | 100
Current density (compensation coils) A/mm? | 5
Gap height/apparent septum thickness | - 1.44

Although the apparent septum thickness (55 mm) is 83% bigger than the
required for FCC (30 mm), the ratio (r) between the apparent septum thickness
and the gap height is only 1.44. This result is due to the fact that the Pacman
septum operates at a 1.34 T field. Reported massless septa in literature present
a worse (higher) ratio at a much higher field, such as a ratio of r=1.3 at
0.1 T [66] and a ratio of r=1.6 at a field of 0.8 T [67]. The optimization
process and other massless septa alternatives are described in |85 86].

The magnetic field along the midplane obtained after the optimization has
been completed is shown in figure [I.7] Comparing it with the field obtained
before performing any optimization, presented in figure [4.8] it is seen that
the field quality has been dramatically improved and the septum thickness is
reduced. After the optimization, the field homogeneity is better than 1.5%.
Figure [£.7] only shows the leak field up to the end of the orbiting beam gap,
although it is higher than the 1% limit chosen in section m

For completeness, both fields are compared in figure [1.8]

It is seen that although the leak field of the optimized version decays over a
slightly bigger distance, the field quality in the good field region is significantly
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Figure 4.6: Result of the final step of optimization. Addition of compensation
coils.
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Figure 4.7: Pacman septum field plot along the midplane after optimization
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Figure 4.8: Comparison of the Pacman septum magnetic field in the midplane
before and after optimization

better. This tradeoff is not ideal since the improvement of the field homogene-
ity comes at the expense of increasing the leak field level. The original Pacman
septum produces a magnetic field that is not ideal for any standard accelerator
application, while the optimized Pacman septum could be installed in an given
accelerator because there is a homogeneous high field region with a zero field
region clearly delimited.

4.2.3 Comparison with Iwashita and Yonemura septa

To put into perspective the Pacman topologies performance, it is useful to
compare it with the existing massless septa. The designs by Iwashita and
Yonemura have been scaled to have the aperture dimensions required
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by the FCC. Additionally, both designs have been pushed to achieve a magnetic
field as high as possible and they will be compared with the Pacman septum
presented in section using the figure of merit. As a second comparison, it
is very useful in massless septa to compare the ratio between the gap height
and the apparent septum thickness ().

4.2.3.1 Iwashita type septum scaled for FCC

The full details of this design are presented in [67]. The aperture of this magnet
has been increased to fulfil FCC geometry requirements and the current has
been increased to find the maximum field achievable with this septum topology,
of which a prototype has not been built, only simulations exist.

A detail of the scaled cross section is shown in figure Two shims have
been added to improve the field quality in the good field region, in which the
field homogeneity is better than 3%. These shims do not affect greatly the
leak field. The leak field in the orbiting beam gap increases dramatically with
the magnetic field increase, from the original 0.8 T to 1.13 T.

Figure 4.9: Detail of the adapted Iwashita design

The magnetic field along the mid-plane is presented in figure
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Figure 4.10: Adapted Iwashita septum field plot along the midplane after
optimization

The parameters of this septum are summarized in table [.2]
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Table 4.2: Parameters of the optimized Iwashita septum.

Parameter Unit Value
Magnetic field T 1.13
Leak field mT 0.5
Apparent septum thickness mm 52
Gap height mm 38

NT (main coils) A-turns | 17372
NI (compensation coils) A-turns | 3
Gap height/apparent septum thickness (r) | - 1.5
Left shims dimensions (h/v) mm 8/3
Right shims dimensions (h/v) mm -

4.2.3.2 Yonemura type septum scaled for FCC

The full details of this design and the prototype built are presented in [66]. The
aperture of this magnet has been increased to fulfil FCC geometry requirements
and the current has been increased to find the maximum field achievable with
this septum topology.

A detail of the scaled cross section is shown in figure Two shims have
been added to improve the field quality in the good field region, in which the
field homogeneity is better than 3.5%.

The parameters of this septum are summarized in table

Table 4.3: Parameters of the optimized Yonemura septum.

Parameter Unit Value
Magnetic field T 0.1
Leak field mT 7
Apparent septum thickness mm 65
Gap height mm 38
NI (main coils) A-turns | 2080
Gap height/apparent septum thickness (r) | - 1.7
Left shims dimensions (h/v) mm 7/4
Right shims dimensions (h/v) mm 4/4
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Figure 4.11: Detail of the adapted Yonemura design

4.2.3.3 Comparison of the three massless septa topologies and cal-
culation of the figure of merit

The best way to illustrate the performance of the three septa analysed in the
previous paragraphs is to plot the magnetic fields simultaneously in figure [4.12]
where the magnetic field from the scaled Yonemura design has been multiplied
by a factor of 10 for clarity. The Yonemura design is plotted in the right hand
axis due to the difference in the field magnitude with respect to the other two.
It can be seen that the scaled Yonemura septum is not useful for FCC since
the leak field is in the order of a few mT and it decays very slowly. The scaled
Iwashita-like septum achieves a field that is almost 10 times higher and the
apparent septum thickness is 1.5 times the gap height, which is a significant
improvement compared to the scaled Yonemura-like septum. However, the
Pacman septum produces a field that is almost 1.5 T, which is an increment of
about 27 % with respect to the Iwashita-like and achieves the apparent septum
thickness of 55 mm, which is 9% thinner than the Iwashita-like septum.

As a final step of the comparison, the figure of merit presented in sec-
tion has been calculated for the three septa. The results are presented in
table Since the Pacman and the Iwashita septa scaled for the FCC
would have to be made super ferric, the FCC Yonemura-like septum could
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Magnetic field comparison of different septa

2
10x Yonemura septum
18T Pacman septum 1
Scaled Iwashita septum
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Figure 4.12: Comparison of the different septum fields plot along the midplane
after optimization

130



Chapter 4

be made normal conducting for simplicity. In this case, the three figures of
merit have been calculated using the normal conducting formula because the
only reason to build the septa super ferric is to reduce the coil size and power
consumption. Additionally, the Pacman septum would achieve a higher figure
of merit if the aperture was reduced, given that the leak field is related to the
leak field. This variant of the Pacman septum is also swhon in table [1.2.3.3]
for completeness, although it would not be possible to install a septum with
such dimensions in the FCC. Magnetically, the three septa behave like a direct
drive septa, as presented in section

Table 4.4: Calculation of the figure of merit for the different massless septa

presented.
Massless septum Bo (T) | Bsat (T) | Bpole (T) | Bleak (mT) | h (mm) | s (mm) | K (-)
Scaled Iwashita septum 1.13 1.8 1.78 0.5 38 52 1.63
Scaled Yonemura septum | 0.1 1.8 0.42 7 38 60 0.002
Pacman septum 1.34 1.8 2.31 3.26 38 55 0.36
Pacman septum
(reduced acceptance) 2 | 1.8 | 2.82 | 1.26 [ 30 | 47 | 2 |

As a second figure for comparison, and although it is already included in
the calculation of the figure or merit, it is common among magnet designers to
calculate the ratio between the septum thickness and the gap height (r). For
completeness, this ratio has been calculated explicitly in table

Table 4.5: Comparison of gap height and septum thickness for massless septa

Apparent septum . Septum thickness
Septum type thIi)(I:)kness (mII)n) Gap height (mm) sz)p height (-) !
Pacman septum | 55 38 1.44
Pacman septum
(reduced) 47 38 1.24
Iwashita type 52 38 1.37
Yonemura type | 65 38 1.71

From the figure of merit calculated for the three septa types, it is obvious
that the Yonemura type is not suitable for FCC since the magnetic field is
too weak, although the main use of the prototype was to do phase space
stretching, as explained in [66]. The Iwashita type septum and the Pacman
septum are also not suitable for FCC, despite the fact that their figure of
merit being significantly higher than the Yonemura one, although 1.1 T is not
particularly high for the magnetic field of a septum magnet. This is due to the
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fact that their operating fields are much higher, in part thanks to the use of
compensation coils. It is worth noting that the original design by Yonemura
does not include compensation coils because the main goal was not to create
the perfect massless septum but to use the field gradient.

4.3 RF compensation and resonant mode selec-
tion

One possibility to use a Pacman septum in the FCC is to accept that the
virtual septum thickness is bigger than desired and actively compensate its
effects.

As an alternative it is of interest to investigate a compensation scheme using
a transverse deflecting radiofrequency cavity and to estimate the necessary
parameters for such a cavity. The goal is to discard this approach in case the
necessary width, length or frequency were not possible to realize and obtain a
preliminary assessment of the feasibiliyt of such a system..

Usually in high energy particle colliders, RF cavities are used to accelerate
the beam instead of deflecting it. This approach to deflect transversely a
beam to compensate a leak field becomes interesting because the cavity can
act on some selected bunches and not necessarily on all the bunches of the
beam. This may be useful if one wants to use the cavity as a bumper magnet,
to create a small bump in the beam orbit at a certain point. The particle
deflection is due to the Lorentz force seen by the beam, so it is necessary to
have a transverse electric (TE cavity) or magnetic field (TM cavity), or both.
However, one should be careful when having both an electric and magnetic
field in the transverse plane since their actions can add up constructively or
destructively. This cavity does not intend to be a transverse damper, as the
ones present in high intensity machines. A transverse damper will operate over
several turns and may even be designed with a frequency high enough to act
on the head or the tail of a given bunch. In this case, the cavity is assumed to
compensate the leak field over one turn and the bunch size is not taken into
account. The aim of this study is to investigate the feasibility and estimate
the relevant parameters of such a system.

A TE cavity does not have a longitudinal electric field, and according to the
Panofsky-Wenzel theorem, the transverse kick of a cavity depends on the trans-
verse variation of the longitudinal electric field, as shown in equation :

Vx:/%dz:/(Ew—i—(?x?)x)-dz:—g/(7t~Ez)-dz (4.1)
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In equation .1} the particles are travelling along the Z axis. Fy is the force
in the x direction and Ey is the electric field in the x direction. The charge
of the particle is named q. +E, denotes the derivative of the transverse
direction. The velocity of the particle is v, which at high energies can be
substituted by the speed of light. Then, the product of the velocity of the field
can be approximated by:

T xB=uv,-By~c-B, (4.2)

This theorem is applicable to any kind of cavity provided that the deviation
from the axis is not significant. This is true in this application since the goal
of the cavity is to compensate a deflection from a leak field. It has to be
taken into account that V, is not a real voltage as understood in an electric
circuit or an electrostatic deflector since part of the deflection comes from the
magnetic field. It is fundamentally the work per unit of charge. Additionally,
the angular frequency w is related to the frequency via w = 2x f.

Given that TE modes are characterized by not having an electric field in
the direction of propagation, it is not possible then to use a cavity operating
in a TE mode to deflect the FCC beam. Since the longitudinal component
of the electric field does not exist, therefore there is no variation, transverse
or otherwise, of the longitudinal electric field. The simplest mode possible in
a TM cavity is the TMy19 mode. The electrical field on axis is zero but the
transverse magnetic field in the axis is most favourable for deflection since
both sides of the field add up constructively. The simplest cavity that can
be designed is a cylindrical pillbox cavity, and its equations in cylindrical
coordinates for the electric and magnetic field of a Ty1¢ cavity are given by:

E. =0
Ey=0
z:0

B

E, = EyJ1(BLT) - cos(0) (4.3)
B

B

o = i 20 g7 (BT . cos(f)
= i B T(BuT) . gin(6)

a

cTrpi1

In the system of equations , a is the radius of the cavity, J; and J’;
represent the second order Bessel functions of the first kind and its derivative
respectively, p11 is the first zero of J1, whith a value of 3.8317, and the imag-
inary unit in the magnetic fields equations shows that there is a 90° phase
difference between the electric and magnetic field. n is the impedance of free
space. It can be seen that the radial and azimuthal components of the mag-

133



Massless septa

netic field are not zero, so they will be able to deflect the beam. It is also
necessary to keep in mind that B = poH.

A schematic of the pillbox cavity with the relevant dimensions is presented
in figure [£.13] The beam travels along the z axis.

/

Figure 4.13: Schematic of the cavity dimensions.

The operating frequency determines the cavity radius, according to equa-
tion (4.4)), which relates the operating frequency to the geometrical parameters
of a TM ) cavity. It is clear that if the frequency increases, the radius of the

cavity decreases 112].

Wi = C - \/(p”Tm)2+ <Ll7;,>2 (4.4)

In the case of a TM1¢ cavity, the length is not determined by this equation
since the corresponding term is 0. In equation [£.4] a is the cavity radius and
Leay is the cavity length and p;; is the first zero of the second order Bessel
function of the first kind, which has been plotted in figure [f.14} Introducing
this value of p;; and a frequency of 500 MHz in equation , the radius a

is fixed to 365.7 mm.
n=/2 (4.5)
€0
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The equations have been adapted to this case from [111].
For illustration, the first and second order Bessel functions of the first and
second kind are plotted in figure .14

Bessel functions of the first kind Bessel functions of the second kind

0.6

0.4

0.2

02
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08

Figure 4.14: Plots of Bessel functions of the first and second kind

The field distribution of a TM;jqo cavity is shown in figure {.15] A per-
spective view is shown in figure [L.16] The colour scale is set to one at the
maximum field and zero at the lowest point. The directions of the field are
indicated with the directions of the arrows.
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Figure 4.15: Magnetic (left) and electric (right) field distribution in a TM110
cavity (arbitrary units)

As expected, the magnetic and electric field have a phase difference of 90
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degrees between them and the magnetic field is strongest at the centre, while
the electric field is zero along the axis. The maximum of the electric field is
located halfway between the axis and the ends of the cavity, while the magnetic
field has a global maximum in the axis and two local maxima at the cavity
walls, and it vanishes at the midpoints.

a4

Figure 4.16: Magnetic (left) and electric (right) field distribution in a TM110
cavity in 3D (arbitrary units)

4.3.1 RF cavity feasibility

Once the operating mode of the cavity has been identified, the next step is to
define its parameters to achieve a feasible design. The first choice to be made
is the technology to be used. A normal conducting cavity is simpler, does
not need any quench protection and is weaker than a superconducting cavity.
However, if this cavity is used in the beam dump system it should be working
permanently and follow the energy swing of the accelerator, which means that
it will be challenging to provide sufficient cooling power to the cavity during
operation of the FCC. If the cavity is used in the injection system, it can be
turned off once the injection is finished. However, the foreseen injection time
for the FCC is in the order of tens of minutes. Again, it would be challenging
to cool a normal conducting cavity during operation. It is therefore necessary
to use a superconducting cavity.

The minimum operating frequency is determined by the beam structure.
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That means if the cavity operates at a lower frequency, it will not be able
to deflect all the bunches. In the FCC baseline, the bunch spacing is 25 ns,
and a bunch, is approximately 8 cm long. That means that a bunch can be
seen as a 0.26 ns signal. Therefore, adding the duration of a bunch and the
bunch spacing, the cavity should be able to produce a full cycle of the wave
with a period between 25 and 26 ns, since the RF wave needs to go through
the positive and negative parts of the oscillation. Therefore, the minimum
operating frequency of the cavity is around 38 MHz. This estimation of course
does not take into account many features of the RF wave, such as rise time,
fall time or the duration of the peak. It is also possible to estimate the upper
limit of the operating frequency. The cavity needs to deflect one bunch at
a time, so the RF wave needs to be positive during approximately 0.5 ns.
That produces a maximum operating frequency of 2 GHz. Current technology
of superconducting cavities allows for operation at a frequency in the order
of 1 GHz, and as an example, the baseline operating frequency for the ILC
cavities is set at 1.3 GHz. To include some margin, this cavity will operate at
500 MHz.

In a TM110 cavity the cavity length is not related to the radius, as shown
in equation where the correspoding term cancels. This is also shown in
slide 55 of [113]. Considering only equation (4.4)), the length of the cavity
can therefore be chosen arbitrarily. The maximum useful length corresponds
to the distance covered by the particle during half a period of the oscillation,
which results in a cavity length:

c-T

Lca/l) = T =300 mm (46)

This length calculation has been verified using Opera 3D. A 300 mm long
cavity was simulated using the modal solver to identify the resonant frequencies
and modes and, as shown in figure [£.16] the magnetic and electric fields do
not depend on the longitudinal position. These results have also been found
to agree with those obtained by the CST software.

4.3.2 Preliminary estimation of the parameters of a pill-
box cavity with the required field map

A cylindrical cavity has been designed with the parameters presented in sec-
tion [4:3] The cavity is cylindrical because it is the simplest possible. First,
the resonant mode was identified by comparing the desired and obtained field
map and the resonant frequency with the Opera 18 HF Modal solver [114].
The cavity is simulated by assuming the walls are a perfect conductor.
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The beam rigidity is defined as the relativistic momentum of the beam per
unit charge and remains constant at a given energy.

_ Oret Mo - C
q

The cavity was excited with a 30 MV /m electric field, as stated in sec-
tion which implies that the peak magnetic field is 0.1 T. For comparison,
the leak field of the Pacman septum presented in section is 1.26 mT. With
these values of magnetic fields, it is possible to neglect the effects of the leak
field of the Pacman septum because its effect on the beam will be approx-
imately 80 times smaller. The deflection («) of a 50 TeV particle due to a
0.1 T magnetic field can be approximated by:

Bp (4.7)

B Lew =a-Bp (4.8)

In equation the magnetic field integral has been approximated by the
product of the magnetic field by the cavity length. p is the radius and the
product Bp is the beam rigidity, which results in a=180 nrad. For the leak
field of 1.26 mT and a magnet length of 4 m, the achieved deflection obtained
from equation is « =30 nrad. A priori it is possible to use the RF cavity
to compensate the deflection from the leak field. However, it is assumed that
the leak field is corrected in a single kick, which would require perfect phase
advance at every turn. It is therefore necessary to operate the cavity with an
orbit feedback system, to relax this constraint.

4.3.3 Effect of the massless septum and the RF compen-
sation on the orbiting beam

A more detailed calculation has been performed using an implementation of
the Finite Difference Method in Matlab. It was not possible to perform this
check automatically within the modal simulation because the solution provided
by Opera contains only the resonance mode, not the fields at every node.
To obtain the field values at every point a different simulation needs to be
performed. Such a simulation is significantly more time consuming than the
modal simulation and does not add any necessary insight at this moment. This
preliminary calculations only investigate the feasibility of this compensation
scheme. Alternatively, the particle tracking could be performed using general
purpose codes like GPT or MAD-X. Again, these simulations would take too
much time for this preliminary study.
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A thorough description of the finite difference method and its application to
this problem can be found in appendix [A] The script, which considers only the
magnetic field in the cavity, starts by calculating the magnetic force suffered
by a particle travelling through the cavity. Considering only the action of the
magnetic field, the acceleration of the particle is calculated by dividing the
magnetic force by the relativistic mass. The acceleration is then integrated by
using the finite difference method to obtain the particle velocity, which is then
integrated to obtain the transverse position at each longitudinal step.

his calculation assumes that the deflection happens only at one point, and
the particle only sees the maximum magnetic field because its separation from
the central axis is negligible. This approximation is necessary although the
leak field may vary across the bunch size.

The necessary field maps were extracted from Opera 3D at slices of 1 mm
and the trajectory of a 50 TeV particle inside the cavity was calculated using
equations . The separation of the particle from the longitudinal axis is
shown in figure [£.17] In the plot, the particle enters the cavity at 0 mm and
exits at 300 mm of the horizontal (longitudinal) axis, where the magnetic field
is strongest. The final deflection is below 1 nm.

The deflection produced by the cavity is less than 1 nm. Using the approx-
imation for small angles tan(f) ~ 0, this means that the deflection angle is in
the order of 1 nrad. This result is expected since 50 TeV is a very high energy.
A real beam would have a spread on position and momentum of the particles,
but it is seen that there is no need to take it into account at this stage since
the deflection of particles in a given starting position different to the axis will
be even smaller.

Therefore using an RF separator is not ideal for an accelerator like the
FCC, where the beam rigidity is extremely high. It could be useful however
for lower energy proton accelerators or for lepton machines. Such plots have
been produced for protons and electrons in figure It should be taken
into account that the vertical axis is in a logarithmic scale. It is important to
keep in mind that the rest mass of the electron is approximately 0.51 MeV /c2,
so the plot in figure [£.18] is only valid for energies in which the behaviour
of the beam is relativistic, that is, when v >> 1. Below this energies, the
assumptions made in these calculations do not hold and therefore the results
are not accurate.
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Figure 4.17: Radial separation from the axis of a 50 TeV particle inside the
RF cavity
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Figure 4.18: Deflection provided by a 30 MV /m RF cavity for a proton and
electron beam as a function of the beam energy

4.4 Double massless septum for injection pro-
tection

4.4.1 Concept

An unconventional application for massless septa is to use their magnetic field
to manipulate the phase space. One possibility is to use the gradient in the
apparent septum region to stretch the beam in phase space, to reduce losses
at the extraction point in the lattice, as it was proposed in [66]. After the
extraction point, a second massless septum with the opposite field returns the
beam to the closed orbit in phase space. Using this strategy, the losses of the
beam in the extraction septum can be reduced, which has many benefits like
reduced stress in the septum and a much lower activation during operation.
Normally in the injection region of a very high energy particle accelerator,
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like the LHC or the FCC-hh, there is a quadrupole magnet that helps deflecting
a mis-injected beam into an internal dump (TDI), which is capable of absorbing
the impact of a certain number of bunches or of the full beam because a staged
injection will be blocked as soon as the TDI suffers an impact. The quadrupole
is included in the lattice, its function is not only to take part in the optics of the
ring, but it also provides an extra deflection thanks to the careful design of the
injection region. An impact in the TDI generally indicates a problem upstream
in the transfer line or in the injection region, generally a kicker magnet firing
failure. A quadrupole magnet is used because the magnetic field grows linearly
as the beam is separated from the centre. This quadrupole field is cancelled
only at the centre point and affects the beam in all cases given that the beam
size of a perfectly injected bunch is not zero, so it needs to be included in the
optics.

Alternatively, it is possible to use a double massless septum as an injection
protection device [115]. There are two options in this approach. Option A is
to use the high-field region of the massless septum to extract a mis-injected
beam to an external dump (external TDI). Using an external TDI has the
advantage that avoids the hadronic showers to the downstream equipment.
The main drawback is that the deflection needs to be sufficient to bypass the
first quadrupole magnet seen by the injected beam, whose cryostat has a radius
of 540 mm.

The second option (B) is to use the gradient of the magnetic field in the
septum region to increase the horizontal size of the beam at the TDI. This
would reduce the deposited energy density while not affecting the orbiting
beam.

The required field profile is explained qualitatively in figure , with
the indicated dimensions and magnitudes. xzp is the width of the zero-field
region. 0By is the allowed leak field in the zero-field region, where the orbiting
beam is located. xgy, is the width of the apparent septum thickness and Bj,qz
is the field magnitude in the high field region.

The relevant parameters have been estimated in table [£.6] for both options.

Some of the parameters have been left blank because they are not rele-
vant in the corresponding option. For example, in option B the maximum
field (Bpaz) is not relevant, given that the beam will be passing through the
gradient region (zsz) and not through the high field region. In the case of
option B, both the necessary magnetic field gradient and the magnetic length
are given as a range because there is not only one possibility. The aim of this
option is to increase the horizontal size of the beam and the lower bound of
the range corresponds to an increase by a factor of 2.

It can be seen that in the case of option A, although the gradient of the
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Figure 4.19: Ideal field profile of a double massless septum with the relevant
magnitudes

Table 4.6: Estimation of the double massless septum requirements for both
options

Parameter Unit | Option A | Option B
Bmam T 2 -

Tz F mim 9.15 9.15

TSy, mm 5 5

ABy mT | 1 1

dB/dx T/m | - 10-50

[ B-di Tm | 108 -
Magnetic length | m 54 1-10

magnetic field has been left blank, to express that the gradient is not used
in the beam deflection, it is necessary to produce a 400 T/m gradient over a
5 mm distance (Xgz,), which is not realistic for a massless septum although it
is possible to be achieved in a superconducting quadrupole. It is possible to
change the optics to further increase the magnitude of xzg;, by increasing the
horizontal 8 function at the kicker magnet upstream from the TDI. Therefore,
only option B will be studied.

4.4.2 Comparison between ideal and real septum field

The most challenging part of designing a double massless septum is to produce
a zero-field region in the centre of the gap. The required field profile can be
seen as a quadrupole field that has been stretched in the centre. The most
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obvious way to change the slope of the field along the midplane of the magnet
from a quadrupolar field to a field as shown in figure [£.19]is to place a current
wall in the elbows of the plot. If this is done, then the massless septum is
not massless anymore. The alternative is then to use compensation coils and
create the desired field pattern by superposition.

The magnetic field obtained from the designed septum and the ideal mag-
netic field are plotted in figure Both plots are in the same scale. It
is seen that the zero field region can be stretched from a point to an almost
10 mm region, where the leak field stays below a few mT. Besides, the obtained
magnetic field gradient reaches the desired 50 T/m. It is necessary to keep in
mind that the magnetic field in the high field region is not foreseen to be used
in any application, therefore there is no field quality requirement and it is not
necessary to optimize it.

0.5 T T T T T T T

Ideal magnetic field

\ Simulated magnetic field
04 | 4

03 ]

021 \ i

01 I\

B(T)

05 L L L L L b 1
-40 -30 20 -10 0 10 20 30 40

X (mm)

Figure 4.20: Superposition of the ideal and the real magnetic field in the
midplane
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4.4.3 Feasibility

The main parameters of the double massless septum are presented in table [£.7
The leak field is currently estimated at a level of a few mT, a value comparable
to the error of the main dipoles.

Table 4.7: Parameters of the double massless septum.

Parameter Unit Value
Magnetic field gradient T/m 54.6
Leak field mT 1
Zero-field region thickness mm 10
Gradient region thickness mm 5
Gap height mm 38

NI (main coils) A-turns | 64000
Current density (main coils) A/mm? | 800
NI (compensation coils) A-turns | 37600
Current density (compensation coils) | A/mm? | 940

A zoom of the cross section is shown in figure The bigger coils are
the main coils and the smaller ones are the compensation coils.

Figure 4.21: Detail of magnet gap and coil layout for the double massless
septum
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Figure [£:20] shows that the double massless septum presented may be used
in the FCC injection protection scheme. All the parameters fall withing fea-
sible superconducting technology and the simulated magnetic field follows the
required field very closely. Besides, this idea can also be used for lower energy
beams, where the integrated field and the gradient required will be lower.

4.5 Conclusion

The Pacman septum has been presented in this chapter. It has been optimized
to minimize the apparent septum thickness and to maximize the peak field and
the field homogeneity. It has been shown that its performance is better than
previously reported massless septa in literature and the figure of merit has
been calculated.

It has been shown that the leak field of a 2 T Pacman septum cannot be
compensated by a transverse deflecting cavity although such approach may be
deployed at lower energies in lepton machines.

Finally, the use of a double massless septum for injection protection has
been studied with very promising results. The figure of merit calculated in
section [£:2] does not make sense in this application because there is no leak
field or apparent septum thickness, in fact, instead of reducing the septum
thickness which is the usual approach in septa design, the goal here is to
increase the zero field region and producing a magnetic field gradient.
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Chapter 5

Truncated Cosine 6 septum

5.1 Introduction

In this chapter the concept of Cosine 6 magnets is introduced with the aim
of explaining the idea of truncation to produce a Truncated Cosine 6 septum.
The 2D magnetic design of the cross section is performed in section[5.2.1] The
mechanical validation is performed in section Following this, the 3D
design of the coil heads is performed in section First the magnetic field
is simulated and the result is used in the mechanical validation. Finally, the
figure of merit is calculated in section [5.4]and future lines of work are identified
in section

5.1.1 Pure multipoles produced by Cosine 6 current dis-
tributions

The design of a Truncated Cosine 6 (TCT) septum starts from the well known
Cosine-Theta dipole with line currents and an iron yoke. One way to generate
a pure multipole field in 2D is to place two current cylinders with their centres
separated a distance s. One of them carries a current density Ji, that is
travelling into the paper and the other cylinder will carry a current density
Jout, flowing out of the paper. These current densities will have the same
absolute value, so they will cancel in the overlapping region, which can be left
empty. This situation is shown in figure The magnetic field at any point
in the overlapping region, which is the useful aperture, is then given by:

147



Truncated Cosine 6 septum

By = 5% (—ry - cost + 1y - costy) = —Hg72 (5.1)
v = 12411 - cosfy — 1o - cosfy) =0
y A
X

S~

A
A

Figure 5.1: Schematic of cross section to produce a perfectly uniform field
using two overlapping cylindrical current sheets.

A similar approach can be used with overlapping ellipses, for example two
crossing ellipses at 90° can produce a pure quadripole field as explained in [116].
Additionally, the Fourier transform can be applied to a magnetic field to de-
compose it in multipoles, which can then be generated using cylindrical or
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elliptical current sheets. The magnetic field is created by a current distribu-
tion at a fixed radius that is scaled according to:

J = Jy cos(N - 6) (5.2)

Following this, it is possible to produce any field using superposition of
the required Fourier multipoles. As it is not possible to produce a supercon-
ductor with the shape shown in figure [5.1] in practice a cylindrical sheet is
approximated by discrete conductors and the cos N - 6 distribution of current
is achieved by using spacers and grouping the discrete conductors in blocks.
Several layers can also be used to further approximate the ideal distribution,
typically two.

Starting from a Cosine # dipole, truncation is necessary to turn the magnet
into a septum, as shown on the left side of figure [5.2] which has been repro-
duced from . In 2D, the magnetic field lines are lines of constant potential.
Therefore, the magnet gap can be truncated along a constant potential line
and the magnetic field inside the aperture will not leak outside the current
wall. In this case, truncation means to place a current wall allong the cho-
sen equipotential line. Full derivation of a cos(n - §) multipole can be found
in and a derivation of the truncation procedure was done by Krienen
et al. . This procedure can be extended to any multipole, allowing to cre-
ate truncated quadrupoles, sextupoles, etc. If the truncation is not performed
along a field line, a combined function magnet can be created, although in this
case the leak field will not necessarily be confined into the field free region.
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Figure 5.2: Schematic of a Cosine-theta dipole and its truncation
In , the image current method, analogous to the mirror charge method

in electrostatics, is used to calculate the placement of the current distribution.
The image currents can be replaced by an iron yoke that is not saturated and
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conducts the return flux of the magnet in the same way as the image currents
and its dimensions can be calculated analytically. The analytical calculation
is based on two assumptions. The first one is that the permeability of the
yoke is much higher than that of vacuum and not yet saturated. The second
assumption is that a current wall that extends to the yoke forces the leak field
lines to avoid the field free region. In a conventional septum magnet, this
current density needs to be constant to avoid the magnetic field leaking into
the field free region. This is illustrated in figure presented in [120], and in

figure
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Figure 5.3: Schematic of the image current method

The iron saturation for this calculation is set at 1.6 T. Some soft magnetic
steels saturate at a higher level, but taking 1.6 T as a value also provides some
margin. It is important to note that this magnetic field value is the peak field
that can be allowed at a certain point in the yoke. If the yoke is saturated,
even locally, the permeability of that region decreases and eventually becomes

150



Chapter 5

Figure 5.4: Schematic of the TCT septum with the image currents replaced
by the iron yoke

comparable to that of vacuum. If the permeability of the yoke is not sufficiently
high, the magnetic field will leak into the field free region. It has to be noted
that the boundary conditions change when the image currents are substituted
by an iron yoke. In the case of the image current, the normal component of
the magnetic field is zero while in the case of the iron yoke the magnetic field
is fully perpendicular to the iron interface.
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5.2 2D design

One of the advantages of the TCT topology is that the geometry of the cross
section can be estimated analytically and can be optimized numerically using
a finite element code, as opposed to other septa topologies, like massless septa
or eddy current septa, which are not easy to study analytically with a good
accuracy.

The parameters that are set for this design are the coil radius (R.) and
the magnetic field in the gap (Bp). The inner radius of the yoke (Ry), the
number of turns (N) and the current (I) will be calculated. These parameters
are shown in figure 5.5
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Figure 5.5: Schematic of the TCT septum cross section
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The FCC injection and extraction requirements were presented in table[I.3]
The inner radius of the coil is set to 35 mm, and the line currents will be
approximated by an ideal line at the centre of the cable, that is, at a radius
of R, =39 mm. The inner coil radius is set at 35 mm to make sure that there
is space for the orbiting beam to circulate. As explained in |121], the inner
magnetic field created by a current sheet at at constant radius with a Cosine-
Theta distribution is given by equation and the iron yoke, with a radius of
R, can be substituted by an equivalent distribution of image currents carrying
a current Iip,,e at a distance Rimage. The full parameters of the image current
distribution are written in equations [5.4] and the field produced by the image
currents is shown in equation [5.5] This analytical calculation assumes that
the magnetic permeability of the iron is much greater than the permeability
of vacuum.

I

Bcurrent = ;L]O% (53)

R
Rimage :‘uEE71 ~ (54>
Iimage = rpetl I.~ 1.

:U’ORC

Bcurrent = (55)
2R2

The magnetic field inside the coil is calculated by superposition adding
the contribution from the coil and the contribution from the iron. The same
procedure can be used to calculate the field outside the coil radius, which
depends quadratically on distance:

RC> (5.6)

Once the expressions for the magnetic fields are known, it is necessary
to calculate the radius of the yoke (Ry). This is done by dividing the total
magnetic field by the contribution of the iron to the magnetic field. That is,
by dividing the equations system [5.6] by equation [5.5] resulting in:

Bin
Biron
In fact, since the left side of the yoke is not used by the return magnetic
field, it can be removed without any change in the field distribution, as shown
in figure 5.2

R,=R,.- ~1 (5.7)
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Equation [5.7] is valid for a given Cosine-Theta magnet, but the goal is to
design a TCT septum. The truncation is done at the centre of the gap, which
means that the total magnetic flux is confined to half of the gap area of the
original Cosine-Theta magnet. Therefore, the magnetic flux density is doubled
because of the reduction in the gap area. Equation [5.7] has to be modified to
take this phenomenon into account, and a factor of 2 appears in equation [5.8]

/ an
Ry = Rc . 2@ - 1 (58)

For first approximations it is usually accepted to take the iron saturation
at 2 T, but in this case the saturation value has been limited to 1.6 T to allow
for some margin in the saturation value and to ensure that the iron remains in
the linear part of the BH curve, with a permeability that is much greater than
the air permeability. Substituting the value of 39 mm for R. in equation [5.8]
the value obtained for the inner radius of the yoke is R, =78 mm.

Given that linear media and non-saturated iron are being assumed, the
current density necessary to create these fields is proportional to the magnetic
fields, by a factor 1/ug. Therefore the currents necessary to produce the
nominal 4 T in the gap are given by equation [5.9] where I, is the current
density within the coil radius and I,y is the current density needed between
the coil radius and the yoke radius. It can be seen that I, is not constant
and decays with the inverse of the square of the position of the current lines,
exactly like the magnetic field By in the system of equations [5.6

o —do (L 4 Re
Iin =5 (RC+R§)

1 R, R,
Tous = 70 (F + R2
y

(5.9)
)

From equation it follows that the current needed to produce the 4 T
magnetic field is given by N-I=198625 A-turns. It is necessary to decide then
the number of turns per pole to be used. Using too few turns would imply
the need of a high current, above the limits of the superconducting material,
and it may be difficult to produce a Cosine-Theta current distribution. This
is usually achieved in superconducting magnets by grouping turns in blocks
that follow a Cosine-Theta distribution. Using too many turns would make it
impossible to design a coil that can be wound because the coil would be too big,
especially at the coil ends. Additionally, the magnet inductance would increase
significantly, making the energy dissipation in the event of a quench and the
design of a quench protection system very challenging, or even impossible.
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As a compromise, it has been chosen to use 31 turns per pole. This value
means that the current in the coil is 6284 A, which is perfectly achievable in
low temperature superconductors. Besides, by maximizing the current in the
coil, the space taken by the coil is minimized and it will leave more space in
the gap to design a support that holds the coil in place during operation and
cool down.

The 3D design of the coil ends would be much simpler using a single strand
cable, which could be wound in grooves. Such approach has been used success-
fully at CERN, LBNL and PSI to wind different Canted Cosine-Theta (CCT)
magnets 122} 123, [124]. This strategy has many advantages when the coil
shape is simple. It combines the flexibility of a single strand cable with the
fact that by introducing several turns in each groove and impregnating the
coil with resin makes de facto a Rutherford cable. For simple shapes, the coil
former is very easy to machine, and can be 3D printed for more complicated
geometries, reducing costs and time. It is very challenging to wind the coil
from a continuous single strand cable due to the fragility of the insulation and
the cable itself. Therefore the single strand turns need to be connected either
in series or in parallel. If they are connected in parallel, a great number of
connections has to be made, probably at the ends of the magnet. This is a
very challenging point since the splices can be a potential quench point, and
their number would be in the order of a few hundred. If they are connected in
series, since inductance grows with the square of the number of turns in a coil,
a high number of turns would produce a very high inductance. This may be
problematic in case of quench, as explained in the previous paragraph. Both
the series and parallel connection of many turns has serious drawbacks, but
regardless of the connection mode chosen, the coil former of a non-standard
shaped coil like the TCT septum may be very difficult to manufacture and 3D
printing may be necessary.

Since the single strand approach to wind the coil presents numerous draw-
backs, it is more advantageous to use a Rutherford cable to wind the coil,
especially if the cable has already been used in another magnet design, and
wind it avoiding unnecessary connections. The drawback of this approach is
that Rutherford cables are easy to bend on one side, usually called the easy
side or easy bend, and are very difficult to bend on the other side, which is
usually known as the hard side or hard bend. This challenge will be dealt with
in section The cable chosen for the TCT septum is the same cable that
was used to build the MQM corrector magnets in the LHC. The main param-
eters of the cable are presented in table 5.1} Details of the MQM corrector
magnets can be found in [4].

Once the positioning of each indivitual cable is calculated, the analytical
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Table 5.1: Parameters of the MQM superconducting cable

Parameter Unit Value
Cable type - Rutherford
SC material - NbTi
Cable width (bare) | mm 8.8
Cable height (bare) | mm 0.84
Number of strands | - 2x18
Strand diameter mm 0.475
Cu/SC ratio - 1.75
Filament diameter pm 6

J. (42K, 57T) A/mm? | 2800
Insulation thickness | mm 0.08
Insulation type - Polymid

estimation of the design has been completed, a FEM calculation has been
carried out to validate and optimize the result.
The characteristics of the TCT septum are summarized in table

Table 5.2: Summary of the parameters of the TCT septum

Parameter Unit | Value
Magnetic field T 3.8
Inner coil radius mm | 35
Current A 6284
Number of turns/pole | - 31
Inner yoke radius mm | 82

5.2.1 Magnetic design

The starting point of the numerical design is to design a Cosine # magnet
and optimize the positioning of the cables in the 2D cross section. Then the
truncation will be done. The cross section has been optimized using Roxie
and Opera 2D [96] 125]. First a Cosine 6 magnet was simulated with Roxie
and the cables were grouped in blocks. The positioning angles of the blocks,
«a and (3, were further optimized using the Roxie optimizer. These angles are
shown in figure [5.6] where the axis are shown for perspective. The full model
of the pure Cosine § magnet is shown in figure[5.7] Having an ideal round yoke
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around the coil, the field quality will not be affected. The objective function
of the optimization is the addition of the errors at a radius of 15 mm from
the origin. It was chosen to optimize the septum cross section in Roxie and
compare the results with Opera 2D as a validation.

Figure 5.6: Scheme of the variables used in the optimization of the Cosine-
Theta cross section for each cable block

Figure 5.7: Optimization of the Cosine-Theta cross section with the Roxie
code

After the Cosine-Theta magnet has been designed, the truncation follows.
It is important to notice that magnetically the shape of the yoke is irrelevant.
Its only function is to allow the return magnetic flux to travel through a path
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with enough permeability, that is, the yoke needs to have enough iron to remain
unsaturated. In this case a round outer shape has been chosen for simplicity.
The cross section and a zoom of the extracted beam region analyzed in Roxie
are presented in figure 5.8 It can be appreciated that only the iron yoke,
shown in blue, has been meshed, as explained previously.

____—//(

Figure 5.8: Schematic of the cross section model and zoom of the orbiting
beam region

The cross section shown in figure[5.8| presents a challenge with the 3D design
in mind. It has to be possible to wind the coil without the cables colliding
in the coil ends and without blocking the particle beam trajectory. The most
important influence in the coil ends design is given by the Rutherford cable
having a hard bend side. This produces two immediate ideas for the winding
of the coil ends. The strategy is to design a bedstead coil, a usual design in
normal conducting magnets when the goal is to reduce the space taken by the
magnet and to reduce the influence of the coil ends on the magnetic field. A
standard bedstead coil is shown in figure 5.9

The strategy for winding a bedstead coil with a Rutherford cable would
be to first bend the cables upwards on the easy side. Following this bend,
the cable would need to be twisted 90 degrees around the vertical axis and
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Figure 5.9: Example of a bedstead coil

then bent again on the easy side, which now would be possible. Then the
process would need to be repeated in reverse order to obtain the cross section
presented in figure [5.8] This bedstead coil would have to be modified given
the asymmetry of the coil cross section. In particular, since there is a part
of the coil that follows a Cosine 6 distribution the easy bend angle of every
cable and the twist around the local vertical axis need to be different. This
poses many difficulties in the winding process and, assuming that they can be
overcome, would increase the height of the magnet dramatically.

In order to keep the magnet lenght as short as possible and avoid unnec-
essary difficulties, the strategy will be to connect the cables at the top of the
block part of the coil with the cables on the top of the Cosine 0 part, as shown
in figure [5.10] Alternatively it is also possible to connect the cables on the
top of one of the parts with the cables on the lower region of the other part
and vice-versa. This is not advisable because it would increase enormously
the complexity of the connections and the winding and ultimately it would
increase the length of the coil ends beyond reasonable limits.

This connection scheme avoids all the difficulties mentioned previously, but
it still maintains a different angle of the cables on both sides of the coil. For
this reason, it was chosen to twist each cable in the block part of the coil along
the longitudinal axis to match the corresponding angle in the Cosine 6 part of
the coil, as shown in figure[5.11} The importance of this twist will be explained
in more detail in section

This change does not have an appreciable impact on the field distribution of
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)}, Cos-8 part

Figure 5.10: Connection scheme of the cables at the coil ends

Figure 5.11: Angle matching of the cables in the cross section of the TCT
septum
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the gap because the current density distribution does not change, as explained
in section[5.1] A zoom of the new cross section of the coil implemented both in
Roxie (left hand side) and Opera 2D (right hand side) is shown in figure
In the Opera model, the support (regions coloured in light blue) for the stress
analysis has been already implemented. It does not have any impact on the
magnetic field distribution since it has been given non magnetic properties.
The reason to include this support in the magnetic model is that a multiphysics
analysis can be performed, reusing the mesh and automatically transferring
the Lorentz force to the stress analysis.

LLL|

[TTT

Figure 5.12: Improved coil cross section of the TCT septum model in Roxie
(left) and Opera 2D (right)

A comparison between the results obtained with Opera 2D and Roxie are
shown in figures and It can be seen that the magnetic field in the
good field region presents a good agreement between the two codes. The Opera
simulation presents a small increase near the origin, which is the location of
the outer edge of the block part of the coil. The increase is due to the finite
element discretization, with the Roxie simulation changing less significantly.
On the other side of the gap, the magnetic field rises because the Cosine 6 part
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of the coil is located in the vicinity. The slight difference between the codes
is mostly due to the element quality near the block part of the coil, where it
becomes difficult to match these elements with the ones inside the cable. A
bad element quality can impact the solution locally, as it is seen in figure [5.14]
However, the relative difference between both of them is below 1%.

Megnetic field in the GFR
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Figure 5.13: Comparison of the magnetic field in the good field region simu-
lated with Opera 2D and Roxie

The leak field obtained with both codes is compared in figure The
location of the block part of the coil is at # = —10 mm. The orbiting beam
gap extends to the left of the x-axis and the good field region presented in
figure [5.13] extends to the right of the x-axis, with the block part of the coil
(not shown for clarity) located between z = —10 mm and = 0 mm. The
leak field obtained with Roxie is one order of magnitude lower than the one
obtained with Opera 2D. The peak observed in the Opera simulation is due
to the rapid change of the magnetic field in the vicinity of the cables and the
discretization, which is not done by Roxie. The finite element method needs
to manage the constrains imposed by interfaces between different materials
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with different characteristics. The discretization in the interface region should
be done with higher order elements. This is not always possible due to com-
putational complexity. In the Opera 2D model, enough quadratic elements
have been used in all the geometry to increase the accuracy of the results, but
due to the high number of cables some errors can arise given that the element
quality can be poor in the interface regions.

Leak field
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Figure 5.14: Comparison of the leak field in the good field region simulated
with Opera 2D and Roxie

Although the Opera 2D model presents a higher leak field, the following
analysis will only be performed using Opera. The reason to continue using
Opera is its flexibility. A Cryoperm™ shield can be added around the orbiting
beam gap to reduce the leak field, which is not easily implemented in Roxie,
and the 2D stress analysis presented in section [p.2.2 can be integrated with
the magnetic simulation. Cryoperm™ is the commercial name for a family
of alloys manufactured by different companies which provides an analogous
shielding effect as MuMetal, but operates at cryogenic temperatures .

A zoom of the model in the orbiting beam gap is shown in figure [5.15
where the Cryoperm™ shield is shown in light blue. The field map of the
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leak field is also shown. It can be seen that the leak field is higher near the
inner surface of the shield. This local amplification is due to the fact that
the permeability of the Cryoperm™ is higher than the permeability of air.
This results in a short circuit for the leak field lines, which are attracted to
the Cryoperm. The shield can become locally saturated and some of the field
lines cross the orbiting beam gap near the inner diameter of the shield. The
asymmetry in both sides is due to the different distance that the leak field
needs to travel depending on the side of the shield in which they are located.
The leak field is stronger in the side of the shield that is near the coil, if it
was symmetric there would be no asymmetry because the field lines would see
the same reluctance. The field map in the Cryoperm™ shield is shown in

figure [5.16]
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Figure 5.15: Map of the leak field inside the Cryoperm™ shield

For clarity, a plot of the leak field inside the orbiting beam gap obtained
from the Opera 2D simulation including the 2 mm thick Cryoperm™ shield
is shown in figure It can be seen that the leak field in the orbiting beam
gap is below 3 mT in the central region of the orbiting beam gap and that it
only rises when approaching the Cryoperm™ shield. It can also be seen that
the increase is asymmetric, being higher in the side closer to the coil.
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Component: B
B

Figure 5.16: Map of the magnetic field in the Cryoperm™ shield
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Figure 5.17: Plot of the leak field inside the Cryoperm™ shield
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Since the TCT septum is super ferric, it is necessary to check the working
point of the superconducting material to ensure the margin on the load line
is enough to avoid unwanted quenches. It is well known that any type II
superconducting material is actually superconducting below the critical surface
determined by the critical temperature (T.), below a critical magnetic field
(Be) and below a critical current density (J.). If the temperature is kept
constant, as it is usually the case during the magnetic analysis in steady state,
the critical surface becomes a curve relating the critical current density and
the critical field. This curve is known as the load line . The margin on
the load line for every cable calculated by Roxie is shown in figure
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Figure 5.18: Margin on the load line of every cable in the TCT septum coil
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The smallest margin on the load line is 28%, which means that the most
stressed cable is operating at 70% of its capacity. Increasing the margin on
the load line will produce a more robust design, which is desirable from the
stability and quench protection point of view. However, the increase in cost is
proportional to the increase in margin on the load line. It is common practice
to operate the superconducting magnets in the lattice of the accelerator with
a margin of 20% to the load line. Operating with a higher margin allows the
engineers to understand the magnets performance practically while operating
the machine. This is not exactly a technical limit, but a cost limit. For
the FCC, there are discussions within the frame of the EuroCirCol project
on whether it is possible to decrease the margin to 18% or even 14%. To
put these numbers into perspective, the margin on the load line of the main
dipoles of the LHC was decreased from 20% to 14% [129] |130]. Since super
ferric septa magnets are not usual, there is no standard practice to decide the
margin on the load line. In this study, 28% is considered enough margin given
that it is twice the margin of the most ambitious design of the EuroCirCol
project and an additional 10% margin compared to the most conservative
design given that a 10% increase in the margin of a few units will not have a
significant impact in the overall cost of the FCC. A 10% increase would have a
significant impact in the production cost of the main dipoles and quadrupoles
because the number of units projected is in the order of a few thousands. It is
not possible to build a superconducting magnet without margin, for thermal
stability reasons. This is also the reason the cables are manufactured with a
high Copper to superconductor ratio.

To visualize the margin in the coil, the magnetic field distribution in the
coil is shown in figure[5.19 It can be appreciated that the most critical cables
are situated in at the top of the Cosine 6 part of the coil. This is due to the fact
that most of the magnetic flux is squeezed in this region to be concentrated in
the GFR. It is also evident that the block part of the coil presents a gradient
from 4 T to almost 0 T, which is the expected behaviour of the magnetic field
in the current wall between the high field region and the field free region of a
septum magnet.
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Magnetic flux density (T)
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Figure 5.19: Magnetic field distribution on the coil

5.2.2 Mechanical design

Given that no showstopper has been identified in the magnetic study, a me-
chanical analysis in 2D was performed using Opera 2D. It is not possible to
perform this study using the Roxie code, because it is only conceived to perform
magnetic analysis, although the Lorentz force in the cables can be calculated.
The Lorentz force in the strands is shown in figure [5.20] As it is expected, the
force distribution of the Cosine 6 part of the coil is trying to flatten the coil and
pushing towards the yoke. The block part is pushed outwards and the force

168



Chapter 5

is significantly smaller given that the magnetic field seen by the block part of
the coil is much smaller than the field seen by the Cosine 6 part of the coil.
This asymmetry will not be a problem because the geometrical constraints to
design a support are only on the septum blade. Besides, the force distribution
in the block part of the coil is uniform, which makes the design of a support
simpler than in the Cosine 0 part of the coil.
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Figure 5.20: Lorentz force in the superconducting strands of the TCT coil

The goal of the support designed is to minimize the deflection produced in
the septum blade while the materials remain below the elastic limit. Therefore
the support will be split in three parts. The first one will support the Cosine 6
part of the coil, the second one will guarantee the separation between the
different cables in the block part of the coil and the third one will hold the
septum blade in place. It is important to note that the function of the second
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part is mainly geometrical since the forces, which are mostly horizontal, will
be dealt with by the third part.

The first part of the support does not pose a great difficulty in terms of
geometrical constraints, this part can be fixed to the yoke and then the Cosine 6
part of the coil can be embedded in the support.

The second part of the support is very close to a uniformly loaded beam,
which is very useful when determining the first iteration of the shape of the
support. A uniformly loaded beam can be fixed at the ends to make the
displacements and the angles at the ends zero.

The maximum deflection in a fixed beam is given by equation [5.10} The
maximum deflection is located at the centre of the beam [43].

fmax = 3841EIqL4 (510)
Due to the geometrical constraints of the septum magnet, which is to
achieve a septum thickness as small as possible it is not advisable to fix the
septum blade support directly in the vicinity of the septum blade area, creat-
ing only a fixed beam. However, the support can be fixed to the yoke above
and below, and its thickness can be increased to make the support infinitely
rigid compared to the septum blade, which is equivalent to a fixed beam. This
concept is shown in figure [5.21] The support is shown in light blue and the
yoke is coloured in dark blue. The expected behaviour of this support is that
there will be a small deflection towards the left in the area of the support that
is holding the septum blade in place. The rest of the support will be unaffected
by the forces because the rigidity of the top and bottom part of the support
is much bigger than the rigidity of the septum blade.The boundary conditions
applied on the sides are also shown, although only one support condition per
side is shown for clarity. The top and bottom part of the support are not
fully optimized, they are made significantly thicker than the coil to simulate
an infinitely rigid piece. Most likely the way to build these parts requires the
use of enough fixation elements, for example screws.
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Figure 5.21: Static stress model with schematic of the boundary conditions

The static stress model is created from the magnetic analysis. It shares the
geometry and the mesh and only the boundary conditions are changed, while
the Lorentz force is used as the mechanical load present in the model. Opera
2D can calculate the Lorentz force directly as the product of the current density
and the magnetic field (J x B) but to improve accuracy in the presence of
magnetic materials it is recommended to calculate the Maxwell stress integrals
around each element. Both magnitudes can be calculated from the magnetic
solution and imported into the magnetic model automatically.

The analysis type imposes some assumptions. In the first place, the bound-
ary conditions need to ensure that the model position is fixed. It can be
deformed, but it cannot move because being a static analysis there are no
kinematic equations involved. If the boundary conditions are not properly set,
the solution will never converge. However, the model can be overconstrained
(known as a hyperstatic structure) as long as it does not result in a non physi-
cal solution. Overconstraining can result in longer convergence times, and this
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increase is not necessary linearly.

Once the model has been understood, the only step left before solving
it is to choose the materials and include the properties. Since the goal of
the septum support is to minimize the deflection in the centre of the septum
blade and it has to withstand cryogenic temperatures and not have magnetic
properties, the material choice is limited. Materials like aluminium or copper,
which is normally used to form spacers in Cosine 6 coils might be too ductile for
this purpose. Two materials for the support were considered, Aluminium and
stainless steel (316LN). They were chosen based on their properties, namely
the Young’s modulus and Poisson’s ratio, while the yield strength at 1.9 K was
also considered. The mechanical properties of both materials are summarized
in table The superconducting cables are modelled as copper due to the
fact that the copper to superconductor ratio is 1.75, high enough to consider
that the behaviour of the cables will resemble that of Copper. Titanium was
initially considered but it becomes very fragile at cryogenic temperatures [131}
132, 1133, |134]. It is seen that the properties of aluminium are inferior to
those of stainless steel, therefore the support will be designed at first using
316LN stainless steel. It is also worth indicating that the uncertainties on the
measurements of these properties at cryogenic temperatures can be rather high,
up to 5%. 316LN steel has been chosen for this design given the availability of
mechanical data at cryogenic temperatures. One may argue that such a high
quality material is not necessary and may increase the production cost of the
TCT magnet. As it will be shown in the following paragraphs, the stresses in
the support are well below the material limits and therefore the use of other
steels is possible. Suitable steels would be for example 304 steel or a high-
manganese steel like the one developed by Kawasaki steel corporation for the
LHC dipoles |135].

Table 5.3: Comparison of material properties

Property (at 1.9 K) | Unit | 316LN steel | Aluminium | Copper
Young’s Modulus GPa | 207 75 140
Poisson’s ratio - 0.27 0.32 0.34
Yield strength MPa | 570 275 400

Although the material limits are rather high, the maximum stress allowed
in superconducting magnets design is usually 200 MPa. The yoke and the coil
may be able to withstand such conditions but the insulation might degrade
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at cryogenic temperatures. The stress from the cryogenic temperature and
most importantly, from the cooldown process are not included in this study.
Besides, due to thermal expansion characteristics, using Aluminium to build
the magnet support may not be advisable, as the displacements are likely to
be much greater than in the case of steel.

Solving the simulation, the results that need to be obtained are the dis-
placements of the septum blade and the stress in the support and the coil, to
check that there is enough margin. For illustration, the displacement of the
septum blade due to the Lorentz force is shown in figure [5.22] It can be seen
that the maximum displacement in the blade is in the order of a few microns.
The displacement shown is the modulus of the displacement, not the addition
of the x and y components. The deformed mesh is also shown to appreciate
qualitatively the behaviour of the septum blade. The displacements in the
mesh has been exagerated for clarity.

Component: SQRT(DISPX"2+DISPY*2)
0 3.0E-03 6.0E-03

Figure 5.22: Displacement of the septum blade (in mm) with a stainless steel
support

The maximum stress is found in the principal directions. A priori in a
complex geometry there is no way to know which of the principal stresses
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is bigger than the other one. Both need to be calculated. The stresses in
the support, in MPa, are shown in figure [5.23] It can be seen that most of
the material is in compression and well below the working limits and the hot
spots are mostly due to the sharp corners. The support can be optimized to
reduce the stress state at given points and this stress can be compensated by
pre-stressing the assembled magnet.

Component: (0.5*(SIGMAX+SIGMAY)+SQRT(0.25*(SIGMAXA2-SIGMAY*2)+SIGMAXY*2)) {E6
225.0 375 150.C

Figure 5.23: Principal stress distribution (in MPa) in the coil support using
stainless steel

As a comparison, if the coil support is designed using aluminium, the max-
imum displacement of the septum blade is approximately 0.015 mm, which is
one order of magnitude higher than in the case of 316LN stainless steel. This
deflection value is reasonable for a septum blade, although it is preferable to
use stainless steel to have a smaller deflection. The maximum stresses in the
aluminium support are slightly lower than in the case of stainless steel, but
the small decrease in stress does not justify the use of aluminium instead of
stainless steel.

Once the 2D analysis is completed and it has been shown that there is no
showstopper, the 3D coil ends can be designed.

174



Chapter 5

5.3 3D design of the coil ends

The coil ends of a magnet can be designed applying differential geometry
methods as described by Russenschuk in the design of the LHC corrector
dipole and quadrupole magnets [136]. Such an approach was used to design
the coil ends of the SIS-300 superconducting dipoles [137]. Their treatment is
based on a differential geometry approach to a ribbon cable in 3D that can
be undeveloped in a plane. The TCT septum magnet is not symmetric, which
significantly complicates the mathematical treatment of the cables. However,
the coil ends can be designed by allowing the cables to be bent the same way
that a Rutherford cable adopts when it is allowed to bend freely. As a first
approach, a strip of paper can be used before starting to design the coil ends
in Roxie. The cables are bent in a similar way to the cables described by
Russenschuk and then modifying the position to match the Cosine 6 part of
the coil to the block part of the coil.

The 3D design of the coil ends geometry was developed using Roxie. Each
of the cables was designed individually starting from a typical Cosine § magnet
coil end. The side of the cable to be connected to the block part of the coil
was then moved to match the position on the 2D cross section. The side of
the cable to be connected to the Cosine 6 part of the coil was adjusted to
keep a physical bend in the cable. Once a cable was finally designed in 3D,
it was necessary to check that the last cable would not collide with, or go
through another cable. This situation would be clearly physically impossible
and computationally inaccurate, although the solver may converge. Besides,
a spacer for the winding and the support will need to be designed at a later
stage. It is therefore necessary to allow enough space between cables to ensure
that the material will support the stress. The spacing was checked manually
for every cable. As an example, one of the ends of one of the cables imported
in Opera 3D is shown in figure [5.24]

It must be noted that the curvature in 3D of the cables on the top and bot-
tom part of the coil are different. Taking this feature into account and adding
the fact that the block part of the coil determines half of the cable shape, the
mathematical treatment of the TCT coil ends presented by Russenschuk [136]
becomes impractical. Moreover, since the adjustment to the block part of the
coil is different for every cable, a middle section of the coil was developed to
allow the 3D coil ends to be connected to the 2D cross section. Great care was
taken to avoid overlap.

A quarter of the coil ends was designed iteratively and then exported to
Opera as a set of 1550 conductors. Once a quarter of the full coil was designed,
it was reflected to create a the complete upper and lower coils. Opera 3D uses
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Figure 5.24: End side of one of the cables of the TCT model in Opera 3D

a Biot-Savart treatment of the conductors. This means that the coil is not
meshed and the fields are calculated from the Biot-Savart law. The reason
for not meshing the coil is to save time during the meshing and solving steps,
thanks to avoiding meshing a complicated geometry and the reduction of the
number of elements. As a result, symmetry can be applied to the model, but
the full set of coils needs to be included in the model. For more than one
coil, the fields are calculated using superposition . This results in a long
running time for such a complex geometry.

An image of the full quarter of the coil end is shown in figure It can
be seen that the coil ends are made smaller than the 2D sector of the coil to
reduce overall the size of the septum magnet. The sharp transitions can also
be further optimized. For clarity, only a small part of the connection to the
2D cross section is shown.

5.3.1 Magnetic design

In the 3D model implemented in Opera, only a short section of the full coil has
been implemented. The coil model is made of the coil ends, the connection
section and the straight section. The straight section is an extrusion of the
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Figure 5.25: Two views of the full quarter of the TCT coil ends

2D cross section, to model the central part of the TCT septum. The straight
part needs to be included in the magnetic model to ensure the magnetic field
in the central part of the model is vertical, as in the 2D model. This allows to
simulate only the ends of the magnet, saving computation time and memory.

The connection section is the intermediate part of the coil, which connects
the straight section and the coil ends avoiding collisions and creating a model
which is possible to mesh. It allows enough space in between the cables, which
even if they do not overlap might cause problems when meshing the model
due to the small insterstices between cables. The connection part of the coil
has been modelled as a 3 sets of 20 mm cables that simulate a small cable
bending, to avoid the cables crossing each other. The coil ends have already
been shown in figure A schematic of the coil model with dimensions is
shown in figure Symmetry is applied when the coil is included in the
model. As stated before, the relevant part of the model are the coil ends,
the straight part only simulates a long stretch of the real magnet. Simulating
the full magnet is not possible. This reduced model is meshed and created
in approximately 12 hours and it is solved in 10 hours in a 16 core machine.
The computation time in a single core machine is slightly over 6 and a half
days. The model can be solved in reasonable time because, for the magnetic
solution, the coil does not need to be meshed, reducing the number of nodes
of the model and the complexity of the different components present, which
ultimately reduces the meshing time significantly.

The 200 mm of the straight part simulated in Opera 3D are only the
end of the coil. This length is enough to represent the central part of the
magnet, where the 2D simulations presented in sections and are
very accurate.

Given that the coil size is smaller at the ends, it is interesting to investigate
the effect of reducing the yoke radius at the magnet ends as a strategy to
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Coil ends
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Connection
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Figure 5.26: Schematic of the coil ends

mitigate the leak field in this region. Besides, the effect of the length of the
yoke has also been investigated.

To quantify the effect of reducing the yoke radius, four simulations were
run using the cross-section radius as a benchmark. Similarly, the effect of
the length is studied by running 4 simulations using the one with the longer
yoke (60 mm longer than the coil ends) and an bigger inner radius of 83 mm
as a benchmark The radius was chosen in this case for being the simulation
that presents the smaller leak field integral. The results of the simulations are
evaluated by calculating the integral of the leak field along the longitudinal axis
over a length of 590 mm from the start of the coil ends. Beyond this distance
the magnetic field is low enough to neglect its contribution to the integral.
The leak field coming from the central part of the magnet has been calculated
from the 2D simulation presented in section [5.2.1] Due to computational
complexity it is not possible to simulate the full magnet in 3D. The results of
the simulations run are summarized in tables [5.4] and [5.5] and the leak field
integrals are also included. The leak field integrals presented correspond to
one end of the coil, not both.

Table 5.4: Comparison of simulations with different inner yoke radius

Inner yoke radius (mm) | Leak field integral (T-mm)
53 45.63
60 46.57
70 48.03
83 49.91

The leak field along the longitudinal axis (z) has been plotted in ﬁgure
It can be seen that reducing the inner diameter at the coil ends reduces the

178



Chapter 5

leak field. It is not possible to reduce the radius further than 53 mm due to
the dimensions of the coil ends. At the coil ends, the iron yoke would not be
in contact with the coil, forcing this reduction in radius to be limited to the
end region.

; Leak field along Z axis (T)
0. : . : : .

53 mm
045F . 1

60 mm
70 mm
83 mm

0.4

0.35 Hi

0.3

= 0.25
m

0.2

0051 1

300 350 400 450 500 550 600 650 700 750 800 850
position {(mm)

Figure 5.27: Relative leak field values as a function of the yoke inner radius

In table [5.5] a length of 0 means that the coil and the yoke have the same
length, with a positive length indicating that the yoke is longer than the coil
and a negative length indicates that the yoke is shorter.

The leak field along the Z axis has been plotted in figure [5.28] It can be
seen from table [5.5] that increasing the length of the yoke at the coil ends
reduces the leak field although it is difficult to appreciate this in figure [5.28
It is not possible to increase the length indefinitely due to space constraints.
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Table 5.5: Comparison of simulations with different yoke lengths

Extension of the yoke beyond the coil (mm) | Leak field integral (T-mm)
0 50.59
30 50.05
60 49.91

Leak field along Z axis (T)

0.5

— 380 mm
410 mm
440 mm

0.45 |

04r
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0.15
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Figure 5.28: Relative leak field values as a function of the yoke length

As an improvement, it is possible to reduce the leak field almost 20% if the
yoke is closed at the ends to short circuit the leak field around the orbiting
beam gap. This is illustrated in figure [5.29] in which the yoke has been cut
to show the principle of the flux short circuit. In this case, keeping the yoke
length 60 mm longer than the coil ends and the inner radius of the yoke at
53 mm, the leak field integral decreases to 41 mT -m.
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Figure 5.29: 3D model with the short circuit at the coil ends

For completeness, the inductance of the magnet has been estimated and
for a magnetic length of 4 m, the total inductance would then be 4.92 mH.
The inductance calculation is explained in detail in appendix [B.3]

5.3.2 Mechanical validation
5.3.2.1 Multiphysics model description

The 3D magnetic model was run as the first part of a multiphysics simulation
in which the Lorentz force was used as an input for the stress simulation.
As explained before it is done this way to save time and memory. Once the
multiphysics method is chosen, it is necessary to mesh the coil and the support.

Before the mesh is created, Opera needs to join all the different components
in the model to create the Model Body [114]. In the case of this model, with
1550 conductors, it is not possible to create a Model Body. These 1550 con-
ductors are the 8-node bricks that form the 31 cables of the coil, as explained
in section (.3l

In a computer with 64 GB of RAM, the creation of the Model Body sat-
urates all the memory in approximately 10 hours, when about two thirds of
the conductors have been joined. At this point, Opera starts to use the hard
drive for the creation of the Model Body, which becomes thousands of times
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slower and therefore it is not possible to create a Model Body to be meshed
using this geometry of the coil. It would be desirable to substitute the 1550
conductors by the 31 cables and drive the model with a current source.

Such an approach was attempted but the current flow was not solved suc-
cessfully. The 1550 conductors were exported as step files and then imported
into Opera to create the 31 cables maintaining the geometry. However, the
conductors do not match perfectly. There are many infinitesimal spaces or
overlaps in every block. Since Opera uses Biot-Savart’s law to calculate the
magnetic field this is not a problem. A small error is introduced in the vicinity
of the gap or overlap, which does not cause any effect in the magnetic field.
The extent of this error is of the order of a few elements. However, if the coil
is driven as a bulk body with a current or voltage source, the current does not
find a continuous path to flow and the results obtained are not representative
of the reality.

The only possible strategy then is to remove 15 of the 31 cables, or almost
one out of every two, and scale the current accordingly to maintain the same
number of ampere turns. Removing the cables reduced the number of conduc-
tors to 800 and the creation of the Model Body was possible. This operation
takes approximately 15 hours and 20 GB of RAM, which is possible to achieve
in an ordinary computer. Although with this model the calculation of the
Lorentz force and the stresses will not be exact, it will not be far from reality,
because the force density in the support will be similar. The force will be more
concentrated than in the model with all the conductors, but the stress will be
of the same order of magnitude.

The small spaces between cables and their complicated geometry require
the use of a very fine mesh in this region, which is not a difficult problem
to overcome. The mesh needs to be carefully set and refined to produce an
optimum number of elements. The model with the meshed coil produces a
mesh with almost 32 million elements and 6.8 million nodes. This is signifi-
cantly bigger than the previous simulation, when the coil was not meshed. In
this case, Opera does not use the Biot-Savart approach to calculate the fields
produced by the coil and the algorithm is significantly slower. This, together
with the complexity of the model, results in a running time of 23 days for the
magnetic simulation and 6 hours to solve the stress simulation in a 16-core
machine. In a single core machine, the total CPU solving time amounts to 360
days.

It is therefore not feasible to run several models to optimize the coil ends
layout as it is necessary to create a new mesh every time the geometry is
changed. The majority of the optimization has been done in 2D and the coil
ends have been kept as short as possible to reduce the effect of the leak field.
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From the point of view of the end effects, it is also of interest to make the
magnet as long as possible to reduce the effect of the field created by the coil
ends with respect to the total effect of the field created by the magnet. This
is taken into account when calculating the magnetic field integral along the
trajectory of the beam.

5.3.2.2 Multiphysics model results

Once the principal components of the stress tensor are known, it is possible to
compare the mechanical performance of the coil support with different alter-
natives and draw meaningful conclusions about the material and the stresses
that it can withstand.

The stress analysis of the support and the coil ends in 3D complements the
stress analysis in 2D presented in section [5.2.2] The first principal stress in
the support and in the coil end is shown in figure [5.30} expressed in MPa. Due
to memory availability, only a cut of the support and the coil is displayed. It
is seen that the maximum stress obtained is slightly lower than 35 MPa. The
stress is in the same order of magnitude as the ones obtained in the 2D analysis
although there will be a magnifying effect due to the removal of half of the
cables while maintaining the same Ampere-turns. As explained in section [5.3
this simplification was necessary to be able to create the mechanical model.
Although the force density in the support will be the same, the stress might
be artificially magnified in certain areas. Additionally, the assymetry of the
coil ends will introduce a higher stress component than in the cross section
although it will not increase dramatically with respect to the cross section.
This stress increase is due to the fact that the magnetic field is amplified in
this region, and it is still within manageable limits.
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Figure 5.30: First principal stress in the coil end and the support (in MPa)

As expected, the displacement of the coil in the coil ends is in the order of a

few microns, as it was shown in figure in section The displacement

of the coil ends and the support is shown in figure [5.31] It can be seen that
the part with the highest displacement is the septum blade, as expected.
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Figure 5.31: Displacement in the coil end and the support (in mm)

5.4 Figure of Merit for the Truncated Cosine 6
septum

The figure of merit presented in section [2.5 has been calculated for this septum
topology using equation [2.31] with the parameters presented in this chapter.
The parameters and the result are shown in table

5.5 Conclusions and future work

A conceptual magnetic and mechanical design of a 4 T TCT septum has been
produced. It has been shown that the promising analytical 2D results can be
validated numerically with great detail and the magnetic design and mechani-
cal validation of the coil ends have been done in 3D despite the simplifications
imposed in section [5.3]

The figure of merit introduced in section [2.5 has been calculated for the
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Table 5.6: Calculation of the figure of merit for the TCT septum

Parameter | Unit | Value
By T 4
Bleak mT 0.1
Bpeak T 5

B, T 6.8

h mm | 70

S mm | 35

K - 58.8

TCT septum and it achieved a value higher than all the other septa topolo-
gies presented in this thesis except for the SuShi septum presented in sec-
tion [2.4.7.5] For this reason, the SuShi and the TCT topologies will be con-
sidered in section [6.3.4l

A more detailed model can be created and extended to include the effect
of cryogenic temperatures in the material, which opens two lines of future
research.

The first one is to calculate the pre-stress that is necessary to apply to
the coil to avoid movement of the superconducting filaments, as this might
lead to undesired quenches. This is a static simulation that has the same kind
of complexity as the simulations performed, and therefore no major obstacle
is foreseen, only the same simplifications would be necessary. A method for
applying the corresponding pre-stress needs to be identified.

The second challenge that needs to be addressed is the cool-down simula-
tion. It is necessary to ensure that the stress limit of the different materials is
not reached at any moment during the cooling process. This will be a transient
simulation and the availability of computational resources will be a critical is-
sue. The current model considers the yoke and the coil support as a whole
piece but for the cool-down study a model of the full assembly should be used,
increasing the complexity of the simulation significantly. For the cool-down
simulation the model used need to be an assembly model with the different
components connected by sliding contacts, to model the process accurately.
If the model used to simulate the cool-down is a single piece model, like the
one used in this study, the thermal contraction will introduce artificial stresses
that do not exist in reality. Additionally, one of the results provided by the
assembly model is residual stress that may remain present in the magnet after
cool-down and which would need to be considered for the pre-stress calculation.
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Although the simulations are very challenging, they are not impossible to
perform. Following these simulations, a prototype could be built to validate
the calculations. The most challenging parts of the prototype stage are the
winding of the coil ends and the machining of the coil ends support.
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Chapter 6

Layout optimization

6.1 Introduction

In this chapter, in section the septa topologies to be used for injection
and extraction are chosen according to their performance measured by the
figure of merit. The beam size is calculated in section [6.2}

It is interesting to study the possibility of a staged approach by using
different families to design the septa system. In a given injection or extraction
system, it is possible to install several groups of septa magnets from the same
topology which only differ in some parameters. For example in the LHC beam
dump system there are three families of Lambertson septa, with five magnets
in each family, as it is explained in section [3.3] The first five magnets form
family A, which have a septum thickness of 6 mm and a coil with 32 turns.
Family B is formed by the next 5 magnets, which have a septum thickness
of 12 mm and a coil of 40 turns. Finally, the last five magnets form family
C. They have a septum thickness of 18 mm and 48 turns in the coil. This
difference of turns in the coil allows to connect them in series with the same
power supply, saving space and reducing costs, while at the same time it is
ensured that the deflection produced by every magnet in a given family is the
same as the other members. The difference in the septum thickness is due
to the fact that the separation between the orbiting beam and the extracted
beam is not constant along the dump line. The advantage of this strategy is
that placing some weaker septa closer to the kicker magnets may result in a
smaller number of magnets required or a shorter straight section length.

The optimum number of magnet families to be used is calculated in sec-
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tion [6.3.2] Then in sections [6.3.3] and [6.3.4] the septa layout of the injection
and extraction region will be analyzed and an optimized solution will be pro-
vided in each case. These optimized solutions will be compared to the current
FCC baseline proposals.

6.1.1 Figure of merit of different septa topologies pre-
sented

The figure of merit introduced in section 2.5 has been calculated for the Lam-
bertson, the Pacman and TCT septa presented in the previous chapters. The
SuShi septum has also been added to the considered topologies to be studied.
A summary of the results is shown in table

Table 6.1: Summary of figure of merit calculation.

Lambertson | Pacman | TCT SuShi
NC SC MgB2 | NbTi
K| 32 2.6 0.36 36 154 375

According to the figure of merit, the best topologies are the SuShi septa
followed by the TCT. Normal conducting Lambertson septa are also a good
option and although the superferric variant has a much lower figure of merit,
it may be interesting from the point of view of energy saving. Given that
the injection has to be done using a two plane injection scheme, the use of
Lambertson septa is necessary. For the extraction, it is clear that the chosen
topologies need to be the TCT and the SuShi.

6.2 Beam size and beam centre

The position of the beam will need to take into account the beam size for
the different clearances and apparent septa thicknesses, as shown in figure[6.1]
where the dashed lines mark the outer dimensions of the beam and and the
solid lines represent the centre of the beam. Therefore the septum blade thick-
ness, represented in red, cannot be calculated using only the beam centres, but
the outer dimensions also need to be taken into account.

In the case of the cryostat clearance (540 mm) the beam size has already
been taken into account. This cryostat belongs to the first lattice magnet seen
from the septa straight section. The cryostat physical radius is 500 mm.
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Figure 6.1: Schematic of the beam size

The deflection produced by a magnet can be calculated using the beam
rigidity and the magnetic field integral using equation The magnetic field
is considered constant, hence the integral becomes a multiplication. The angle
#, introduced in radians, is the ratio between the arc length and the radius
and the product B p is the beam rigidity. The beam rigidity is the relativistic
momentum per unit charge, which was defined in [47]

o~ L = B
B-l;,=0-B (6.1)

The beam size is considered to have a radius from the centre of 150 and
the additional external tolerance for orbit and alignment is taken as 4 mm, as
written in equation [6.2] These values come from optics calculations to obtain
the minimum aperture of the different devices. The dimension of ¢ is given by
equation where f3; , is the beta function in the x and y axis respectively
and [, is the relativistic beta parameter, which at FCC energies can be
considered to be 1.

The Lorentz factor is v,.;=3318 at injection energy and <, =50272 at
extraction. These values can be calculated using the parameters reported
in table and the rest mass of the proton. The normalized emittance is
2.2 mm-mrad. These parameters are taken from the FCC Conceptual Design
Report [17]. The beam size is calculated for both the x and y axes according
to equation [22].

D, is the dispersion and Apg ,/ps,y is the momentum spread. This term
can be neglected because at injection and extraction the dispersion is deliber-
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ately suppressed or kept at very low values, of the order of 10 to 20 cm.

r =150 +4 mm (6.2)
A 2
Y ﬁrelp)/rel Y Pzxy

One of the main contributions to the required sagitta is the beam size,
which needs to be known for the positioning of the septa. However, the beam
size will change depending on the location according to equation [6.3l The
sagitta is defined as the separation between the centres of the extracted beam
and the orbiting beam. Since there is no analytical expression for the beta
function [22|, but it is known at every point of the line, the strategy is then to
calculate the position iteratively.

As a starting point for the calculation, it is possible to calculate the neces-
sary drift space with a o of zero and still keeping the 4 mm tolerance, which
is equivalent to saying that the beam has a 4 mm radius. This will produce
a length, at which the beta function, and therefore the beam size, is known.
The calculation of the drift space will then be repeated, and a new drift space
length will be found at which it is possible to calculate the new beam size and
drift space. This procedure, the Gauss-Seidel method, will converge in a few
iterations producing an accurate value of the beam size.

As a remark, the function relating L and 8 has an arbitrary shape since
this is only for illustration purposes and the actual shape has little relevance.
The vertical blue lines represent the boundaries of the interval in which the
problem has to be solved. Solutions outside this interval are not possible. For
a general problem there could be more than one solution and the iterative
process may diverge, but as explained before, the injection and extraction
septa need to be located in within the straight section, so only this region is
considered. It is also important to consider that the change in the solution
becomes smaller at every iteration, so a reasonable error tolerance has to be set
to avoid an excessive number of iterations. The iterations were stopped when
the change in position between two consecutive iterations was below 0.5 m.
This is sufficiently accurate in view of the fact that the total length of the
septa system is in the order of several hundred metres. The Gauss method is
one of the slowest converging numerical methods [138, [139] but its strength
lies in the simplicity. It can be implemented in a very simple way and even
if the required number of iterations to solve a one variable equation is higher
than in other methods, each iteration requires very little time.
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[a.u] B
Figure 6.2: Illustration of the Gauss-Seidel iteration concept

6.2.1 Quench protection

Additionally, it is necessary to consider that the superconducting septa need to
have a protection device installed upstream from their location. The septum
blade needs to be protected regardless of the septum topology but, in the
case of superconducting magnets, extra measures are required since the heat
deposited by an impact, even if it is not at full energy, might cause a quench. If
this is not taken into account the magnet can be destroyed. The Sushi and the
TCT septum are both cooled by liquid Helium. The time scale of the impact
is orders of magnitude faster that the time required to heat the surrounding
area. Therefore the impact is adiabatic and confined to a certain point, not
allowing the coil to dissipate the heat of the impact by thermal conduction.

The question in this case is the temperature margin. The critical temper-
ature of NbTi is approximately 10 K [140] and its operating temperature in
the TCT septum is 1.9 K. A Sushi built using the multilayer Nb/Cu/NbTi
material would have very similar margins. This is the same material used in
the LHC and although the margins are not extraordinarily constraining or
relaxed they can be dealt with.

A bulk MgBs Sushi would have a critical temperature of 39 K [141] and
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it can operate at a higher temperature than an NbTi variant, at for example
20 K. Given that the cooling time and the power required do not scale linearly
with the the temperature difference, it is interesting to consider operation at a
higher temperature as the total time to recover by a quench might be shorter,
even if the occurrence of a quench may be more likely, which needs to be
studied in detail.

At a first sight, one might think that protection at 50 TeV will be more chal-
lenging than at injection, when the energy is 3.3 TeV. This is true regarding
the energy values, and protection elements need to be dimensioned accord-
ingly. However, injection protection is also very challenging. If the beam is
circulating in steady state, it can be dumped in the case of an emergency and
the required reaction time may allow for a few turns before dumping the beam.
However, if there is a problem at injection which requires an emergency dump,
the beam will need to be dumped immediately and with no error margin to
avoid hitting the septum blade, the vacuum chamber or any other equipment in
the vicinity. Therefore injection protection is critical and the massless septum
presented for injection protection in section [£.4] may be very interesting.

Current calculations estimate the length of the protection devices for 50 TeV
energy at 10 m and will very likely require an additional shower protection
device of about 1 m [28]. More detailed simulations to calculate the heat
deposition will have to be performed in the future using dedicated codes.

6.3 Septa layout in the straight section

For perspective, the injection strategy in the FCC baseline is to use a two plane
scheme and inject upstream of an experimental region. The two plane injection
is needed due to the use of Lambertson septa. The injected beam comes from
above the orbit and it is deflected vertically by the Lambertson septa. Once
the beam leaves the Lambertson septa it is travelling in a parallell direction
to the orbiting beam. The kicker magnets then deflect the beam horizontally
to locate the injected beam in the orbiting beam gap. The beam is always
injected in the outer ring of the collider for geometrical reasons. Therefore,
each of the transfer lines finishes in a different side of the experiment, where
the beams will cross and change between inner and outer ring. The extraction
is done in one plane given that the chosen septa topologies are the SuShi and
the TCT. The beam in both cases is deflected upwards by the kicker and septa
magnets to avoid geometrical constraints due to integration. Additionally, it
avoids crossings of the extracted and orbiting beams paths [115], which are
not impossible to overcome, but may be a more complex solution. Although
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an upwards extraction may seem unsafe a priori, due to the dilution kickers
and the beam dump, the number and energy of the surviving particles can
be considered negligible. In the case of a dump failure, the beam would be
stopped by several km of soil. Since the beam would drill a hole through the
dump and its outer envelope and create many associated damages, the beam
dump system has to be designed so that such an event is extremely unlikely.

Before doing any study, it is necessary to state that the starting point and
work flow when designing an injection or extraction section can be the same.
In an injection region the beam arrives at the injection septa, which produce
a deflection, and then travels to the quadrupole and kicker magnets, to finish
the injection sequence. In an extraction region, the beam is deflected by the
kicker magnets in the first place, passes through the quadrupole magnet, and
continues to the extraction septa. Both process are analogous and both can
be seen as an injection or an extraction, only the travelling direction needs to
be inverted, but this trick does not influence the solution in any way. In this
study, for simplicity, the injection will be treated as an extraction.

In the following sections the deflection of the different septa families will
be calculated in order to achieve a given sagitta at the cryostat. This is a sim-
plification that allows to use analytical expressions that are solvable without
the use of symbolic calculus software. As it will be explained in section
the different magnets studied will be considered as thin lenses, in which the
magnet is infinitely thin and the full magnetic field integral is concentrated at
the centre point.This approximation is not suitable to investigate the detailed
trajectory of the beam at every point but it allows to address the positioning
of every system analytically.

6.3.1 Septa location with one septum family

The septa magnets, regardless of the topology chosen, need to be placed at a
certain point in the straight section of the injection or extraction region. The
available space for septa will be divided in three zones, shown in figure
where the direction of the beam is indicated for reference. The distance L; is
a drift space, where no magnets will be present. The absorbers and passive
protection devices will be placed in this region. The absorbers will be followed
by septa magnets, which are located in the zone named Lg. The septa magnets
will be followed by a drift space named Lo which extends to the start of the first
stand-alone quadrupole magnet. When the beam is extracted, it is necessary to
achieve a separation between the extracted beam and the orbiting beam bigger
than the diameter of the quadrupole’s cryostat. The sagitta is named d. As a
first approximation, the septa will be considered point-like and providing the
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full field integral at the centre of the Lg region. This approximation is allowed
because the beam follows a circular trajectory with a very large radius while
it is travelling through a magnet and the entrance and exit angles will be the
same.
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Figure 6.3: Schematic of the extraction straight section

From figure [6.3] one can establish a relationship between the deflection
angle 6, the lengths of the different zones of the straight section and the sagitta.

d ~
Li+ Ly~
The paraxial approximation is allowed because 6 is typically in the order

of a few mrad. Combining equations [6.1] and [6.4] a second degree equation on
0 is obtained.

tan 6 = 0 (6.4)

Bp-0*+Ly-0—d-B=0 (6.5)

Taking the magnetic field (B) and the drift space (L2) as independent vari-
ables, since the sagitta (d) and the beam rigidity (Bp) are fixed, equation
can be solved and admits two solutions. However, the second solution with the
negative sign of the square root does not make sense since the angle cannot
be negative. It is also possible to check that when the drift space Lo becomes
very large, the angle 6 tends to zero, and vice-versa.

_ —LyB+/L(B?>+4dBp- B
N 2Bp
A plot of equation [6.6] is shown in figure [6.4] It can be seen that for a

given magnetic field and a desired deflection produced by the septa magnets,
the length of the drift space (Lz) is proportional to the desired deflection. The

0 (6.6)
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maximum magnetic field has been set at 10 T for visualization. The maximum
length of the drift space has been set to 1 km, significantly longer than the
total length planned for septa magnets. These values are significantly over
the allowed limits of the working parameters, but it is useful to obtain a more
clear understanding of the effect of the different parameters.
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Figure 6.4: Working space of the septa magnets

Figure shows the relationship between the drift space length (Ls), the
magnetic field of each magnet (B) and the deflection angle necessary to clear
the required sagitta. The deflection angle () is determined by the location
of the septa and the required sagitta. However, the actual variables that can
be used by the magnet designer and by the extraction line designer are the
magnetic field integral and the drift space length. The magnetic field can be
decomposed as the product of the average field and the total septa length (Ls).

Using equations [6.4] and [6.5] the deflection angle can be eliminated, yielding
an analytic expression for the magnetic length Lg in terms of the magnetic
field (B), the downstream drift space length Ly, the saggita (d) and the beam
rigidity (Bp).
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B 2-d-Bp
VL3B2+4-d-B-Bp—Ly-B

The power of equation [6.7] lies in the fact that for a given layout of the
extraction line it is possible to know the necessary magnetic field and therefore,
which is the best technology to use for the magnetic septa.

Equation[6.7]is plotted in figures[6.4]and [6.5]in two different views. It can be
seen that, as expected, for a long magnetic length the magnetic field required
decreases, and for a small magnetic field and magnetic length, the necessary
drift space increases. It is also possible to realize the required sagitta with a
high magnetic field and a short length, which requires a longer drift space.

Ls ~ L2 (6.7)
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Figure 6.5: Relationship between the required magnetic lenght, drift space and
magnetic field

From figure[6.5]it is also possible to deduce what is the required technology
to produce the required sagitta for a given magnetic length and drift space
length.

198



Chapter 6

The upper limit of 600 m for the drift space length is set for being high
enough and also realistic. It is obviously not possible to operate near the origin,
even with a very high field it would not be possible to use a very short magnetic
length and drift space, as shown in figure [6.5} Besides, it is possible to design
a dump line without a drift space at the end, maximizing the magnetic length
but there is a lower limit for the magnetic length. For every magnetic field, it
is not possible to extract the beam from the machine with a shorter magnetic
length than required by the geometrical separation of the beams. The magnetic
length tends to a certain value for an infinite drift space. This is caused by
the sagitta that needs to be achieved, as shown in figure [6.3] and equation [6.4}
Such an approach is suitable for a 2 plane extraction system, for example using
Lambertson septa. Then the kicker deflection angle is independent from the
septa. For a single plane extraction scheme, for example using TCT septa, the
kicker and quadrupole deflection needs to be taken into account. Besides, a
similar calculation can be performed to locate the different septa used in the
straight section as a function of the septum thickness.

It is also deduced from figure [6.5] that there is a minimum and a maximum
magnetic length necessary when using only one family of septa. Figure
shows the equivalent plot for the injection system. depending on the septum
thickness, a realistic magnetic field for a Lambertson septum is in the vicinity
of 1 T. The additional lines have also been plotted for completeness. Figure[6.6]
that for a 1 T septum the maximum magnetic length is approximately 75 m
if no drift space (L) is added. Although there seems to be a lower bound for
the magnetic length slightly below 10 m, from equation follows that no
more than 1466 m drift space would be needed in the extreme case where the
full deflection is performed only by the kicker and quadrupole magnets.

The five lines in figure [6.6] are different iso-lines of the surface in figure [6.5
It can be seen that the level curves are closer for higher fields, which means that
the slope of the surface along this direction increases sharply with the magnetic
field. As stated in section a normal conducting magnet can produce a
magnetic field up to about 2 T. This limit is given by the saturation of the iron
yoke. Therefore if the technology chosen for the septa is normal conducting,
the minimum lengths of the different zones of the dump line is given by the 2 T
line. From the point of view of the layout, this line maximises the magnetic
field, producing the minimum possible combination of the lengths of the drift
space and the septa magnets. It can be seen that with 2 T magnets and a
1 km drift space, the minimum magnetic length (Ls) required is above 50 m.
Any normal conducting septum will operate on the 2 T line or above. If the
limit in the magnetic field is set at 4 T, as in the case of the TCT septum
presented in section [5.1] it is not possible to design a dump line which lies
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below the purple line in figure [6.6]
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Figure 6.6: Relationship between the required magnetic length and drift space
for different injection septa magnetic fields

6.3.2 Derivation of the optimum number of magnet fam-
ilies
For a single magnet family, and fixing the downstream drift space (Lz) for

simplicity, it is possible to establish a relationship between the magnetic field
and the septa length necessary for the required deflection, starting from equa-

tions [6.1] and [6.4}

z.Bp

B = 2

(6.8)
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From equation [6.8] the magnetic field can be derived as a function of the
required length. Equation can then be generalized to n families, resulting
in:

z.Bp
Ltot

Assuming that the septa are equally spaced, L;o; can be split in n individual
lengths (L;). If the fields are also equally spaced, they follow an arithmetic
progression, equation [6.9 becomes then:

Bi1Li+ BsLo+ B3Ls+ ...+ B,L,, = (6.9)

n L»anB»—xC'B” (6.10)
15:1 bone L .

Using the fact that the sum of the magnetic fields is the sum of an arith-
metic progression, equation [6.10] can be modified to calculate the magnetic
length of each septum family as a function of the number of families.

2.-z.-Bp

L; = (Br + Bo)n? (6.11)
Equation [6.11]is plotted in figure[6.7} The plot has been limited to 20 fam-
ilies because from a design and manufacturing point of view it is advisable to
use as few families as possible, as appropriate tooling has to be developed and
manufactured for each family, significantly increasing the costs. It is obvious
that for one family, equation [6.11] is not valid, one should use equation [6.8]
giving a result of 75.66 m for a 1 T Lambertson septum. For 20 families, the
magnetic length of each family is slightly over 20 m. That means that for a
realistic magnet length of 4 m, five magnets of every family would have to be
produced, all with the corresponding tooling. A large number of families, as
expected, would increase the production costs significantly. Looking at the
slope of equation [6.11] it is more pronounced for lower numbers of families,
therefore the biggest gains will be obtained when changing from 2 to 3 or 4

families, and not when changing from 18 to 19 or 20 families.
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Figure 6.7: Magnetic length of each septa family as a function of the total
number of families.

For a magnet length of 4 m, the number of units in each family is plotted
in figure [6.8] For two families, the necessary number of magnets is seventeen,
for three families the number of magnets required are fourteen and for four
families twelve magnets are required. For more than four families the number
of magnets required changes significantly less, therefore is not advisable to
produce more than three families of magnets because the number of families
would increase but the number of magnets per family does not decrease lin-
early. It can be said that with the assumptions made at the beginning of this
investigation, the optimum number of families is either two or three. Although
many assumptions were made, and therefore the results obtained will not be
exact, they serve as a first step in the study of the injection septa layout,
narrowing the parameter choice and allowing to perform a more sophisticated
calculation, where more variables will come into play, like different positioning
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of the first septa in each family or the drift spaces in the injection line.
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Figure 6.8: Number of magnets required as a function of the number of families

6.3.3 Optimization of the injection septa

The same procedure can be applied to the injection septa system with one dif-
ference. Given that the injection scheme is a two plane injection, the kicker and
septa deflections are not coupled, as per the previous section. The deflection in
the horizontal plane will be the same situation as in figure [6.13] Downstream
from the quadrupole no element will produce any deflection. Therefore the
septum thickness is determined by the beam separation produced by the kick-
ers and quadrupole magnet. From the geometry point of view, beam injection
is an analogous process to beam extraction with the difference that it can be
calculated in the opposite sequence. Although the beam will come from the
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transfer line, reach the injection septa, then the injection quadrupole and fi-
nally the injection kicker magnets, it is possible to think about this system as
if the beam is travelling in the opposite direction, as if it was being extracted
from the machine. The beam would then start at the kicker magnets, travel
through the quadrupole and finally reach the injection septa.

Quadrupole magnets are used in the accelerator lattice to focus the particle
beam [22]. Their field cancels in the centre of the aperture and it reaches its
peak value at the pole tips. They are characterized by the transverse magnetic
field gradient, which results in a magnetic field strength that depends on the
position. A particle beam travelling through the centre of a quadrupole magnet
will experience a focusing effect in one plane, as the particles that are not in
the centre of the aperture will be deflected towards it. The more offset a
particle is, the more deflection it will experience. In this case, the use of the
quadrupole magnet is not to focus the beam but to deflect it. The beam,
previously kicked by the kicker magnets, will be off centre and will experience
a deflection proportional to the quadrupole gradient, as if they were travelling
through a dipole magnet. Since the deflection increases with the distance from
the centre, it is not necessary to place a strong dipole. A quadrupole magnet
produces the same effect with less strength, allowing to ease the requirements
on the kicker magnets.

The characteristics of the injection kickers and quadrupole system are sum-
marized in table [17]. Lk is the length of the kicker stage, Lq is the length
of the quadrupole that increases the deflection from the kicker magnets and
Lakq is the length of the drift space between the kickers and the quadrupole.
Gq is the transverse gradient of the quadrupole field.

Table 6.2: Characteristics of the injection kickers and quadrupole system

Parameter | Unit | Value
Bp Tm 11011
Lk m 31.6
LdKQ m 84.2
LQ m 9.1
Gq T/m | 10.77
Ok mrad | 0.018

It is necessary to calculate the position at the quadrupole centre to calculate
the quadrupole kick. Taking the value of the kickers deflection and the total
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length, the transverse position at the quadrupole is given by:

1 1
zg =0 <2 + Lgqg + 2LQ) = 18.78 mm (6.12)
The quadrupole kick is then

Bo=G-2¢g=021T (6.13)
The deflection angle of the quadrupole is then calculated using equation|6.1

_ Bqg-Lg
o

The total deflection angle of the quadrupole and kickers system is then
0.35 mrad. Given that the magnet cryostat is round, the distance to be cleared
at injection will be the same as in the extraction process, 540 mm. Therefore,
in the absence of any other deflection, the required drift space distance (Lin)
for clearance of the cryostat can be calculated from geometry.

0o = 0.17 mrad (6.14)

1
Te=29+0kq - <2LQ + me> (6.15)

Solving equation produces a value of L,;,=1466 m. However, it is
not necessary to clear the cryostat radius in the horizontal and vertical plane
simultaneously. By placing the Lambertson septa adequately, this distance can
be reduced. L., can also be seen as the distance in which the beam would
clear the cryostat in the horizontal plane.

6.3.3.1 Injection design with two septa families

In this section an optimization of the injection septa will be performed. There
will be two families of Lambertson septa, the first will produce a magnetic field
of 0.7 T with an apparent septum thickness of only 8 mm and the second one
will produce 1.2 T with an apparent septum thickness of 18 mm. These mag-
netic field values are the maximum values possible for a Lambertson septum
with the corresponding parameters.

Given that the kicker magnets produce a horizontal kick, there is no ver-
tical deflection upstream from the first septum magnet. From equation [6.1} it
is more advantageous to start installing septa as close to the kicker magnets
as possible because the drift space does not produce any significant deflection.
The deflection angle is transported downstream of the magnet, so it is inter-
esting to have a long drift space after the magnet, not before. In this case, the
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minimum drift space will be determined by the kickers and quadrupole deflec-
tions and the septum thickness. A realistic value Lyqx=23.7 m is obtained
using equation and the results from equation

Again, the septum thickness of the second family will be determined by the
beam separation in the horizontal axis, although the goal of the injection septa
is to deflect the beam vertically. This allows to repeat the same procedure and
obtain that the minimum distance from the quadrupole to the second family
of Lambertson septa is 51.3 m. This means that the available length for the
first family and the drift space between the A and B families (Lag) is 27.6 m.

At this point, the only thing left is to optimize the magnetic length of
the second Lambertson septa family (Lg) and the drift space downstream of
it (Lg). It is straightforward to write an equation providing a relationship
between the vertical deflection and the magnetic fields and lengths.

1 1 1
Te=2Q+ 04 <2LA + Lap + 2LB> + (04 +05) <2LB + L2> (6.16)

Combining equation [6.16] with equation [6.1] one obtains Ly and as a func-
tion of Ly. This plot is shown in figure

1Baly  BaLaLap _ BaLaLp _ 1BsL%

Te— 5
o 2 Bp Bp Bp 2 Bp
Lo = Bals | Bols (6.17)
Bp Bp

For many possible lengths of Lambertson septa, the required drift space
(L2) becomes negative. This is due to the fact that there is no constraint placed
on the lengths stating that lengths need to be positive, therefore if the beam
is deflected more than necessary, since the condition is that the deflection at
a given length is a given position but not a direction, the equation produces
a negative length of drift space. It could be interpreted as an anti septum,
which produces an opposite deflection to compensate the excess produced by
family B.
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Figure 6.9: Length of the drift space as a function of the length of the second
Lambertson septa family

An optimization problem can be set up to minimize the addition of the
lengths subject to equation [6.17] which is a non linear equality constraint and
complicates the solution significantly. Besides, if the goal was to minimize the
total number of magnets, the optimization becomes a mixed integer program-
ming (MIP) problem. MIP problems are significantly harder to solve than
linear optimization problems, although there are approximation algorithms
based on solving the linear optimization problem and adapting it to obey the
integer constraints [142].

However, it is much faster and simpler to plot the addition of the lengths
as a function of the second familiy length and find the minimum. The total
length Lot = Lp + Lo is shown in figure[6.10} which clearly shows a minimum.

We find that the optimum total length is 86.8 m, produced by 87 m of
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Figure 6.10: Total magnetic length of the B family and the following drift
space as a function of the magnetic length of the second family

Lambertson septa from family B and 0.19 m of drift space. This is the optimum
solution in terms of length but it might not be the best solution in terms of
costs, as the number of magnets to be produced would be 22 assuming realistic
4 m long magnets. It is not an unfeasible number, but running and powering
costs may decrease if the number of magnets is reduced. From figure [6.10] one
can deduce that it is advisable to find working points towards the left of the
optimum and that a small decrease of Lambertson septa length will produce a
big change in total length because the slope of the curve is very steep. Some
alternatives for both lengths are presented in table [6.3]

From table [6.3| it is seen that decreasing the septa length to 50 m only
increases the total length by 10 m but it would require 8 or 9 Lambertson septa
less. It is clearly interesting to reduce the length of the second Lambertson
septa family to 50 m, which implies that the required number of septa is 13
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Table 6.3: Different alternatives for the second Lambertson septa stage

Lg (m) | Ly (m) | Total length (m)
25 109.9 134.9

50 47.8 97.8

75 12.6 87.6

85 1.8 86.8

instead of 22. The injection system lengths are summarized in table It
is important to keep in mind that the lengths calculated are all what magnet
designers call magnetic lengths. The magnetic field integral in equation [6.1
should be performed along the longitudinal axis for the length at which the
magnetic field cannot be neglected. However, it is much simpler to substitute
the actual field profile by an average field over a given length, producing a
so called hard edge approximation. For the LHC Lambertson septa, the ratio
between magnetic and physical length is estimated as 0.9 [63].

Table 6.4: Characteristics of the injection septa system with two Lambertson
septa families

Parameter Unit | Value
LdQA m 27.3
Magnet length (physical) m 4.4
La (magnetic) m 27.6
La (physical) m 30.7
Number of magnets (family A) | - 7
LAB m 1

Ly (magnetic) m 50
Lgp (physical) m 55.5
Number of magnets (family B) | - 13
Lo m 47.8
Total length m 161.3
Total number of magnets - 20
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6.3.3.2 Injection design with three septa families

As a complement to the injection septa scheme proposed in the previous sec-
tion, and following the result of the estimation of the number of families ob-
tained in section [6.3.2] an alternative using three Lambertson septa families is
designed in this section. The Lambertson septa will produce 0.7, 1 and 1.2 T,
with an apparent septum thickness of 8, 12 and 18 mm respectively. It can
be seen that the difference with the previous alternative is that an intermedi-
ate 1 T septum familiy is introduced with the goal of shortening the injection
septa region and, in turn, reduce the total number of magnets and reduce the
overall cost as much as possible.

Based on the calculations of the previous section, it is obvious that the
first family must be installed a the same position as in the previous case since
the minimum distance required for the first Lambertson septum in family A
is determined only by the deflections of the kicker and quadrupole magnets
and the septum thickness. Therefore, the drift space between the quadrupole
magnet and the Lambertson septa (Lga ) will be the same, 23.66 m. Repeating
the calculation for the 12 mm apparent septum thickness of family B, the
minimum length obtained is 35.46 m. And as explained in the previous section,
given that the only deflection in the horizontal plane is produced by the kickers
and quadrupole magnets, the minimum distance for the first septum of the
18 mm thick family (family C) is the same as before, 57.32 m. Again, since
the horizontal and vertical deflections are decoupled, the best strategy is to
reduce the drift spaces between the different families (Lap and Lpc) as much
as possible and place the magnets at the minimum distances calculated.

With the locations of the different families already calculated, the only
parameters to be fixed are again the magnetic length of the last family and
the length of the drift space downstream (L3). There is again a relationship
between Lg and Lo, analogous to equation [6.1

=04 (1La+Lap+3Lp)+(0a+0p)  (3Lp+ Lpc+3Lc)+
+(0a+0p+0c)- (5Lc + L)

(6.18)
Combining equations [6.1] and results in an expresion Lo:
L — zc-Bp _
2~ BaLatBsLptBclc
§BALA+BALALAB+BALALB+BALALBC+ (6 19)
BaLlat+BpLlp+Bclc R :
+BaLsLc+3BpLlE+BpLpLlec+BelpLle++Boly
BaLa+BpLp+BcLc

Using equation L, is plotted in figure [6.11]

210



Chapter 6

150

100—\

50 r N\

L, (m)

-50 T

-100 ' : ' =
0 50 100 150 200 250

L (m)

Figure 6.11: Length of the last drift space as a function of the length of the
third family of Lambertson septa

And once again, the addition of both distances can be plotted as a function
of the length of the third family of Lambertson septa. This plot is show in
figure
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Figure 6.12: Length of the last drift space as a function of the length of the
third family of Lambertson septa

From figure[6.12} the minimum length is found to be 63.5 m, which is made
up of 63 m of Lambertson septa from the third family and 0.5 m of drift space
Ls. Performing the same analysis of the curve in figure[6.12] some alternatives
are provided in table [6.5}

From table [6.5] one can see that there is no interest in increasing the septa
length beyond 40 m. The overall length will not change significantly but the
number of magnets necessary will increase a 50%. To reduce the cost as much
as possible it is advisable to reduce the magnet length L¢ to 20 m and increase
the drift space distance Lo to 61.7 m. It can be seen that by reducing the
magnet, length from 40 to 20 m the increase in overall length is less than 15 m.
This reduces the number of magnets that need to be manufactured while not
increasing the length of the tunnel significantly.
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Table 6.5: Different alternatives for the third Lambertson septa stage

Lo (m) | Ly (m) | Total length (m)
20 61.7 81.7
30 42.5 72.5
40 27.3 67.3
50 14.6 64.6
63 0.5 63.5

A summary of the different lengths necessary for each stage in this injec-
tion alternative is presented in table Again, a magnetic length of 4 m per
magnet and a ratio between magnetic length and physical length are consid-
ered.

Table 6.6: Characteristics of the injection septa system with three Lambertson
septa families

Parameter Unit | Value
LdQA m 27.3
La (magnetic) m 27.6
La (physical) m 30.6
Number of magnets (family A) | - 7
LAB m 1
Lp (magnetic) m 21.8
Lp (physical) m 24.2
Number of magnets (family B) | - 6
LBC m 1
Lc (magnetic) m 20
L¢ (physical) m 22.2
Number of magnets (family C) | - 5
Total length m 168
Total number of magnets - 18
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6.3.3.3 Comparison of injection alternatives with the baseline

To summarize the previous section, the injection proposal with two and three
families are compared with the proposed baseline in the FCC Condeptual
Design Report in table [17].

Table 6.7: Comparison of necessary lengths of the injection septa system with
with two and three Lambertson septa families and the baseline

Parameter Unit | 2 families | 3 families | Baseline
LdQA m 27.3 27.3 51.5

La (physical) | m 30.7 30.7 8

Lap m 1 1 1

Lp (physical) | m 55.5 24.2 24

LBC m - 1 1

L¢ (physical) | m - 22.2 52

Lo m 47.8 61.7 38.7
Total length m 161.3 168.1 176.2

It can be seen that both proposals made in this study reduce the length
necessary from the FCC-hh baseline. To appreciate fully the improvement, one
should also consider the number of magnets necessary to realize each option.
These numbers are presented in table

Table 6.8: Number of magnets necessary for every injection alternative

Parameter 2 families | 3 families | Baseline
Number of magnets A 7 7 2
Number of magnets B 13 6 6
Number of magnets C 0 4 13
Total number of magnets | 20 18 21

It can be seen that from the point of view of the number of magnets, it is
interesting to use 3 different families of Lambertson septa with the dimensions
presented in this study, as the proposal in the baseline requires 3 units more
and only uses 2 magnets of the first family, increasing the unit cost of the
production. Although the analysis done in section was simplified, this
result confirms that the strategy obtained is correct.
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Although it is not shown in figure[I.3] there needs to be a passive quadrupole
protection device upstream from the injection quadrupole magnet, and space
is reserved in the lattice for this device |28].

6.3.4 Optimization of the extraction septa

From the analysis in section [6.3.2] it follows that it is advisable to use two or
three families in the extraction region, instead of one. It is assumed that the
deflection of the different magnets is applied at the centre by an infinitely thin
magnet with the total strength of that magnet family. The goal of this analysis
is to find the best layout possible for the septa stage of the Beam Dump System
(BDS). As the two septa families with the highest figure of merit are the SuShi
septum and the TCT septum, these two families are the two considered for
the BDS. The reason to use two different families is the knowledge obtained in
section that the optimum number of families to use is two or three rather
than one. The reason to use two different technologies is that it increases the
degrees of freedom such as the magnetic field and septum thickness.

In this study, the deflection provided by the extraction kickers and quadrupole
will be taken into account by the apparent septum thickness (s) and the an-
gle O in equation [6.20] and it is not considered a variable.

The starting point of this calculation are the apparent septum thicknesses
of the SuShi septum (20 mm) and the TCT septum (35 mm). It is necessary
that the beam clears the apparent septum thickness of the SuShi septum as
it arrives, which determines the drift space between the quadrupole and the
first SuShi septum, although the real limit is the clearance of the cryostat at
the end of the straight section. The distance between the kicker magnets and
the quadrupole, as well as the strenghts are taken as a fixed parameter. They
could be changed but then all the optics in the machine would need to be
changed accordingly and there is no obvious benefit that could arise from this
particular change. There is an interest for the septa magnets to increase the
kickers strength, relaxing the septa requirements. This is a trade off and the
kickers are usually considered a more risky system due to the possibility of an
asynchronous beam dump.

In a first stage, the beam is deflected by the kicker magnets. It travels
through a drift space (Lakq) and arrives at the quadrupole magnet with an
angle 0. The beam is then deflected by the quadrupole and leaves with an
angle 6 Q. Downstream from the quadrupole, there is a drift space between
the quadrupole and the septa (Laqs). The kicker system is highly segmented
for reliability reasons. The kicker system is 120 m long (Lk) and has been
designed with low voltage kicker magnets to avoid flashovers. Therefore, every
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kicker magnet contributes slightly to the system and the loss of one of them will

not create unacceptable beam oscillations. This is further explained in [115]
143].

Ly Laka N Laas

Figure 6.13: Schematic of the kickers and quadrupole system

The characteristics and dimensions of the extraction kickers and quadrupole
system are summarized in table

Table 6.9: Characteristics of the extraction kickers and quadrupole system

Parameter Unit | Value
Lk m 120
LdKQ m 213
LQ m 68
G (at 50 TeV) | T/m | 70.15
Ok mrad | 0.045

As shown in figure the beam arrives to the SuShi septa (Lg) with an
angle from the kickers and quadrupole magnets (fgx). It is necessary that
the beam clears the SuShi apparent septum thickness (s). At the centre of the
SuShi septa, the full deflection is applied, and the beam leaves the SuShi with
an angle O + 6, and travels through the drift space between the SuShi and the
TCT septa (Lggt) stage. The sagitta produced in this stage is zs. Finally, the
beam arrives to the TCT septa stage, which leaves to travel through the last
drift space (Lg) with an angle 0 + 05 + 67. The deflection angle produced by
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the TCT septa is 0. The sagitta at the end of the septa stage is x., which is
the cryostat radius that needs to be cleared. This is expressed in equation [6.20)

LdQS

Figure 6.14: Schematic of the extraction region including two septa families

Te=8+Ts+aTT (6.20)

The quadrupole in figure produces a dipolar kick in the off-centered
beam, with a magnitude of Bg = G - di. Then dj, can be calculated with the
angle 0 and the geometry of the system.

1
BQ =0 - (iLK + LdKQ) =0.86T (6.21)
Using equation the angle 6 can be calculated.
0.86-6.8
=—— " =35-10"%rad .22
Q= Tap.8.108 o010 e (6:22)

And the angle ¢ is calculated by adding both deflections. This is the
angle with which the beam arrives to the SuShi septa stage.

Okg =0k +0g =810 rad (6.23)

Using equation again, the total sagitta (s) at the start of the first SuShi
septum is given by:
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1
s=di+0g- (LdQS + iLQ) (6.24)

Knowing that the apparent septum thickness of the SuShi septum is esti-
mated as 20 mm, the thickness of the passive protection device is currently
estimated at 25 mm. Its length is foreseen to be 10 m, followed by 10 m of
drift space, to allow for work in the absorber and the magnet and with the
benefit of using the drift space length to spread the secondary shower from
a beam impact on the absorber |28]. The minimum drift space between the
quadrupole and the first SuShi septum is obtained from equation [6.24] using
the iterative scheme described in section [6.21

—d
"% 3483 m (6.25)

He " g

If instead of a 25 mm apparent septum thickness SuShi septum, a TCT
septum with a 35 mm apparent septum thickness was used directly, the mini-
mum drift space would be 477 m. It is appropriate then to use a thin septum
thickness closer to the extraction point, as it reduces the overall dimensions of
the extraction region.

Applying the same reasoning, once it arrives to the TCT septum, the beam
needs to clear an apparent septum thickness of 35 mm. It is then possible to
obtain a relationship between the SuShi septum length and the drift space
between the SuShi septa stage and the TCT (Lqgst).

1 B.L, 1
zp =5+ (Oxg +6s)- (2L5 + LdST> =s+ <9KQ + ) . (QLS + LdST>

Bp
(6.26)
Using the same approach as in section [6.3.3] we obtain an expression for
the relationship between the length of the SuShi septum and the drift space
between the SuShi septum and the TCT septum:

B,L?

10-107 = 8-107°Ly — 575

_ B.L,

LysT = (6.27)

It is then possible to find an optimum for the combined length of SuShi
septa and drift space. An optimization problem can be set up to minimize
the addition of the lengths subject to equation [6.27] which is a non linear
equality constraint and complicates the solution significantly. However, it is
much faster and simpler to plot the addition of the lengths as a function of
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Figure 6.15: Relationship between the required SuShi septum length and the
following drift space

the SuShi length and find the minimum. The addition of the lengths is shown
in figure [6.16] where the minimum is clearly visible.

The minimum is found for a SuShi length of 30 m and a drift space length
of -0.8 m, producing a total length of 29.2 m. This result is clearly not feasible,
the drift space cannot be negative. This is caused by the fact that the condition
imposed is to clear a distance at a certain length, but there is no condition in
the direction of the beam. A negative drift space means that the SuShi septa
length is too high and the deflection of the beam is too high, and must be
compensated with what could again be seen as a negative septum.

If a minimization problem is set up, one of the constraints must state that
lengths need to be positive. Given that the goal of this plot is to avoid the
set up and solution of a full optimization problem, this constraints need to be
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introduced manually.
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Figure 6.16: Total length of the SuShi septum stage and the following drift
space

It can be seen in figure that near the minimum of the total distance
the slope of the curve is very small, so a small variation in the SuShi septa
length will not produce a significant change in the total length. To reduce
material costs, it is interesting to increase the drift space and decrease the
SuShi length. This trade off is taken into account by calculating the local
derivative between the points in figure It is then interesting to choose
a working point in the curve where the decrease in SuShi length produces an
equal increase in overall length, but not more. Otherwise the reduction in
SuShi length would be more expensive than the increase in total length. This
is achieved for a SuShi septum length of 15 m, where the local derivative is
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-1.08. Therefore, the SuShi length is fixed at 15 m and the drift space becomes
20.4 m, producing a total length for this stage of 35.4 m, which is not far from
the minimum value in figure [6.16

The drift space distance of 20.4 m has to be validated with the iterative
scheme to calculate that the clearance of the septum thickness considering the
beam size is achieved.

Calculating the position of the beam centre at the central point of the SuShi
septum, produces a value of 21.8 mm. It is then left to clear a distance that is
the difference between 35 mm plus two beam sizes. It is also necessary to keep
in mind that at this stage, the deflection angle of the SuShi septa needs to be
taken into account, as in equation [6.25] The necessary drift space becomes
then 61.7 m. It is almost three times the distance found without considering
the beam size, and far from the ideal optimum, but this distance is necessary
to install a TCT septum with an apparent septum thicknes of 35 mm.

Repeating the same process to find out the minimum length of the TCT
stage (Lt) and the last drift space (Ls).

It is also useful to calculate the deflection produced by the SuShi septa (6)
using equation This produces the value of #; = 0.27 mrad.

Combining equations [6.4hnd the sagitta (x.) is given by:

1 1 1
Te =S+ (QKQ Jras) . <Ls + LgsT + LT) + (QKQ + 6, JF@T) . (LT + Lg)

2 2 2
(6.28)
Again, the easiest way to understand the relationship between the lengths
is to isolate Lo:

0.48) — 4.4 - 104 Ly — L BLt
L= 0
2 4.4.10-1 + Oglr

(6.29)

It is necessary to take into account that the 540 mm of clearance at the
cryostat already takes into account the beam size. This size has been sub-
tracted in equation [6.29}

Performing the same analysis as before, figure [6.17] shows the relationship
between the length dedicated to TCT septa and the following drift space.
Again, negative values are plotted to show that the constraint stating that the
lengths need to be positive is not taken into account by this simple analysis.
The optimum, as seen in figure is obtained for a total length of 184 m,
which is calculated from a septa length of 187 m and a drift space length of
-3 m. It is seen in figure [6.18) that, in this case, the slope is not as pronounced
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as in figure [6.16] This means that a change in the septa length will not be
as significant as in the SuShi septa case. However, this stage is the main
contributor to the total length of the straight section, so it is worth analyzing
the consequences of changes in the TCT septa length.
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Figure 6.17: Relationship between the required TCT septum length and the
following drift space

Following the same reasoning as in the SuShi stage, the local derivative of
the total distance is calculated again, but this time the goal is set arbitrarily
at a value of -10. This means that a decrease of 1 m of septa length produces
an increase of 10 m in the total length. This value is achieved for a TCT septa
length of 26 m and a drift space length of 439.5 m. It is more than twice the
total length than the minimum obtained from figure [6.18 These values are
arbitrarily set and in this case, the approach of using the derivative of the
curve in figure [6.18] is more limited than in the case of the SuShi stage. For
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this reason, four alternatives are given in table [6.10]
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Figure 6.18: Total length of the SuShi septum stage and the following drift
space

The length of the different stages are summarized in table

It is seen that increasing the length dedicated to TCT septa decreases the
overall length. The FCC baseline sets a value of 425 m for the drift space L,
and 44 m for the space dedicated to the TCT septa (Lt). For this detailed
analysis of the extraction line, it is seen that increasing the distance Lt to
50 m reduces the drift space length almost a 35%. The total saving in length
is doubled, because there are two extraction lines. It may appear of interest to
reduce the total length by increasing the length dedicated to the TCT septa.
However, reducing the straight section length significantly would have a non
negligible impact in the tunnel layout and could potentially require a change
in the tunnel footprint and access shafts. The current FCC layout, explained
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Table 6.10: Different alternatives for the TCT stage

Lt (m) | Ly (m) | Total length (m)
27 428.9 455.9
50 265.41 | 315.41
75 172.7 247.7
100 113.8 213.8

in section [I.I.1] is geographically constrained by the Alps, the Jura mountains
and lake Leman. If the location of the difference access shafts changes, it might
impact the required depth of the access shafts, which would now be located
in different points, higher than the chosen ones. For this reason, table
can be used as a starting point of a more complex cost analysis, which is not
trivial and would require considerable resources.

6.3.4.1 Comparison of the extraction proposal with the baseline

A comparison of the optimized layout and the FCC baseline is presented in
table m The optimized layout is almost 22% shorter than the baseline,
which is a significant improvement. In the LHC dipoles the ratio between
magnetic and physical length is 0.94 and in order to have some margin it is
taken as 0.9 for this study [144]. The SuShi magnets are assumed to have
a length of 2 m per magnet, which is significantly longer than the current
prototypes, and the TCT are considered to have a magnetic length of 4 m and
therefore a physical length of 4.4 m.
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Table 6.11: Comparison between the FCC extraction baseline layout and the
layout presented in this study

Parameter Unit | Optimized layout | FCC baseline
Ls (magnetic) m 15 20
Lg (physical) m 16.6 22.2
Number of SuShi magnets - 12 12
LST m 61.7 20
Lt (magnetic) m 50 39.5
Lt (physical) m 55.6 43.9
Number of TCT magnets - 14 11
Lo m | 265.4 425
Septa length m 399.3 511.1
Total straight section length | m 2800 2800

The proposed layout in this study requires three TCT septa more than the
baseline but the total length required for this alternative is almost 22% less
than the baseline. As it has been explained before, the cost analysis is quite a
complex problem because it involves many other aspects apart from the septa.
Given the small difference in the number of septa needed a choice has to be
made considering all the implications.

6.3.4.2 Optimization of the beam dump line

Combining equations [6.1] and the deflection angles can be expressed as
a function of the magnetic fields and the different septa lengths for the full
system.

ze=s+ (Oxq+ Bg—;) - (3Ls + Last + 5L7) +
+(0Krq + Bg’.ﬁs) + E5Lr))  (SLr + Lo)

B-p

The power of equation [6.30]is that it can be used to calculate which is the
parameter change that will be the most profitable to change to optimize the
system length. It can be seen as a cost function for the sagitta. Taking partial
derivatives with respect to the different variables, and substituting the values
calculated previously, a gradient vector can be calculated and normalized.
This vector expresses the marginal benefit obtained by changing only one of
the parameters. Only the magnitudes relevant to septa are considered, the
kickers and upstream drift spaces are taken as fixed parameters as explained

(6.30)
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at the beginning of this section. The same analysis can be performed for
the case of two and three Lambertson septa presented in section but
given that in a single plane extraction all the deflections are linked, it is more
interesting to perform this calculation in this case. In a two plane extraction
scheme it is not strictly necessary to calculate the partial derivatives and find
the gradient vector. Once the number of magnet families has been set, it is
possible to optimize the layout by adjusting only the length of the last family
and the drift space downstream.

dze _ 1 L By LdST By LT B, L2
or- = 39KQ + £ Bp + + +

aacp
OLasT — 9KQ +

Oxe __

9Lt Orxq + Bp
O0x. __ L Ls BTL2
dLy QKQ + 2 Bp + Bp + Bp
oz, _ 1L2 LsLgstT L;L,

oB; ~ 2 Bp + Bp + Bp

o, _ 1L% + LTLz

6BT - 2 Bp

s + BTLT + BTL2

(6.31)

Taking the values of the partlal derivatives of the system of equations [6.31
for this particular extraction system and normalizing with respect to the norm,
the gradient vector at this point is found. The results of the system of equa-
tions [6.32) means that to increase the sagitta, and therefore reduce the length
of the straight section, the most beneficial parameter to increase is the mag-
netic field of the TCT septa, which has an influence of 88% in the sagitta,
followed by the 45% influence from the SuShi septa. This may be surprising
at first sight given that the SuShi septa are located upstream in the system
and one would expect their importance to be higher than the TCT septa. In
this extraction, given that the magnetic field of the TCT and the total length
are bigger than the field and length of the SuShi, the TCT septa become more
important overall. As a sanity check of this method, one can set the fields
and lengths of the SuShi and TCT septa to the same value. If the relative
magnitude of the contribution of the SuShi field and length to the gradient
vector are not higher than those of the TCT septa, this method will not be
correct. Setting both fields to 3 T and both lengths to 20 m, the contribu-
tion of the TCT septa field becomes 62 % and the contribution of the Sushi
septa field is 76 %. The contributions of the lengths are respectively 11 and
12 %. The method is therefore valid to calculate the relative importance of
each magnitude when calculating the contribution of each variable to the total
deflection.

It is also seen that the influence of the lengths of both the SuShi and the
TCT septa in the final sagitta are below 10%, and the drift spaces downstream
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of the SuShi and the TCT septa have very little influence. It is important to
keep in mind that this method can be applied to every extraction line, but
the results may change depending on the actual values of the different fields
and lengths of every particular extraction line. If the magnetic fields of the
magnets are currently the limiting factor, it is seen that the strategy to follow
is to increase the magnetic length of the SuShi or the TCT magnets instead of
the drift spaces, in particular the drift space between the two magnetic stages.

ote = 0.071

gl

e — (6.32)
Jr= = 0.024

Sre =045

L= —0.88

Following the gradient study, it is possible to obtain an expression from
equation [6.30]in which the the septum thicknesses at a given point is an inde-
pendent variable, but it would be equivalent to the study performed.

6.4 Summary and further studies

We find that the optimum number of families to be used for a given transfer
line is three or less. The actual number will depend on the parameters of every
injection or extraction line but it has been shown that the integrated magnetic
field does not decrease when increasing the number of families to be used. From
a point of view of the manufacturing costs it is obviously more interesting to
produce several magnets of each family. It has also been shown that although
it is possible to set up an optimization problem to minimize the number total
number of magnets or the total length of the straight section, this would require
a complex mathematical solution due to the equality constraint present in the
problem and the fact that minimizing the total number of magnets would
require to solve a MIP problem, which is significantly more difficult than a
linear problem. It has been shown that it is easier to minimize the total
number of magnets by minimizing the magnets length and then calculate the
necessary units of each family. This optimization can be performed graphically.
It has also been shown that the influence of the beam size cannot be neglected
in these calculations, especially at injection energy.

In this chapter a method has been proposed to determine a layout and the
impact of including several septa families. However, considering the rest of
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the variables as fixed, the total number of magnets can be reduced to save
costs. This is achieved by placing the septa magnets as close to the kickers
and quadrupole magnets as possible. For the extraction region, this would
require to use a thin septum blade in the first septum or family. Due to the
thin septum thickness, the magnetic field produced by this septum cannot be
as high as the field produced by the downstream septa with a thicker blade.
However, the first deflection angle is transported along all the stages of the
transfer line, making an important contribution to the total deflection.

Finally, the most interesting direction for development has been identified.
It has been shown that the research effort should be focused on increasing the
magnetic strength of the TCT and SuShi septa. A 3.8 T TCT septum was
designed in sections[5.2.1and the following. While such a design is challenging,
there is room for improvement. The current TCT septum design allows for
some improvement but a significant increase, of the order of 1 T, would require
significant work on the cross-section to avoid high magnetic fields in the coil
which may provoke unwanted quenches and adequate stress management in
the coil areas and the septum blade. A small increase in strength, of a fraction
of a Tesla, may be possible by optimizing the septum cross section.

The TCT septum strength can be increased at the expense of increasing
the septum thickness, which would require the first magnet to be moved fur-
ther from the SuShi septa stage, reducing the length of the drift space L.
Maintaining the same total distance, this shift in position would imply the
reduction of the Lo drift space. This approach is interesting because it has
been shown that the change in the TCT septum has the biggest influence in
the total sagitta produced by the whole system, while reducing the length Lo
produces a small impact on the total deflection.

The SuShi septum strength can also be increased by increasing the thick-
ness of the shield. Again, this increase would force the shift of the first SuShi
septum further downstream and it would likely require a modification of the
design of the external Canted Cosine § magnet, described in section
As in the case of the TCT septum, a decrease on the downstream drift space
would be outshined by the increase in magnetic field obtained with a thicker
apparent septum thickness.
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Chapter 7

Leak field effects

7.1 Introduction

The goal of this chapter is to calculate the leak field produced by the septa
used to design the injection and extraction in chapter is above or below
acceptable limits. The first step is to quantify the maximum allowed leak field
at injection and extraction, which is done in section Then the leak field
of the different injection Lambertson septa options is calculated in section|7.3
For the extraction, the leak field of the SuShi septum is estimated in section[7.4]
and finally the leak field of the TCT septum is calculated in section The

conclusions are summarized in section [7.6]

7.2 Determination of the permissible leak field

The orbiting beam only goes through the extracted beam gap once and it must
not be perturbed during normal operation when it travels through the orbiting
beam gap. If it is, a small error on the beam orbit can accumulate over many
turns and lead to an emittance blow up. It is therefore essential to make a
reliable estimate of the fringe fields that leak into the orbiting beam gap.

7.2.1 Determining the maximum permissible leak field
from the emittance growth

When a beam is distorted by a non ideal field, filamentation makes its emit-
tance grow.This can be due to an imperfection, such as a misalignment, a
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ripple or in this case a leak field [145| [146, |147]. A first consideration, one has
to keep in mind that an ideal dipolar kick in normalized phase space is just a
vertical displacement of the beam.

The maximum leak field is calculated using equation which gives the
normalized emittance growth (Ae) due to the passage of the beam through a
misaligned magnet [148], where Ay is the transverse alignment error and «a and
f3 are the Twiss parameters. The goal is to calculate [ Bdl in order to obtain a
maximum affordable value for the integral leak field. The transverse alignment
error is taken as 0.2 mm, which is 33% higher the allowed transverse alignment
error in the LHC [149]. The beam emittance is available in |150] and the Twiss
parameters have been calculated using MAD-X [151]. At the extraction point,
the parameters of the x-axis and the y-axis are similar and only an average at
the middle point of the allocated length for the septa has been calculated. The
values introduced in equation are summarized in table It is assumed
that an increase of the beam emittance of 1% is allowed due to the leak field.

2
Ae, = g ((Ay)2 (1 -;az) n (fBdel) ﬁ) (7.1)

Table 7.1: Parameters for the calculation of emittance growth

Parameter Unit Value

Normalized initial beam emittance mm- mrad 2.2
Allowed emittance increase due to leak field % 1

Alignment error (Ay) mm 0.2

Qy rad -1.7

B m 1594
Oy rad 1.8

By m 1740

Beam rigidity at extraction (B-p) T-km 166.8
Beam rigidity at injection (B-p) T-km 11

Solving equation H with the values for the x- axis, one obtains: / prdl =

1.63-1076 radians. With the beam rigidity at extraction, the leak field integral
obtained is 272 mT- m. If one takes the value of the beam rigidity at injection,
the leak field integral obtained is much smaller (30 mT- m) but this is not a
relevant value since the main field in the septum will be much smaller and the
leak field in each magnet will be negligible, as explained in[3.4.1] which ensures
that the leak field is below the limit calculated with equation . The leak
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field does not scale linearly with the main field while the septum blade is not
saturated, which is the design constraint.

Solving equation with the values for the y-axis produces a maximum
leak field integral of 260 mT- m, which is a very similar value. Since this calcu-
lation starts from the approximation of considering only one septum magnet
instead of the real system, only the value for the x-axis will be used.

7.2.2 Determining the maximum allowed leak field from
the beam rigidity

This method is a simple yet realistic way of approaching the problem. Since
there is no clear way of addressing this issue and magnetic fields are not linear
due to saturation of the iron, one can consider the beam rigidity which is linear
with the energy. The beam rigidity is the beam resistance to be steered by a
magnet. It is similar to the inertia in Newtonian mechanics. With this idea in
mind one can calculate how much field is necessary to perturb the beam and
actually see an effect. That will determine the leak field budget. The beam
rigidity was presented in equation [£.7}

From the 2D MSDC simulation at 1.1 T, the value of the leak field obtained
in a cross section is 2.3 mT. This is an average value, obtained integrating the
leak field over the orbiting beam gap surface and dividing by the surface. It is
assumed that this is a constant field and the coil ends effect are negligible since
the magnet is long compared to the orbiting beam gap surface. Considering
the 15 Lambertson septa installed and a 4 m length per magnet, the integrated
leak field seen by the orbiting beam in the LHC is:

Bieakrac = 2.3mT - 15magnets - 4 =138mT -m (7.2)

magnet
The beam rigidity of the LHC at injection has a value of: Bpr ¢ (injection)
m. And the beam rigidity of the FCC at injection is calculated from the energy
in equation as explained in [152].
Bprcco(injection) = 110117 - m (7.3)
Then, scaling for the FCC:

11011 T -m

This is very robust especially if one takes into account the beam sizes. In
the LHC the normalized beam emittance is 3.5 g m while in FCC is 2.2 y m.
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To make a fair comparison between beam sizes, it is necessary to compare the
geometrical emittances, not the normalized ones. The geometrical emittance is
calculated dividing the normalized emittance by the product of the relativistic
parameters B, and v,.¢;. That is, the same kick will be more relevant in the
case of smaller beams because while the centers will move the same distance
the displacement in phase space will be bigger in the FCC than in the LHC.
This is qualitatively explained in figure where the blue circumferences
represent the phase space with no perturbation and the red circumferences are
the result of applying a 1 o kick. The dashed lines represent the emittance
growth du to this kick. It can be seen that, for the same kick, the emittance
growth in the FCC will be smaller than in the LHC.

XI
X.r

Orbiting beam position
Miskicked beam
— — - Emitlance growth

Figure 7.1: Comparison between kicks in the LHC and in the FCC

Which means that, €, rrc > €4, Fcc or, considering that the emittance is
related to the size of the phase-space. If the beam is kicked a distance L, the
ratio between L and the size of the phase space is bigger in the the FCC than
in the LHC.

The geometrical emittance of the LHC and FCC are respectively:

_ _¢tn, _ 3.510°% _
€9,LHC = 5LHCL’1;{LC;10 = 7162 ) =047 nm (7 5)
_ €n, _2.2:107°% _ ’
€.FCC = Frioarcs = “sasos — 004 nm
Therefore, the leak field integral for the FCC septa is:
0.04
1012mT - m -~ — 88mT - m (7.6)
0.47um
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7.2.3 Adopted method

The leak field values obtained with the scaling of the emittance growth method
and the beam rigidity method are similar. Given that both methods produce
similar results, they are a starting point for the septa design at an early stage
of the project, in the order of 100 mT-m. Although the beam rigidity method
is very reasonable it is only a scaling of the LHC leak field values, which
may be overconstraining the FCC design. However, it needs to be taken into
account that a 1% value for the allowed emittance growth may also be an
excessive constraint. Therefore, the emittance growth method is preferred
because the beam rigidity calculation an approximation, while the emittance
growth method relies on past operation and experience in different particle
accelerators.

7.3 Leak field of the Lambertson septa

The leak field integral is computed along the orbiting beam gap centre for
each magnet family and the total leak field integral is added taking the total
number of Lambertson septa into account. The total integrated leak field for
the three options presented in section is calculated in table As a
remainder, the different injection layouts were presented in tables and
in section [6.3.3.3] The relevant parameters have been reproduced in table

Table 7.2: Comparison of the integrated leak fields for the different injection

options
Parameter Unit | 2 Families | 3 Families | Baseline
Number of magnets (family A) | - 7 7 2
Number of magnets (family B) | - 13 6 6
Number of magnets (family C) | - - 4 13
Leak field integral (family A) mTm | 9.8 9.8 2.8
Leak field integral (family B) mTm | 27.3 12.6 12.6
Leak field integral (family C) mTm | - 9.2 29.9
Total leak field integral mTm | 37.1 31.6 45.3
Maximum allowed leak field mTm 272

It is seen that the integrated leak field values obtained for all the three

options are significantly lower than the maximum allowed leak field obtained
in section[7.2] This means that the septa system will not limit the performance
of the FCC significantly. However, even if the leak field is low compared to
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other multipole errors, it should be taken into account when designing the
necessary corrector magnets.

7.4 Leak field of the SuShi septum

Full 3D simulations of the SuShi septum are not available at this moment.
However, different measurements have been performed and the results can
be used to estimate the leak field integral in the SuShi stage |79, [82]. It is
planned to produce a shield that is longer than the external magnet used to
produce the main field in order to avoid leak field penetration at the ends of
the shield. Therefore it can be considered that the SuShi leak field is a 2D
problem. Since the shield will operate at a field lower than the maximum field
that it can shield, the measurements performed present values of leak field
below 1 Gauss, and can then be neglected.

7.5 Leak field of Truncated Cosine 0 septum

As it has been explained in section due to memory limitations it is not
possible to solve a full model of the Truncated Cosine 8 septum in 3D, even if
all the relevant symmetries are applied. The leak field of the total magnet has
to be inferred from the 2D and 3D simulations. To calculate a more accurate
value, a simulation of the full septum should be solved, although with this
approximation the result will be of the same order of magnitude.

The leak field integral is calculated by integrating the contribution of the
2D cross section along the length where the magnet can be considered as 2D
and then adding the integral from the 3D coil ends. The leak field integral in
the central part of the magnet can be approximated by a multiplication, as
the field is constant and the length, as explained in section [5.3] is considered
as 3.7 m. In the 3D model, the integration length should extend to infinity,
although it will be truncated at a length where the contribution is negligible.

From the results obtained in section [5.3] in figures [5.27] and [5.28] it is
clear that the integrated leak field of the Truncated Cosine 6 septum will be
dominated by the effect of the coil ends. This is due to the geometry of the
coil ends, which do not follow the Truncated Cosine 6 distribution and the
appropriate truncation.

The integrated leak field for both extraction alternatives presented in ta-
ble is shown in table [[.3l

In the case of the optimum extraction proposal presented in section
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Table 7.3: Comparison of the integrated leak fields for the different extraction

options
Parameter Unit Optimum proposal | Baseline
Number of SuShi magnets - 12 12
Number of Truncated Cosine 6 magnets | - 14 11
Leak field integral (SuShi) mT-m | - -
Leak field integral (Truncated Cosine #) | mT-m | 1573.6 1236.4
Total leak field mT-m | 1573.6 1236.4
Maximum allowed leak field mT-m 272

The total integrated leak field is more than 6 times higher than the maximum
allowed leak field calculated in section In the case of the baseline pro-
posal, the integrated leak field is more than 5 times higher than the maximum
allowed value. It is not possible to shield the orbiting beam gap from the
leak field in the region of the coil ends as the different materials (MuMetal
or soft iron) would saturate and the leak field would not be attenuated sig-
nificantly. The leak field then must be actively compensated, either by using
compensation coils or with dedicated corrector magnets. Alternatively, it may
be possible to reduce the leak field by modifying the geometry of the coil
ends. As explained in section [5.3] any modification of the coil ends need to be
studied in detail due to the winding and manufacturing challenges that this
magnet presents. The compensation coils may be very challenging due to the
structure of the leak field. A Fourier analysis of the leak field could be done,
but it would be more advantageous to reduce the magnitude of the leak field
first. Only after that, the multipole decomposition will be meaningful.

The compensation coils design might be done using the semi-analytical al-
gorithm introduced in [84], which was used to produce exotic septa designs
which cancel the magnetic field at a given point [85]. Another alternative
for the compensation of the leak field would be in principle to use dedicated
magnets upstream and/or downstream of the TCT septa stage. This compen-
sation scheme is simple and it may be possible to reduce the leak field by using
very few magnets of reduced power. However, the influence of these corrector
magnets in the optics needs to be studied in detail.

7.6 Conclusions

A maximum value for the leak field has been provided in this chapter. The
method to calculate it is based in setting a limit to the emittance growth
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induced by the leak field of the septa system.

The errors introduced by the leak field in the orbiting beam have been
quantified and it has been shown that all the injection alternatives presented
in section are below the maximum allowed leak field.

For the extraction system, it has been shown that the SuShi septa intro-
duce errors that can be neglected at this stage and that the Truncated Cosine 6
septa presents unacceptable leak field levels, coming from the coil ends. Dif-
ferent alternatives to reduce the leak field of the Truncated Cosine 6 septum
have been proposed. A geometry modification of the coil ends, the use of
compensation coils, dedicated compensation magnets or the use of a massless
septum. The use of a set of dedicated corrector magnets to reduce the leak
field levels locally, upstream or downstream of the Truncated Cosine 6 septa.
However, this correction alternative may influence the machine optics.

Assuming successful compensation of the leak field is achieved at the coil
ends, the integrated leak field has been estimated. With these assumptions, it
is clear that the Truncated Cosine 6 septum remains a suitable topology for
the FCC dump line with promising performance. Future work should focus on
the reduction of the leak field contribution from the coil ends.
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Chapter 8

Conclusions and future work

8.1 Summary

In this chapter the results of this study are summarized and future lines of work
are outlined. The thesis can be divided in three parts. The first part com-
prises the exploration of different septa topologies that were initially identified
as suitable to be used in the FCC injection or extraction. A figure of merit
was developed to provide a common metric to measure their performance. In
the second part an optimized layout for the injection and extraction septa is
proposed, using the septa with the best performance according to the figure of
merit developed. In the last part, the effect of the leak fields on the orbiting
beam is investigated to validate the injection and extraction layout. An ex-
haustive review of existing septa topologies has been carried out, identifying
the ones that could be suitable for the FCC-hh BDS.

Given the numerous differences between the different septa topologies, a
novel figure of merit was developed to characterize the performance of each
septum topology and to enable comparison between them. Three variants of
this figure of merit have been developed, for normal conducting septa, super-
conducting septa and SuShi type septa. As explained in section when
comparing two different septa, the higher the figure of merit, the better the
performance. Although the figure of merit is a powerful tool, it is not the only
one that can be used in septum design or comparison. Many other factors
such as space limitation or materials choice may be relevant, depending on the
particular circumstances of every septum magnet.

Because of its robustness, the Lambertson septa topology has been investi-
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gated in particular. The limiting factor of this topology has been found to be
the saturation of the septum blade. The operational limit is found when the
leak field increases beyond acceptable limits, which in turn limits the septum
field. Different shapes of the orbiting beam gap have been investigated, as well
as the use of rare earth materials, such as Holmium, as a flux enhancer. Active
leak field reduction has also been explored, using one and two sets of compen-
sation coils and permanent magnets although no significant increase on the
maximum magnetic field was achieved. A super ferric variant has been stud-
ied and it has become an alternative for a low energy consumption injection,
taking advantage of the availability of cryogenic cooling.

In the massless septa field, the so called Pacman septum has been intro-
duced and compared with existing massless septa. According to the figure
of merit developed, its performance was found to be similar to other existing
massless septa although the dimensions and the maximum magnetic field are
significantly higher. As a novel concept, active compensation of the leak field
has been studied. It is possible to use a transverse deflecting RF pillbox cav-
ity, in TM119 mode, to compensate the effect of the leak field in the orbiting
beam gap. The parameters of such a cavity were estimated and single parti-
cle tracking was performed along the cavity length using the finite difference
method. It has been concluded that this idea may possible be applicable at a
lower energy level and a possible energy range has been estimated in the cases
of a proton and an electron accelerator.

Other applications for massless septa have been addressed. The possibility
of using the leak field for phase space stretching and folding as a way of re-
ducing losses in multiturn slow extraction was studied, as well as the use of a
double massless septum for injection protection. These concepts take advan-
tage of the rapid magnetic field variation between the high field region and the
zero field region of a septum by using the leak field to blow up the beam and
avoid critical beam energy deposition on a downstream equipment. Injection
protection has been identified as the most promising application.

A 2D and 3D conceptual design of a 4 T Truncated Cosine 6 septum have
been produced. This septum may be the first superconducting septum in-
stalled. As a first step, 2D electromagnetic and mechanical simulations have
been performed to confirm that this septum topology produces a 4 T with a
low leak field and a mechanical support concept for the septum coil was de-
signed, including the material choice. The second step of this design was the
3D design of the coil ends. A septum coil where the individual turns do not
collide when closing the coil was produced. The coil ends take into account
that there needs to be enough space between each cable so they can be sup-
ported by a support that can be manufactured. Due to limited computational
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resources, it was not possible to simulate the detailed 3D model, so the model
had to be simplified. The inductance of the TCT septum was estimated, which
will be essential for quench protection studies for example.

A procedure to derive the optimum number of septa families to be used in
an injection or extraction line has been established. Although it is obvious that
using many different families will increase the cost, it may also be inefficient
from the point of view of the necessary length, which will also translate into an
increase in cost. This procedure quantifies the total septa length as a function
of the number of families. It was found that there is no advantage to install
more than three septa families, as the total length of the system will not be
reduced and the manufacturing costs will increase.

A new method to calculate the necessary septa length and the length of the
drift spaces between them has been established. Although a full optimization
problem may be set up, it would involve equality and non linear constraints,
which increase the solution complexity significantly. As an added difficulty,
physically unfeasible solutions are possible even if the constraints are set up
carefully, which would require setting arbitrary limits on the constraints. For
example, it may be found that the optimum length for a given drift space is
too small to allow for installation of the magnet upstream or downstream. The
proposed method breaks the problem into smaller parts and, being sequential,
provides a possibility to check the solution at every stage of the septa layout
avoiding unnecessary complexity. This method allows for simultaneous op-
timization of the length of a septum family and the drift space downstream,
becoming an approximation of a full optimization problem, with the advantage
that the proposed method is significantly simpler than setting up and solving
a full optimization problem.

Using the proposed method, a septa layout was produced both for the
FCC-hh injection and extraction. The injection has been realized with Lam-
bertson septa due to their robustness and the 2-plane injection scheme. Two
possibilities were explored, using 2 and 3 septa families, and the proposed
layouts were respectively 9.5 and 5.5% shorter than the initial baseline. An
extraction layout was proposed using the same method. For the extraction,
the septa topologies chosen were the SuShi septum and the TCT due to their
classification according to the figure of merit developed. The proposed extrac-
tion layout is almost 22% shorter than the baseline. Additionally, a method
to identify the most interesting improvement direction has been introduced.
Applying this method to the extraction layout, which would potentially be
the system that is more susceptible to reduce its costs, it was shown that
the preferred course of action is to increase the magnetic field of the septa,
followed by increasing the magnetic length of the Sushi and TCT septa, fol-
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lowed by the length of the last drift space. Any modification on the lengths of
the other components of the septa system would not produce any significant
improvement in the necessary septa length.

Finally, two methods to quantify the maximum allowed leak field integral
of a given septum thickness were compared and one of them was chosen based
on experience with other accelerators. The injection and extraction integrated
leak fields for each alternative were calculated and it was found that the Lam-
bertson septa and the SuShi septum do not introduce a significant leak field.
This leak field should be taken into account in detailed studies although it is
below acceptable limits. However, the TCT septum introduces a very high
leak field due to its coil ends. The design should be optimized before the leak
field can fall within acceptable limits.

8.2 Conclusions and future work

In this thesis, an optimized layout of the septa straight section has been pro-
duced, which can significantly reduce the cost of the injection and extraction
systems. It has also been shown that it is possible to extract the particle beam
at peak energy in a moderate space using a reasonable amount of magnets.
This work has proven that the BDS is feasible and will not be a reason not
to build the FCC. Using the systematic procedure to identify which magni-
tude has the most impact on the overall system, it has been shown that it is
interesting to produce higher field septa magnets, in this case the SuShi and
TCT septa. The only possibility to increase the magnetic field produce by a
TCT septum is to use high temperature superconductors (HTS), which have
the potential of reaching far beyond 16 T.

A design for the first superconducting septum was produced. It was shown
that it is necessary to reduce the leak field of the TCT septum while main-
taining a compact size of the coil ends and a promising strategy is to use
compensation coils at the magnet ends. Since it was not possible to simulate
the full magnet due to the computational resources available, a full model
without simplifications needs to be developed. Additionally, it is of interest to
perform a sensitivity analysis regarding the position of the cables of the TCT
septum and its influence on the field quality and leak field. These actions will
be necessary to build a first prototype to validate the results obtained from
the magnetostatic and mechanical simulations and the septum blade support
design.

The building of a TCT prototype could also benefit from the advance of
new technologies like 3D printing. It is possible that in the future 3D printed
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parts, metallic or not, become suitable for in vacuum installation. This could
be of interest to avoid machining the support of the coil ends. If the ends do
not need to be machined, a more compact design may be produced, reducing
the leak field at the coil ends. Following this advance, in the future it may be
possible to 3D print the superconducting cables, which would be an incredible
breakthrough. Such a development would open many possibilities such as
solving the inverse problem to produce the desired field or cancel the leak field
at a certain point.

Although the design of the TCT septum presented uses NbTi cables for
reliability reasons, this choice limits the maximum achievable magnetic field.
It is possible that the magnet may be built in the future using HTS such as
MgBs, YBCO or REBCO, to mention the most promising material at this
moment. The use of HTS would allow for higher field septa magnets and a
higher operating margin, reducing the quench risk. At the moment, HTS ma-
terials are available commercially as tapes, allowing to produce Roebel cables.
Significant research on how to produce HTS cables is ongoing, the main chal-
lenge being that most of the materials are brittle, which makes it difficult to
extrude a cable or wind a coil. Under this assumptions, a staged approach
in the extraction system becomes possible then. It would consist of a first
stage of normal conducting septa followed by a stage of superconducting septa
built using HTS materials. The normal conducting septa would produce a
small separation of the beam while being very robust. In the case of a kicker
magnet misfunction or any beam impact, they could survive or be exchanged
in a reasonable time. They could play a protection role for the downstream
superconducting septa, which would not be affected by any heat deposition
due to radiation or impact of the beam. The superconducting septa would
provide most of the required magnetic field integral in a short space thanks to
their high fields. In this case, a thick septum thickness is to be expected to
contain the stresses produced by the Lorentz forces.

As a result of this thesis, it has been shown that it may be worth to
build a super ferric Lambertson septum from the point of view of the energy
consumption. However, the iron saturation will still limit the performance of
such a magnet.

A detailed design of the double massless septum could be interesting for
injection protection, as it has been shown that the required magnetic field
gradient for a 3.3 TeV falls within feasible parameters. For a lower energy
application the requirements in magnetic field gradient are expected to be
more relaxed, although creating the zero field region may be more challenging,
as an error in that area would affect the orbiting beam more significantly.
However, this challenge does not seem impossible to overcome.
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The RF compensation of the leak field may be a very interesting technology
for particle accelerators with a lower energy than the FCC. A more detailed
design of an RF cavity may be relevant, although the main interest at this
point is to perform detailed beam tracking simulations to fully characterize
the deflection produced by the cavity and its effect on the beam size and
emittance.

Following this topic, detailed numerical simulations of the SuShi shield are
necessary and a full simulation of the SuShi shield and the CCT dedicated
magnet must be implemented. A full scale prototype of the Canted Cosine 6
magnet, will be built between 2019 and 2020 and a full size magnetic shield will
be installed for testing. This is part of an initiative with the aim of developing
a shield material and a manufacturing procedure to produce sufficiently long
tubes, more than 1 m long, which is also resistant to flux jumps.

As explained, current studies estimate that the necessary length of the
passive protection elements upstream of the septa are approximately 10 m of
segmented carbon material, usually referred to as sandwich structure [28]. A
more detailed study of the protection elements needs to be undertaken, as
well as the study of the segmentation of these elements if this is found to be
interesting for the FCC dump line.

For the superconducting septa, quench protection needs to be taken into
account. It is not acceptable to operate the accelerator when the dump septa
have quenched. Although it is possible to dump the beam without any damage
if the quench is detected in time [143|, the thermal cycling may take too
long, reducing the availability of the machine. Additionally, suitable quench
detection and quench protection circuits need to be studied in detail given
that they would be protecting critical systems. Quench propagation in HTS
is usually significantly slower than in NbTi. This means that with the current
quench detection schemes, many more voltage pick-ups are necessary to detect
a quench when it occurs. An alternative to avoid the long thermal cycling is
to use a HT'S material cooled well below the critical temperature would allow
for operation with a higher margin, making a quench much less likely.

242



Appendix A

Appendix A

The finite difference method
applied to charged particle
tracking

Charged particle tracking script

Although there are many codes available which are capable of performed
charged particle tracking, they are far more advanced than what is needed
for a preliminary estimation. It is more efficient to develop a simple script
which integrates the acceleration and the velocity of a single particle in the
presence of a magnetic field. This approach also avoids running long 3D finite
element simulations. The application of the finite difference method to particle
tracking under the assumption of absence of longitudinal fields is described in
this appendix.

A.1 The finite difference method

The Finite difference method is based on the definition of derivative, as shown
in equation , in which h is a sufficiently small value. Qualitatively, the
method is based in the fact that if two points of a function are sufficiently
close, the next point can be calculated by adding a small quantity to the
current point, which is known.

<$>%u®+2—M@ (A1)
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If the function v is sufficiently smooth in the vicinity of A, then it can be
approximated by a Taylor series.

= ou ou h? [ 0%u h3 [ 93u
et = Z () = () o5 () (39)
(A.2)
And truncating after the first derivative, an approximation of the function
u, can be obtained.
From equation , if the derivative of the function at a given point (%)

and the current value u(z) is known, then the value of the function can be
approximated as:

u(z + h) = u(x) +h- (g“) + O(h?) (A.3)

And since the Taylor expansion in equation , it can be shown that the
error associated to the forward approximation is proportional to h, since for a
sufficiently small h, the error has an upper boundary, shown in equation ,
where C is a positive constant.

ua+h) —ul@)
R 1)

<C-h (A4)

The Finite Difference Method approximates the function as a succession of
n points, and equation can be adapted to calculate the next point u(n+1)
as a function of the derivative of the function at the current point «'(x) and
the current value of the function u(z). Equation is usually known as
the forward difference approximation. It is important to notice that the =
symbol in equation transformed to a = symbol in equation the
original function in the forward difference approximation has been substituted
by a succession of points, which have no error in the calculation. This is
illustrated also by the change of variable, from a continuous variable z to a
discrete variable n. The error is in the discretization of the function and the
choice of h.

u(n+1) =u(n) +h-u'(n) (A.5)

There is an analogous approximation known as the backward differentiation
approximation, in which the movement along the function is the opposite,
shown in equation . The corresponding error is the same as in the forward
approximation.
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u(zx —h) =u(x) —h- <8u> + O(h?) (A.6)
oz

The main advantage of using the approximations in equations and
is that their complexity is very low, providing very fast results at the
expense of a higher error.

To further reduce the error, the central difference approximations is com-
monly used. The principle of this approximation is shown in equation
and qualitatively it is seen that instead of taking into account only the prece-
dent or the following point, both are used to calculate the current state of the
system. By averaging equations and , one obtains that the terms
in h of the Taylor expansion vanish and the terms in h% reduce their weight.
The derivative of the function at a given point is then obtained according to
equation (A.7)).

@i)i . u(:c+h)2—hu(ac7h) A7)

It can be shown that the truncation error in the central difference approx-
imation is proportional to A2 while in the forward and backward difference
approximations the error is proportional to h, following the same principle as
in equation , equation , in which the upper boundary of the error is
given by a positive constant C and h.2.

u(x+h) —u(z —h)
2h

—u/(z)| < C-h? (A.8)

Applying the same discretization principle as in equation to the cen-
tral difference approximation, the next discrete point in the function, u(n+1)
can be calculated from the previous point u(n-1) and the derivative of the
function in the current point u’(n).

u(n+1)=uln—1)+2h-u'(n) (A.9)

The second derivative of the function u can also be approximated by a
finite difference formula. Full details of this derivation can be found in [153].
The final result is shown in equation (A.10).

_u(x+h) = 2u(r) +u(x—h)

u(x) ~ 2 (A.10)
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A.2 Application of the finite difference method
to charged particle tracking

The calculation performed starts from the assumptions that the effect of the
longitudinal electric field is negligible. Therefore the only acceleration of a
particle travelling through the cavity will be transverse to the direction of
movement and the energy gain will be neglected. Additionally, the variable m
denotes the relativistic mass and the variable mg is the rest mass.

Applying the central difference approximation to a particle travelling along
the RF cavity, the position is the magnitude that is going to be approximated
by the function w(n). Therefore, the position in the x-axis of a single particle
travelling through the cavity can be calculated using equation , where
v, is the speed in the x direction. A similar equation can be produced for the
y and z axes.

zn+1)=x(n—1)+2h v, (A.11)

To calculate the acceleration in the x-axis, it is straightforward to approxi-
mate the second derivative of z(n) using equation (A.10). The result is shown
in equation (A.12) and again, a similar equation can be formulated for the y
and z axes.

z(n+1)—2z+xz(n—1)
a(x) = 3 (A.12)

Inside the RF cavity, the acceleration will be produced by the Lorentz force,

given by equation (A.13).

F=q (E+ex D) (A.13)

The acceleration is proportional to the relativistic mass of the particle.

F= yeel -m - d (A.14)
Therefore by combining equations (A.12)), (A.13)) and (A.14)), one can pro-

duce the rules to calculate all the points that define the trajectory of the
particle inside the cavity. For a TMijo it is known that the only non-zero
components of the electromagnetic field are F,, B, and By, so the resulting
Lorentz force is simplified. The trajectory equations are given by the sys-
tem (A.15)), which are coupled equations.
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z(n+1)=—-z(n—-1)+2-x(n)

m 2
y(n+1) = —y(n — 1) +2 - y(n) — L’ (s
2t 1) = —2(n— 1) +2- 2(n) - 2 (B, 2=l il u(nl) )
(A.15)

In equation , m is the relativistic mass and for highly relativistic
beams, the speed of the particle will be the speed of light because it can be
considered that all the energy transferred to a particle will be transferred in the
form of mass, not of speed. These assumptions are very conservative because in
a real cavity one must consider other effects such as the transit time factor and
the variation of the electric field. Taking this consideration into account, the
motion in the z-axis becomes independent of the cavity, and can be assumed as
uniform and can be used as an independent variable for iteration at every step.
As a result of these assumptions, solving a highly coupled system of equations
can be avoided and two independent explicit equations can be produced to
calculate the trajectory of a relativistic particle.

The trajectory of the particle depends on the electromagnetic fields seen
by it, its energy and the constant h. It is important to choose h sufficiently
small so the error in the approximation is negligible, but choosing a value too
small will increase computation time and can produce numerical instability.
In this implementation, for simplicity, it was chosen to perform steps of 1 mm.
That produces a value of h = 3.3 - 10712,

_aByh? z<n+1>fz<n71>)
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Appendix B

Calculation of mechanical
stresses

B.1 2D mechanical analysis

In this section, the choice of the mechanical support shape is explained. The
septum blade is very close to a uniformly loaded beam, which is very useful
when determining the first iteration of the shape of the support. A uniformly
loaded beam can be supported or fixed at the ends. In a support, the dis-
placements at the ends are fixed with a value of zero, while the angles are not.
However, in the case of a fixed beam, both the displacements and the angles
at the ends are zero. Both situations are illustrated in figure by Carnicero
et al. [42].

The maximum deflection in the supported beam is given by equation
and in the case of the fixed beam is given by equation In both cases
the maximum deflection is located at the centre of the beam [43]. For any
given beam cross section, load and material, the deflection of the fixed beam
is five times smaller than the supported beam. This indicates clearly that the
support has to be designed in a way that resembles a beam fixed at both ends.
For this reason, the boundary conditions shown in figure [5.21] are chosen.

5

maxr — L4 B.1

Jmaz ssap1Y (B.1)

[Rp—— (B.2)
maz = 3eapy ! '
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LSS
AN NNN

Figure B.1: Uniformly loaded beam, supported at the ends (left) and fixed at
the ends (right)

The static stress model is created from the magnetic analysis. It shares the
geometry and the mesh and only the boundary conditions are changed, while
the Lorentz force is used as the mechanical load present in the model. Opera
2D can calculate the Lorentz force directly as the product of the current density
and the magnetic field (7 x B) but to improve accuracy in the presence of
magnetic materials it is recommended to calculate the Maxwell stress integrals
around each element. Both magnitudes can be calculated from the magnetic
solution and imported into the magnetic model automatically. In this model,
the approach of the Maxwell stress tensor has been chosen to reduce potential
inaccuracies.

The finite element method applied to static stress analysis solves equa-
tion for the displacement vector D. It is a matrix equation in which
is the load vector and K is the rigidity matrix. K depends on the material
properties and it is defined at every node of the mesh, which means that it
also depends on the connections between the different nodes. Temperature
effects can also be included. Adding the boundary conditions, which are usu-
ally balance equations, the matrix K can be inverted and the displacement
at every node is then calculated. Other magnitudes can then be derived from
the constitutive equations. These equations relate stress or force to strain or
deformation |43} |154].

F=K.-D (B.3)

The analysis type imposes some assumptions. In the first place, the bound-
ary conditions need to ensure that the model position is fixed. It can be
deformed, but it cannot move because being a static analysis there are no
kinematic equations involved. If the boundary conditions are not properly set,
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the solution will never converge. However, the model can be overconstrained
(known as a hyperstatic structure) as long as it does not result in a non physi-
cal solution. Overconstraining can result in longer convergence times, and this
increase is not necessary linearly.

The stress in a material is calculated in a given direction, usually in the
XY plane. It can be calculated in the x or y axis but it will not necessarily be
the maximum stress. The maximum stress is found in the principal directions,
which are two perpendicular directions that are characterized for not having
any shear stress, as shown in figure [B:2}

o

T 2

v (o))
O, T I Txy
GT ___i
Oy
kY o

w5, o
Y

Figure B.2: Principal stresses concept

This can be expressed via the stress tensor of a differential element in a

given direction:
o= (UI Tw) (B.4)
Tay Oy

The principal stresses can be calculated from the x and y stress according
to equation which is derived in |43]. It is seen also that the stress tensor
is real and symmetric, which implies that all the eigenvalues are real [155].
The principal stresses can also be calculated by numerically by diagonalizing
the stress tensor directly using one of the diagonalization algorithms but if
the calculation of the principal stresses has to be performed over numerous
elements it is more efficient to use a closed formula.
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2
o, + o0 o, + 0
N (B5)

Equation [BF] is derived by solving the characteristic polynomial of the
matrix, which is necessary to diagonalize the stress tensor. The principal
stresses are the eigenvalues of the stress tensor and the principal directions are
the eigenvectors of this tensor. The stress tensor in the principal directions

becomes then:
o g1 0
o= ( 0 02) (B.6)

For completeness, in the case of the steel support, the equivalent von Mises
stress has been calculated according to equation [B:7} The von Mises crite-
rion is widely used to establish a maximum stress in a piece, given a safety
coefficient. It is normally used in the case of ductile materials in a bi-axial
stress state. Tresca’s equivalent stress is also attractive due to the simpler
mathematical form, but presents some corners in the ¢ — 7 diagram and might
be misleading. When calculating a safety coeflicient, the Tresca criterion is
also more conservative than the von Mises criterion [156]. Since the equiv-
alent stress is calculated numerically using Opera 2D and the complexity of
introducing the equations for both criterions is similar, the von Mises stress is
preferred.

OoM = \/ng + ng — Ogaz - Oyy + 3+ Ta?y (B.7)

B.2 3D mechanical analysis

The concept of principal stresses in 2D, explained in section [5.2.2] in equa-
tion (B.5)) can be extended to 3D. The 3D stress tensor of a differential element

is shown in equation

o= |Toy o0y Ty (B.8)
Tez Tyz 0z
Therefore it is possible to find a set of three planes where the shear stress

vanishes and there is only normal stresses to these planes, which are also called
principal stresses. The calculation of the three principal stresses and directions
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is a bit more complicated than in 2D and it is necessary to introduce the stress
invariants.

The same way a vector has different components in different reference sys-
tems but its norm does not change, the stress tensor has three invariant quan-
tities, which are presented in equations [156]. These equations are usually
implemented in commercial software and the user can obtain the stress invari-
ants, the principal stresses or the stress in a given direction directly, without
any additional programming or calculations. The displacements are also avail-
able directly from the FEM calculation. A short description of the principal
stresses calculations performed by Opera 3D is provided in the next para-
graphs.

Iy =0, +o0y+o,

_ 2 2 2
Iy = 0,0y + 0,0, +0yyo., — 75, — T3, - T , (B.9)
I3 = 0,00, + 270y TooTy> — OuTyy — OyTy — Oz2Tay

It is possible to see that the first invariant I is the trace of the stress tensor
and the third invariant I3 is the determinant of the stress tensor. The system
of equations then can be modified to calculate the principal stresses.

I =01 +09+03
Iy = 0109 + 0103 + 0203 (BlO)
13 = 010203

Since the system of equations is not linear, it can be solved numer-
ically very quickly. However, if a similar system has to be solved many times
like in the case of a finite element simulation, it is more efficient to use a set
of three closed formulae in terms of trigonometric functions. These formulae
were introduced by Viete (1540-1603) for cubic equations with three real roots,
Viete also introduced other formulae for different types of cubic equations [157,
158] and they can be particularized for the case of the principal stresses cal-
culations [159]. The three solutions are calculated in terms of the cosine and
arccosine functions and are presented in equations , in which Iy, Ir and
I3 are the stress tensor invariants. For clarity, the angle ¢ is calculated first
and then introduced in the three remaining equations.

& 1 1 (21f791112+2713)

= 3C0s 2(12—313)3/2

oy =% +2(\/I? -3L) cos(¢)
oy =+ 2 (\/I} —3L,) cos(¢ — %)
o5 =2 +2(\/I? -30L) cos(¢ + &)

(B.11)

[
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Given that the principal stresses are the highest normal stresses states of a
given element, it is also useful to order them from higher to lower, just for con-
vention. The principal stresses are also useful to calculate the maximum shear
stress at a given point. The maximum shear stress is given by equation [B:12]
where o7 is the highest principal stress and o3 is the lowest one. This can also
be seen using Mohr’s circle, which is shown in figure [156]. In figure
it is obvious that the principal stresses have zero shear stress.

Tmax3

Tmax2

Trmaxt

O3

Oy

Figure B.3: Mohr’s circle with the principal stresses and maximum shear
stresses

1
Tmax = 5(01 - 03) (B12)

By definition, the stress tensor in the principal directions becomes diag-
onal, which is very useful for finite element calculations and post processing
because all the matrix multiplications become scalar multiplications, saving
computation time and memory.

01 0 0
o=(0 o2 0 (B.13)
0 0 g3
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B.3 Inductance calculation

The strategy to calculate the inductance of the magnet is to divide the coil in
two parts, the central part and the coil ends. In the central part the magnet
can be considered as a 2D magnet and in the coil ends the magnetic flux is
dominated by the 3D coil ends. This approach is valid because the inductance
can be defined as a ratio between the magnetic flux and the current, according
to equation ¢ is the magnetic flux produced by a magnet of N turns,
therefore the total flux linkage is scaled by a factor of N. Qualitatively, every
field line goes through the surface and is seen by the N turns.

Since the magnetic flux through a surface is the integral of the flux density
through the area of the surface considered, the area can be divided as in
figure [B.4] and the magnetic flux can be calculated separately.

_N¢

L
1

(B.14)

End 2D End

Figure B.4: Schematic of the coil partitioning for the inductance calculation
(top view)

Then the inductance per unit length can be calculated from the 2D model.
This value corresponds to the area marked as 2D in figure [B.4]

The inductance can is calculated as the ratio between the total magnetic
flux and the current [160,|[161]. It is known that the magnetic field produced by
a multiturn coil carrying a current I is proportional to N-I, where N is the total
number of turns. Additionally, the total magnetic flux through a surface that
is interior to the coil is also proportional to the number of turns, making the
inductance proportional to the square of the number of turns. This is clearly
seen when calculating the inductance of a solenoid with N turns. Therefore
it is possible to calculate the flux through a given surface from the Opera 2D
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simulation and then compute the inductance. The magnetic field calculated
from Opera 2D is integrated along a line in the midplane and restricted to
the extracted beam gap. The second dimension of the surface is perpendicular
to the paper plane and therefore the inductance per metre will be calculated.
This plane, including the field lines, is shown in figure [B.5

Figure B.5: Schematic of the flux integration for the inductance calculation

The result of the magnetic flux density integration provided by opera, which
can be simplified as a multiplication, is ¢=0.126 Wb/m. The inductance is
then given by equation

,_ No _ 62-0.126
I 6284
As a comprobation, the inductance is calculated from the energy definition,
according to equation[2:15]which has been reproduced here for convenience.The
value of the current (I) is the current per cable which is 6284 A. The value
calculated will then be the inductance per metre (L').

=1.24 mH/m (B.15)
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E= % b (1)? (B.16)

The value of the energy per meter calculated from the simulation in Opera 2D
is 24072 J/m. Therefore the inductance per unit length calculated is 1.22 mH /m,
which is in good agreement with the value obtained from the flux method.

To put this value into perspective, it is interesting to compare it with the
inductance of an LHC main dipole, which has 82 turns per aperture. The
inductance of an LHC dipole is approximately 100 mH, and the length is
14.3 m [4]. These values produce a result of almost 7 mH/m.

For simplicity, the inductance of the coil ends is calculated from the 3D
model using the energy method. The energy is integrated and equation
is solved. However, in this case the value of the energy is in Joules, not in
Joules per metre, because the integration is performed in 3D. Besides, it is
only possible to integrate the full volume of the model, but as explained in
this section, the full magnet cannot be simulated in reasonable time and the
central part of the model only represents the full magnet. Therefore, to isolate
the contribution of the coil ends to the total inductance, the same scaling of
the areas as in figure [B-4] is done using the length of the coil end with respect
to the total length of the coil in the model. It is not necessary to take into
account this scaling in the coil width because this is taken into account by the
integration of the energy. Finally, symmetry can be used for the integration or
the energy can be integrated in the model and then multiplied by the required
symmetry to obtain the total value. In the case of energy this may not be
an issue but when the magnitudes integrated are vectors and the direction
might change one needs to be very careful to avoid accidental cancellation or
addition.

The model simulated in Opera is one quarter of the full model, therefore
the value of energy obtained from the post processing will be a quarter of the
total energy. In Opera it is possible to integrate the energy with a dedicated
command or to integrate the magnetic energy density in the model volume.
They both produce the same result of 4290.7 J for a quarter of the energy.
Therefore the total energy is 17162.8 J. It is crucial to keep in mind that the
current in the 3D model is not 6284 A, as indicated in table As has been
explained earlier, the number of cables had to be reduced for the simulation
to be solved. Therefore the current that has to be used for the calculation of
the inductance is higher by a factor of 31/16 to keep the NI product and, as a
consequence, the magnetic field constant. The current that has to be used is
then 12175.25 A and using equation the total inductance of the model
is 231.6 pH. Finally, to calculate the real inductance of the TCT septum one
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needs to scale the inductance of the model with the square of the ratio of the
number of turns. The real inductance is then 869.4 yH, which is (31/16)2
times higher than the value obtained from the model.

Scaling the real inductance with the length following the reasoning of fig-
ure [B:4] will produce the corresponding contribution of the coil ends to the
magnetic flux. However, the length of every turn is different. The turns at the
top of the coil are shorter and therefore contribute less but the cables closer
to the mid plane contribute more. It is possible then to use a mean value and
perform the calculations as if all turns had the average length. In this model,
the coil ends start at a distance of 200 mm and the average total length of the
turns is 352 mm. Therefore, the average coil end is 152 mm and the total in-
ductance of 869.4 pH can be scaled with a ratio of 152/352. The contribution
of the coil ends to the inductance is then 375.4 yH. This value corresponds to
the contribution of both ends because the energy used in equation is the
total energy of the magnet, not half.

Finally, it is possible to compute an average inductance per unit length of
the magnet by adding the inductance per unit length of two coil ends and the
contribution of the central part of the magnet. This value is interesting as a
comparison with other magnets and as a guideline for future variants of the
TCT septum which might be designed with different strengths and septum
thickness for other accelerators. The inductance per unit length of both coil
ends (L’,qs) can be obtained dividing the inductance by the corresponding
length of both coil ends, which is 304 mm. Therefore the inductance per unit
lenght of both coil ends is 1.23 mH/m, which is almost exactly the same as
the value obtained from the 2D model. This indicates that the coil ends do
not contribute significantly more than the central part to the total inductance
and therefore in this case the inductance per unit length does not need to be
added with respect to the corresponding lengths, simplifying the calculations.

For a magnetic length of 4 m, the total inductance would then be 4.92 mH.
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