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Abstract

The Large Hadron Collider (LHC) utilizes high-field superconducting Main Dipole
Magnets that bend the trajectory of the beam. The LHC ring is electrically divided into
eight octants, each allocating a 7 km chain of 154 Main Dipole Magnets. Dedicated de-
tection and protection systems prevent irreversible magnet damage caused by quenches.
Quench is a local transition from the superconducting to the normal conducting state.
Triggering of such systems, along with other failure scenarios, result in fast transient
phenomena. In order to analyze the consequence of such electrical transients and failures
in the dipole chain, one needs a circuit model that is validated against measurements.

Currently, there exists an equivalent circuit of the Main Dipole Magnet resolved at
an aperture level. Each aperture model takes into account the dynamic effects occurring
in the magnets, trough a lossy-inductance model and parasitic capacitances to ground.
At low frequencies the Main Dipole Magnet behaves as a linear inductor. Cable eddy
current losses are demonstrated by a flattening of the transfer function impedance in
the 30 − 50 Hz range. The time constant of such losses is dictated by the parallel re-
sistance, and the relative size of the loss is given by a scaling parameter. Capacitive
effects become dominant around 10 kHz. Across the dipole magnet there is a resistor
connected in parallel to dampen voltage waves.

Simulations of an Main Dipole Magnet in OrCAD Cadence PSpice, using the present
parameters, and measurements from the LHC give a clear discrepancy. This necessi-
tated an updated fit and three methods tailored to obtain each parameter were devel-
oped. Firstly, the inductance value was obtained estimated from the initial slope of the
impedance plot. Secondly, the numerical method chosen for the parameter fit is Particle
Swarm Optimization. The algorithm iteratively minimizes the error between measure-
ments and the analytical impedance transfer function, making it possible to estimate
the value of the parallel resistor and the scaling factor. Finally, parasitic capacitance to
ground was determined with Finite Element Method in COMSOL, as it is challenging
to extract parameters from high frequency measurements. Values from measurements
verify this method of estimating capacitance.

The measurements of the Main Dipole Magnets were performed while connected to
the rest of the dipole magnet chain, which influenced frequency response measurements.
Hence a proposal on how to reduce the sensitivity to this influence is outlined. More-
over, the method of fitting was found to be modular, meaning each Main Dipole Magnet
can be fitted individually. This is significant as it is not necessarily possible to perform
measurements on a stand-alone magnet. To cross-check the validity of the method, Par-
ticle Swarm Optimization fits from stand-alone measurements and measurements from
the dipole magnet chain were compared. Both values of the parallel aperture resistance
and scaling factor were different for the two cases.

Compared to the operating point of the Main Dipole Magnet, measurements were
performed at low current, resulting in 20 % lower inductance than nominal value.
Through COMSOL simulations persistent magnetization was found to be the dominat-
ing cause. Furthermore, at 1 A the magnet is in the Meissner phase, which introduces
non-linearities in the superconducting cable due to persistent magnetization. Simula-
tions indicate that this distorts the mid-range frequency AC characteristics represented
by the parallel aperture resistance and scaling factor. However, measurements outside
the Meissner phase are expected to provide similar parameter values to that of the work-
ing point of the LHC. The approach presented has shown promising results and can be
translated to a general method for fitting electrical parameters for accelerator magnets.



Sammendrag

Partikkelakseleratoren Large Hadron Collidor (LHC) bruker superledende hoveddipol-
magneter til å bøye banen til to stråler med partikler. LHC-ringen er delt elektrisk
i åtte oktanter, hver bestående av en 7 km lang kjede med 154 hoveddipolmagneter.
Deteksjons- og beskyttelsessystemer forhindrer irreversibel skade på magnetene forår-
saket av quencher, som er en lokal overgang fra superledende til normal ledende tilstand.
Utløsning av slike systemer, sammen med diverse feilscenarioer, resulterer i transienter.
For å kunne analysere konsekvensene av slike utløsninger og feillscenarioer i dipolkjeden,
trengs det en ekvivalentkrets som er validert mot målinger.

Den gjeldende kretsekvivalenten til hoveddipolmagneten i LHC er representert ned
til aperturnivå. Hver apertur av hoveddipolmagneten består av induktanser, en par-
allell motstand som beskriver AC tap, og jordede kondensatorer. Ved lave frekvenser
oppfører hoveddipolen seg som en lineær induktans, mens AC tap blir merkbare gjen-
nom en flatning av transfer funksjonen til impedansen ved 30−50 Hz. Tidskonstantene
av slike tap er gitt av parallellmotstanden til aperturen, og den relative størrelsen på
tapene som er gitt av et skaleringsparameter. Kapasitive effekter blir dominerende over
10 kHz. I tillegg, er det koblet en motstand parallelt med dipolmagneten for å dempe
spenningstransienter.

Simuleringer av en hoveddipolmagnet i ORCAD Cadence PSpice, med bruk av de
nåværende parametrene, og målinger fra LHC gir en klar uoverensstemmelse. Dette
nødvendiggjorde en oppdatert parametertilpassing og dermed ble tre metoder skred-
dersydd for å estimere hvert parameter. Gjennom analytiske formuleringer ble induk-
tansverdien funnet basert på kryssfrekvensen fra målinger. Den numeriske metoden
som ble valgt for parametertilpasningen var Particle Swarm Optimization. Algoritmen
minimerer iterativt forskjellen mellom målinger og den analytiske transferfunksjonen til
hoveddipolmagneten. Slik var det mulig å estimere verdien av parallellmotstanden og
skaleringsfaktoren. Til slutt ble parasitt kapasitans til jord beregnet med Finite Element
Method i COMSOL, da det er utfordrende å estimere parametere ut ifra høyfrekvente
målinger. Verdier fra målinger verifiserer denne metoden for estimering av kapasitans.

Grunnet praktiske begrensninger ble målingene av hoveddipolmagnetene utført mens
de var tilkoblet resten av dipolkjeden, noe som påvirket frekvensresponsmålinger av hov-
eddipolene. Derfor er det skissert et forslag om hvordan redusere følsomheten for denne
innflytelsen. Videre ble metoden for parametertilpasning fastslått å være modulær,
hvilket betyr at hver hoveddipolmagnet kan tilpasses individuelt i dipolmagnetkjeden.
Dette er et betydelig funn, da det ikke nødvendigvis er mulig å utføre målinger på en
frittstående magnet. For å kryssjekke validiteten av metoden, ble Particle Swarm Opti-
mization tilpasset frittstående og kjedetilkoblede målinger sammenlignet. Både verdien
av parallellmotstanden til aperturen og skaleringsfaktoren var forskjellig for de to tilfel-
lene.

Sammenlignet med arbeidspunktet til hoveddipolmagneten ble frekvensresponsmålin-
gene utført ved lav strøm. Dette resulterte i 20 % lavere induktans enn nominell
verdi. Gjennom COMSOL-simuleringer ble vedvarende magnetisering funnet å være den
dominerende årsaken. Når hoveddipolmagneten opereres ved lav strøm, kalt Meissner-
fasen, er dette en sterk effekt. Videre indikerer simuleringer at vedvarende magnetiser-
ing i denne fasen forvrenger AC-karakteristikken ved midtre frekvenser, representert ved
parallellmotstanden til aperturen og skaleringsfaktoren. Samtidig forventes disse egen-
skapene å være likere de ved arbeidspunktet når målinger er utført utenfor Meissner-
fasen. Tilnærmingen presentert har vist lovende resultater og kan brukes som en generell
metode for fastsetting av elektriske parametere for akseleratormagneter.
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Chapter 1

Introduction and Motivation

European Organisation for Nuclear Research (CERN), founded in 1954 in Geneva, is one of
the largest particle physics laboratories in the world with the aim of probing the fundamental
structures of the universe. [1] In order to do so, particles are accelerated and made to collide
at close to the speed of light. The main particle accelerator at CERN, the Large Hadron
Collider (LHC) accelerates protons or heavy led ions and is designed to collide two beams
projected from opposite directions. [2] The beam is guided around the LHC ring by means of
superconducting magnets. Among these are the Main Dipole Magnets (MBs), which through
strong magnetic fields create the necessary curvature for proton beams up to 6.5 TeV, as
they are accelerated through the 27 km circular tunnel. [3] In the LHC there are 8 main
dipole circuits, each composed of 154 magnets. A schematic of the LHC is given in Figure 1.1.

The four points in the tunnel at which the beams collide are called experiments. These
are A Toroidal LHC AparatuS (ATLAS), A Large Ion Collider Experiment (ALICE), Large
Hadron Collider beauty (LHCb) and Compact Muon Solenoid (CMS). ATLAS and CMS are
general purpose detectors, while LHCb specializes in the study of the asymmetry between
matter and antimatter. ALICE is a detector for lead ion collisions. [4]

Figure 1.1: Schematic of LHC with experiments [2]
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Chapter 1. Introduction and Motivation

1.1 STEAM project

All research for this report has been done within the scope of the Simulations of Transient Ef-
fects in Accelerator Magnets (STEAM) project at CERN. During operation, superconducting
accelerator magnets, like the ones in the LHC, experience various nonlinear transient effects
such as inter-filament and inter-strand coupling currents, heat propagation between cable
and coolant, mechanical response to temperature gradients and Lorentz forces, and possibly
a local transition from the superconducting to the normal conducting state, to mention a
few. These multi-physics transient phenomena occur at a wide range of spatial and temporal
scales. Thus, the aim of the STEAM project is to establish competence for the coupling of
codes using commercial, open source or academic tools. All the while creating work flows
based on the recurrent needs of CERN and ensuring that the simulations are conducted in a
well-maintained and flexible framework of coupling interfaces and work flows.

1.2 Problem description

For the purpose of studying frequency dependent behaviour, including fault scenarios and
Fast Power Aborts, the Main Dipole Magnet of the LHC is modelled as an equivalent circuit
based on lumped elements. The principal AC characteristics of the MBs, below 10 kHz, are
captured by the lumped parameters L and C, k and Ra. These account for inductive and
capacitive effects as well as AC losses respectively. The comparison between measurements
from November 2016 and simulations incorporating the present parameter fit show a clear
deviation, necessitating an updated fit. For reliable fault analysis and simulations, the thesis
provides an approach to the fitting of each parameter.

The following research questions have been formulated in relation to parameter fitting:
1. Is it possible to accurately calculate parasitic capacitance to ground with a Finite

Element Method approach and thus obtain the parameter C?
2. Is the Particle Swarm Optimization algorithm an adequate method to fit Main Dipole

Magnet parameters from analytic transfer functions of impedance to Frequency Re-
sponse Measurements?
• In particular, is the method suitable for fitting Main Dipole Magnet parameters

to Frequency Response Measurements performed while connected to the dipole
magnet chain?

3. What requirements should be specified of measurements designed for parameter fitting?

These questions has been answered by the following studies:
1. • Finite Element Analysis to determine parasitic capacitance to ground in COMSOL

(see chapter 3)
2. • Investigating the influence of chain impedance on dipole and aperture impedance

(see section 5.1)
• Comparing Particle Swarm Optimization fits from chained and stand-alone mea-

surements (see section 6.2)
• Data analysis to seek strategies for magnet groups for fitting (see section 6.3)
• Performing Particle Swarm Optimization algorithm based on data analysis and

analyzing results (see section 6.4)
3. • Evaluating measurement configurations (see section 5.2)
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Section 1.3. Scope, aim and content

• Investigating low inductance values from Frequency Response Measurements (see
subsection 5.5.3)
• Discussing the implications of low inductance values from Frequency Response

Measurements (see section 7.2)

In addressing these three overarching questions, the underlying approach will be to combine
measurements and simulations, always ensuring that simulation results are validated by
measurements. With this approach, methods and work flows outlined can be utilized for any
superconducting accelerator magnet.

1.3 Scope, aim and content

The aim of this report is twofold. First of all, one wishes to outline a method to fit Frequency
Response Measurements to an analytical transfer function of the MB impedance, even for
measurements performed in the dipole magnet chain. The specification of a method suitable
for chained magnet measurement is related to the feasibility of the measurements, as unsol-
dering and resoldering magnets from the dipole magnet chain is out of the question. Secondly,
this thesis seeks to evaluate the method of parameter fitting by focusing on limitations and
pinpoint possible solutions to such limitations. Especially considering the non-linearity of
the impedance of superconducting magnets.

This thesis relies heavily on measurements to make conclusions about the parameters
of the equivalent circuit of the frequency transfer function of the MB. These measurements
include 8 Frequency Response Measurements from sector 1-2 of the LHC from November
2016, 41 Frequency Response Measurements from the same sector from April 2017, current
and voltage measurements of Magnet A12R1 in sector 1-2 from LHC operation in May taken
from the database Timber and Frequency Response Measurement from a stand-alone MB
from June 2017.

Writing this thesis in collaboration with CERN puts me in the privileged position that
much work has presided mine on the topic of the MB and thus this thesis bases itself upon
such research. Most importantly, the COMSOL and Pspice models utilized for simulations
and presented in this thesis have all been created through the STEAM project, mainly by
Lorenzo Bortot, Michał Maciejewski and Marco Prioli.

1.3.1 Content

To sufficiently answer the research questions and reach the two aims of the thesis, the sub-
sequent structure was created,

Chapter 2 introduces the theory of superconducting accelerator magnets necessary for the
unfamiliar reader to get acquainted with the topic and understand the research conducted
in this report.

Chapter 3 stands as an independent study, and utilizes a Finite Element Method approach
through COMSOL to determine parasitic capacitance to ground. This result is compared to
analytic and experimental results.
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Chapter 1. Introduction and Motivation

Chapter 4 presents a method for fitting Main Dipole parameters to Frequency Response
Measurements to impedance.

Chapter 5 provides the necessary preliminary investigation for the fittings of MB parameters
to be complete.

Chapter 6 demonstrate the final results from Particle Swarm Optimization analysis.

Chapter 7 and Chapter 8 discusses the main sources of error and limitations to the result
presented, concludes the research questions posed in section 1.2 and recommends research
for future work.

6



Chapter 2

Theory of superconducting
accelerator magnets

To grapple with the challenges of modelling an MB in the LHC, the theory of super-
conductivity is covered. In terms of theoretical concepts within superconductivity, the
emphasis will be on the Meissner effect and the existence of a critical surface. A clear
distinction is made between Type I and Type II superconductors.

After having discussed the physical properties of superconductivity, the cable and
magnet design of the MB is justified. Next, it is argued that such magnets can be
modelled as an equivalent circuit composed of lumped elements. Lastly, the concept of a
quench and protection systems give insight into operational challenges.

2.1 Superconductivity

Superconductivity is a phenomenon where certain materials under specific conditions become
perfect conductors of electricity.[5, p. 1] Below the critical values of temperature, current
density and magnetic field the conductor in question abruptly changes from the normal to
the superconducting state. The cable construction dictates the critical current density and
critical magnetic field depends on material. Furthermore, the superconducting state is char-
acterized by two behaviors; zero resistance and the Meissner effect.[6]

As the name indicates superconductivity allows for current to flow without any Ohmic
losses. In order to evaluate zero resistance, a standard resistance measurement would be too
crude. Thus a method of determining the decay rate of the produced magnetic field has been
developed. The decay of the induced current is according to Equation 2.1

I(t) = I(0)e
−t
τ , A (2.1)

where the time constant τ [s] is given by the ratio between inductance and resistance, τ = L
R .

[7, p. 8] Through this method time constants up to 105 years have been observed. [8]

Considering zero Ohmic losses: "[t]he only power required by a superconducting magnet
is the refrigeration power needed to cool it to low temperatures and a small current supply
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Chapter 2. Theory of superconducting accelerator magnets

needed to initiate the flow of current round the superconducting circuit." [5, p. 4] How-
ever, the refrigeration power is significant when the superconducting magnets of the LHC
demand cryogenic temperatures of 1.9 K with a length of 27 km. On the other hand, for
high energy accelerators such as the LHC superconducting magnets are an energy efficient
technology, allowing the magnets to reach high magnetic fields, where conventional magnets
would saturate. For further comparison between superconducting and conventional magnets,
see Figure 2.1.

Figure 2.1: Comparing performance between conventional magnets and the superconducting ma-
terials Nb-Ti (alloy) and Nb3Sn (compound) [5, p.3]

2.1.1 Meissner effect

As mentioned, the Meissner effect is one of the two characteristics of superconductivity,
which transpires as the expulsion of a small and constant external field from the bulk of the
conductor. [9, p. 4] When raising a finite field, from zero to B on a superconducting cylinder
"[a] surface current is induced whose magnetic field, according to Lenz’s rule, cancels the
applied field of the interior. Since the resistance is assumed to vanish, the current continues
to flow with constant strength as long as the external field is kept constant, and consequently
the bulk of the cylinder will stay field-free" [7, p. 10]. Figure 2.2 shows the two manners in
which the Meissner effect occurs. Either case a) where a cylinder is exposed to an increasing
field from zero below critical temperature (T<Tc). Or case b) where the cylinder has already
been exposed to an increasing field from zero while over the critical temperature (T>Tc), as
the temperature is reduced below the critical temperature surface current will appear.
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Section 2.1. Superconductivity

Figure 2.2: Meissner effect illustrated by field and surface current of superconducting cylinder [7,
p.11]

London equation

The first successful attempt to describe the Meissner effect was achieved in 1935 by Heinz
and Fritz London, by assuming that only a fraction of the conduction electrons carry the
supercurrent in the metal.[9, p.12] The current density is given by

∇× J = − 1

ε0 · λ2L
B, A/m3 (2.2)

where λL is the London depth [m], giving the depth of penetration into the bulk. [10, p.274]
ε0 is the permittivity of vacuum [F/m], J the current density [A/m2] and B the magnetic
induction [T]. As illustrated in Figure 2.3 the London equation describes the current density
that opposes the external field.

Figure 2.3: Illustration of the London penetration depth. The externally applied field penetrates
the superconductor in the x–direction. [11, p.5]

9



Chapter 2. Theory of superconducting accelerator magnets

2.1.2 Type I vs Type II Superconductors

In understanding superconductors and their application as magnets, there is a significant
distinction between Type I and Type II. The first discovered superconductors were of Type
I, also called ’soft superconductors’, as they were metals such as tin, lead and mercury. [5,
p. 280]. These superconductors completely expel the magnetic flux from the interior of the
specimen, described by the Meissner effect. Due to their low critical fields, they are unsuit-
able materials for magnet construction. [9, p. 5]

However, ’hard superconductors’ or Type II superconductors remain superconducting at
higher magnetic fields, though in a mixed state as illustrated in Figure 2.4.

Figure 2.4: Comparison of magnetization of Type I and II superconductor [12, p. 23]

Up until a Hc1 the Type II superconductor is in the Meissner phase and thus behaves as a
Type I superconductor. Between Hc1 and Hc2 the Type II superconductor is in a mixed
state, and thus only partially expels the magnetic flux from penetration. Hc2 is usually
about 100 times larger than Hc1. [10, p. 264] Above Hc2 the cable is no longer in the
superconducting state.

2.1.3 Rutherford cable

The cable in the MB is made of the alloy Niobium-Titanium (Nb-Ti) and is of a Rutherford
cable design, where the strands are fully transposed. This means that each strand takes
every position along the cross-section of the cable. In the cable of the LHC MB, there are 28
or 36 strands of superconducting wire, in the inner or outer layer, respectively. Each strand
contains approximately 6300 superconducting filaments.[13] 1 This fine subdivision has been
chosen to reduce hysteresis losses. [14] Around each filament there is a 0.5 µm layer of high-
purity copper, acting as an insulation material during the superconducting state and as a
conductor in normal conducting state. [13] The cable, strand, and filament are illustrated in
Figure 2.5, Figure 2.6a and Figure 2.6b, respectively.

1See Table 2.1
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Figure 2.5: Rutherford cable [13]

(a) Strand in Rutherford cable [13]
(b) Filament in Rutherford ca-

ble [13]

The Rutherford cable can also be described as a network model, and is illustrated in
Figure 2.7.

Figure 2.7: Network model of Rutherford cable [15, p.64]

11



Chapter 2. Theory of superconducting accelerator magnets

In this model, the cable has a width w, height h1 on one edge and height h2 for the oppo-
site edge. Ns is the number of strands in the cable which has a twist pitch Lp,s, in addition to
the resistances Ra and Rc representing the resistance between adjacent and crossing strands.
All these values are available in Table 2.1. The resistive barriers and twisting function are
implemented to reduce eddy current coupling losses between filaments. [14]

The insulation around the cable, does not only withstands the voltage between turns
but also is porous enough to allow helium to penetrate and provide cooling. Consisting of
glass-fibre tape and kapton, there is 2.5 mm spacing between insulation turns. Figure 2.8
depicts this insulation.

Figure 2.8: Insulation of Rutherford cable [15, p.37]

The main characteristics of the Rutherford cable of the MB in the LHC are summerized
in Table 2.1.

Inner Layer
Main Dipole

Outer Layer
Main Dipole

Strand

Diameter after coating [mm] 1.065 ± 0.0025 0.825 ± 0.0025

Copper to superconductor ratio 1.65 ± 0.05 1.95 ± 0.05

Filament diameter [µm] 7 6

Number of filaments ∼ 8900 ∼ 6500

RRR (residual resistance ratio) ≥ 150 ≥ 150

Twist pitch after cabling [mm] 18 ± 1.5 15 ± 1.5
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Inner Layer
Main Dipole

Outer Layer
Main Dipole

Cable

Number of strands 28 36

Mid-thickness at 50 MPa [mm] 1.900 ± 0.006 1.480 ± 0.006

Thin edge [mm] 1.736 1.362

Thick edge [mm] 2.064 1.598

Width [mm] 15.10 15.10

Keystone angle [degrees] 1.25 ± 0.05 0.90 ± 0.05

Inter-strand cross contact resistance [µΩ] ≥ 15 ≥ 40

Residual Resistivity Ratio (RRR) ≥ 70 ≥ 70

Table 2.1: Strand and cable characteristics of MB [16, p. 157]

The twisting pitch described in Figure 2.7 gives the transpositional length of a strand,
while RRR is a measure of the purity of copper defined by the ratio ρ(T=293K)

ρ(T=10K) . [16, p. 157]
To facilitate the winding of the magnet, the cable has a small keystone angle which is defined
as [15, p.36]

αk = arctan

Å
h1 − h2
w

ã
. deg (2.3)

Inter Filament and Inter Strand Coupling Currents

Due to the presence of a matrix in the strand, as depicted in Figure 2.7 there are eddy cur-
rents, specifically referred to as ISCC. When the cable is exposed to a changing field, coupling
currents flow between non-insulated strands through inter-strand contact resistances Ra and
Rc. [15, p.61] Similarly, for the filaments there is a matrix of resistances that results in a
flow of coupling currents called Inter Filament Coupling Currents (IFCC), given exposure to
a time varying field. [15, p.51]

The characteristic time constant of the IFCC is:

τif =
µ0

2

Å
lf
2π

ã2 1

ρeff
, s (2.4)

where lf [m] is the filament twist-pitch and ρeff [ρm] is the effective transverse resistivity
of the strand matrix. [17, p. 26] The effective transverse resistivity depends on the absolute
magnetic field in the matrix due to magneto-resistivity effects, which in turn depend on the
electrical resistivity, RRR and fraction of superconducting material among others. [17, p. 26]

2.1.4 Critical surface of superconductivity

Superconductivity is bound by limits, creating a critical surface which relates B, J and T to
each other. The critical surface for Nb-Ti is given in Figure 2.9. Notice that the surface is
monotonically decreasing and thus an increase in one of the parameters necessitates a decrease
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in the other two in order to stay at the superconducting critical surface. Furthermore, each
parameter has an absolute critical value, which is the value of the parameter when the other
two are zero. Unsurprisingly, these absolute critical values have no practical application for
magnet operation, but provide the limits to superconductivity. In addition, it allows the
estimation of quench margins for a given operating point, also referred to as load line. [18,
p. 16] Based on empirical scaling laws the critical current for Nb-Ti, as a function of B and
T , can be expressed as

Ic = (C1 + C2 |B|)
Å

1− T

Tc

ã
, A (2.5)

Tc = 9.2

Å
1− |B|

14.5

ã0.59
, K (2.6)

where C1 [A] and C2 [A/T] are empirically defined constants, and Tc is the absolute critical
temperature. [15, p.40]

Figure 2.9: Critical surface for Nb-Ti [5, p.2]

2.1.5 Persistant Magnitization of Type II Superconductors

As a consequence of the Meissner Effect a Type I superconductor’s magnetization M is a
unique function of the external field Be

14



Section 2.1. Superconductivity

M(Be) = −Be

ε0
. A/m (2.7)

[7, p.19] However, a Type II superconductor will only completely expel the external field
when in the Meissner phase. Above B1c flux enters the specimen and is captured at pinning
centres. [7, p.19] If the field is subsequently reduced below Bc1 again, the specimen keeps
a frozen-in magnetization from bound field lines. [7, p.19] The magnetization curve for a
Nb-Ti conductor can be studied in Figure 2.10.

Figure 2.10: A typical magnetization curve for M of a multi-filamentary Nb-Ti conductor. Initial
excitation starts at B = 0 and M = 0. [7, p.19]

According to Figure 2.11, magnetization is not zero at zero field after a current cycle
due to residual magnetization, implying that this phenomena depends on the history of the
magnet. In order to return to zero magnetization, superconductivity has to be destroyed by
heating and subsequently cooling it down again. [7, p.19] Only then will the pinned flux be
released.

Given the case in Figure 2.11 with a multi-filamentary Nb-Ti conductor and relatively
low field, only hysteresis losses contribute to magnetization. However, during operating of
superconducting magnets such as the MB, the total magnetization is due to hysteresis losses,
Inter Filament Coupling Loss (IFCL), ISCC, as well as saturation of the iron yoke. [19]
Moreover, magnetization of superconducting magnets has a significant effect on field quality,
and at low current will cause severe field distortions. [7, p.81] Since the LHC receives the
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beams from Super Proton Synchrotron (SPS) at energy of 450 GeV, the MB is not operated
at such a low current level with beam.

2.1.6 Critical current density model

The Critical State Model (CSM) describes the current distribution for Type II supercon-
ductors. It states that such a superconductor expels a varying applied field by generating a
bipolar current distribution of critical current Jc. [20, p.513] This means that for low fields
only a small current is required to expel the field. This current will be found on the edge of
the conductor, while the centre is free of current. In the penetrated area the current density
will equal Jc. Given a rectangular slab the field inside, By is given by:

By(q) = Ba −
µ0 · Jc · d · q

2
, T (2.8)

[20, p.513] where q is the relative penetration parameter, which is zero at the horizontal edge
of the conductor and 1 at the centre, d is the thickness of the slab and Ba is the applied
flux density. From this equation, a penetration field Bp is defined, which is the field at the
point when the slab is fully penetrated by Ba. In other words, q is equal to 1 and By is zero,
resulting in

Bp =
µ0 · Jc · d

2
. T (2.9)

Figure 2.11: Current and field distribution in a slab of Type II superconductor according to CSM.
(a) Initial exposition to a small external field (b) The penetrating field Bp (c) External
field first raised above Bp and then lowered again [7, p.24]

2.2 Main dipole magnet design

The principle idea of the MB is to utilize the Lorentz force on the proton beam. This creates
the required curvature to keep it in circulation in the beam pipe. By applying Biot-Savart’s
Law, it is possible to evaluate the field at any point in space and find the required current
to create a transverse field. The ideal dipole magnet is based on two intersecting cylinders
carrying uniform but oppositely directed current densities, such as in Figure 2.12.

Utilizing such a design, the current distribution becomes [21, p.589]

I(θ) = I0 cos(θ). A (2.10)
16
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Figure 2.12: Cross-section of winding current distribution to produce a perfectly uniform trans-
verse field [11, p.29]

However, approximating this ideal design by varying the current according to θ, would mean
having a separate current source for each winding. [11, p. 29] Obviously, this would be
impractical for magnets with several hundred windings. Instead the design of the MB is
optimized by using blocks and varying their size and position. [21, p.589] The resulting
design of the cross-section is shown is Figure 2.13.

Figure 2.13: Cross section of the optimized aperture coil design (Taken from COMSOL model)
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Figure 2.13 depicts one aperture of the twin-aperture dipole and consists of poles, turns,
blocks, layers and wedges. Looking at Figure 2.13, a whole square of turns is a block, and
each ring of blocks is a layer. In order for each turn to be positioned radially towards the
center, there are wedges between the blocks ensuring the correct angle for the turns.

Around the coils is an iron yoke and steel collar. The iron yoke increases the central fields
substantially, screens the fringe field outside the magnet and reduces the stored magnetic
energy, which is advantageous in case of a quench. [7, p.3] Due to strong Lorentz forces
the two halves of the dipole coil repel each other with a high force. To maintain high field
precision, a steel structure called a collar is mounted around the magnet defining the exact
geometry. [7, p.2] The combined cross-section is illustrated in Figure 2.14

Figure 2.14: LHC aperture dipole with computed field lines [21, p.589]

A special winding is necessary in order to accommodate the beam pipe in accelerator
magnets. There are two main options for 3D design of the coil for producing transverse
fields, which are racetrack or saddle-shaped coils, with the coils in the LHC being saddle-
shaped. [5, p.27] To see how the magnetic field is created with the different coil designs see
Figure 2.15
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Figure 2.15: Transverse fields produced by racetrack coils (left) and saddle-shaped coils(right) [5,
p.27]

2.3 Equivalent circuit of the MB and dipole magnet chain

This section discusses the circuit representation of MB and dipole magnet chain. The rep-
resentation of the main dipole magnet chain consists of a power converter with a filter,
quench protection systems, superconducting busbars, superconducting leads and other ele-
ments. Furthermore, the MB itself has been characterized experimentally, and due to eddy
current losses and parasitic capacitances it is not purely inductive. [22] The present dipole
circuit representation accounts for both these phenomena on an aperture level.

2.3.1 Dipole magnet

The MBs in the LHC can be represented as an equivalent circuit consisting of two apertures
in series, with a parallel resistor as given in Figure 2.16. Currently, the components take
the values given in Table 2.2. Rp, L and C can be measured directly through for example
impedance measurements and high-voltage tests, while Ra and k are features of the equivalent
circuit. Thus, they can only be estimated through Frequency Response Measurement (FRM).

Figure 2.16: Circuit representation of Main Dipole
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Component Value Units

L 49 mH

C 150 nF

k 0.75 -

R1, R2 10 Ω

Rp 100 Ω

Table 2.2: Values of components in dipole circuit model

From this circuit representation an analytical frequency characteristic of the MB impedance
is obtained. The main behaviors modelled are inductive effects, eddy currents, and coil-
to-ground parasitic capacitance. [23] According to theory, inductive effects are dominant
at low frequencies, manifested as a linear increase in the frequency characteristic of the
impedance. At around 30 − 50 Hz, IFCL become effective by imposing a flattening of the
transfer function. These AC losses are represented as a resistor in parallel with an inductor for
each aperture in the circuit model. A resonance occurs between the inductances and coil-to-
ground capacitance, before the capacitive effects become dominant at higher frequencies. The
parallel resistor Rp is added to smooth transient voltage oscillations and k is a constant which
is proportional to the inductance decrease, due to losses. [23] The phenomena of inductive
effects, AC losses, parallel resistor, resonance peak and capacitive effects are visible in the
dipole measurements of Figure 2.17.

Figure 2.17: Measurement of dipole A31L2
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Figure 2.18: Equivalent circuit model of the aperture

Based on the equivalent circuit model of the apertures in Figure 2.18 with the given definitions
of ia and va„ the transfer function of its impedance is [23]

Za =
va(s)

ia(s)
=

sL(1 + sk(1−k)L
Ra

)

(1 + sk(1−k)L
Ra

)(1 +Ra
C
4 s+ (1− k)LC4 s

2)
. Ω (2.11)

2.3.2 Dipole magnet chain

A dipole magnet chain in the LHC consists of 154 dipole magnets, each having an inductance
of approximately 98.7 mH at nominal values of 11850 A and 8.33 T. [23] The current is
fed through a power converter, which is connected in parallel with a crowbar that activates
when the power converter is turned off. Additionally, the magnet chain is equipped with a
low-pass filter and two energy extraction units. The two energy extraction units consist of
electromechanical switches, an extraction resistor of 148 mΩ in parallel with a 53 mF snubber
capacitor. [23] One energy extractor is located in the middle of the chain, while the other is
at the end. The whole dipole magnet chain circuit is shown in Figure 2.19

Figure 2.19: Circuit representation of dipole magnet chain [23]
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2.4 Quench and quench detection

Given a critical surface for a material, such as in Figure 2.9, a quench is defined as "the
transition from the superconducting to the normal conducting state. Such a transition will
invariably occur if any of the three parameters temperature, magnetic field or current den-
sity exceeds its critical value" [7, p. 2] Additionally, a quench is a special phenomena such
that it can occur at any point in the given material exceeding critical values. The quench
is either suppressed or propagated, depending on the heat deposition created. Without any
protection, the point at which the quench occurs will have a hot-spot temperature, which
will be considerably higher than its surroundings. There are several causes of quench among
others flux jumps, AC losses and heat leaks.[11, p. 34] However, the most important ones are
heating due to Lorentz forces acting on the coil and causing friction between components,
cryogenic malfunction and beam loss.[11, p. 34] At high currents, such as in the LHC only
a tiny energy deposition is needed to heat the magnet beyond critical temperature, which
is caused by the low heat capacity of materials at cryogenic temperatures. [7, p. 2] When
a magnet quenches, the magnetic energy stored in the volume of magnet turns into Ohmic
losses and as a consequence more heat is generated. The high temperature resulting from
an uncontrolled quench can damage the insulation material and even melt the cable. Other
dangers are electric discharges destroying the magnet due to overvoltages. Also, high Lorentz
forces and temperature gradients can create large variations in stress and degradation, re-
sulting in an overall reduction of current-carrying capability. [3]

2.4.1 Quench protection system

Considering these potential damages, it is important for the operation of the LHC to have
a well-functioning Quench Protection System (QPS). To ensure a reliable level of certainty
of a quench, quench detectors for each magnet consist of iQPS and nQPS systems. iQPS
measures the voltage difference between the two apertures of a dipole, while nQPS compares
the voltage across each dipole with the voltage of two electrically adjacent dipoles. [24] Under
normal operating conditions without quenching, these voltage differences are approximately
zero. Filling the accelerator with particles requires ramping up current in the magnets. After
reaching the desired energy, particles are made to collide and magnets operate with constant
current. Once collisions are terminated, either due to decrease of their luminosity or as a
result of a fault in the machine, the magnets are ramped down or discharged with energy
extraction systems and individual quench heaters respectively. In general, the voltage across
a magnet or aperture is

U = L
∂I

∂t
+RI. V (2.12)

With zero resistance and steady-state operation the total voltage is equal to zero. For ramp-
up or -down there will be an inductive voltage component that will cancel when comparing
it with another magnet or aperture:

∆U = L1
∂I

∂t
− L2

∂I

∂t
= 0 V (2.13)

However, when a quench occurs the voltage builds up as a result of the increased resistance
in the magnet. “If one of the two systems measures a difference beyond the threshold for
more than the discrimination time, it triggers the firing of the quench heaters.” [24] Hence,
a quench is detected even if both apertures in a dipole are quenching, a so-called symmetric
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quench. Moreover, the motivation for having both nQPS and iQPS is to enable detection of
all quenches. A symmetric quench gives a zero difference in aperture voltage

∆Uap = (R1,ap −R2,ap)I ≈ 0 V (2.14)

while the difference in magnet voltage is

∆Umag = (R1,mag −R2,mag)I 6= 0. V (2.15)

When it comes to determining the discrimination time, the time between the voltage thresh-
old is reached to the protection is triggered, there is a trade-off between having it short
enough to prevent damages and sufficiently long as to be certain of the quench. For any
upgrade of the LHC, this has to be reevaluated in conjunction with the voltage threshold.

2.4.2 Triggering of quench protection

Once the QPS has detected a quench, a sequence of events, to protect against damages
described earlier in section 2.4, are executed. First the beam is dumped and an Fast Power
Abort (FPA) is triggered. This consists in turning off the power converter and opening
the two energy extraction switches of Figure 2.19, allowing the current to flow through the
extraction resistors in the dipole magnet chain, hence resulting in current decrease. 2 [23]
Next the quench heaters are triggered, spreading the quench over the entire magnet by
heating up large fractions of coil. As a consequence, this mechanism dissipates the stored
magnetic energy over a larger volume and results in lower hot-spot temperatures. [3] Due
to increase in voltage over the quenched magnet the by-pass diode starts to conduct. The
entire magnet chain is completely discharged after a few hundred seconds after detection.
[3] Figure 2.20 illustrates the LHC main dipole magnet chain when extraction resistors and
by-pass diode are conducting, bypassing the quenched dipole.

Figure 2.20: Schematic of the LHC main dipole magnet chain with energy extractors and by-pass
diode (Diode 4) conducting [3]

2The two switches do not open simultaneously
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Chapter 3

Calculation of Parasitic
Capacitance to Ground

This chapter deals with obtaining the parasitic capacitance between coils and ground,
which is the parameter C in Figure 2.16. Such a value will be incorporated into the
analytical transfer function of the MB impedance. According to Figure 2.17, capacitive
effects become dominant in the range of around 10 kHz and above. Despite MBs being
operated in DC, faults such as short circuit to ground and fuse blow-up as well as a
Fast Power Aborts may occur. If one wishes to simulate and analyze these frequency
dependent events, reliable models of parasitic capacitances become necessary. From such
values, the crucial understanding of transient phenomena in the magnet for protection
and operation is achieved.

Furthermore, the inaccuracy of Frequency Response Measurements make such esti-
mates of capacitance unreliable. Thus, Finite Element Method (FEM) was chosen to
calculate this parameter of the equivalent MB circuit model.

Currently, there are capacitance to ground measurements from High Voltage Tests
of the MB in addition to analytical equations given by Equation 3.7 that are an accu-
rate approximation of the parasitic capacitance. However, in the case of analyzing new
magnet designs and automating such calculations, Finite Element Analysis (FEA) is a
powerful and fast tool. Hence, for this instance where measurements exist, this will be
a proof of concept for the method.

3.1 Parasitic capacitance in the MB

In the presence of a dielectric material with a physical extension, there will be a capacitance
given a difference in voltage on each side of the specimen. Capacitance being the ability by
a specimen to store charge is defined as

C =
Q

∆V
, F (3.1)
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whereQ [C] is the total charge and ∆V [V] is the voltage difference between the two terminals.
For a dielectric this ability is compared to vacuum with the parameter, relative permittivity,
εr for a capacitor with the same geometry and electric field E [V/m] , assuming it is a linear
one

ε0 · εr
∮

E ds = Q. C (3.2)

In the MB there is parasitic capacitance due to insulation around the turns, blocks,
wedges and cold bore. The parasitic capacitance to ground has been included in the equiva-
lent MB circuit model, and is equivalent to the C in Figure 2.16. Turn-to-turn capacitances
are ignored in the model. They are referred to as parasitic as they are relatively small and an
unwanted effect. However, the parasitic capacitance to ground is not negligible considering
that the magnets are 14.32 m long and acts as a transmission line, exhibiting voltage waves
and the effects of superposition.

A simple manner to evaluate this capacitance analytically is through Gauss’ Law, assum-
ing a linear dielectric plate capacitance∮

D ds = Q, C (3.3)

meaning that the displacement field D [C/m2]is proportional to E

D = ε ·E. C/m2 (3.4)

E = −∇V = −V
d
ẑ. V/m (3.5)

Combining Equation 3.3, Equation 3.4 and Equation 3.5 yields

Q = ε ·E · S, C (3.6)

implying that

C =
ε · S
d
. C (3.7)

Here S is the surface area of the capacitor [m2] and d is the distance between the plates [m].

3.2 Introduction to FEM calculations of parasitic capacitance

Overall, the goal for this stage of circuit modelling, is to evaluate the total parasitic capaci-
tance to ground of the MB and compare this to measured and analytically calculated values.
Considering the complexity of the geometry, a FEM model has been developed in COMSOL.
The FEM is a numeric technique which provides an approximated model solution to problems
described by sets of Partial Differential Equations (PDE)s. The domain is discretized, and
a suitable discretization function defined over elements reduce the PDE to a set of algebraic
equations. The size of the mesh depends on the physical phenomena, and accuracy of results
desired. For example, when studying a phenomena such as the skin effect, a too coarse mesh
would completely neglect such behavior.
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Boundary conditions for parasitic capacitance to ground

The challenge with calculating parasitic capacitances utilizing a FEM solver, is that the
thickness of the insulation is one order of magnitude smaller than the width of the narrow
side of the turns, causing high computational cost due to excessive meshing of the model.
In order to avoid such excessive meshing, a boundary condition is imposed where there is
insulation instead of explicitly modelling it in a 2D domain. These boundary conditions are
an interpretation of Gauss’ Law for a dielectric which is thin enough to assume that the
electric potential is linear in the dielectric. Starting with the general form of Gauss’ Law

∇ ·D = ρ. C/m3 (3.8)

For an electrostatic hypothesis the magnetic flux density is constant, implying that the
Faraday’s Law is

B

dt
= ∇×E = 0. V/m (3.9)

This gives a curl free field, which is conservative. In turn this leads to

E = −∇V + c. V/m (3.10)

c is the Coulomb gauge and is set to zero. For a linear dielectric

D = εE, C/m2 (3.11)

such that

ε(∇ ·E) = ρ C/m2 (3.12)
⇓

ε(−∇ · V ) = ρ. C/m2 (3.13)

In a charge-free region of space with a medium that is isotropic and homogeneous, assuming
the distance d is much smaller than the dimensions of the plates, Laplace’s equation is
obtained

∇2 · V = 0. V/m2 (3.14)

[25, p. 33] Thus, integrating twice results in

V (z) = k1 · z + k2, V (3.15)

where V(0)=k2 and V(d)= k1· d. The electrical field becomes

E = −∇V = −V
d
e. V/m (3.16)

Incorporating this back into Gauss’ Law gives

∇ ·D = ∇ · (ε∆V

d
) = ρ. C/m3 (3.17)

Furthermore, the Divergence Theorem states that∫
v

∇ ·D · dv =

∫
S

∇ · (ε∆V

d
) · dS = Q, C (3.18)
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where v is the volume of integration and S is the surface encompassing the volume v. In
order to determine the displacement inside the thin layer an integration cylinder V is defined
as described in Figure 3.1, while letting δ approach zero

Figure 3.1: Derivation of electrostatic boundary conditions across a thin layer dipole magnet
chain[p. 62]rothwell2008electromagnetics

Gauss’ law for this volume is∫
S1

D1 · n̂1 · dS +

∫
S2

D2 · n̂2 · dS +

∫
S3

D3 · n̂3 · dS =

∫
V

ρdV, C (3.19)

where ∫
S3

D3 · n̂3 · dS = 0 (for δ → 0) C (3.20)

Seeing as

n̂1 = −n̂2 = ˆn12

S1 = S2

(3.21)

implies ∫
S1

(D1 −D2) · ˆn12 · dS =

∫
V

ρdV. C (3.22)

Hence

(D1 −D2) · ˆn12 = ρs. C/m2 (3.23)

[26, p. 62] Indeed in COMSOL electrostatics, the feature Distributed Capacitance follows
the boundary condition according to

n · (D1 −D2) = ε0εr ·
Vref − V

d
, C (3.24)

which is the same interpretation of Gauss’ Law combining Equation 3.11, Equation 3.16 with
Equation 3.23. [27] Here, Vref − V is the voltage difference between the plates and d is the
distance. Thus the thin-layer in COMSOL is a direct interpretation of Gauss Law for a a
linear electric potential.
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Section 3.3. Geometry of MB model in COMSOL

3.3 Geometry of MB model in COMSOL

In order to parametrize the insulation of the MB, the design drawings of a quadrant of the
MB, wedges and cold bore have been scrutinized. Exerpts of these drawings can be found in
Figure 3.2, Figure 3.3 and Figure 3.5. Materials and component names are given in Table 3.1
for the former.

Figure 3.2: Insulation for a quadrant of the main dipole

Competent name Number in design drawing Material

Insulation sheets 5-7 Polyimide film

Shim retainer 4 Austelinic steel

Shim outer layer 3 Polyimide G10

Shim inner layer 2 Polyimide G10

Coil protection sheet 1 Austelinic steel

Table 3.1: Materials of components (MB)

The two layers of coil protection sheet, protect the coil insulation against any potential
sharp edges of the steel collar. Since this is also made of steel and in contact with the
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Chapter 3. Calculation of Parasitic Capacitance to Ground

grounded steel collar, it is assumed to be grounded. The same applies to the shim retainer.

Figure 3.3: Insulation around copper wedges

Figure 3.3 shows that the wedges have a 0.15 mm insulation thickness, which is made of
Kapton.

The cold bore is the pipe where the beam travels. Figure 3.4 highlights its position in
orange in relation to the coils and gives a longitudinal view of the cold bore.

Figure 3.4: Cross-sectional and longitudinal view of cold bore

The coils are insulated from the metallic cold bore with 5 layers of insulation measuring
a total thickness of 0.51 [mm]. This insulation follows the whole inner arc of the first layer
of the MB.
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Section 3.3. Geometry of MB model in COMSOL

Figure 3.5: Insulation around cold bore

A summary of the insulation thickness at different locations of the MB is disclosed in
Table 3.2

Competent name Insulation thickness [mm]

Inner layer top 1.125

Inner layer left 0.635 (1.135 for the uppermost coil and 0.755
for lowermost coil)

Outer layer top 2.125

Outer layer right 0.825

Table 3.2: Materials of components (cold bore)

Reviewing Table 3.2, the average thickness of mesh is around 1 mm. Simultaneously,
the diameter of the full MB is 0.5 m, which means that if the insulation is resolved with 5
points, it would result in 250 0000 points along a line across the width of a 2D model. Even
though the number of nodes depends on the problem at hand, this implies an unmanageable
amount easily exceeding 1 million. Hence, the boundary condition implemented is expected
to reduce computation cost considerably.

Finally, the geometry as implemented in COMSOL is presented in Figure 3.6.

31



Chapter 3. Calculation of Parasitic Capacitance to Ground

Figure 3.6: COMSOL geometry of MB with steel collar, cold bore and iron yoke

3.3.1 Assumptions for FEM calculation

The insulation is assumed to have the relative permittivity εr of 3. Polyimide has a relative
permittivity between 2.8-3.8 depending on if it is are completely immersed in helium and
completely dry, but also depends on the residual humidity from the industrial process of
manufacturing. In addition, there is a certain amount of liquid helium in the insulation with a
relative permittivity εr of 1.05. [28] Furthermore the steel, copper and iron materials utilized
are from the COMSOL material library, and do not necessarily exhibit the same properties
as the actual materials in the LHC. However, looking at Equation 3.24 these materials do
not influence the solution. Lastly, the geometry has been adapted to COMSOL, hence
simplification have been made. Also, it has been assumed that the parasitic capacitances of
the busbars are negligible.

3.4 Method for FEA

From electrostatics capacitance is per definition

C =
Q

∆V
, F (3.25)

where Q is the charge on the terminal and ∆V is the voltage difference between the plates
considered. The next example provides as a template to calculate capacitance when there is
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Section 3.4. Method for FEA

more than two plates , such as in Figure 3.7. Here there are three metallic plates, where one
is grounded.

Figure 3.7: Example with three charged metallic plates

Wanting to evaluate C1,GND, from charge of conservation it is deduced that

Q1 = C1,2 ∗∆V12 + C1,GND ∗∆V1,GND C (3.26)

Q2 = C1,2 ∗∆V12 + C2,GND ∗∆V2,GND C (3.27)

QGND = C1,GND ∗∆V1,GND + C2,GND ∗∆V2,GND C (3.28)

To solve Equation 3.26 the boundary condition V2 = VGND= 0 V is imposed, resulting in

C1,GND =
QGND

∆V1,GND
. C (3.29)

Thus if ∆V1,2=0, V1 and V2 are equipontential and C1,2 does not accumulate charge on
Q1. From this simple example, it is clear that it is vital to enforce conservation of charge
within the cross-section evaluated and have all terminals accessible numerically for FEA. If
influence of a terminal is to be mitigated it must be put to zero.

3.4.1 Grounding terminals in FEM model

The metallic wedges are floating and effect the distribution of parasitic capacitance to ground,
so they are explicitly grounded. Both figures depict a quadrant of an aperture, as the magnet
is symmetric. Notice that the standard inter-layer is left floating, as it is part of the insulation
and evaluated in terms of material properties in COMSOL.
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Chapter 3. Calculation of Parasitic Capacitance to Ground

(a) Domains grounded during simulation (b) Domains at 10 [V] during simulation

3.4.2 Mesh of FEM model

The mesh used to calculate parasitic capacitance is as shown in Figure 3.9. Notice that only
one of the quadrants of coils have been meshes, so to decrease computational cost. Within the
coils the meshing is heavy as the geometry is relatively complex, compared to the cold bore
and steel collar where the mesh is larger. To avoid tile shaped E-fields and discontinuities a
quadratic discretization function was chosen.

Figure 3.9: Meshing of Geometry
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Section 3.5. Results of FEA

Mesh sensitivity analysis

In order to validate the mesh utilized, a dedicated sensitivity analysis was performed. The
result of using a varying number of elements can be seen in Table 3.3. The number of
elements indicates the fineness of the mesh, while the average element quality is a value from
zero to one, according to how equilateral each meshing triangle is. 1 This, together with the
mesh size, is directly proportional to the accuracy of the the solution. On the other hand,
low quality elements can be tolerated as long as they occur at the periphery of the model,
not at crucial points of computation. The element quality for each triangle for each mesh
level is depicted in Appendix E. For some of the coarser meshes a low element quality within
the coil and at the edge of the steel collar is seen. The former leads to an expectation of low
accuracy results.

Mesh level Number of
elements

Average element
quality

C [F]

Extremely
fine

40476 0.9484 3.709699E-7

Fine 14878 0.907 3.709698E-7

Coarse 8896 0.8747 3.709691E-7

Extremely
coarse

3843 0.7191 3.709691E-7

Manually
coarse

3321 0.7208 3.709691E-7

Table 3.3: Mesh sensitivity

According to Table 3.3 the COMSOL model is almost insensitive to the mesh. This
is because the capacitance is calculated from the electric field displacement at the bound-
ary condition between the coils and the surroundings, and thus independent of any spacial
gradients.

3.5 Results of FEA

3.5.1 Electric field

The electrical field resulting from applying a voltage to one of the coils of the MB can be
studied in Figure 3.10. The only domain floating is the inter-layer and thus exhibits different
values than 0 and 10 V.

1An average element quality of one is called an Ideal Delaunay Mesh
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Chapter 3. Calculation of Parasitic Capacitance to Ground

Figure 3.10: Electric potential of MB quadrant with zoom-in on insulation

3.6 Comparing parasitic capacitance from FEA and measurements

As a proof of concept of the FEA, a parallel analytical calculation will subsequently be
performed using Equation 3.7. Here S is surface area of capacitor and d is the distance
between plates

Ccollar−ground

Parameter Value Unit

S 6.2 [m2]

εr 3 -

d 0.825 [mm]

C 2E-07 [F]

Table 3.4: Analytical calculation of Ccollar−ground
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Ccoldbore−ground

Parameter Value Unit

S 4.6 [m2]

εr 3 -

d 0.75 [mm]

C 1.64E-07 [F]

Table 3.5: Analytic calculation of Ccoldbore−ground

Hence the total parasitic capacitance to ground is 364 nF. This validates the value
of 370 nF calculated from the FEM method. Furthermore, the measured value is 300 nF.
Considering that the materials of the MB shrink when cooled down to cryogenic temperatures
with about 10 %, while the dimensions given from design drawings are at room temperature,
this further supports the proposed FEM method. [29]

3.7 Conclusion of FEM calculation of parasitic capacitance to
ground

In conclusion, conserving charge within the geometry of the model, is vital to calculating
capaciticances in a FEM solver such as COMSOL. Furthermore, it is necessary to equalize
all the floating parts in the geometry, so their charge does not accumulate on the parasitic
capacitance to ground. Taking these two aspects into account, while using the equations
in section 3.4 and putting all metallic parts to zero potential, one can obtain the parasitic
capacitance to ground in a model of complex geometry.
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Chapter 4

Method for fitting of MB
parameters

Having obtained the parameter C for the equivalent MB circuit model in the previous
chapter, one wishes to estimate L by measurements. Through an optimization technique,
the difference between the analytical frequency transfer function and measurements will
be minimized. This determines R1,R2 and k.

To obtain R1,R2 and k, it is necessary to study how these parameter’s chain value
influence a single MB measurement. More specifically, simulations have been run where
R1,R2 and k seperately are relatively high for 153 MBs, while the measured magnet
parameter value is much lower. If this influence is minimal this implies that each mag-
net in the dipole magnet chain can be fitted individually, without having to resort to a
more advanced approach for obtaining all the fits for 154 MBs. Thus, a verdict on the
modularity of fitting the MBs on the chain is concluded.

In its totality, this chapter is about methods and all the techniques presented will be
utilized in Chapter 6 to fit the impedance of the MB based on FRMs from April 2017.

4.1 Dipole magnet chain during measurements

During the measurements presented, the dipole magnet chain was disconnected from its
usual power converter and filter. Also, the energy extractor at the end of the chain was
short-circuited, while each end of the dipole magnet chain was connected to a HTS current
lead 1 such that the chain could be grounded. For this thesis measurements from November
2016 and April 2017 will be studied, though these have a slightly different measurement
configuration. Both measurement configurations are presented in Figure 4.1 and Figure 4.2.

1a device providing the electrical link between the room temperature power cables and the cold bus-bars [30]
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Chapter 4. Method for fitting of MB parameters

Figure 4.1: Circuit diagram of dipole magnet chain during November 2016 measurements (whole
chain)

Figure 4.2: Circuit diagram of dipole magnet chain during April 2017 measurements (half chain)

For the two configurations, the chain was grounded and the generator floating. The
main difference between the two are that for the November measurements the whole chain
of 154 dipoles was included, while for the April measurements only half of the MBs were
connected in series. Also, the ’whole chain configuration’ includes an energy extractor, while
the ’half chain configuration’ does not. However, during measurements from November 2016
the switch was closed, meaning that it had no effect on the chain.

The measurement set-up for all measurements was type normal, which is discussed at
lengths in the report “Multi-scale Analysis of Electro-Thermal Transients in the LHC Main
Dipole Circuit”. [31] The idea behind the type normal measurement configuration is to study
the magnet characteristics of the dipole on multiple levels. Therefore this configuration is
flexible enough to measure the whole dipole, both apertures as well as each pole. Referring
to Figure 4.3, the voltage taps of Channel 2 can be connected across any single inductance
or adjacent inductances.
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Section 4.1. Dipole magnet chain during measurements

Figure 4.3: Type normal measurement configuration [32]

The inductances in the figures represent the four poles of the twin-aperture dipole. Chan-
nel 1 (CH1) represents the current measurement, while Channel 2 (CH2) gives the voltage
measurements. Feeding the main dipole with an AC voltage makes it possible to do a fre-
quency sweep and measure the resulting current and voltage. Defining a transfer function as
a ratio between input and output, the transfer function of the MB impedances become:

z(jω) =
u(jω)

i(jω)
Ω (4.1)

After two campaigns of magnet measurements in Section 1-2, there is considerable avail-
able amount of data for analysis. Specifically, eight magnets measured November 2016 and
41 magnets in April 2017. The available magnets with the corresponding measurement cam-
paign and series are given in Table 4.1 and Table 4.2.
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Measurement Campaign Electrical position of magnets

November 2016 33, 34, 36, 118, 121, 122, 123, 124

April 2017 1, 2 ,3,17 ,18, 19, 20, 21, 22, 40, 42, 43, 44, 45, 46,
47, 48, 49, 50, 51, 55,101, 104, 105, 107, 108, 109,
111, 112, 112, 114, 115, 116, 133, 134, 135, 136, 137,
138, 152, 153, 154

Table 4.1: MB measurement overview

Series Electrical position of magnets

1000 (Alstom) 17, 21, 36, 44, 45, 49, 104, 113, 114, 118, 121, 122,
124, 136, 152, 153

2000 (Ansaldo) 1, 3, 18, 19, 20, 22,33, 34, 40, 42, 43, 46, 47, 48, 50,
55, 105, 107, 108, 109, 111, 115, 116, 123, 133, 134,
135, 137

3000 (Noell) 2, 51, 138

Table 4.2: MB measurement by series

The amount of data makes it possible to study differences across magnet series, and con-
clude if the parameter fittings of transfer function of the MBimpedance should be grouped.
For example the fittings could be according to magnet series number, individually or oth-
erwise. Unfortunately, the same magnet was not measured twice for each campaign, which
would have provided a point of comparison.

4.2 Fitting parameters to measurements

Figure 4.4 shows the comparison between measurements of the first aperture in A31L2 and
C30L2 and Pspice simulations of an aperture with the parameters of Table 2.2, both per-
formed in the dipole magnet chain. Certain discrepancies between measurements and sim-
ulations exist, which poses a need to improve the fit. By adjusting L the constant offset
present below 30 Hz is eliminated, while fitting R1, R2 and k will reduce the error for higher
frequencies.
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Figure 4.4: Comparing measurements of dipoles A31L2 and C20L2 to Pspice simulation with
present parameter fit

Here, it is important to note that the resistances of the apertures R1, R2 can be balanced
or unbalanced. However, in many instances the average value in the dipole is a more con-
venient measure, as it simplifies the analytical transfer function of the whole MBequivalent
circuit. This value will be referred to as Ra. To deduce the values of R1 and R2 it is enough
to look up the difference between the two for each MB, which is available in the present
Pspice model among others. See Listing A.6.

4.2.1 Fitting L

Considering that inductive effects are dominant for low frequencies in the dipole, it is possible
to find L. The transfer function of the dipole impedance can be approximated to

Zdi(s) = Ls, Ω (4.2)

which implies that the curve will intercept the 0-dB line at

ωc = (1/L), rad/s (4.3)

where ωc is the crossover frequency. With Equation 4.3, obtaining L becomes a matter of
simple interpolation from measurement data. The code in Listing A.1 was used to evaluate
L.
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Chapter 4. Method for fitting of MB parameters

4.2.2 Sensitivity analysis

One approach to fitting k and Ra for a magnet, is to understand the sensitivity of each
parameter and how the change influences the characteristic of the transfer function of the
impedance. Such an analysis can be studied in Figure 4.5 and Figure 4.6
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Figure 4.5: Sensitivity analysis - change in Ra
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Figure 4.6: Sensitivity analysis - change in k
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From Figure 4.5, it is noticeable that changing Ra, is inversely proportional to the time
constant of IFCL, described in section 4.2. Figure 4.6 shows that k is proportional to IFCL.
The complexity of manual tuning necessitates an optimization technique. Also, a method
for comparing fits is necessary. PSO with a suitable objective function addresses both these
needs.

4.2.3 Method for Ra and k fit: Particle Swarm Optimization

The method for fitting parameters utilized is called PSO, which is an iterative method in-
spired by the movement of flocks of birds. The method is initiated by assigning a population
of candidate solutions, called particles, random values within the bounds specified. [33] For
each iteration, the objective function is evaluated at each particle location, and determines
the best (lowest) function value and the best location. Subsequently, the algorithm chooses
new velocities, based on the current velocity, the particles’ individual best locations, and the
best locations of their neighbors. The update of the velocity v from the last velocity

v = Wvlast + y1·u1·(p-x) + y2·u2·(g-x), (4.4)

where W is the inertia of the movement, y1 is the weighting of the self-adjustment, y2 is the
weighting of the social-adjustment, p-x is the difference between the current position and
the best position the particle has seen, g-x is the difference between the current position and
the best position in the current neighborhood and u1 and u2 are uniformly (0,1) distributed
random vectors with the same length as the number of variables.[33]

This is expected to move the swarm toward the best solutions, by iteratively updating
the particle locations (the new location is the old one plus the velocity, modified to keep
particles within bounds), velocities, and neighbors, according to

xnew = x + v. (4.5)

[33] Iterations proceed until the algorithm reaches a stopping criterion. These criteria include
reaching tolerances, the maximum of allowed iterations, or time. [33]

Particle Swarm Optimization using total vector error

When evaluating error of impedances, both magnitude and phase must be condensed into
a single parameter. A neat manner of doing just this is Total Vector Error (TVE). The
expression for the TVE is given by

TV E(ω) =
|Ztf (ω)− Ztf,meas(ω)|

|Ztf,meas(ω)|
, (4.6)

where Ztf is the impedance of the dipole for a certain frequency given analytically, while
Ztf,meas is the measured impedance at the same frequency.

In order to minimize the TVE between measurements and the analytical transfer func-
tion, the method of PSO was implemented. The code implementing this method is given in
Listing A.5, and the objective function is defined as the mean of TVE2. As the PSO function
in Matlab is stochastic it may give different results each run, having a large influence on the
objective function value. Thus, the code implemented loops through 100 iteration to extract
the best fit.
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When implementing the PSO there are various approaches to defining the objective func-
tion. The main objective function minimizes the mean of TVE2, such that:

e =
|Ztf − Ztf,meas|2

|Ztf,meas|2
, (4.7)

where bars indicate averaged values. This was chosen as the main expression as it gives
greater weight to larger errors. Alternatively the mean of the TVE can be used as an
objective function

e =
|Ztf − Ztf,meas|
|Ztf,meas|

. (4.8)

In order to add more emphasize on higher frequencies the objective function can be defined
as

e = ω · |Ztf − Ztf,meas|2

|Ztf,meas|2
. (4.9)

In the case where the measurements are logarithmically spaced, creating a bias towards
lower frequencies, it could also be an idea to integrate the area of the TVE

e =

∫
(
|Ztf − Ztf,meas|
|Ztf,meas|

)dω. (4.10)

The fitting will be done using mean of TVE2 of Equation 4.7, as the objective function,
provided that it gives a satisfactory fit at high frequencies. If this proves unattainable the
TVE will be integrated like in Equation 4.10.

4.2.4 Influence of the chain’s Ra and k on A31L2

The values of Ra and k differ along the chain, and therefore need to be fitted to each magnet.
One wants to study if the fitting of Ra and k can be done independently magnet by magnet
without having to resort to a more advanced approach. In order to verify this, the MB
impedance of A31L2 was simulated for different Ra’s in the rest of the chain, and Figure 4.7
shows the result. The same was done for k, which is presented in Figure 4.8.
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Figure 4.7: Dipole impedance for several values of Ra in the rest of the chain

As is observable in Figure 4.7 the influence of the other aperture resistances on the dipole
impedance in question is negligible and only become pressing at resonance frequencies. Thus
Ra can be tuned individually.
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Figure 4.8: Dipole impedance for several values of k in the rest of the chain

In Figure 4.8 one can see that k in the rest of the chain has a noticeable influence at high
frequencies. This is not significant since the discrepancy is mostly for k equal to one, which
is an unphysical fit. Therefore, the k-value of a magnet will be fitted individually like with
Ra.
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Chapter 5

Preliminary investigations for
fitting MB parameters

In November 2016 measurements of 8 MBs in sector 1-2 of the LHC were conducted.
Based on these measurements the report “Multi-scale Analysis of Electro-Thermal Tran-
sients in the LHC Main Dipole Circuit” discusses various measurement configurations
and concludes with a strong recommendation. The recommendation is for grounding
each end of the dipole chain and leaving the generator floating. [31] Subsequently, there
have been additional measurements made on more magnets in sector 1-2 in April 2017.
Despite having a different configuration than the ones from November, the recommended
grounding points were followed. Before any fitting of parameters of the MB transfer func-
tion impedance is conducted, it is desirable to conclude on the preferable measurement
technique. Thus the difference between available measurements will be treated.

Measurements were conducted on dipole magnets connected to the rest of the chain,
while its associated analytical impedance expression is for a stand-alone magnet. Thus,
the next step will be to study the influence of the rest of the chain on the MB measured.
Based on this influence, measures of reducing discrepancies devised.

Another topic of interest is the influence of the electrical position of an MB on
impedance. The concept of symmetrical impedances created by grounding lines aid this
discussion. Also, limitations to representing capacitance to ground as lumped elements
is expanded upon.

Lastly, the issue of low measured inductance values is investigated. Recent MB mea-
surements during cool-down will indicate if these values are due to superconducting
phenomena. Subsequently, data from during LHC operating during ramp-up of current
will conclude if the low inductance values are justified by the Meissner phase. COMSOL
simulations quantify magnetizing effects at 1 A and its influence on inductance.

Overall, this chapter presents solutions deemed necessary, before the PSO-algorithm
can be performed to find the parameters Ra and k
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5.1 Influence of chain

Before fitting the parameters k and Ra, the inter-dependencies in the dipole magnet chain
must be clarified. More specifically, it must be concluded if one should fit the transfer
function to measurements of the single or double aperture impedance. Here single and double
aperture refers to the equivalent circuit in Figure 2.18 and Figure 2.16 respectively. This
fitting depends on which circuit gives the best overlap with the stand-alone equivalent. A key
realization when comprehending the influence the rest of the chain, is that the measurements
can be modelled either as a single or double aperture in parallel with the rest of the chain.
This is illustrated in Figure 5.1a and Figure 5.1b respectively. Hence, if the single or double
aperture is disconnected from the rest of the chain, it is possible to simulate the impedance
of the chain and compare it with the simulated stand-alone impedance of the single or double
aperture.

(a) Aperture (b) Dipole

Figure 5.1: Schematic of measurement configuration

When the impedance of the chain is much larger than the impedance of the singe or double
aperture, the measurement will be close to the impedance of the latter. This is because the
total impedance will always be smaller than the smallest impedance in a parallel connection.
Moreover, the larger the largest impedance is, the closer the total value will be to the smallest
impedance. However, for the frequencies where the impedance of the chain and the impedance
of the single or double aperture are comparable, the total impedance is about half the size
of the chain impedance. See Equation 5.1

Zeq(ω) =
Z1(ω) · Z2(ω)

Z1(ω) + Z2(ω)

for

Z1 = Z2 ⇒ Zeq =
Z1

2
.

for

Z1 << Z2 ⇒ Zeq ≈ Z1.

Ω (5.1)

At the point where the impedances are equal, the inter-dependency between the chain
and the circuit studied becomes too strong. The results of simulating the impedance for the
rest of the chain simulated with the single and double aperture disconnected in PSpice are
given in Figure 5.2 and Figure 5.3 respectively.
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Figure 5.2: Impedance of chain - disconnecting aperture
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Figure 5.3: Impedance of chain - disconnecting double aperture

Comparing Figure 5.2 and Figure 5.3, we see that the chain impedance stays higher cal-
culated from the double aperture than single. While the chain and aperture impedance are
equal at around 1 kHz, the chain and double aperture impedance only intercept at around
8 kHz. Hence, measurements should be fitted to the transfer function of the double aperture
impedance.
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Chapter 5. Preliminary investigations for fitting MB parameters

From the analysis in Figure 5.3 the impedances become equal at 8 kHz, at which the
measured impedance is equal to half of the magnet impedance. As a criterion, it was decided
to ignore frequencies when the chain impedance is less than one order of magnitude larger
than the double aperture impedance. Therefore frequencies up to 1 kHz will be included for
PSO analysis. This limits the influence of the rest of dipole magnet chain sufficiently.

5.1.1 Analytic transfer function of the double aperture

Since the parameters k and Ra shall be fitted against the analytical transfer function of the
double aperture impedance its expression must be obtained. This required a y-∆ transforma-
tion of the equivalent circuit schematic, as visualized in Figure 5.4. The actual expression for
the transfer function of the double aperture impedance was achieved by using the symbolic
tool in Matlab and the code in Listing A.2, with the explicit expression in Listing A.3.

Figure 5.4: y-∆ transformation of double aperture equivalent circuit

Looking at Figure 5.4, the transfer function of the double aperture impedance is deduced.
Here, Za is the series connection between (1− k)L and kL and Ra in parallel, meaning that:

Za(s) = L(1− k)s+
LRaks

Ra + Lks
. Ω (5.2)

The expressions for the impedance of capacitances to ground before the transformation are

α(s) =
2

Cs
, β(s) =

1

Cs
andγ(s) =

2

Cs
. Ω (5.3)

After the y-∆ transformation the expressions become:

αβ(s) =
αβ + αγ + βγ

γ
, Ω (5.4)

βγ(s) =
αβ + αγ + βγ

α
and Ω (5.5)

αγ(s) =
αβ + αγ + βγ

β
. Ω (5.6)
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Section 5.2. Evaluating measurement configuration

Thus, the transfer functions

αβ(s) = βγ(s) =
4

Cs
and Ω (5.7)

αγ(s) =
8

Cs
Ω (5.8)

is obtained. Each Za is in parallel to either αβ or βγ, which again are connected in series
with one another

Z1 =
Za ∗ αβ
Za + αβ

, Z2 =
Za ∗ βγ
Za + βγ

and Zseries = Z1 + Z2. Ω (5.9)

The resulting transfer function is evaluated to

Zseries =
−(8(Ls(k − 1)− LRaks

Ra+Lks
)

Cs( 4
Cs − Ls(k − 1) + LRaks

Ra+Lks
)
. Ω (5.10)

Zseries is according to Figure 5.4 in parallel with Rp and αγ. Finally, the total impedance
becomes

Ztot =
ZseriesαγRp

Zseriesαγ + ZseriesRp + αγRp
. Ω (5.11)

5.2 Evaluating measurement configuration

Although, there are only eight magnet measurements with the ’whole chain configuration’
available, while there are 41 magnet measurements with the ’half chain configuration’ it is
relevant to compare the two configurations. Based on such a comparison, future measure-
ments can be standardized. A comparison between the impedance of the dipole magnet chain
for Magnet 122 with the ’whole’ and ’half chain’ configuration is found in Figure 5.5.
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Figure 5.5: Comparing chain impedance for ’half’ and ’whole chain configuration’
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The simulations show a difference with the ’whole chain configuration’ staying higher for
a wider range of frequencies than the ’half chain’. The crossing of impedances occurs at
5496 Hz and 4677 Hz, for the ’whole chain’ and ’half chain configuration’ respectively. Thus
the ’whole chain configuration’ is preferable to the ’half chain’.

Another aspect that influences the chain impedance of a magnet is its electrical position,
and Figure 5.6 displays the chain impedance of Magnet 1 and 19.
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Figure 5.6: Comparing chain impedance for different electrical positions

Mainly the magnets on each end of the dipole magnet chain have a significantly lower
intercept frequency between impedance of stand-alone double aperture and chain, which is
illustrated in Figure 5.6. Magnet 1 has an intercept frequency 3467 Hz compared to Magnet
19 with a 4677 Hz intercept frequency. This supports the argument that care should be taken
when fitting the first and last magnet.

5.3 Distributed Capacitance

A consistent issue when comparing measurement and simulations is that perturbations
around 8 kHz in simulations is observed that are not present in measurements. Measurements
and simulations are compared in Figure 5.7.
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Figure 5.7: Comparing simulation and measurement of Magnet 1

When comparing the two in Figure 5.7 it becomes apparent that this is not due to a low
sampling frequency of measurements. An hypothesis to the discrepancy is that the equiva-
lent circuit model utilized in PSpice is not valid for high frequencies. This could be due to
the simplification of a distributed capacitance in the MB design to a lumped element in the
circuit model not being able to capture behavior above 1 kHz.

In order to investigate the issue of distributed capacitance, additional simulations have
been performed on Magnet 122. One where the MB model is extended with 7 capacitances
and one with 9 capacitances according to Listing A, Listing A and Listing A with circuit
models depicted in Figure D.1, Figure D.2 and Figure D.3 of Appendix D. A limitation
to the present model, in terms of the 1 − 10 kHz range is that the capacitances are placed
at the edges of the circuit creating a large influence on impedance, which can be seen as
perturbations. Thus all circuit models simulated in this section have been modified such
that the capacitances are places at the interior of the circuit and not at the same node as
the parallel resistor. Still, the total capacitance values remains the same. The comparison
between the three models can be studied in Figure 5.8 for Magnet 122.

55



Chapter 5. Preliminary investigations for fitting MB parameters

10
0

10
1

10
2

10
3

10
4

f [Hz]

-10

0

10

20

30

40

M
o
d
 [

d
B

]

Simulation of Several distributions of Capacitance (Dipole, whole chain) Magnet 122

3 capacitance model modified

7 cap model

Parasitic 9 cap

10
0

10
1

10
2

10
3

10
4

f [Hz]

-50

0

50

100

P
h
as

e 
[d

eg
]

Figure 5.8: Simulation of Magnet 1 with three different MB models (’whole chain’)

In Figure 5.8 the frequency of the dip, originally at 8 kHz, increases with increasingly
distributed capacitance in the circuit. For a circuit with infinitely many capacitances ac-
cumulating to a total capacitance of 300 nF would mean that the perturbation would not
appear at all. Hence a lumped element model is not be able to capture the behavior of
distributed capacitance.

5.4 Grounding line and symmetries

For the cryostat to be at zero voltage, a grounding network has been constructed. This
grounding line has a certain impedance, and influences the frequency transfer function of
the impedance depending on the magnet’s position. The grounding line has an influence
on impedance depending on the magnet’s electrical position. To understand such influences
simulations in Pspice were performed. With the ’half chain configuration’ symmetries are
created. Not around the middle point of the chain as with the whole chain, but such that the
first position of the first chain overlaps with the last position of the second chain and vice
versa. This is plotted in Figure 5.9 and Figure 5.10. Figure 5.11 shows a simulation with the
same measurement configuration if the grounding line was removed. Without the grounding
line the ’half chain’ is again symmetric around the middle point of the dipole chain.
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Figure 5.9: Simulation of Magnet 77 and 78 for ’half-chain configuration’
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Figure 5.10: Simulation of Magnet 1 and 154 for ’half chain configuration’
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Figure 5.11: Simulation of Magnet 1, 77, 78 and 154 for ’half chain configuration’ without Ground-
ing Network

To further examine the symmetries created by grounding lines, measurements of sym-
metrically equal magnets have been plotted together, which is presented in Figure 5.12.
Subsequently, a simulation of symmetrically opposite magnets was plotted in Figure 5.13
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Figure 5.12: Measurements of mangets 1,2,19, 153,154 (dipoles)
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Figure 5.13: Measurements of mangets 1,2,19, 153,154 (dipoles)

According to measurements of Figure 5.12, the symmetries for the rest of the chain is
less apparent. Due to the approximation of distributed capacitance discussed in section 5.3,
Figure 5.13 exhibits symmetries. Based on the limited on the measurements of symmetrical
magnets, the result indicates that symmetry is only valid for the first and last magnet of the
chain.

5.5 Low inductance values from Frequency Response
Measurements

Compared to the nominal inductance of 98.7 mH, the results from the November 2016 mea-
surements of eight magnets in Sector 1-2 were showing low inductance values. See Figure 4.4.
After getting 41 additional magnet measurements in April 2017, it was verified that this also
was the case for these new measurements. As is seen from Figure 5.14, the inductance values
range from 77− 81 mH. Thus there is a systematic phenomena causing such a low reading.

59



Chapter 5. Preliminary investigations for fitting MB parameters

0 20 40 60 80 100 120 140 160

Electrical number of magnet

0.077

0.0775

0.078

0.0785

0.079

0.0795

0.08

0.0805

0.081

M
ea

su
re

d
 I

n
d
u
ct

an
ce

 [
H

]

Inductance for each measurement

Figure 5.14: Inductance for April 2017 MB measurements

A hypothesis from [22] is that for FRMs at 1 A the magnet is in the Meissner region,
meaning its expelling all flux from the conductor. Once the magnet reaches a magnetic flux
density over Bc1 an additional volume is available for the flux, resulting in a higher induc-
tance. [22] Similar behavior has been described in [34]. When ramping the MB at 10 A/s,
the initial inductance obtained at comparable current levels was 85 % of nominal value,
which is attributed to residual positive magnetization. [34] During similar measurements of
MB prototypes, the same phenomena was observed. [29] Figure 5.15 shows the calculated
differential inductance during two current cycles between -600 and 600 A.

Figure 5.15: Calculated differential inductance Ld (Cycles 1 and 2) [34]
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Section 5.5. Low inductance values from Frequency Response Measurements

To explain the low inductance values, a sensitivity analysis focusing on temperature, cur-
rent and frequency will be executed. Therefore, this section studies L as function of these
three parameters independently. The former is studied from a cool-down process of a stand-
alone MB over the period 9th-11th of June 2017. Inductance as a function of current will
be obtained, through calculation of the differential inductance of the MB during operation.
The data is from the 3rd of May 2017 during ramping of current. Lastly, inductance as a
function of frequency is studied through a COMSOL model of the MB. This study concludes
the largest contributors to inductance decrease at 1 A and 2.15 Hz. From these efforts it will
be possible to not only conclude on the sensitivity of temperature, current and frequency to
inductance, but also provide an explanation to the behaviour.

An important distinction is between the concepts of differential inductance Ldiff and
apparent inductance Lap. All estimations of inductance in this thesis, whether from mea-
surements or simulation, are either differential or apparent. Differential inductance and
apparent inductance are defined as

Ldiff =
dφ

di

Lap =
φ

i
.

H (5.12)

Figure 5.16: Distinction apparent and differential inductance: Flux vs current

Figure 5.16 of flux vs current, illustrate that for for some intervals of current a constant
change in current does not induce a proportional change in magnetic field. This causes a
change in Ldiff and Lap. Moreover, from Figure 5.16 it is clear that these values are not
the same in all cases. However, with no saturation, only the linear range for double aperture
impedance is considered. Hence apparent and differential inductance will be the same, and
inductance will be calculated based on the available data.
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Chapter 5. Preliminary investigations for fitting MB parameters

5.5.1 Apparent inductance at cool-down

The first approach to the case of sensitivity of inductance is investigating the apparent
inductance during cool-down of an MB. Between 9th-11th of June 2017, a stand-alone MB
was cooled down from 80−4.5 K. Simultaneously, FRMs of impedance were conducted every
10 minutes. The result when estimating Lap at 2.15 Hz is rendered in Figure 5.17.
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Figure 5.17: Differential inductance vs Temperature

As the MB temperature drops below critical temperature, there is a dramatic drop in
inductance. Therefore, the drop in inductance must be due to superconducting effects.

5.5.2 Differential inductance at current ramp-up

With the aid of data from LHC operation, it is possible to study the sensitivity of inductance
to the current level. The equation for calculating differential inductance is

Ldiff =
Umag −Rsplice · I

di/dt
, H (5.13)

where the splice resistance Rsplice is 1 [nΩ] and represents the resistance from interconnec-
tions in the circuit. Umag is the voltage across the MB A12R1 in Sector 1-2.

The data from Figure 5.18a, Figure 5.18b and Figure 5.19 are from a ramp-up from
1−100 A. Up until about 11 s, the voltage is saw-tooth shaped and thus di/dt is challenging
to evaluate, which is reflected in Figure 5.19. Hence the resulting differential inductance
values are unreliable. However, the differential inductance stabilizes at around 30 A as the
voltage reaches a plateau, and inductance values are observed at around 0.09 H between
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Section 5.5. Low inductance values from Frequency Response Measurements

30 − 100 A in Figure 5.19. Equation 2.2 states that the penetration depth in the Meissner
region is proportional to the field, which explains the linear increase in differential inductance
with current in Figure 5.19.
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Figure 5.18: Measurement of Current ramp from LHC during operation
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Figure 5.19: Calculation of Differential Inductance from Measurement of Current ramp from LHC
during operation

Looking at a current ramp from 2− 11 kA in Figure 5.20a, Figure 5.20b and Figure 5.21,
the voltage and differential inductance remains relatively stable. Furthermore, the inductance
value is close to nominal value, which is expected for such high current values.
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Figure 5.20: Measurement of Current ramp from LHC during operation
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Figure 5.21: Calculation of Differential Inductance from Measurement of Current ramp from LHC
during operation

Based on calculations in Appendix C, the Meissner region extends until about 223.5 A
for a single strand, which means that a significant difference in differential inductance for the
intervals 30 − 100 A and 2 − 11 kA is expected. To conclude, these measurements validate
the theory of lower differential inductance in the Meissner phase.

From subsection 5.5.1 and subsection 5.5.2, it is clear that low inductance values are
due to superconducting effects, which show behavior according to the Meissner phase at low
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Section 5.5. Low inductance values from Frequency Response Measurements

currents. Next, the superconducting effect that gives the largest contribution to drop in
Ldiff ,for the case of operating in the Meissner phase, will be determined.

5.5.3 FEA of magnetizing effects

In order to study the contribution of persistent magnetization and induced eddy-currents in
the cable and copper wedges, a simulation has been run in a COMSOL model of the MB. The
geometry is as for the FEM calculation for parasitic capacitance, except now only a quadrant
has been considered. See Figure 3.6. According to Ravaioli, persistent magnetization, eddy
currents in wedges, ISCC and IFCC contribute to magnetization at low current. [34] [35]
These effects all decrease inductance. Moreover, the MB model in COMSOL has the ability
to isolate each effect, such that they can be studied both independently and combined. The
model has been simulated in the frequency domain with 1 A Root Mean Square (RMS) as
current input. It is resolved at the half-turn level with homogenized material properties and
physical laws over such an area. [35]

Figure 5.22a- Figure 5.22f depict the magnetic flux density and magnetic vector potential
for the various isolated effects, as well as all the combined effects at 2.15 Hz.
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(a) No effects reducing differential inductance
(b) Eddy currents in copper wedges

(c) ISCC (d) IFCC

(e) Perstant magnetization
(f) All phenomena combined

Figure 5.22: Magnetic flux density and magnetic vector potential

Due to the Meissner effect, the flux lines are expelled from the coils in Figure 5.22e and
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Section 5.5. Low inductance values from Frequency Response Measurements

Figure 5.22f. Figure 5.22b show a small eddy current at the edge of the copper wedges of
the inner layer.

Finally, Figure 5.23 shows L as a function of frequency when each magnetization effect is
isolated and combined.

10
0

10
1

10
2

10
3

f [Hz]

0.05

0.055

0.06

0.065

0.07

0.075

0.08

0.085

0.09

0.095

0.1

In
d

u
ct

an
ce

 [
H

]

Inductance as a function of frequency

Eddy Currents from Copper Wedges

Persistent Magnetization

ISCC

IFCC

All phenomena

Figure 5.23: L vs Omega from COMSOL model of MB, isolating various effects to study contri-
bution on magnetization at 1 A

As seen in Figure 5.23, eddy currents and ISCC hardly effect inductance at low frequencies,
where the inductance has been estimated. IFCC have some effect on the decrease in L at low
frequencies. On the other hand, the persistent magnetization is independent of frequency
and has a large impact at 1 A.

When all phenomena are combined, the effects of persistent magnetization and eddy cur-
rents in the copper wedges superimpose, while coupling currents from strands and filaments
are suppressed. Another relevant observation from Figure 5.23, is that L only including mag-
netizing effects from IFCC obtains the same value at high frequencies as L from persistent
magnetization. To understand these results, the behavior of each magnetizing effect must be
understood. According to

MIFCC ∝MISCC ∝
dB
dt

A/m (5.14)

Mpers ∝ Jc. A/m (5.15)

[35] Hence at a high frequency MIFCC expels all flux from the coils when the behavior of the
IFCCs are isolated. This is why L only including magnetizing effects from IFCC overlaps at

67



Chapter 5. Preliminary investigations for fitting MB parameters

high frequencies with the L-value only considering persistent magnetization. Since persistent
magnetization is such a strong effect at low currents it expels all the flux in the coils and
MIFCC and MISCC experiences a zero constant field, meaning that they are both zero. In
other words, as persistent magnetization expels all flux there is no more flux to be expelled
by IFCC and ISCC in the coils. Thus we do not see their effect in the combined simulation of
all phenomena. However, eddy currents in the copper wedges have the ability to magnetize
wedges and reduce the overall inductance, which is observed in the combined simulation.

An inductance of 0.065 H is considerably lower than the measured 0.08 H. Figure 5.22e
provides a plausible explanation. Seeing as the MB is operated in the Meissner phase, a
behavior described in subsection 2.1.5, the coils are expelling all external fields according to
Equation 2.7. This expulsion of flux can clearly be seen in Figure 5.22e. However, the MB
coils are only partially made of superconducting material, which is illustrated in Figure 5.24.
Instead of considering the copper and the Nb-Ti separately in the COMSOL model, persistent
magnetization is scaled according to the fraction of superconducting material in the strand
and ratio of strand to cable cross-sectional area, which is inaccurate in the Meissner phase.
In reality some flux lines will concatenate the coils when MBs are operated in this manner.
This in turn gives a larger inductance than obtained from COMSOL simulations.

Figure 5.24: Cable cross section; the light- and dark-grey domains refer respectively to the su-
perconducting and the copper domains; the remaining white domain represents the
cable’s voids, here considered as filled with epoxy resin [35]

In addition, the current distribution implemented in the simulation are given by the CSM
covered in subsection 2.1.6, although this model ignores the Meissner phase. [7, p. 23] More-
over, it is challenging to model the current paths taken in the MB at such low currents, in the
superconducting state. Being far from the critical current density and without resistance,
the current is not equally distributing, creating large variations in local field quality. To get
a more accurate evaluation of inductance at 1 A, a model incorporating current distribution
at these values must be included in the FEM model.

To study the magnetizing effects dependency on current, the same simulation has been
performed at 1 kA, and L as a function of ω has been plotted in Figure 5.25.
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Figure 5.25: L vs Omega from COMSOL model of MB, isolating various effects to study contri-
bution on magnetization at 1 kA

Here, in Figure 5.25 the effect of persistent magnetization drops drastically from the case
of 1 A. As expected the effects of eddy currents in copper wedges, IFCC and ISCC stay
the same with the same time constants. Due to weak persistent magnetization flux lines
penetrate the coils and the magnetization effects superimpose for the combined simulation.

What we can conclude from these simulations, is that persistent magnetization is the
largest contributor to the reduction of inductance in the Meissner phase. For 1 A at 2.15 Hz
it accounts for 99.7 % of the decrease in inductance. Now that the discrepancy in inductance
has been accounted for, the fitting of parameters will be conducted with an average induc-
tance value and it will be assumed that this has a negligible effect on parameters.

In the light of results from Figure 5.23, there is a need to discuss the quality of results from
fitting the transfer function of the double aperture impedance to measurements performed
at around 1 A.
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Results from fitting of MB
parameters

The fitting of the parameters Ra and k necessitated the study of the influence of the
rest of the chain on single and double aperture measurements. Both of which have been
conducted in a dipole magnet chain. It was concluded that the double aperture mea-
surements contained the least influence from the rest of the chain. Furthermore, the
frequency range of fitting was limited to under 1 kHz. Hence all the fits are based on
double aperture measurements below 1 kHz.

With MB measurements available in a chain and stand-alone it is possible to deduce
the influence of the rest of the chain on magnet measurements, through comparison.
Simultaneously, an inherent challenge to fitting measurements to analytic transfer func-
tions is highlighted. Hence the discrepancy in PSO fits will be discussed.

Next, data analysis is conducted on the 41 MB measurements from April 2017, all
from the ’half chain measurement configuration’. Deviation from the mean of all mea-
surements is studied for each MB. Based on this analysis, an approach to grouping
magnets for common fits is devised according to this deviation.

From such groupings, a PSO-algorithm is utilized and the parameter fittings of k and
Ra determined.
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Chapter 6. Results from fitting of MB parameters

6.1 Comparing measurements from stand-alone and chain

The comparison between stand-alone and chained MB measurements is presented in Fig-
ure 6.1.
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Figure 6.1: Comparison between stand-alone and chained measurements

An important distinction between the measurements, is that the stand-alone magnet was
removed of its 100 Ω parallel resistor Rp. To account for this the stand-alone measurements
were modified as if they had a parallel resistor

Zfit,meas =
Zmeas ·Rp
Zmeas +Rp

, Ω (6.1)

where Zfit,meas is the modified measurement impedance equivalent to Ztf,meas in Equa-
tion 4.6, while Zmeas is the raw measurement impedance. The comparison between the
modified stand-alone measurement and raw chained MB measurements is given in Figure 6.2
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Figure 6.2: Comparison between stand-alone (modified) and chained measurements

From this comparison, the modified stand-alone measurement and raw chained MB mea-
surements exhibit different time constants, in addition to a noticeable shift in phase. Hence
a certain discrepancy in the parameter fit is expected.

6.2 Comparing fits from stand-alone and chain

12th of June 2017 there were measurements performed of a stand-alone MB magnet. From
these measurements it is possible to compare the fitting of parameters stand-alone and chain,
and to investigate how reliable measurements of magnets in chains are. The comparison be-
tween measurements, simulations and the analytical transfer function of the double aperture
is given in Figure 6.3 for Magnet 122 in the chain. The linear inductor is for comparison.

73



Chapter 6. Results from fitting of MB parameters

10
0

10
1

10
2

10
3

10
4

f [Hz]

-20

0

20

40

60

80
|Z

|[
d
B
]

Comparing measurement, analytics and simulation of magnet in chain(dipole)

Simulation

Measurement

Linear inductor

Analytical TF

10
0

10
1

10
2

10
3

10
4

f [Hz]

-50

0

50

100

6
Z
[◦
]

Figure 6.3: Comparison between measurements, simulations and analytical transfer function
(chained double aperture)

Figure 6.3 shows a satisfactory overlap between simulation, measurement and analytical
transfer function until around 600 Hz. While simulations exhibit a perturbation at high
frequency, amplitude measurements stay below the 100 Ω-value of Rp and its associated an-
alytic transfer function. These are possible sources of error in the fitting.

With the removal of Rp in mind, the stand-alone measurements were fitted under three
different premises. The first was done implementing the transfer function of the MB without
Rp. The result is shown in Figure 6.4. Here k=0.758 and Ra=47.93 Ω.
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Figure 6.4: Comparison between measurements, simulations and analytical transfer function
(stand-alone double aperture)

When fitting the same magnet in the chain it produced the fit k=0.727 Ra=6.41 Ω. Con-
sidering the large discrepancy in Ra, it was decided to modify the measurements such that
it would have a parallel resistor, according to Equation 6.1.

The subsequent fit was k=0.669 and Ra=29.71 Ω., and the fit can be studied in Figure 6.5.
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Figure 6.5: Comparison between modified measurements and simulations (stand-alone dipole)

Next, the same procedure of modifying the measurements were conducted, only now Ra
was constrained in the PSO-algorithm to be smaller than 11.11 Ω. The result can be viewed
in Figure 6.6, with the PSO-fit of k=0.499 and Ra=11.11 Ω. A summary is given in Table 6.1

Fitting k Ra [Ω]

Magnet 122 chained 0.727 6.41

Raw stand-alone 0.758 47.93

Modified stand-alone 0.669 29.71

Modified stand-alone with
limited Ra

0.499 11.11

Table 6.1: Comparing of PSO-fits
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Figure 6.6: Comparison between measurements and simulations

Figure 6.3-Figure 6.6, illustrate the difficulty of fitting parameters to measurement. More-
over, the analytical impedance transfer function curves according to the power of s in the
expression, while measurements do not manage to curve in the same manner. Thus, the fit
stays slightly above and slightly below during these curved parts. This creates big discrepan-
cies in Ra, which defines the time constant at which the curve diverges from the linear slope
of the linear inductor. Therefore, it is unsurprising that fitting parameters to measurements
from a stand-alone and chain results in different values of parameters.

6.3 Results from Data Analysis

With the available FRMs of 41 dipoles from April 2017, these are compared in Figure 6.8.
Here it is clear that all double apertures follow the same trend.
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Figure 6.7: Comparison between MB measurements and average

In order to compare each double aperture’s deviation from average impedance taken
into account that these are complex values, the modulus of vector difference is calculated,
according to

dz = |Zn −meanz|, Ω (6.2)

where Zn equals the impedance of magnet of electrical number n, meanz is the average
impedance per frequency and dz denotes the deviation from average impedance per frequency
for a double aperture. With Equation 6.2 all deviation in modulus and phase condenses into
one vector. The result is shown in Figure 6.8
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Figure 6.8: Deviation from average impedance per frequency for a double aperture

In Figure 6.8 the deviation increases with higher frequencies. The trend is due to different
AC characteristics for different electrical positions and manufacturers, but similar inductance.

Subsequently, the average deviation from the magnet average across all frequencies has
been compared and grouped according to their series number. The data points in Figure 6.9
of the same color are of the same series and thus manufacturer, as given in Table 4.2.
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Figure 6.9: Average deviation from magnet average by electrical position

Ignoring the first and last magnet, which experience a large influence from the chain, there
is a clear trend for series 1000 and 2000, where series 2000 has a smaller deviation from average
than series 1000. There are too few measurements of series 3000 to say anything conclusive
about any pattern in deviation from average impedance. Based on these observations it has
been concluded to fit parameters according to series, for series 1000 and series 2000, except
for magnet 1 and magnet 154. Magnet 1, Magnet 154 and all magnets of series 3000 will be
fitted separately.

6.4 Results from PSO-fitting

Now that the approach to fitting has been determined, the PSO-fits can be performed. Only
the fits of series 1000 and 2000 are presented graphically here in Figure 6.10-Figure 6.13,
while the rest are depicted in Appendix B. A summary of all fits are given in Table 6.2
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Figure 6.10: PSO fit of parameters for Series 1000
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Figure 6.11: TV E2 for PSO fit of Series 1000
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Figure 6.12: PSO fit of parameters for Series 2000
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Figure 6.13: TV E2 for PSO fit of Series 2000

In Figure 6.10 and Figure 6.12 the largest deviation from the fit is between 100−1000 Hz
in the phase, which is caused by the large difference in behaviour for the phase defined
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analytically and in measurements. See phase plot of Figure 6.3.

Fitting k Ra [Ω] TV E2 1

Series 1000 0.7156 5.8607 0.0281

Series 2000 0.6675 5.2617 0.0141

Series 3000 0.6853 5.8002 0.0162

Magnet 1 0.6539 5.8892 0.004

Magnet 154 0.6452 4.4463 0.0044

Magnet 2 0.6706 6.2058 0.0107

Magnet 51 0.6917 5.4399 0.0192

Magnet 138 0.6934 5.8035 0.0194

All 0.6895 5.6098 0.0191

Table 6.2: Results of PSO-fits

When looking at the fitting from Table 6.2 the values of k and Ra are relatively similar.
As expected the fit of Magnet 1 and 154 differ largely in Ra from the Series 2000 fit, even
though they belong to this series, due to large influence from chain. Also, Magnet 51 differ
in Ra from its series fit, which is Series 3000. This discrepancy is attributed to the lack of
double aperture measurements of Series 3000. Overall, this tells us that a sound approach
to fitting has been chosen.

The old fit of k=0.75 and Ra=10 Ω had a TV E2 value of 0.0389. Thus all fits show at
least a 30 % reduction in TV E2.

6.4.1 Testing for modified objective function

According to Figure 6.11 and Figure 6.13, TV E2 is only reduced below 200− 300 Hz over a
frequency range of 1 kHz of fitting. This is a clear effect of logarithmic spacing of measure-
ments, creating a bias towards low frequencies. For the sake of testing the parameter fit and
addressing this bias, the objective function has been modified such that it is the integrated
TVE and not the mean, as given in Equation 4.10. The result is given in Table 6.3

Fitting k Ra [Ω]
∫
TV Edω

Series 1000 0.7685 17.0982 1.4418e+03

Series 2000 0.6863 9.9919 1.1431e+03

Table 6.3: Results of PSO-fits with integrated TVE

1Mean of TVE2
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Figure 6.14: PSO fit of parameters for Series 1000 (integrated objective function)
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Figure 6.15: TV E2 for PSO fit of Series 1000 (integrated objective function)
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Figure 6.16: PSO fit of parameters for Series 2000 (integrated objective function)
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Figure 6.17: TV E2 for PSO fit of Series 2000 (integrated objective function)

Indeed with the integrated TVE the range for which TVE is lower for the new fit over the
present fit is increased. However, the fit is deteriorated for the frequency range 10− 100 Hz,
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which is the frequency range where AC characteristics of Ra and k are dominant. This
implies a worse fit than for TV E2 as an objective function. With this test in modification of
objective function, TV E2 is validated as the preferred objective function for PSO parameter
fitting, despite the two objective function’s error being incomparable numerically.
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Chapter 7

Discussion

So far, this thesis has reached the aim of outlining a method to fit the analytic impedance
transfer function to FRMs. In addition, this method is suitable for measurements per-
formed in the dipole magnet chain. Together with Chapter 8, this chapter fulfills the
second aim of the thesis, which is to evaluate the method outlined by focusing on limi-
tations and pinpoint possible solutions to such limitations.

7.1 Discussion on PSO parameter fit to measurements

This section discusses the most relevant points on parameter fitting using the PSO algorithm
based on FRMs. These include evaluating measurement configurations, the PSO method
itself. The influence of magnet series number and its electrical position on impedance mea-
surements as well as the fitting approach chosen is also discussed. Lastly, the limitations of
the present equivalent circuit model is presented.

7.1.1 Evaluation of measurement configuration

All the results presented in Chapter 6 are based on measurements from April 2017 which
were achieved with a ’half chain configuration’. Simultaneously, the study from Figure 5.5
shows that the ’whole chain configuration’ is better at limiting the influence of the chain on
the measured MB. Since the difference in frequency is relatively small, a big discrepancy in
measurements for the same double aperture is not expected. However, the exact difference
is unknown, as the two measurement configurations have not been executed on the same
double aperture. Furthermore, the ’half chain configuration’ is faster to execute, provided
that it is possible to disconnect the busbar at the mid-point of the chain, as each half chain
can be measured in parallel. If there is a time constraint in performing measurements, as
there usually is during technical stops in the LHC, increased quality can be sacrificed for
obtaining more magnet measurements.
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7.1.2 Evaluation of PSO method

An advantage of the PSO algorithm is that it is independent of the analytical expression and
thus circuit. This makes it flexible to circuit modifications. However, the algorithm does
not rely on physical laws and therefore it might produce invalid results. By enforcing limits
to the upper and lower bounds of the parameters, the physical limitations of the circuit will
be restored. Since the PSO algorithm is stochastic it gives slightly different results each
run, that have a considerable influence on the value of the objective function. Hence it was
necessary to loop through the algorithm multiple times to achieve a minimal value, and thus
achieving confidence of a suitable fit.

When utilizing the PSO algorithm, it is necessary to consider which types of errors are
to be minimized, and define the objective function accordingly. For example, it could be
more important to obtain a good fit for a certain frequency range, high or low, or it could
be a priority to eliminate large errors. For this case, it was desirable to reduce large errors
and fit the range under 1 kHz , and therefore the mean of TV E2 was chosen as an initial
objective function. With logarithmic spacing of measurements, there is a clear bias towards
low frequencies in this definition. To reduce this bias the objective function was altered to
an integration of the TVE. Compared to the first implementation, this gives a worse fit at
10− 100 Hz where the most important AC characteristics are dominant. To more accurately
estimate Ra and k, the mean of TV E2 was concluded to be the preferred objective function.
A limitation here, is that there is no way to directly compare objective functions when they
are defined differently. It is only possible to look at the outcome of the fit under different
implementations of the objective function, and visually evaluate the improvement.

7.1.3 Evaluation of influence on impedance measurements from series
number and electrical position

When measurements are performed in a magnet chain, there are several sources of influence
that are not encompassed by the analytical expression of the double aperture. These effects
include magnet series number and electrical position. Moreover, Figure 6.9 and Figure 5.6
illustrate how series number and electrical position influence double aperture impedance in
a chain respectively. Of these two, the series number has the biggest influence on impedance
double aperture measurements, except for the first and last electrically positioned double
aperture in the magnet chain. Also, the electrical position was found to have negligible in-
fluence on measurements not positioned first or last.

7.1.4 Evaluation of fitting approach

From Figure 6.7, the measurements of 41 MBs are very similar, with the largest discrepancy
from average being 27 %. Furthermore, the deviation from the average impedance at every
frequency has been evaluated for each magnet, according to Equation 6.2. Based on an av-
eraged deviation over all frequencies a grouping of magnets for common fitting was decided.
Here, a clear pattern has been observed for series 1000 and 2000, implying that the series
number effects AC characteristics and thus the double aperture impedance.

One can imagine the data analysis of the deviation from all measurements averaged at ev-
ery frequency, being performed with a different reference point. For example a more generic
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analytical transfer function or even a constant. The averaged deviation would still show the
same pattern of grouping. Thus there is a high level of confidence in the result.

7.1.5 Limitations to the present equivalent circuit model

Overall, there is an inherent challenge to fitting parameters, whether it is from chained or
stand-alone measurements. This is due to analytical transfer functions, expressed in the
frequency domain, curve in a manner that the measurements do not follow. Figure 7.1 shows
the comparison between measurements and its associated fitted analytic transfer function for
the appropriate frequency range.
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Figure 7.1: Comparison between measurements and fitted analytic TF (double aperture)

As can be seen in Figure 7.1 this results in the impedance of the fitted analytic transfer
function for some frequencies to stay above and sometime below measurements. For reasons
discussed in section 7.2, the kink associated with IFCL becomes more pronounced at higher
current levels. Thus, this is expected to be less of an issue for higher current level measure-
ments.

The fitting of the MB assumes it can be represented as an equivalent circuit, although
the parameter C refers to a distributed capacitance of a parasitic nature and not a physical
capacitor of a classical RLC circuit. Due to this limitation in the model, perturbations are
observed at high frequencies that are not present in measurement. See Figure 5.7.
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With some amplitude maximums values just above 60 Ω, none of the measurement am-
plitudes reached the 100 Ω-value of Rp in Figure 6.3. This is startling considering that this
resistor only has a ±10% tolerance. Possible reasons include the distributed capacitance
being modelled as a lumped element, unmodelled parasitic effects that become dominant
around 1 kHz or influences by the measurement device. The two first reasons seem the most
likely as impedance in the measurement device are accounted for in the measurement data
presented in this report.

7.2 Implications from low inductance value study on parameter
fitting

Through COMSOL simulations of magnetization effects in the MB, insight has been gained
into the non-linearities of the transfer function of the MB impedance created by the Meiss-
ner phase. For the simulation at 1 A, presented in Figure 5.23, the magnetization effect
of IFCC is suppressed. In reality, not all flux will be expelled by persistent magnetization
due to normal conducting regions in the cable, though it will be considerably damped at
1 A. Moreover, Ra is inversely proportional to the time constant, while k is proportional to
IFCL. This means that fitting FRMs at 1 A will be inaccurate compared to operating point
conditions.

On the other hand, performing FRMs at operating conditions on an MB is challenging for
practical reasons. One challenge is to obtain a device that can supply a 12 kA DC signal and
provide an AC ripple of 1 A to a reasonable level of accuracy. In addition, there is a risk of
triggering the QPS at high frequency. Thus, the most feasible solution would be to conduct
the measurements at an operating point above the Meissner phase, which is approximately
above 0.18 T for Nb-Ti. As the magnetic flux density is not uniform throughout the magnet,
it should be determined at which current level most of the magnet, for example 80 %, is out
of the Meissner phase. At such a current level, it is certain that persistent magnetization has
a negligible influence, and the other magnetizing discussed effects would superimpose with
the same relative magnitude and time constants as for the operating point. See Figure 5.25.
However, magnetization from saturation in the iron yoke would differ from the operating
point.
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Chapter 8

Conclusion

In the Large Hadron Collider counter-circulating beams of hadrons collide, guided by the
magnetic field of 1232 Main Dipole Magnets. These magnets are connected in chains of
154 Main Dipole Magnets. For the purpose of simulations of failure scenarios and the
quench protection system a Main Dipole Magnet is often represented as an equivalent
circuit composed of lumped elements. The parameters of this circuit need to be accu-
rately determined, ensuring reliable results.

The starting point for this research was Frequency Response Measurements of Main
Dipole Magnet impedance from the dipole magnet chain of Sector 1-2 from November
2016 and April 2017. For reliable fault analysis and simulations of frequency dependent
phenomena it is necessary to fit the parameter L, Ra, k and C from the analytic transfer
function of the Main Dipole Magnet impedance to these measurements.

The parameter C, which represents the parasitic capacitance to ground was deter-
mined using the Finite Element Method in COMSOL. Inductance L, describing the
inductive effects of the equivalent model, was extracted analytically from the cross-over
frequency of measurements. Inductance values were surprisingly low, and subsequent
studies, through COMSOL simulations, attributed this to persistent magnetization.

Last but not least, the Particle Swarm Optimization was performed to determine Ra
and k, which account for Inter Filament Coupling Loss. Particle Swarm Optimization
is an iterative algorithm inspired by the movement of flocks of birds. Several consid-
erations had to be made with this method. Firstly, it has to be determined if aperture
or double aperture measurements should be utilized for fitting. Since double aperture
measurements proved to contain the least influence from the rest of the chain, this was
chosen. Secondly, measurement deviations from average values were analyzed to seek
patterns. It was found that there was a pattern in the deviation according to series
number. Thus it was decided to group fits according to series.
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At the beginning of this thesis the following research questions were formulated
1. Is it possible to accurately calculate parasitic capacitance to ground with a Finite

Element Method approach and thus obtain the parameter C?
2. Is the Particle Swarm Optimization algorithm an adequate method to fit Main Dipole

Magnet parameters from analytic transfer functions of impedance to Frequency Re-
sponse Measurements?
• In particular, is the method suitable for fitting Main Dipole Magnet parameters

to Frequency Response Measurements performed while connected to the dipole
magnet chain?

3. What requirements should be specified of measurements designed for parameter fitting?

Comparing analytical and experimental results with results from the COMSOL simula-
tion it is clear that it is possible to calculate parasitic capacitance to ground using Finite
Element Method. When doing so it is essential to equalize equipotential metallic terminals
to mitigate their influence. Although there are analytical formulations that can accurately
calculate parasitic capacitance to ground, Finite Element Method automates this procedure
and makes it more efficient for complex models. Another important point is that the in-
sulation shrinks by 10 % when cooled down from room to cryogenic temperatures, which
influences the capacitance. Therefore, any analysis based on room temperature analysis
should be scaled. The results from this analysis serve as a proof of concept for calculating
parasitic capacitance to ground using Finite Element Method.

The Particle Swarm Optimization algorithm is flexible and can be performed on any
equivalent circuit, provided its impedance has an analytic transfer function formulation. In
other words, as the equivalent model of the Main Dipole Magnet is updated and modified
its parameters can still be obtained through Particle Swarm Optimization. Despite inherent
challenges to fitting parameters from measurements, this thesis shows promising results as
the Particle Swarm Optimization algorithm produce similar enough results for chained and
stand-alone Main Dipole Magnet measurements, where k=0.73 Ra=6.4 Ω for stand-alone
measurements and k=0.67 and Ra=29.7 1 Ω for chained measurements. Following the rec-
ommendations for measurements in subsection 8.1.2 these discrepancies will most likely be
decreased further.

Both series number and electrical position, influence the impedance of the Main Dipole
Magnet. The former is an inherent feature of the magnet, and means that Particle Swarm
Optimization fittings of magnets can be grouped according to series number, if they are of
the 1000 or 2000 series. Since there were only 3 magnet measurements of series 3000, the
pattern of this series is inconclusive and therefore fitted individually. The Main Dipole Mag-
net impedance dependence on electrical position is due to the influence of chain impedance
on magnet measurements. This is only relevant for the magnets on each end of the dipole
magnet chain. Thus, these fits should be ignored and instead its series fit should be applied
to these magnets.

With these consideration, I conclude that the Particle Swarm Optimization algorithm is
indeed an adequate method to fit Main Dipole Magnet parameters from analytic transfer
functions of impedance to Frequency Response Measurements, even for Main Dipole Magnet
measurements performed in the dipole magnet chain. The method for fitting parameters
outlined in this thesis can be seen as a template for determining parameters of accelerator
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magnets in general, provided that they have an analytic transfer function formulation for
impedance.

In light of results from subsection 5.5.3, it is clear that the magnetizing effects of Inter
Strand Coupling Currents and Inter Filament Coupling Currents are suppressed by persistent
magnetization at 1 A. At 1 kA results exhibit a superposition of all magnetizing effects
with the expected time constants of around 30 Hz as shown in Figure 5.25. This implies
that Frequency Response Measurements of double aperture impedance should be performed
outside of the Meissner phase in order to recreate the AC characteristics at the operating
point of the Main Dipole Magnet. As mentioned in section 5.2, the ’whole chain configuration’
is preferable to the ’half chain’ one, and the dipole magnet chain should be grounded at each
end of the chain, while the generator is left floating.

8.1 Recommendations for Future Work

The combination of further simulations and measurements will aid the understanding of the
AC behavior of the Main Dipole Magnet.

8.1.1 Recommendations for Simulations

From the two COMSOL models presented in this thesis, there are plenty of opportunities to
refine and update these models for more accuracy and new studies.

Modified Finite Element Method model to accurately quantify persistent mag-
netization in the Meissner phase The Finite Element Method model presented in sub-
section 5.5.3, homogenizes physical laws over each half-turn, resulting in an overestimation of
persistent magnetization. The Modified Finite Element Method model would capture effects
within a half-turn, such that flux lines are not completely expelled like in the present simu-
lation. However, this would be a detailed and thus computationally heavy simulation. Such
that if there exists theories that describe current distribution in the cable in the Meissner
phase that could simplify the model it should be prioritized.

Finite Element Method approach to quantifying inter-turn parasitic capaci-
tance With more work on the Finite Element Method model presented in Chapter 3 would
enable the evaluation inter-turn parasitic capacitance. This will aid understanding of be-
haviour above 10 kHz.

Integrated Finite Element Method model with electrodynamic and magneto-
dynamic effects As discussed in section 5.3, representing the Main Dipole Magnet with
an equivalent circuit, composed of lumped elements, is not able to capture behaviour above
1 kHz, due to parasitic capacitance being distributed throughout the magnet. A Finite Ele-
ment Method model combining electrodynamic and magnetodynamic effects to characterize
the impedance through a frequency sweep, would aid in the development of an equivalent
circuit capturing behaviour above 1 kHz.

8.1.2 Recommendations for Future Measurements

For future developments of determining Main Dipole Magnet parameters and expanding
the equivalent circuit of the Main Dipole Magnet, it is indispensable to have measurements
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available to validate results from simulations. These measurements should be Frequency
Response Measurements of the double aperture impedance for high enough current, such
that the operation is not in the Meissner phase. For example, there could be a DC signal of
about 500 A with a small added AC signal for the sweep. The limitation here is with the
power converter and ensuring accuracy when supplying a 12 kA DC signal with an AC ripple
of 1 A. These measurements would provide reliable data of the AC characteristic of the Main
Dipole Magnets that are more feasible practically to obtain than at operating point.
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Appendix A

Sample of Matlab and Pspice code

1 % Calcu l a t ing inductance from frequency t r a n s f e r meausrement o f i t h magnet
2 mod=al lMagnet In fo {1 ,2}{1 , i }{1 ,1} .mod ;
3 f r e q=al lMagnet In fo {1 ,2}{1 , i }{1 ,1} . f r e q ;
4 [modLow, ind1 ]=max(mod(mod<0) ) ; % Extract f r e qu en c i e s around 0 [dB ]
5 [ modHigh , ind2 ]=min (mod(mod>0) ) ;
6 y = [modLow modHigh ] ;
7 x = [ f r e q ( ind1 ) f r e q ( ind1+1) ] ;
8 frq_0dB = int e rp1 (y , x , 0 ) ∗2∗ pi ; %convert to [ rad/ s ]
9 L( i )=1/frq_0dB ; % Calcu la te inductance f o r each magnet

Listing A.1: Code to fit L

1

2 syms s R L C Rp k
3

4 %% RL aper tu r e s
5 z_par=R∗k∗L∗ s /(k∗L∗ s+R) ;
6 z_l=(1−k ) ∗L∗ s ;
7 z_se r i e s_r l=z_par+z_l ;
8

9 %% Capacitances
10 z_a=2/(C∗ s ) ;
11 z_b=1/(C∗ s ) ;
12 z_c=2/(C∗ s ) ;
13

14 %% Y to d e l t a s t a r t rans fo rmat ion
15 z_ab=(z_a∗z_b+z_a∗z_c+z_b∗z_c ) /z_c ;
16 z_bc=(z_a∗z_b+z_a∗z_c+z_b∗z_c ) /z_a ;
17 z_ac=(z_a∗z_b+z_a∗z_c+z_b∗z_c ) /z_b ;
18

19 z1=z_se r i e s_r l ∗z_ab/( z_se r i e s_r l+z_ab) ;
20 z2=z_se r i e s_r l ∗z_bc/( z_se r i e s_r l+z_bc ) ;
21 z_se r i e s =z1+z2 ;
22

23 z_tot=z_se r i e s ∗z_ac∗Rp/( z_se r i e s ∗z_ac+z_se r i e s ∗Rp+z_ac∗Rp)

Listing A.2: Symolic tool to obtain expression for dipole impedance

1 f unc t i on Zt f = TrFun(w,L ,R, k ,C,Rp)
2
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3 %whole d ipo l e
4 Zt f =(64∗Rp∗(L∗w∗ i ∗( k − 1) − (L∗R∗k∗w∗ i ) /(R + L∗k∗w∗ i ) ) ) /(C^2∗(w∗ i ) ^2∗(4/(C∗w∗

i ) − L∗w∗ i ∗( k − 1) + (L∗R∗k∗w∗ i ) /(R + L∗k∗w∗ i ) ) ∗ ( (64∗ (L∗w∗ i ∗( k − 1) − (L∗R
∗k∗w∗ i ) /(R + L∗k∗w∗ i ) ) ) /(C^2∗(w∗ i ) ^2∗(4/(C∗w∗ i ) − L∗w∗ i ∗( k − 1) + (L∗R∗k∗w
∗ i ) /(R + L∗k∗w∗ i ) ) ) − (8∗Rp) /(C∗w∗ i ) + (8∗Rp∗(L∗w∗ i ∗( k − 1) − (L∗R∗k∗w∗ i )
/(R + L∗k∗w∗ i ) ) ) /(C∗w∗ i ∗ (4/(C∗w∗ i ) − L∗w∗ i ∗( k − 1) + (L∗R∗k∗w∗ i ) /(R + L∗k∗
w∗ i ) ) ) ) ) ;

5

6 end

Listing A.3: Transfer function of dipole impedance

1 f unc t i on e = f_obj ( x )
2

3 % x (1)=k
4 % x (2)=R
5

6 g l oba l w $Ztf_meas$ $L_ap$ $C_Gnd$ Rp
7

8 wlength=length (w) ;
9

10 Zt f=ze ro s ( wlength , 1 ) ;
11 f o r m=1:wlength
12 Zt f (m) = TrFun(w(m) ,$L_ap$ , x (2 ) , x (1 ) ,$C_Gnd$,Rp) ;
13 end
14

15 e = mean( ( abs ( Ztf−$Ztf_meas$ ) . / abs ( $Ztf_meas$ ) ) .^2 ) ; % mean TVE^2
16

17 end

Listing A.4: Objective function calculating the mean TV E2

1 %% I n i t i a l i z a t i o n
2

3 c l o s e a l l
4 c l e a r
5 c l c
6

7 f r e q=Q( : , 1 ) ;
8 z_mag=(Q( : , 2 ) ) ;
9 z_phase=unwrap ( ( p i /180) ∗Q( : , 3 ) ) ∗(180/ p i ) ;

10

11 %% Fit o f the TF
12

13 g l oba l w Ztf_meas L_ap Rp C_Gnd
14

15 w = 2∗ pi ∗ f r e q ;
16 L_ap = 0 . 0388 ; % L_ap i s f i x ed to f i t the f i r s t part o f the TF
17 Ztf_meas = z_mag .∗ exp (1 i ∗z_phase∗ pi /180) ;
18 C_Gnd= 150e−9;
19 Rp = 100 ;
20

21 x (1 ) = 0 ; % k % F i r s t attempt va lue s
22 x (2 ) = 10 ; % R1
23 %x (3) = 1 ; % R2
24 %x (4) = 150e−9; % C_gnd
25

26 lb=x ∗0 . 0 1 ;
27 ub=x /0 . 0 1 ;
28

29 lb (1 ) =0;
30 ub (1) =1;
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31

32 x_f i t=ze ro s (100 ,2 ) ;
33 tve_av=ze ro s (100 ,1 ) ;
34 f o r i =1:100
35 fun = @f_obj ;
36 x_fit_op ( i , : ) = part i c l e swarm ( fun , 2 , lb , ub ) ;
37 tve_av ( i )=f_obj ( x_fit_op ) ;
38 end
39

40 % [ tve_av_sqrd , x]=min ( tve_av ) ;
41 [ tve_av_sim , x]=min ( tve_av ) ;
42 x_f i t=x_fit_op (x , : )
43

44 f_ f i t=log space ( f l o o r ( log10 ( f r e q (1 ) ) ) , c e i l ( log10 ( f r e q ( end ) ) ) , 100) ;
45 w_fit=2∗pi ∗ f_ f i t ;
46 w_fit length=length ( w_fit ) ;
47

48 Zt f_ f i t=ze ro s ( w_fit length , 1 ) ;
49 f o r m=1: w_f i t l ength
50 Zt f_ f i t (m) = TrFun( w_fit (m) ,L_ap , x_f i t (2 ) , x_f i t (1 ) ,C_Gnd, Rp) ;
51 end
52

53 z_mag_fit=abs ( Z t f_ f i t ) ;
54 z_phase_fit=ang le ( Z t f_ f i t ) ∗180/ p i ;

Listing A.5: Code to obtain optimal fit for k and R

1 ∗ PSPICE RB Standard Simulat ion F i l e
2 ∗ 2016/09/30 CERN
3

4

5 ∗ Pspice custom components L i b r a r i e s
6 . LIB "C:\ g i t l a b \PSpice \RB\ Library \ Items\RB\RB_Diodes . l i b "
7 . LIB "C:\ g i t l a b \PSpice \RB\ Library \ Items\RB\RB_Thyristors . l i b "
8 . LIB "C:\ g i t l a b \PSpice \RB\ Library \ Items\RB\RB_Switches . l i b "
9 . LIB "C:\ g i t l a b \PSpice \RB\ Library \ Items\RB\RB_PC. l i b "

10 ∗ . LIB "C:\ g i t l a b \PSpice \RB\Library \ Items\RB\RB_MB. l i b "
11 . LIB "\\ cern . ch\ d f s \Users \ s \ sambjorn\Documents\Pspice \RB_MB. l i b "
12 . LIB "C:\ g i t l a b \PSpice \RB\ Library \ Items\RB\RB_EE. l i b "
13 ∗
14 ∗ Two PCs in p a r a l l e l
15 ∗x1_PC ( 1 2 ) RB_PC_Full
16 ∗v1_PH_filter ( 2 3 ) 0
17 ∗v2_PH_filter ( 21 1 ) 0
18 ∗
19

20 ∗ PC grounding po int 1
21 VPC_gnd1 (3 0) 0
22

23

24 ∗ HTS lead 1 HOT−COLD
25 ∗r_fakeGnd (3 0) 100MEG
26 r1_warm ( 3 4 ) 378 .5u
27 v1_warm ( 4 5 ) 50m
28 l1_warm ( 5 6 ) 10u
29 v1_fake ( 6 MAG1 ) 0
30 ∗
31 ∗ HTS lead 2 COLD−HOT
32 v2_fake ( MAG77_Out 7 ) 0
33 r2_warm ( 7 8 ) 69 .5u
34 v2_warm ( 8 9 ) 50m
35 l2_warm ( 9 10 ) 10u
36 ∗
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37 ∗ Energy Extractor 1
38 x1_RB_EE1 ( 10 11 ) RB_EE1_1poleEq
39 ∗
40 ∗ HTS lead 3 HOT−COLD
41 r3_warm ( 11 12 ) 69 .5u
42 v3_warm ( 12 13 ) 50m
43 l3_warm ( 13 14 ) 10u
44 v3_fake ( 14 MAG78 ) 0
45

46 v4_fake ( MAG154_Out 15 ) 0
47 r4_warm ( 15 16 ) 428 .5u
48 v4_warm ( 16 17 ) 50m
49 l4_warm ( 17 18 ) 10u
50

51 ∗ PC grounding po int 2
52 VPC_gnd2 (18 0) 0
53

54 ∗
55 ∗ Energy Extractor 2
56 ∗x1_RB_EE2 ( 18 19 ) RB_EE2_1poleEq
57 ∗
58 ∗ Bus bar to PC
59 ∗r5_warm ( 19 20 ) 54u
60 ∗l5_warm ( 20 21 ) 10u
61

62 ∗ Frequency measurement un i t
63 i 1 ( freqMid freqNeg ) ac 1
64 rMeas ( freqMid freqPos ) 1
65 ∗rGnd ( freqNeg 0) 0 .1
66 rGnd ( freqNeg 0) 100MEG
67 ∗ Connection to magnets
68 VfreqNeg ( freqNeg MAG123) 0
69 VfreqMid ( f reqMiddle MAG_Mid122) 0
70 VfreqPos ( f reqPos MAG122) 0
71

72

73 x_MB1 ( MAG1 MAG_Mid1 MAG2 MAG_Gnd1 ) RB_MB_Dipole
74 + PARAMS: r1 =9.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
75 x_MB2 ( MAG2 MAG_Mid2 MAG3 MAG_Gnd2 ) RB_MB_Dipole
76 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
77 x_MB3 ( MAG3 MAG_Mid3 MAG4 MAG_Gnd3 ) RB_MB_Dipole
78 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
79 x_MB4 ( MAG4 MAG_Mid4 MAG5 MAG_Gnd4 ) RB_MB_Dipole
80 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
81 x_MB5 ( MAG5 MAG_Mid5 MAG6 MAG_Gnd5 ) RB_MB_Dipole
82 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
83 x_MB6 ( MAG6 MAG_Mid6 MAG7 MAG_Gnd6 ) RB_MB_Dipole
84 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
85 x_MB7 ( MAG7 MAG_Mid7 MAG8 MAG_Gnd7 ) RB_MB_Dipole
86 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
87 x_MB8 ( MAG8 MAG_Mid8 MAG9 MAG_Gnd8 ) RB_MB_Dipole
88 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
89 x_MB9 ( MAG9 MAG_Mid9 MAG10 MAG_Gnd9 ) RB_MB_Dipole
90 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
91 x_MB10 ( MAG10 MAG_Mid10 MAG11 MAG_Gnd10 ) RB_MB_Dipole
92 + PARAMS: r1 =8.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
93 x_MB11 ( MAG11 MAG_Mid11 MAG12 MAG_Gnd11 ) RB_MB_Dipole
94 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
95 x_MB12 ( MAG12 MAG_Mid12 MAG13 MAG_Gnd12 ) RB_MB_Dipole
96 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
97 x_MB13 ( MAG13 MAG_Mid13 MAG14 MAG_Gnd13 ) RB_MB_Dipole
98 + PARAMS: r1 =9.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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99 x_MB14 ( MAG14 MAG_Mid14 MAG15 MAG_Gnd14 ) RB_MB_Dipole
100 + PARAMS: r1 =8.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
101 x_MB15 ( MAG15 MAG_Mid15 MAG16 MAG_Gnd15 ) RB_MB_Dipole
102 + PARAMS: r1 =9.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
103 x_MB16 ( MAG16 MAG_Mid16 MAG17 MAG_Gnd16 ) RB_MB_Dipole
104 + PARAMS: r1 =8.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
105 x_MB17 ( MAG17 MAG_Mid17 MAG18 MAG_Gnd17 ) RB_MB_Dipole
106 + PARAMS: r1 =9.15 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
107 x_MB18 ( MAG18 MAG_Mid18 MAG19 MAG_Gnd18 ) RB_MB_Dipole
108 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
109 x_MB19 ( MAG19 MAG_Mid19 MAG20 MAG_Gnd19 ) RB_MB_Dipole
110 + PARAMS: r1 =9.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
111 x_MB20 ( MAG20 MAG_Mid20 MAG21 MAG_Gnd20 ) RB_MB_Dipole
112 + PARAMS: r1 =8.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
113 x_MB21 ( MAG21 MAG_Mid21 MAG22 MAG_Gnd21 ) RB_MB_Dipole
114 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
115 x_MB22 ( MAG22 MAG_Mid22 MAG23 MAG_Gnd22 ) RB_MB_Dipole
116 + PARAMS: r1 =8.4 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
117 x_MB23 ( MAG23 MAG_Mid23 MAG24 MAG_Gnd23 ) RB_MB_Dipole
118 + PARAMS: r1 =9.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
119 x_MB24 ( MAG24 MAG_Mid24 MAG25 MAG_Gnd24 ) RB_MB_Dipole
120 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
121 x_MB25 ( MAG25 MAG_Mid25 MAG26 MAG_Gnd25 ) RB_MB_Dipole
122 + PARAMS: r1 =8.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
123 x_MB26 ( MAG26 MAG_Mid26 MAG27 MAG_Gnd26 ) RB_MB_Dipole
124 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
125 x_MB27 ( MAG27 MAG_Mid27 MAG28 MAG_Gnd27 ) RB_MB_Dipole
126 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
127 x_MB28 ( MAG28 MAG_Mid28 MAG29 MAG_Gnd28 ) RB_MB_Dipole
128 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
129 x_MB29 ( MAG29 MAG_Mid29 MAG30 MAG_Gnd29 ) RB_MB_Dipole
130 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
131 x_MB30 ( MAG30 MAG_Mid30 MAG31 MAG_Gnd30 ) RB_MB_Dipole
132 + PARAMS: r1 =8.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
133 x_MB31 ( MAG31 MAG_Mid31 MAG32 MAG_Gnd31 ) RB_MB_Dipole
134 + PARAMS: r1 =8.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
135 x_MB32 ( MAG32 MAG_Mid32 MAG33 MAG_Gnd32 ) RB_MB_Dipole
136 + PARAMS: r1 =8.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
137 x_MB33 ( MAG33 MAG_Mid33 MAG34 MAG_Gnd33 ) RB_MB_Dipole
138 + PARAMS: r1 =8.5 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
139 x_MB34 ( MAG34 MAG_Mid34 MAG35 MAG_Gnd34 ) RB_MB_Dipole
140 + PARAMS: r1 =8.8 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
141 x_MB35 ( MAG35 MAG_Mid35 MAG36 MAG_Gnd35 ) RB_MB_Dipole
142 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
143 x_MB36 ( MAG36 MAG_Mid36 MAG37 MAG_Gnd36 ) RB_MB_Dipole
144 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
145 x_MB37 ( MAG37 MAG_Mid37 MAG38 MAG_Gnd37 ) RB_MB_Dipole
146 + PARAMS: r1 =9.4 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
147 x_MB38 ( MAG38 MAG_Mid38 MAG39 MAG_Gnd38 ) RB_MB_Dipole
148 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
149 x_MB39 ( MAG39 MAG_Mid39 MAG40 MAG_Gnd39 ) RB_MB_Dipole
150 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
151 x_MB40 ( MAG40 MAG_Mid40 MAG41 MAG_Gnd40 ) RB_MB_Dipole
152 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
153 x_MB41 ( MAG41 MAG_Mid41 MAG42 MAG_Gnd41 ) RB_MB_Dipole
154 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
155 x_MB42 ( MAG42 MAG_Mid42 MAG43 MAG_Gnd42 ) RB_MB_Dipole
156 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
157 x_MB43 ( MAG43 MAG_Mid43 MAG44 MAG_Gnd43 ) RB_MB_Dipole
158 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
159 x_MB44 ( MAG44 MAG_Mid44 MAG45 MAG_Gnd44 ) RB_MB_Dipole
160 + PARAMS: r1 =9.5 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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161 x_MB45 ( MAG45 MAG_Mid45 MAG46 MAG_Gnd45 ) RB_MB_Dipole
162 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
163 x_MB46 ( MAG46 MAG_Mid46 MAG47 MAG_Gnd46 ) RB_MB_Dipole
164 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
165 x_MB47 ( MAG47 MAG_Mid47 MAG48 MAG_Gnd47 ) RB_MB_Dipole
166 + PARAMS: r1 =8.8 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
167 x_MB48 ( MAG48 MAG_Mid48 MAG49 MAG_Gnd48 ) RB_MB_Dipole
168 + PARAMS: r1 =8.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
169 x_MB49 ( MAG49 MAG_Mid49 MAG50 MAG_Gnd49 ) RB_MB_Dipole
170 + PARAMS: r1 =8.8 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
171 x_MB50 ( MAG50 MAG_Mid50 MAG51 MAG_Gnd50 ) RB_MB_Dipole
172 + PARAMS: r1 =9.5 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
173 x_MB51 ( MAG51 MAG_Mid51 MAG52 MAG_Gnd51 ) RB_MB_Dipole
174 + PARAMS: r1 =8.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
175 x_MB52 ( MAG52 MAG_Mid52 MAG53 MAG_Gnd52 ) RB_MB_Dipole
176 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
177 x_MB53 ( MAG53 MAG_Mid53 MAG54 MAG_Gnd53 ) RB_MB_Dipole
178 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
179 x_MB54 ( MAG54 MAG_Mid54 MAG55 MAG_Gnd54 ) RB_MB_Dipole
180 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
181 x_MB55 ( MAG55 MAG_Mid55 MAG56 MAG_Gnd55 ) RB_MB_Dipole
182 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
183 x_MB56 ( MAG56 MAG_Mid56 MAG57 MAG_Gnd56 ) RB_MB_Dipole
184 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
185 x_MB57 ( MAG57 MAG_Mid57 MAG58 MAG_Gnd57 ) RB_MB_Dipole
186 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
187 x_MB58 ( MAG58 MAG_Mid58 MAG59 MAG_Gnd58 ) RB_MB_Dipole
188 + PARAMS: r1 =9.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
189 x_MB59 ( MAG59 MAG_Mid59 MAG60 MAG_Gnd59 ) RB_MB_Dipole
190 + PARAMS: r1 =8.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
191 x_MB60 ( MAG60 MAG_Mid60 MAG61 MAG_Gnd60 ) RB_MB_Dipole
192 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
193 x_MB61 ( MAG61 MAG_Mid61 MAG62 MAG_Gnd61 ) RB_MB_Dipole
194 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
195 x_MB62 ( MAG62 MAG_Mid62 MAG63 MAG_Gnd62 ) RB_MB_Dipole
196 + PARAMS: r1 =8.45 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
197 x_MB63 ( MAG63 MAG_Mid63 MAG64 MAG_Gnd63 ) RB_MB_Dipole
198 + PARAMS: r1 =9.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
199 x_MB64 ( MAG64 MAG_Mid64 MAG65 MAG_Gnd64 ) RB_MB_Dipole
200 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
201 x_MB65 ( MAG65 MAG_Mid65 MAG66 MAG_Gnd65 ) RB_MB_Dipole
202 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
203 x_MB66 ( MAG66 MAG_Mid66 MAG67 MAG_Gnd66 ) RB_MB_Dipole
204 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
205 x_MB67 ( MAG67 MAG_Mid67 MAG68 MAG_Gnd67 ) RB_MB_Dipole
206 + PARAMS: r1 =8.9 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
207 x_MB68 ( MAG68 MAG_Mid68 MAG69 MAG_Gnd68 ) RB_MB_Dipole
208 + PARAMS: r1 =9.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
209 x_MB69 ( MAG69 MAG_Mid69 MAG70 MAG_Gnd69 ) RB_MB_Dipole
210 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
211 x_MB70 ( MAG70 MAG_Mid70 MAG71 MAG_Gnd70 ) RB_MB_Dipole
212 + PARAMS: r1 =8.8 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
213 x_MB71 ( MAG71 MAG_Mid71 MAG72 MAG_Gnd71 ) RB_MB_Dipole
214 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
215 x_MB72 ( MAG72 MAG_Mid72 MAG73 MAG_Gnd72 ) RB_MB_Dipole
216 + PARAMS: r1 =9.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
217 x_MB73 ( MAG73 MAG_Mid73 MAG74 MAG_Gnd73 ) RB_MB_Dipole
218 + PARAMS: r1 =9.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
219 x_MB74 ( MAG74 MAG_Mid74 MAG75 MAG_Gnd74 ) RB_MB_Dipole
220 + PARAMS: r1 =9.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
221 x_MB75 ( MAG75 MAG_Mid75 MAG76 MAG_Gnd75 ) RB_MB_Dipole
222 + PARAMS: r1 =9.3 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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223 x_MB76 ( MAG76 MAG_Mid76 MAG77 MAG_Gnd76 ) RB_MB_Dipole
224 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
225 x_MB77 ( MAG77 MAG_Mid77 MAG77_Out MAG_Gnd77 ) RB_MB_Dipole
226 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
227 x_MB78 ( MAG78 MAG_Mid78 MAG79 MAG_Gnd78 ) RB_MB_Dipole
228 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
229 x_MB79 ( MAG79 MAG_Mid79 MAG80 MAG_Gnd79 ) RB_MB_Dipole
230 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
231 x_MB80 ( MAG80 MAG_Mid80 MAG81 MAG_Gnd80 ) RB_MB_Dipole
232 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
233 x_MB81 ( MAG81 MAG_Mid81 MAG82 MAG_Gnd81 ) RB_MB_Dipole
234 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
235 x_MB82 ( MAG82 MAG_Mid82 MAG83 MAG_Gnd82 ) RB_MB_Dipole
236 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
237 x_MB83 ( MAG83 MAG_Mid83 MAG84 MAG_Gnd83 ) RB_MB_Dipole
238 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
239 x_MB84 ( MAG84 MAG_Mid84 MAG85 MAG_Gnd84 ) RB_MB_Dipole
240 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
241 x_MB85 ( MAG85 MAG_Mid85 MAG86 MAG_Gnd85 ) RB_MB_Dipole
242 + PARAMS: r1 =9.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
243 x_MB86 ( MAG86 MAG_Mid86 MAG87 MAG_Gnd86 ) RB_MB_Dipole
244 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
245 x_MB87 ( MAG87 MAG_Mid87 MAG88 MAG_Gnd87 ) RB_MB_Dipole
246 + PARAMS: r1 =9.3 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
247 x_MB88 ( MAG88 MAG_Mid88 MAG89 MAG_Gnd88 ) RB_MB_Dipole
248 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
249 x_MB89 ( MAG89 MAG_Mid89 MAG90 MAG_Gnd89 ) RB_MB_Dipole
250 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
251 x_MB90 ( MAG90 MAG_Mid90 MAG91 MAG_Gnd90 ) RB_MB_Dipole
252 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
253 x_MB91 ( MAG91 MAG_Mid91 MAG92 MAG_Gnd91 ) RB_MB_Dipole
254 + PARAMS: r1 =9.5 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
255 x_MB92 ( MAG92 MAG_Mid92 MAG93 MAG_Gnd92 ) RB_MB_Dipole
256 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
257 x_MB93 ( MAG93 MAG_Mid93 MAG94 MAG_Gnd93 ) RB_MB_Dipole
258 + PARAMS: r1 =9.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
259 x_MB94 ( MAG94 MAG_Mid94 MAG95 MAG_Gnd94 ) RB_MB_Dipole
260 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
261 x_MB95 ( MAG95 MAG_Mid95 MAG96 MAG_Gnd95 ) RB_MB_Dipole
262 + PARAMS: r1 =9.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
263 x_MB96 ( MAG96 MAG_Mid96 MAG97 MAG_Gnd96 ) RB_MB_Dipole
264 + PARAMS: r1 =9.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
265 x_MB97 ( MAG97 MAG_Mid97 MAG98 MAG_Gnd97 ) RB_MB_Dipole
266 + PARAMS: r1 =8.9 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
267 x_MB98 ( MAG98 MAG_Mid98 MAG99 MAG_Gnd98 ) RB_MB_Dipole
268 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
269 x_MB99 ( MAG99 MAG_Mid99 MAG100 MAG_Gnd99 ) RB_MB_Dipole
270 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
271 x_MB100 ( MAG100 MAG_Mid100 MAG101 MAG_Gnd100 ) RB_MB_Dipole
272 + PARAMS: r1 =9.3 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
273 x_MB101 ( MAG101 MAG_Mid101 MAG102 MAG_Gnd101 ) RB_MB_Dipole
274 + PARAMS: r1 =9.1 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
275 x_MB102 ( MAG102 MAG_Mid102 MAG103 MAG_Gnd102 ) RB_MB_Dipole
276 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
277 x_MB103 ( MAG103 MAG_Mid103 MAG104 MAG_Gnd103 ) RB_MB_Dipole
278 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
279 x_MB104 ( MAG104 MAG_Mid104 MAG105 MAG_Gnd104 ) RB_MB_Dipole
280 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
281 x_MB105 ( MAG105 MAG_Mid105 MAG106 MAG_Gnd105 ) RB_MB_Dipole
282 + PARAMS: r1 =9.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
283 x_MB106 ( MAG106 MAG_Mid106 MAG107 MAG_Gnd106 ) RB_MB_Dipole
284 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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285 x_MB107 ( MAG107 MAG_Mid107 MAG108 MAG_Gnd107 ) RB_MB_Dipole
286 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
287 x_MB108 ( MAG108 MAG_Mid108 MAG109 MAG_Gnd108 ) RB_MB_Dipole
288 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
289 x_MB109 ( MAG109 MAG_Mid109 MAG110 MAG_Gnd109 ) RB_MB_Dipole
290 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
291 x_MB110 ( MAG110 MAG_Mid110 MAG111 MAG_Gnd110 ) RB_MB_Dipole
292 + PARAMS: r1 =9.5 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
293 x_MB111 ( MAG111 MAG_Mid111 MAG112 MAG_Gnd111 ) RB_MB_Dipole
294 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
295 x_MB112 ( MAG112 MAG_Mid112 MAG113 MAG_Gnd112 ) RB_MB_Dipole
296 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
297 x_MB113 ( MAG113 MAG_Mid113 MAG114 MAG_Gnd113 ) RB_MB_Dipole
298 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
299 x_MB114 ( MAG114 MAG_Mid114 MAG115 MAG_Gnd114 ) RB_MB_Dipole
300 + PARAMS: r1 =9.4 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
301 x_MB115 ( MAG115 MAG_Mid115 MAG116 MAG_Gnd115 ) RB_MB_Dipole
302 + PARAMS: r1 =9.35 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
303 x_MB116 ( MAG116 MAG_Mid116 MAG117 MAG_Gnd116 ) RB_MB_Dipole
304 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
305 x_MB117 ( MAG117 MAG_Mid117 MAG118 MAG_Gnd117 ) RB_MB_Dipole
306 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
307 x_MB118 ( MAG118 MAG_Mid118 MAG119 MAG_Gnd118 ) RB_MB_Dipole
308 + PARAMS: r1 =9.05 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
309 x_MB119 ( MAG119 MAG_Mid119 MAG120 MAG_Gnd119 ) RB_MB_Dipole
310 + PARAMS: r1 =9.3 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
311 x_MB120 ( MAG120 MAG_Mid120 MAG121 MAG_Gnd120 ) RB_MB_Dipole
312 + PARAMS: r1 =9.45 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
313 x_MB121 ( MAG121 MAG_Mid121 MAG122 MAG_Gnd121 ) RB_MB_Dipole
314 + PARAMS: r1 =9.3 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
315 ∗x_MB122 ( MAG122 MAG_Mid122 MAG123 MAG_Gnd122 MAG122_pSh MAG122_nSh )

RB_MB_Dipole_Short_Refined
316 x_MB122 ( MAG122 MAG_Mid122 MAG123 MAG_Gnd122 ) RB_MB_Dipole
317 + PARAMS: r1 =9.4 r2=10 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
318 x_MB123 ( MAG123 MAG_Mid123 MAG124 MAG_Gnd123 ) RB_MB_Dipole
319 + PARAMS: r1 =9.4 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
320 x_MB124 ( MAG124 MAG_Mid124 MAG125 MAG_Gnd124 ) RB_MB_Dipole
321 + PARAMS: r1 =9.4 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
322 x_MB125 ( MAG125 MAG_Mid125 MAG126 MAG_Gnd125 ) RB_MB_Dipole
323 + PARAMS: r1 =9.35 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
324 x_MB126 ( MAG126 MAG_Mid126 MAG127 MAG_Gnd126 ) RB_MB_Dipole
325 + PARAMS: r1 =9.45 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
326 x_MB127 ( MAG127 MAG_Mid127 MAG128 MAG_Gnd127 ) RB_MB_Dipole
327 + PARAMS: r1 =9.2 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
328 x_MB128 ( MAG128 MAG_Mid128 MAG129 MAG_Gnd128 ) RB_MB_Dipole
329 + PARAMS: r1 =9.37 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
330 x_MB129 ( MAG129 MAG_Mid129 MAG130 MAG_Gnd129 ) RB_MB_Dipole
331 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
332 x_MB130 ( MAG130 MAG_Mid130 MAG131 MAG_Gnd130 ) RB_MB_Dipole
333 + PARAMS: r1 =9.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
334 x_MB131 ( MAG131 MAG_Mid131 MAG132 MAG_Gnd131 ) RB_MB_Dipole
335 + PARAMS: r1 =9.35 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
336 x_MB132 ( MAG132 MAG_Mid132 MAG133 MAG_Gnd132 ) RB_MB_Dipole
337 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
338 x_MB133 ( MAG133 MAG_Mid133 MAG134 MAG_Gnd133 ) RB_MB_Dipole
339 + PARAMS: r1 =8.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
340 x_MB134 ( MAG134 MAG_Mid134 MAG135 MAG_Gnd134 ) RB_MB_Dipole
341 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
342 x_MB135 ( MAG135 MAG_Mid135 MAG136 MAG_Gnd135 ) RB_MB_Dipole
343 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
344 x_MB136 ( MAG136 MAG_Mid136 MAG137 MAG_Gnd136 ) RB_MB_Dipole
345 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
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346 x_MB137 ( MAG137 MAG_Mid137 MAG138 MAG_Gnd137 ) RB_MB_Dipole
347 + PARAMS: r1 =9.3 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
348 x_MB138 ( MAG138 MAG_Mid138 MAG139 MAG_Gnd138 ) RB_MB_Dipole
349 + PARAMS: r1 =8.65 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
350 x_MB139 ( MAG139 MAG_Mid139 MAG140 MAG_Gnd139 ) RB_MB_Dipole
351 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
352 x_MB140 ( MAG140 MAG_Mid140 MAG141 MAG_Gnd140 ) RB_MB_Dipole
353 + PARAMS: r1 =9.45 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
354 x_MB141 ( MAG141 MAG_Mid141 MAG142 MAG_Gnd141 ) RB_MB_Dipole
355 + PARAMS: r1 =9.4 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
356 x_MB142 ( MAG142 MAG_Mid142 MAG143 MAG_Gnd142 ) RB_MB_Dipole
357 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
358 x_MB143 ( MAG143 MAG_Mid143 MAG144 MAG_Gnd143 ) RB_MB_Dipole
359 + PARAMS: r1 =9.25 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
360 x_MB144 ( MAG144 MAG_Mid144 MAG145 MAG_Gnd144 ) RB_MB_Dipole
361 + PARAMS: r1 =8.7 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
362 x_MB145 ( MAG145 MAG_Mid145 MAG146 MAG_Gnd145 ) RB_MB_Dipole
363 + PARAMS: r1 =8.8 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
364 x_MB146 ( MAG146 MAG_Mid146 MAG147 MAG_Gnd146 ) RB_MB_Dipole
365 + PARAMS: r1 =8.6 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
366 x_MB147 ( MAG147 MAG_Mid147 MAG148 MAG_Gnd147 ) RB_MB_Dipole
367 + PARAMS: r1 =8.65 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
368 x_MB148 ( MAG148 MAG_Mid148 MAG149 MAG_Gnd148 ) RB_MB_Dipole
369 + PARAMS: r1 =8.32 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
370 x_MB149 ( MAG149 MAG_Mid149 MAG150 MAG_Gnd149 ) RB_MB_Dipole
371 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
372 x_MB150 ( MAG150 MAG_Mid150 MAG151 MAG_Gnd150 ) RB_MB_Dipole
373 + PARAMS: r1 =8.9 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
374 x_MB151 ( MAG151 MAG_Mid151 MAG152 MAG_Gnd151 ) RB_MB_Dipole
375 + PARAMS: r1 =8.65 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
376 x_MB152 ( MAG152 MAG_Mid152 MAG153 MAG_Gnd152 ) RB_MB_Dipole
377 + PARAMS: r1 =10.0 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
378 x_MB153 ( MAG153 MAG_Mid153 MAG154 MAG_Gnd153 ) RB_MB_Dipole
379 + PARAMS: r1 =8.65 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
380 x_MB154 ( MAG154 MAG_Mid154 MAG154_Out MAG_Gnd154 ) RB_MB_Dipole
381 + PARAMS: r1 =8.8 r2 =10.0 rGnd1=1.1E7 rGnd2=1.1E7 rGnd3=1.1E7 rGnd4=1.1E7
382 ∗Short in block 6
383 ∗x_MB122_short ( MAG122_pSh MAG122_nSh ) R_Short_MB
384 v_fakeGND ( GND1 0 ) 0
385 x_MbGND1 ( MAG_Gnd1 MAG_Gnd154 GND1 GND2 ) RB_Gnd_Cell2MB
386 x_MbGND2 ( MAG_Gnd2 MAG_Gnd153 GND2 GND3 ) RB_Gnd_Cell2MB
387 x_MbGND3 ( MAG_Gnd3 MAG_Gnd152 GND3 GND4 ) RB_Gnd_Cell2MB
388 x_MbGND4 ( MAG_Gnd4 MAG_Gnd151 GND4 GND5 ) RB_Gnd_Cell2MB
389 x_MbGND5 ( MAG_Gnd5 MAG_Gnd150 MAG_Gnd6 GND5 GND6 ) RB_Gnd_Cell3MB
390 x_MbGND6 ( MAG_Gnd149 MAG_Gnd7 MAG_Gnd148 GND6 GND7 ) RB_Gnd_Cell3MB
391 x_MbGND7 ( MAG_Gnd8 MAG_Gnd147 MAG_Gnd9 GND7 GND8 ) RB_Gnd_Cell3MB
392 x_MbGND8 ( MAG_Gnd146 MAG_Gnd10 MAG_Gnd145 GND8 GND9 ) RB_Gnd_Cell3MB
393 x_MbGND9 ( MAG_Gnd11 MAG_Gnd144 MAG_Gnd12 GND9 GND10 ) RB_Gnd_Cell3MB
394 x_MbGND10 ( MAG_Gnd143 MAG_Gnd13 MAG_Gnd142 GND10 GND11 ) RB_Gnd_Cell3MB
395 x_MbGND11 ( MAG_Gnd14 MAG_Gnd141 MAG_Gnd15 GND11 GND12 ) RB_Gnd_Cell3MB
396 x_MbGND12 ( MAG_Gnd140 MAG_Gnd16 MAG_Gnd139 GND12 GND13 ) RB_Gnd_Cell3MB
397 x_MbGND13 ( MAG_Gnd17 MAG_Gnd138 MAG_Gnd18 GND13 GND14 ) RB_Gnd_Cell3MB
398 x_MbGND14 ( MAG_Gnd137 MAG_Gnd19 MAG_Gnd136 GND14 GND15 ) RB_Gnd_Cell3MB
399 x_MbGND15 ( MAG_Gnd20 MAG_Gnd135 MAG_Gnd21 GND15 GND16 ) RB_Gnd_Cell3MB
400 x_MbGND16 ( MAG_Gnd134 MAG_Gnd22 MAG_Gnd133 GND16 GND17 ) RB_Gnd_Cell3MB
401 x_MbGND17 ( MAG_Gnd23 MAG_Gnd132 MAG_Gnd24 GND17 GND18 ) RB_Gnd_Cell3MB
402 x_MbGND18 ( MAG_Gnd131 MAG_Gnd25 MAG_Gnd130 GND18 GND19 ) RB_Gnd_Cell3MB
403 x_MbGND19 ( MAG_Gnd26 MAG_Gnd129 MAG_Gnd27 GND19 GND20 ) RB_Gnd_Cell3MB
404 x_MbGND20 ( MAG_Gnd128 MAG_Gnd28 MAG_Gnd127 GND20 GND21 ) RB_Gnd_Cell3MB
405 x_MbGND21 ( MAG_Gnd29 MAG_Gnd126 MAG_Gnd30 GND21 GND22 ) RB_Gnd_Cell3MB
406 x_MbGND22 ( MAG_Gnd125 MAG_Gnd31 MAG_Gnd124 GND22 GND23 ) RB_Gnd_Cell3MB
407 x_MbGND23 ( MAG_Gnd32 MAG_Gnd123 MAG_Gnd33 GND23 GND24 ) RB_Gnd_Cell3MB
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408 x_MbGND24 ( MAG_Gnd122 MAG_Gnd34 MAG_Gnd121 GND24 GND25 ) RB_Gnd_Cell3MB
409 x_MbGND25 ( MAG_Gnd35 MAG_Gnd120 MAG_Gnd36 GND25 GND26 ) RB_Gnd_Cell3MB
410 x_MbGND26 ( MAG_Gnd119 MAG_Gnd37 MAG_Gnd118 GND26 GND27 ) RB_Gnd_Cell3MB
411 x_MbGND27 ( MAG_Gnd38 MAG_Gnd117 MAG_Gnd39 GND27 GND28 ) RB_Gnd_Cell3MB
412 x_MbGND28 ( MAG_Gnd116 MAG_Gnd40 MAG_Gnd115 GND28 GND29 ) RB_Gnd_Cell3MB
413 x_MbGND29 ( MAG_Gnd41 MAG_Gnd114 MAG_Gnd42 GND29 GND30 ) RB_Gnd_Cell3MB
414 x_MbGND30 ( MAG_Gnd113 MAG_Gnd43 MAG_Gnd112 GND30 GND31 ) RB_Gnd_Cell3MB
415 x_MbGND31 ( MAG_Gnd44 MAG_Gnd111 MAG_Gnd45 GND31 GND32 ) RB_Gnd_Cell3MB
416 x_MbGND32 ( MAG_Gnd110 MAG_Gnd46 MAG_Gnd109 GND32 GND33 ) RB_Gnd_Cell3MB
417 x_MbGND33 ( MAG_Gnd47 MAG_Gnd108 MAG_Gnd48 GND33 GND34 ) RB_Gnd_Cell3MB
418 x_MbGND34 ( MAG_Gnd107 MAG_Gnd49 MAG_Gnd106 GND34 GND35 ) RB_Gnd_Cell3MB
419 x_MbGND35 ( MAG_Gnd50 MAG_Gnd105 MAG_Gnd51 GND35 GND36 ) RB_Gnd_Cell3MB
420 x_MbGND36 ( MAG_Gnd104 MAG_Gnd52 MAG_Gnd103 GND36 GND37 ) RB_Gnd_Cell3MB
421 x_MbGND37 ( MAG_Gnd53 MAG_Gnd102 MAG_Gnd54 GND37 GND38 ) RB_Gnd_Cell3MB
422 x_MbGND38 ( MAG_Gnd101 MAG_Gnd55 MAG_Gnd100 GND38 GND39 ) RB_Gnd_Cell3MB
423 x_MbGND39 ( MAG_Gnd56 MAG_Gnd99 MAG_Gnd57 GND39 GND40 ) RB_Gnd_Cell3MB
424 x_MbGND40 ( MAG_Gnd98 MAG_Gnd58 MAG_Gnd97 GND40 GND41 ) RB_Gnd_Cell3MB
425 x_MbGND41 ( MAG_Gnd59 MAG_Gnd96 MAG_Gnd60 GND41 GND42 ) RB_Gnd_Cell3MB
426 x_MbGND42 ( MAG_Gnd95 MAG_Gnd61 MAG_Gnd94 GND42 GND43 ) RB_Gnd_Cell3MB
427 x_MbGND43 ( MAG_Gnd62 MAG_Gnd93 MAG_Gnd63 GND43 GND44 ) RB_Gnd_Cell3MB
428 x_MbGND44 ( MAG_Gnd92 MAG_Gnd64 MAG_Gnd91 GND44 GND45 ) RB_Gnd_Cell3MB
429 x_MbGND45 ( MAG_Gnd65 MAG_Gnd90 MAG_Gnd66 GND45 GND46 ) RB_Gnd_Cell3MB
430 x_MbGND46 ( MAG_Gnd89 MAG_Gnd67 MAG_Gnd88 GND46 GND47 ) RB_Gnd_Cell3MB
431 x_MbGND47 ( MAG_Gnd68 MAG_Gnd87 MAG_Gnd69 GND47 GND48 ) RB_Gnd_Cell3MB
432 x_MbGND48 ( MAG_Gnd86 MAG_Gnd70 MAG_Gnd85 GND48 GND49 ) RB_Gnd_Cell3MB
433 x_MbGND49 ( MAG_Gnd71 MAG_Gnd84 MAG_Gnd72 GND49 GND50 ) RB_Gnd_Cell3MB
434 x_MbGND50 ( MAG_Gnd83 MAG_Gnd73 MAG_Gnd82 GND50 GND51 ) RB_Gnd_Cell3MB
435 x_MbGND51 ( MAG_Gnd74 MAG_Gnd81 GND51 GND52 ) RB_Gnd_Cell2MB
436 x_MbGND52 ( MAG_Gnd75 MAG_Gnd80 GND52 GND53 ) RB_Gnd_Cell2MB
437 x_MbGND53 ( MAG_Gnd76 MAG_Gnd79 GND53 GND54 ) RB_Gnd_Cell2MB
438 x_MbGND54 ( MAG_Gnd77 MAG_Gnd78 GND54 GND54_Float ) RB_Gnd_Cell2MB
439 r1_VF1 ( MAG1 v_vf1 ) 20 e06
440 r2_VF1 ( v_vf1 0 ) 24 e03
441 r1_VF2 ( MAG3 v_vf2 ) 20 e06
442 r2_VF2 ( v_vf2 0 ) 24 e03
443 r1_VF3 ( MAG5 v_vf3 ) 20 e06
444 r2_VF3 ( v_vf3 0 ) 24 e03
445 r1_VF4 ( MAG8 v_vf4 ) 20 e06
446 r2_VF4 ( v_vf4 0 ) 24 e03
447 r1_VF5 ( MAG11 v_vf5 ) 20 e06
448 r2_VF5 ( v_vf5 0 ) 24 e03
449 r1_VF6 ( MAG14 v_vf6 ) 20 e06
450 r2_VF6 ( v_vf6 0 ) 24 e03
451 r1_VF7 ( MAG17 v_vf7 ) 20 e06
452 r2_VF7 ( v_vf7 0 ) 24 e03
453 r1_VF8 ( MAG20 v_vf8 ) 20 e06
454 r2_VF8 ( v_vf8 0 ) 24 e03
455 r1_VF9 ( MAG23 v_vf9 ) 20 e06
456 r2_VF9 ( v_vf9 0 ) 24 e03
457 r1_VF10 ( MAG26 v_vf10 ) 20 e06
458 r2_VF10 ( v_vf10 0 ) 24 e03
459 r1_VF11 ( MAG29 v_vf11 ) 20 e06
460 r2_VF11 ( v_vf11 0 ) 24 e03
461 r1_VF12 ( MAG32 v_vf12 ) 20 e06
462 r2_VF12 ( v_vf12 0 ) 24 e03
463 r1_VF13 ( MAG35 v_vf13 ) 20 e06
464 r2_VF13 ( v_vf13 0 ) 24 e03
465 r1_VF14 ( MAG38 v_vf14 ) 20 e06
466 r2_VF14 ( v_vf14 0 ) 24 e03
467 r1_VF15 ( MAG41 v_vf15 ) 20 e06
468 r2_VF15 ( v_vf15 0 ) 24 e03
469 r1_VF16 ( MAG44 v_vf16 ) 20 e06
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470 r2_VF16 ( v_vf16 0 ) 24 e03
471 r1_VF17 ( MAG47 v_vf17 ) 20 e06
472 r2_VF17 ( v_vf17 0 ) 24 e03
473 r1_VF18 ( MAG50 v_vf18 ) 20 e06
474 r2_VF18 ( v_vf18 0 ) 24 e03
475 r1_VF19 ( MAG53 v_vf19 ) 20 e06
476 r2_VF19 ( v_vf19 0 ) 24 e03
477 r1_VF20 ( MAG56 v_vf20 ) 20 e06
478 r2_VF20 ( v_vf20 0 ) 24 e03
479 r1_VF21 ( MAG59 v_vf21 ) 20 e06
480 r2_VF21 ( v_vf21 0 ) 24 e03
481 r1_VF22 ( MAG62 v_vf22 ) 20 e06
482 r2_VF22 ( v_vf22 0 ) 24 e03
483 r1_VF23 ( MAG65 v_vf23 ) 20 e06
484 r2_VF23 ( v_vf23 0 ) 24 e03
485 r1_VF24 ( MAG68 v_vf24 ) 20 e06
486 r2_VF24 ( v_vf24 0 ) 24 e03
487 r1_VF25 ( MAG71 v_vf25 ) 20 e06
488 r2_VF25 ( v_vf25 0 ) 24 e03
489 r1_VF26 ( MAG74 v_vf26 ) 20 e06
490 r2_VF26 ( v_vf26 0 ) 24 e03
491 r1_VF27 ( MAG76 v_vf27 ) 20 e06
492 r2_VF27 ( v_vf27 0 ) 24 e03
493 r1_VF28 ( MAG78 v_vf28 ) 20 e06
494 r2_VF28 ( v_vf28 0 ) 24 e03
495 r1_VF29 ( MAG81 v_vf29 ) 20 e06
496 r2_VF29 ( v_vf29 0 ) 24 e03
497 r1_VF30 ( MAG82 v_vf30 ) 20 e06
498 r2_VF30 ( v_vf30 0 ) 24 e03
499 r1_VF31 ( MAG85 v_vf31 ) 20 e06
500 r2_VF31 ( v_vf31 0 ) 24 e03
501 r1_VF32 ( MAG88 v_vf32 ) 20 e06
502 r2_VF32 ( v_vf32 0 ) 24 e03
503 r1_VF33 ( MAG91 v_vf33 ) 20 e06
504 r2_VF33 ( v_vf33 0 ) 24 e03
505 r1_VF34 ( MAG94 v_vf34 ) 20 e06
506 r2_VF34 ( v_vf34 0 ) 24 e03
507 r1_VF35 ( MAG97 v_vf35 ) 20 e06
508 r2_VF35 ( v_vf35 0 ) 24 e03
509 r1_VF36 ( MAG100 v_vf36 ) 20 e06
510 r2_VF36 ( v_vf36 0 ) 24 e03
511 r1_VF37 ( MAG103 v_vf37 ) 20 e06
512 r2_VF37 ( v_vf37 0 ) 24 e03
513 r1_VF38 ( MAG106 v_vf38 ) 20 e06
514 r2_VF38 ( v_vf38 0 ) 24 e03
515 r1_VF39 ( MAG109 v_vf39 ) 20 e06
516 r2_VF39 ( v_vf39 0 ) 24 e03
517 r1_VF40 ( MAG112 v_vf40 ) 20 e06
518 r2_VF40 ( v_vf40 0 ) 24 e03
519 r1_VF41 ( MAG115 v_vf41 ) 20 e06
520 r2_VF41 ( v_vf41 0 ) 24 e03
521 r1_VF42 ( MAG118 v_vf42 ) 20 e06
522 r2_VF42 ( v_vf42 0 ) 24 e03
523 r1_VF43 ( MAG121 v_vf43 ) 20 e06
524 r2_VF43 ( v_vf43 0 ) 24 e03
525 r1_VF44 ( MAG124 v_vf44 ) 20 e06
526 r2_VF44 ( v_vf44 0 ) 24 e03
527 r1_VF45 ( MAG127 v_vf45 ) 20 e06
528 r2_VF45 ( v_vf45 0 ) 24 e03
529 r1_VF46 ( MAG130 v_vf46 ) 20 e06
530 r2_VF46 ( v_vf46 0 ) 24 e03
531 r1_VF47 ( MAG133 v_vf47 ) 20 e06
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532 r2_VF47 ( v_vf47 0 ) 24 e03
533 r1_VF48 ( MAG136 v_vf48 ) 20 e06
534 r2_VF48 ( v_vf48 0 ) 24 e03
535 r1_VF49 ( MAG139 v_vf49 ) 20 e06
536 r2_VF49 ( v_vf49 0 ) 24 e03
537 r1_VF50 ( MAG142 v_vf50 ) 20 e06
538 r2_VF50 ( v_vf50 0 ) 24 e03
539 r1_VF51 ( MAG145 v_vf51 ) 20 e06
540 r2_VF51 ( v_vf51 0 ) 24 e03
541 r1_VF52 ( MAG148 v_vf52 ) 20 e06
542 r2_VF52 ( v_vf52 0 ) 24 e03
543 r1_VF53 ( MAG151 v_vf53 ) 20 e06
544 r2_VF53 ( v_vf53 0 ) 24 e03
545 r1_VF54 ( MAG153 v_vf54 ) 20 e06
546 r2_VF54 ( v_vf54 0 ) 24 e03
547 r_ f i l t e r 1 ( v_mag1 v_magf1 ) 10 e03
548 c_ f i l t e r 1 ( v_magf1 0 ) 100e−09
549 r_ f i l t e r 2 ( v_mag2 v_magf2 ) 10 e03
550 c_ f i l t e r 2 ( v_magf2 0 ) 100e−09
551 r_ f i l t e r 3 ( v_mag3 v_magf3 ) 10 e03
552 c_ f i l t e r 3 ( v_magf3 0 ) 100e−09
553 r_ f i l t e r 4 ( v_mag4 v_magf4 ) 10 e03
554 c_ f i l t e r 4 ( v_magf4 0 ) 100e−09
555 r_ f i l t e r 5 ( v_mag5 v_magf5 ) 10 e03
556 c_ f i l t e r 5 ( v_magf5 0 ) 100e−09
557 r_ f i l t e r 6 ( v_mag6 v_magf6 ) 10 e03
558 c_ f i l t e r 6 ( v_magf6 0 ) 100e−09
559 r_ f i l t e r 7 ( v_mag7 v_magf7 ) 10 e03
560 c_ f i l t e r 7 ( v_magf7 0 ) 100e−09
561 r_ f i l t e r 8 ( v_mag8 v_magf8 ) 10 e03
562 c_ f i l t e r 8 ( v_magf8 0 ) 100e−09
563 r_ f i l t e r 9 ( v_mag9 v_magf9 ) 10 e03
564 c_ f i l t e r 9 ( v_magf9 0 ) 100e−09
565 r_ f i l t e r 1 0 ( v_mag10 v_magf10 ) 10 e03
566 c_ f i l t e r 1 0 ( v_magf10 0 ) 100e−09
567 r_ f i l t e r 1 1 ( v_mag11 v_magf11 ) 10 e03
568 c_ f i l t e r 1 1 ( v_magf11 0 ) 100e−09
569 r_ f i l t e r 1 2 ( v_mag12 v_magf12 ) 10 e03
570 c_ f i l t e r 1 2 ( v_magf12 0 ) 100e−09
571 r_ f i l t e r 1 3 ( v_mag13 v_magf13 ) 10 e03
572 c_ f i l t e r 1 3 ( v_magf13 0 ) 100e−09
573 r_ f i l t e r 1 4 ( v_mag14 v_magf14 ) 10 e03
574 c_ f i l t e r 1 4 ( v_magf14 0 ) 100e−09
575 r_ f i l t e r 1 5 ( v_mag15 v_magf15 ) 10 e03
576 c_ f i l t e r 1 5 ( v_magf15 0 ) 100e−09
577 r_ f i l t e r 1 6 ( v_mag16 v_magf16 ) 10 e03
578 c_ f i l t e r 1 6 ( v_magf16 0 ) 100e−09
579 r_ f i l t e r 1 7 ( v_mag17 v_magf17 ) 10 e03
580 c_ f i l t e r 1 7 ( v_magf17 0 ) 100e−09
581 r_ f i l t e r 1 8 ( v_mag18 v_magf18 ) 10 e03
582 c_ f i l t e r 1 8 ( v_magf18 0 ) 100e−09
583 r_ f i l t e r 1 9 ( v_mag19 v_magf19 ) 10 e03
584 c_ f i l t e r 1 9 ( v_magf19 0 ) 100e−09
585 r_ f i l t e r 2 0 ( v_mag20 v_magf20 ) 10 e03
586 c_ f i l t e r 2 0 ( v_magf20 0 ) 100e−09
587 r_ f i l t e r 2 1 ( v_mag21 v_magf21 ) 10 e03
588 c_ f i l t e r 2 1 ( v_magf21 0 ) 100e−09
589 r_ f i l t e r 2 2 ( v_mag22 v_magf22 ) 10 e03
590 c_ f i l t e r 2 2 ( v_magf22 0 ) 100e−09
591 r_ f i l t e r 2 3 ( v_mag23 v_magf23 ) 10 e03
592 c_ f i l t e r 2 3 ( v_magf23 0 ) 100e−09
593 r_ f i l t e r 2 4 ( v_mag24 v_magf24 ) 10 e03
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594 c_ f i l t e r 2 4 ( v_magf24 0 ) 100e−09
595 r_ f i l t e r 2 5 ( v_mag25 v_magf25 ) 10 e03
596 c_ f i l t e r 2 5 ( v_magf25 0 ) 100e−09
597 r_ f i l t e r 2 6 ( v_mag26 v_magf26 ) 10 e03
598 c_ f i l t e r 2 6 ( v_magf26 0 ) 100e−09
599 r_ f i l t e r 2 7 ( v_mag27 v_magf27 ) 10 e03
600 c_ f i l t e r 2 7 ( v_magf27 0 ) 100e−09
601 r_ f i l t e r 2 8 ( v_mag28 v_magf28 ) 10 e03
602 c_ f i l t e r 2 8 ( v_magf28 0 ) 100e−09
603 r_ f i l t e r 2 9 ( v_mag29 v_magf29 ) 10 e03
604 c_ f i l t e r 2 9 ( v_magf29 0 ) 100e−09
605 r_ f i l t e r 3 0 ( v_mag30 v_magf30 ) 10 e03
606 c_ f i l t e r 3 0 ( v_magf30 0 ) 100e−09
607 r_ f i l t e r 3 1 ( v_mag31 v_magf31 ) 10 e03
608 c_ f i l t e r 3 1 ( v_magf31 0 ) 100e−09
609 r_ f i l t e r 3 2 ( v_mag32 v_magf32 ) 10 e03
610 c_ f i l t e r 3 2 ( v_magf32 0 ) 100e−09
611 r_ f i l t e r 3 3 ( v_mag33 v_magf33 ) 10 e03
612 c_ f i l t e r 3 3 ( v_magf33 0 ) 100e−09
613 r_ f i l t e r 3 4 ( v_mag34 v_magf34 ) 10 e03
614 c_ f i l t e r 3 4 ( v_magf34 0 ) 100e−09
615 r_ f i l t e r 3 5 ( v_mag35 v_magf35 ) 10 e03
616 c_ f i l t e r 3 5 ( v_magf35 0 ) 100e−09
617 r_ f i l t e r 3 6 ( v_mag36 v_magf36 ) 10 e03
618 c_ f i l t e r 3 6 ( v_magf36 0 ) 100e−09
619 r_ f i l t e r 3 7 ( v_mag37 v_magf37 ) 10 e03
620 c_ f i l t e r 3 7 ( v_magf37 0 ) 100e−09
621 r_ f i l t e r 3 8 ( v_mag38 v_magf38 ) 10 e03
622 c_ f i l t e r 3 8 ( v_magf38 0 ) 100e−09
623 r_ f i l t e r 3 9 ( v_mag39 v_magf39 ) 10 e03
624 c_ f i l t e r 3 9 ( v_magf39 0 ) 100e−09
625 r_ f i l t e r 4 0 ( v_mag40 v_magf40 ) 10 e03
626 c_ f i l t e r 4 0 ( v_magf40 0 ) 100e−09
627 r_ f i l t e r 4 1 ( v_mag41 v_magf41 ) 10 e03
628 c_ f i l t e r 4 1 ( v_magf41 0 ) 100e−09
629 r_ f i l t e r 4 2 ( v_mag42 v_magf42 ) 10 e03
630 c_ f i l t e r 4 2 ( v_magf42 0 ) 100e−09
631 r_ f i l t e r 4 3 ( v_mag43 v_magf43 ) 10 e03
632 c_ f i l t e r 4 3 ( v_magf43 0 ) 100e−09
633 r_ f i l t e r 4 4 ( v_mag44 v_magf44 ) 10 e03
634 c_ f i l t e r 4 4 ( v_magf44 0 ) 100e−09
635 r_ f i l t e r 4 5 ( v_mag45 v_magf45 ) 10 e03
636 c_ f i l t e r 4 5 ( v_magf45 0 ) 100e−09
637 r_ f i l t e r 4 6 ( v_mag46 v_magf46 ) 10 e03
638 c_ f i l t e r 4 6 ( v_magf46 0 ) 100e−09
639 r_ f i l t e r 4 7 ( v_mag47 v_magf47 ) 10 e03
640 c_ f i l t e r 4 7 ( v_magf47 0 ) 100e−09
641 r_ f i l t e r 4 8 ( v_mag48 v_magf48 ) 10 e03
642 c_ f i l t e r 4 8 ( v_magf48 0 ) 100e−09
643 r_ f i l t e r 4 9 ( v_mag49 v_magf49 ) 10 e03
644 c_ f i l t e r 4 9 ( v_magf49 0 ) 100e−09
645 r_ f i l t e r 5 0 ( v_mag50 v_magf50 ) 10 e03
646 c_ f i l t e r 5 0 ( v_magf50 0 ) 100e−09
647 r_ f i l t e r 5 1 ( v_mag51 v_magf51 ) 10 e03
648 c_ f i l t e r 5 1 ( v_magf51 0 ) 100e−09
649 r_ f i l t e r 5 2 ( v_mag52 v_magf52 ) 10 e03
650 c_ f i l t e r 5 2 ( v_magf52 0 ) 100e−09
651 r_ f i l t e r 5 3 ( v_mag53 v_magf53 ) 10 e03
652 c_ f i l t e r 5 3 ( v_magf53 0 ) 100e−09
653 r_ f i l t e r 5 4 ( v_mag54 v_magf54 ) 10 e03
654 c_ f i l t e r 5 4 ( v_magf54 0 ) 100e−09
655 r_ f i l t e r 5 5 ( v_mag55 v_magf55 ) 10 e03
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656 c_ f i l t e r 5 5 ( v_magf55 0 ) 100e−09
657 r_ f i l t e r 5 6 ( v_mag56 v_magf56 ) 10 e03
658 c_ f i l t e r 5 6 ( v_magf56 0 ) 100e−09
659 r_ f i l t e r 5 7 ( v_mag57 v_magf57 ) 10 e03
660 c_ f i l t e r 5 7 ( v_magf57 0 ) 100e−09
661 r_ f i l t e r 5 8 ( v_mag58 v_magf58 ) 10 e03
662 c_ f i l t e r 5 8 ( v_magf58 0 ) 100e−09
663 r_ f i l t e r 5 9 ( v_mag59 v_magf59 ) 10 e03
664 c_ f i l t e r 5 9 ( v_magf59 0 ) 100e−09
665 r_ f i l t e r 6 0 ( v_mag60 v_magf60 ) 10 e03
666 c_ f i l t e r 6 0 ( v_magf60 0 ) 100e−09
667 r_ f i l t e r 6 1 ( v_mag61 v_magf61 ) 10 e03
668 c_ f i l t e r 6 1 ( v_magf61 0 ) 100e−09
669 r_ f i l t e r 6 2 ( v_mag62 v_magf62 ) 10 e03
670 c_ f i l t e r 6 2 ( v_magf62 0 ) 100e−09
671 r_ f i l t e r 6 3 ( v_mag63 v_magf63 ) 10 e03
672 c_ f i l t e r 6 3 ( v_magf63 0 ) 100e−09
673 r_ f i l t e r 6 4 ( v_mag64 v_magf64 ) 10 e03
674 c_ f i l t e r 6 4 ( v_magf64 0 ) 100e−09
675 r_ f i l t e r 6 5 ( v_mag65 v_magf65 ) 10 e03
676 c_ f i l t e r 6 5 ( v_magf65 0 ) 100e−09
677 r_ f i l t e r 6 6 ( v_mag66 v_magf66 ) 10 e03
678 c_ f i l t e r 6 6 ( v_magf66 0 ) 100e−09
679 r_ f i l t e r 6 7 ( v_mag67 v_magf67 ) 10 e03
680 c_ f i l t e r 6 7 ( v_magf67 0 ) 100e−09
681 r_ f i l t e r 6 8 ( v_mag68 v_magf68 ) 10 e03
682 c_ f i l t e r 6 8 ( v_magf68 0 ) 100e−09
683 r_ f i l t e r 6 9 ( v_mag69 v_magf69 ) 10 e03
684 c_ f i l t e r 6 9 ( v_magf69 0 ) 100e−09
685 r_ f i l t e r 7 0 ( v_mag70 v_magf70 ) 10 e03
686 c_ f i l t e r 7 0 ( v_magf70 0 ) 100e−09
687 r_ f i l t e r 7 1 ( v_mag71 v_magf71 ) 10 e03
688 c_ f i l t e r 7 1 ( v_magf71 0 ) 100e−09
689 r_ f i l t e r 7 2 ( v_mag72 v_magf72 ) 10 e03
690 c_ f i l t e r 7 2 ( v_magf72 0 ) 100e−09
691 r_ f i l t e r 7 3 ( v_mag73 v_magf73 ) 10 e03
692 c_ f i l t e r 7 3 ( v_magf73 0 ) 100e−09
693 r_ f i l t e r 7 4 ( v_mag74 v_magf74 ) 10 e03
694 c_ f i l t e r 7 4 ( v_magf74 0 ) 100e−09
695 r_ f i l t e r 7 5 ( v_mag75 v_magf75 ) 10 e03
696 c_ f i l t e r 7 5 ( v_magf75 0 ) 100e−09
697 r_ f i l t e r 7 6 ( v_mag76 v_magf76 ) 10 e03
698 c_ f i l t e r 7 6 ( v_magf76 0 ) 100e−09
699 r_ f i l t e r 7 7 ( v_mag77 v_magf77 ) 10 e03
700 c_ f i l t e r 7 7 ( v_magf77 0 ) 100e−09
701 r_ f i l t e r 7 8 ( v_mag78 v_magf78 ) 10 e03
702 c_ f i l t e r 7 8 ( v_magf78 0 ) 100e−09
703 r_ f i l t e r 7 9 ( v_mag79 v_magf79 ) 10 e03
704 c_ f i l t e r 7 9 ( v_magf79 0 ) 100e−09
705 r_ f i l t e r 8 0 ( v_mag80 v_magf80 ) 10 e03
706 c_ f i l t e r 8 0 ( v_magf80 0 ) 100e−09
707 r_ f i l t e r 8 1 ( v_mag81 v_magf81 ) 10 e03
708 c_ f i l t e r 8 1 ( v_magf81 0 ) 100e−09
709 r_ f i l t e r 8 2 ( v_mag82 v_magf82 ) 10 e03
710 c_ f i l t e r 8 2 ( v_magf82 0 ) 100e−09
711 r_ f i l t e r 8 3 ( v_mag83 v_magf83 ) 10 e03
712 c_ f i l t e r 8 3 ( v_magf83 0 ) 100e−09
713 r_ f i l t e r 8 4 ( v_mag84 v_magf84 ) 10 e03
714 c_ f i l t e r 8 4 ( v_magf84 0 ) 100e−09
715 r_ f i l t e r 8 5 ( v_mag85 v_magf85 ) 10 e03
716 c_ f i l t e r 8 5 ( v_magf85 0 ) 100e−09
717 r_ f i l t e r 8 6 ( v_mag86 v_magf86 ) 10 e03
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718 c_ f i l t e r 8 6 ( v_magf86 0 ) 100e−09
719 r_ f i l t e r 8 7 ( v_mag87 v_magf87 ) 10 e03
720 c_ f i l t e r 8 7 ( v_magf87 0 ) 100e−09
721 r_ f i l t e r 8 8 ( v_mag88 v_magf88 ) 10 e03
722 c_ f i l t e r 8 8 ( v_magf88 0 ) 100e−09
723 r_ f i l t e r 8 9 ( v_mag89 v_magf89 ) 10 e03
724 c_ f i l t e r 8 9 ( v_magf89 0 ) 100e−09
725 r_ f i l t e r 9 0 ( v_mag90 v_magf90 ) 10 e03
726 c_ f i l t e r 9 0 ( v_magf90 0 ) 100e−09
727 r_ f i l t e r 9 1 ( v_mag91 v_magf91 ) 10 e03
728 c_ f i l t e r 9 1 ( v_magf91 0 ) 100e−09
729 r_ f i l t e r 9 2 ( v_mag92 v_magf92 ) 10 e03
730 c_ f i l t e r 9 2 ( v_magf92 0 ) 100e−09
731 r_ f i l t e r 9 3 ( v_mag93 v_magf93 ) 10 e03
732 c_ f i l t e r 9 3 ( v_magf93 0 ) 100e−09
733 r_ f i l t e r 9 4 ( v_mag94 v_magf94 ) 10 e03
734 c_ f i l t e r 9 4 ( v_magf94 0 ) 100e−09
735 r_ f i l t e r 9 5 ( v_mag95 v_magf95 ) 10 e03
736 c_ f i l t e r 9 5 ( v_magf95 0 ) 100e−09
737 r_ f i l t e r 9 6 ( v_mag96 v_magf96 ) 10 e03
738 c_ f i l t e r 9 6 ( v_magf96 0 ) 100e−09
739 r_ f i l t e r 9 7 ( v_mag97 v_magf97 ) 10 e03
740 c_ f i l t e r 9 7 ( v_magf97 0 ) 100e−09
741 r_ f i l t e r 9 8 ( v_mag98 v_magf98 ) 10 e03
742 c_ f i l t e r 9 8 ( v_magf98 0 ) 100e−09
743 r_ f i l t e r 9 9 ( v_mag99 v_magf99 ) 10 e03
744 c_ f i l t e r 9 9 ( v_magf99 0 ) 100e−09
745 r_ f i l t e r 1 0 0 ( v_mag100 v_magf100 ) 10 e03
746 c_ f i l t e r 1 0 0 ( v_magf100 0 ) 100e−09
747 r_ f i l t e r 1 0 1 ( v_mag101 v_magf101 ) 10 e03
748 c_ f i l t e r 1 0 1 ( v_magf101 0 ) 100e−09
749 r_ f i l t e r 1 0 2 ( v_mag102 v_magf102 ) 10 e03
750 c_ f i l t e r 1 0 2 ( v_magf102 0 ) 100e−09
751 r_ f i l t e r 1 0 3 ( v_mag103 v_magf103 ) 10 e03
752 c_ f i l t e r 1 0 3 ( v_magf103 0 ) 100e−09
753 r_ f i l t e r 1 0 4 ( v_mag104 v_magf104 ) 10 e03
754 c_ f i l t e r 1 0 4 ( v_magf104 0 ) 100e−09
755 r_ f i l t e r 1 0 5 ( v_mag105 v_magf105 ) 10 e03
756 c_ f i l t e r 1 0 5 ( v_magf105 0 ) 100e−09
757 r_ f i l t e r 1 0 6 ( v_mag106 v_magf106 ) 10 e03
758 c_ f i l t e r 1 0 6 ( v_magf106 0 ) 100e−09
759 r_ f i l t e r 1 0 7 ( v_mag107 v_magf107 ) 10 e03
760 c_ f i l t e r 1 0 7 ( v_magf107 0 ) 100e−09
761 r_ f i l t e r 1 0 8 ( v_mag108 v_magf108 ) 10 e03
762 c_ f i l t e r 1 0 8 ( v_magf108 0 ) 100e−09
763 r_ f i l t e r 1 0 9 ( v_mag109 v_magf109 ) 10 e03
764 c_ f i l t e r 1 0 9 ( v_magf109 0 ) 100e−09
765 r_ f i l t e r 1 1 0 ( v_mag110 v_magf110 ) 10 e03
766 c_ f i l t e r 1 1 0 ( v_magf110 0 ) 100e−09
767 r_ f i l t e r 1 1 1 ( v_mag111 v_magf111 ) 10 e03
768 c_ f i l t e r 1 1 1 ( v_magf111 0 ) 100e−09
769 r_ f i l t e r 1 1 2 ( v_mag112 v_magf112 ) 10 e03
770 c_ f i l t e r 1 1 2 ( v_magf112 0 ) 100e−09
771 r_ f i l t e r 1 1 3 ( v_mag113 v_magf113 ) 10 e03
772 c_ f i l t e r 1 1 3 ( v_magf113 0 ) 100e−09
773 r_ f i l t e r 1 1 4 ( v_mag114 v_magf114 ) 10 e03
774 c_ f i l t e r 1 1 4 ( v_magf114 0 ) 100e−09
775 r_ f i l t e r 1 1 5 ( v_mag115 v_magf115 ) 10 e03
776 c_ f i l t e r 1 1 5 ( v_magf115 0 ) 100e−09
777 r_ f i l t e r 1 1 6 ( v_mag116 v_magf116 ) 10 e03
778 c_ f i l t e r 1 1 6 ( v_magf116 0 ) 100e−09
779 r_ f i l t e r 1 1 7 ( v_mag117 v_magf117 ) 10 e03
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780 c_ f i l t e r 1 1 7 ( v_magf117 0 ) 100e−09
781 r_ f i l t e r 1 1 8 ( v_mag118 v_magf118 ) 10 e03
782 c_ f i l t e r 1 1 8 ( v_magf118 0 ) 100e−09
783 r_ f i l t e r 1 1 9 ( v_mag119 v_magf119 ) 10 e03
784 c_ f i l t e r 1 1 9 ( v_magf119 0 ) 100e−09
785 r_ f i l t e r 1 2 0 ( v_mag120 v_magf120 ) 10 e03
786 c_ f i l t e r 1 2 0 ( v_magf120 0 ) 100e−09
787 r_ f i l t e r 1 2 1 ( v_mag121 v_magf121 ) 10 e03
788 c_ f i l t e r 1 2 1 ( v_magf121 0 ) 100e−09
789 r_ f i l t e r 1 2 2 ( v_mag122 v_magf122 ) 10 e03
790 c_ f i l t e r 1 2 2 ( v_magf122 0 ) 100e−09
791 r_ f i l t e r 1 2 3 ( v_mag123 v_magf123 ) 10 e03
792 c_ f i l t e r 1 2 3 ( v_magf123 0 ) 100e−09
793 r_ f i l t e r 1 2 4 ( v_mag124 v_magf124 ) 10 e03
794 c_ f i l t e r 1 2 4 ( v_magf124 0 ) 100e−09
795 r_ f i l t e r 1 2 5 ( v_mag125 v_magf125 ) 10 e03
796 c_ f i l t e r 1 2 5 ( v_magf125 0 ) 100e−09
797 r_ f i l t e r 1 2 6 ( v_mag126 v_magf126 ) 10 e03
798 c_ f i l t e r 1 2 6 ( v_magf126 0 ) 100e−09
799 r_ f i l t e r 1 2 7 ( v_mag127 v_magf127 ) 10 e03
800 c_ f i l t e r 1 2 7 ( v_magf127 0 ) 100e−09
801 r_ f i l t e r 1 2 8 ( v_mag128 v_magf128 ) 10 e03
802 c_ f i l t e r 1 2 8 ( v_magf128 0 ) 100e−09
803 r_ f i l t e r 1 2 9 ( v_mag129 v_magf129 ) 10 e03
804 c_ f i l t e r 1 2 9 ( v_magf129 0 ) 100e−09
805 r_ f i l t e r 1 3 0 ( v_mag130 v_magf130 ) 10 e03
806 c_ f i l t e r 1 3 0 ( v_magf130 0 ) 100e−09
807 r_ f i l t e r 1 3 1 ( v_mag131 v_magf131 ) 10 e03
808 c_ f i l t e r 1 3 1 ( v_magf131 0 ) 100e−09
809 r_ f i l t e r 1 3 2 ( v_mag132 v_magf132 ) 10 e03
810 c_ f i l t e r 1 3 2 ( v_magf132 0 ) 100e−09
811 r_ f i l t e r 1 3 3 ( v_mag133 v_magf133 ) 10 e03
812 c_ f i l t e r 1 3 3 ( v_magf133 0 ) 100e−09
813 r_ f i l t e r 1 3 4 ( v_mag134 v_magf134 ) 10 e03
814 c_ f i l t e r 1 3 4 ( v_magf134 0 ) 100e−09
815 r_ f i l t e r 1 3 5 ( v_mag135 v_magf135 ) 10 e03
816 c_ f i l t e r 1 3 5 ( v_magf135 0 ) 100e−09
817 r_ f i l t e r 1 3 6 ( v_mag136 v_magf136 ) 10 e03
818 c_ f i l t e r 1 3 6 ( v_magf136 0 ) 100e−09
819 r_ f i l t e r 1 3 7 ( v_mag137 v_magf137 ) 10 e03
820 c_ f i l t e r 1 3 7 ( v_magf137 0 ) 100e−09
821 r_ f i l t e r 1 3 8 ( v_mag138 v_magf138 ) 10 e03
822 c_ f i l t e r 1 3 8 ( v_magf138 0 ) 100e−09
823 r_ f i l t e r 1 3 9 ( v_mag139 v_magf139 ) 10 e03
824 c_ f i l t e r 1 3 9 ( v_magf139 0 ) 100e−09
825 r_ f i l t e r 1 4 0 ( v_mag140 v_magf140 ) 10 e03
826 c_ f i l t e r 1 4 0 ( v_magf140 0 ) 100e−09
827 r_ f i l t e r 1 4 1 ( v_mag141 v_magf141 ) 10 e03
828 c_ f i l t e r 1 4 1 ( v_magf141 0 ) 100e−09
829 r_ f i l t e r 1 4 2 ( v_mag142 v_magf142 ) 10 e03
830 c_ f i l t e r 1 4 2 ( v_magf142 0 ) 100e−09
831 r_ f i l t e r 1 4 3 ( v_mag143 v_magf143 ) 10 e03
832 c_ f i l t e r 1 4 3 ( v_magf143 0 ) 100e−09
833 r_ f i l t e r 1 4 4 ( v_mag144 v_magf144 ) 10 e03
834 c_ f i l t e r 1 4 4 ( v_magf144 0 ) 100e−09
835 r_ f i l t e r 1 4 5 ( v_mag145 v_magf145 ) 10 e03
836 c_ f i l t e r 1 4 5 ( v_magf145 0 ) 100e−09
837 r_ f i l t e r 1 4 6 ( v_mag146 v_magf146 ) 10 e03
838 c_ f i l t e r 1 4 6 ( v_magf146 0 ) 100e−09
839 r_ f i l t e r 1 4 7 ( v_mag147 v_magf147 ) 10 e03
840 c_ f i l t e r 1 4 7 ( v_magf147 0 ) 100e−09
841 r_ f i l t e r 1 4 8 ( v_mag148 v_magf148 ) 10 e03
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842 c_ f i l t e r 1 4 8 ( v_magf148 0 ) 100e−09
843 r_ f i l t e r 1 4 9 ( v_mag149 v_magf149 ) 10 e03
844 c_ f i l t e r 1 4 9 ( v_magf149 0 ) 100e−09
845 r_ f i l t e r 1 5 0 ( v_mag150 v_magf150 ) 10 e03
846 c_ f i l t e r 1 5 0 ( v_magf150 0 ) 100e−09
847 r_ f i l t e r 1 5 1 ( v_mag151 v_magf151 ) 10 e03
848 c_ f i l t e r 1 5 1 ( v_magf151 0 ) 100e−09
849 r_ f i l t e r 1 5 2 ( v_mag152 v_magf152 ) 10 e03
850 c_ f i l t e r 1 5 2 ( v_magf152 0 ) 100e−09
851 r_ f i l t e r 1 5 3 ( v_mag153 v_magf153 ) 10 e03
852 c_ f i l t e r 1 5 3 ( v_magf153 0 ) 100e−09
853 r_ f i l t e r 1 5 4 ( v_mag154 v_magf154 ) 10 e03
854 c_ f i l t e r 1 5 4 ( v_magf154 0 ) 100e−09
855 E_ABM_MAG1 ( v_mag1 0 ) VALUE { V( MAG1,MAG2 ) }
856 E_ABM_MAG2 ( v_mag2 0 ) VALUE { V( MAG2,MAG3 ) }
857 E_ABM_MAG3 ( v_mag3 0 ) VALUE { V( MAG3,MAG4 ) }
858 E_ABM_MAG4 ( v_mag4 0 ) VALUE { V( MAG4,MAG5 ) }
859 E_ABM_MAG5 ( v_mag5 0 ) VALUE { V( MAG5,MAG6 ) }
860 E_ABM_MAG6 ( v_mag6 0 ) VALUE { V( MAG6,MAG7 ) }
861 E_ABM_MAG7 ( v_mag7 0 ) VALUE { V( MAG7,MAG8 ) }
862 E_ABM_MAG8 ( v_mag8 0 ) VALUE { V( MAG8,MAG9 ) }
863 E_ABM_MAG9 ( v_mag9 0 ) VALUE { V( MAG9,MAG10 ) }
864 E_ABM_MAG10 ( v_mag10 0 ) VALUE { V( MAG10,MAG11 ) }
865 E_ABM_MAG11 ( v_mag11 0 ) VALUE { V( MAG11,MAG12 ) }
866 E_ABM_MAG12 ( v_mag12 0 ) VALUE { V( MAG12,MAG13 ) }
867 E_ABM_MAG13 ( v_mag13 0 ) VALUE { V( MAG13,MAG14 ) }
868 E_ABM_MAG14 ( v_mag14 0 ) VALUE { V( MAG14,MAG15 ) }
869 E_ABM_MAG15 ( v_mag15 0 ) VALUE { V( MAG15,MAG16 ) }
870 E_ABM_MAG16 ( v_mag16 0 ) VALUE { V( MAG16,MAG17 ) }
871 E_ABM_MAG17 ( v_mag17 0 ) VALUE { V( MAG17,MAG18 ) }
872 E_ABM_MAG18 ( v_mag18 0 ) VALUE { V( MAG18,MAG19 ) }
873 E_ABM_MAG19 ( v_mag19 0 ) VALUE { V( MAG19,MAG20 ) }
874 E_ABM_MAG20 ( v_mag20 0 ) VALUE { V( MAG20,MAG21 ) }
875 E_ABM_MAG21 ( v_mag21 0 ) VALUE { V( MAG21,MAG22 ) }
876 E_ABM_MAG22 ( v_mag22 0 ) VALUE { V( MAG22,MAG23 ) }
877 E_ABM_MAG23 ( v_mag23 0 ) VALUE { V( MAG23,MAG24 ) }
878 E_ABM_MAG24 ( v_mag24 0 ) VALUE { V( MAG24,MAG25 ) }
879 E_ABM_MAG25 ( v_mag25 0 ) VALUE { V( MAG25,MAG26 ) }
880 E_ABM_MAG26 ( v_mag26 0 ) VALUE { V( MAG26,MAG27 ) }
881 E_ABM_MAG27 ( v_mag27 0 ) VALUE { V( MAG27,MAG28 ) }
882 E_ABM_MAG28 ( v_mag28 0 ) VALUE { V( MAG28,MAG29 ) }
883 E_ABM_MAG29 ( v_mag29 0 ) VALUE { V( MAG29,MAG30 ) }
884 E_ABM_MAG30 ( v_mag30 0 ) VALUE { V( MAG30,MAG31 ) }
885 E_ABM_MAG31 ( v_mag31 0 ) VALUE { V( MAG31,MAG32 ) }
886 E_ABM_MAG32 ( v_mag32 0 ) VALUE { V( MAG32,MAG33 ) }
887 E_ABM_MAG33 ( v_mag33 0 ) VALUE { V( MAG33,MAG34 ) }
888 E_ABM_MAG34 ( v_mag34 0 ) VALUE { V( MAG34,MAG35 ) }
889 E_ABM_MAG35 ( v_mag35 0 ) VALUE { V( MAG35,MAG36 ) }
890 E_ABM_MAG36 ( v_mag36 0 ) VALUE { V( MAG36,MAG37 ) }
891 E_ABM_MAG37 ( v_mag37 0 ) VALUE { V( MAG37,MAG38 ) }
892 E_ABM_MAG38 ( v_mag38 0 ) VALUE { V( MAG38,MAG39 ) }
893 E_ABM_MAG39 ( v_mag39 0 ) VALUE { V( MAG39,MAG40 ) }
894 E_ABM_MAG40 ( v_mag40 0 ) VALUE { V( MAG40,MAG41 ) }
895 E_ABM_MAG41 ( v_mag41 0 ) VALUE { V( MAG41,MAG42 ) }
896 E_ABM_MAG42 ( v_mag42 0 ) VALUE { V( MAG42,MAG43 ) }
897 E_ABM_MAG43 ( v_mag43 0 ) VALUE { V( MAG43,MAG44 ) }
898 E_ABM_MAG44 ( v_mag44 0 ) VALUE { V( MAG44,MAG45 ) }
899 E_ABM_MAG45 ( v_mag45 0 ) VALUE { V( MAG45,MAG46 ) }
900 E_ABM_MAG46 ( v_mag46 0 ) VALUE { V( MAG46,MAG47 ) }
901 E_ABM_MAG47 ( v_mag47 0 ) VALUE { V( MAG47,MAG48 ) }
902 E_ABM_MAG48 ( v_mag48 0 ) VALUE { V( MAG48,MAG49 ) }
903 E_ABM_MAG49 ( v_mag49 0 ) VALUE { V( MAG49,MAG50 ) }
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904 E_ABM_MAG50 ( v_mag50 0 ) VALUE { V( MAG50,MAG51 ) }
905 E_ABM_MAG51 ( v_mag51 0 ) VALUE { V( MAG51,MAG52 ) }
906 E_ABM_MAG52 ( v_mag52 0 ) VALUE { V( MAG52,MAG53 ) }
907 E_ABM_MAG53 ( v_mag53 0 ) VALUE { V( MAG53,MAG54 ) }
908 E_ABM_MAG54 ( v_mag54 0 ) VALUE { V( MAG54,MAG55 ) }
909 E_ABM_MAG55 ( v_mag55 0 ) VALUE { V( MAG55,MAG56 ) }
910 E_ABM_MAG56 ( v_mag56 0 ) VALUE { V( MAG56,MAG57 ) }
911 E_ABM_MAG57 ( v_mag57 0 ) VALUE { V( MAG57,MAG58 ) }
912 E_ABM_MAG58 ( v_mag58 0 ) VALUE { V( MAG58,MAG59 ) }
913 E_ABM_MAG59 ( v_mag59 0 ) VALUE { V( MAG59,MAG60 ) }
914 E_ABM_MAG60 ( v_mag60 0 ) VALUE { V( MAG60,MAG61 ) }
915 E_ABM_MAG61 ( v_mag61 0 ) VALUE { V( MAG61,MAG62 ) }
916 E_ABM_MAG62 ( v_mag62 0 ) VALUE { V( MAG62,MAG63 ) }
917 E_ABM_MAG63 ( v_mag63 0 ) VALUE { V( MAG63,MAG64 ) }
918 E_ABM_MAG64 ( v_mag64 0 ) VALUE { V( MAG64,MAG65 ) }
919 E_ABM_MAG65 ( v_mag65 0 ) VALUE { V( MAG65,MAG66 ) }
920 E_ABM_MAG66 ( v_mag66 0 ) VALUE { V( MAG66,MAG67 ) }
921 E_ABM_MAG67 ( v_mag67 0 ) VALUE { V( MAG67,MAG68 ) }
922 E_ABM_MAG68 ( v_mag68 0 ) VALUE { V( MAG68,MAG69 ) }
923 E_ABM_MAG69 ( v_mag69 0 ) VALUE { V( MAG69,MAG70 ) }
924 E_ABM_MAG70 ( v_mag70 0 ) VALUE { V( MAG70,MAG71 ) }
925 E_ABM_MAG71 ( v_mag71 0 ) VALUE { V( MAG71,MAG72 ) }
926 E_ABM_MAG72 ( v_mag72 0 ) VALUE { V( MAG72,MAG73 ) }
927 E_ABM_MAG73 ( v_mag73 0 ) VALUE { V( MAG73,MAG74 ) }
928 E_ABM_MAG74 ( v_mag74 0 ) VALUE { V( MAG74,MAG75 ) }
929 E_ABM_MAG75 ( v_mag75 0 ) VALUE { V( MAG75,MAG76 ) }
930 E_ABM_MAG76 ( v_mag76 0 ) VALUE { V( MAG76,MAG77 ) }
931 E_ABM_MAG77 ( v_mag77 0 ) VALUE { V( MAG77,MAG77_Out ) }
932 E_ABM_MAG78 ( v_mag78 0 ) VALUE { V( MAG78,MAG79 ) }
933 E_ABM_MAG79 ( v_mag79 0 ) VALUE { V( MAG79,MAG80 ) }
934 E_ABM_MAG80 ( v_mag80 0 ) VALUE { V( MAG80,MAG81 ) }
935 E_ABM_MAG81 ( v_mag81 0 ) VALUE { V( MAG81,MAG82 ) }
936 E_ABM_MAG82 ( v_mag82 0 ) VALUE { V( MAG82,MAG83 ) }
937 E_ABM_MAG83 ( v_mag83 0 ) VALUE { V( MAG83,MAG84 ) }
938 E_ABM_MAG84 ( v_mag84 0 ) VALUE { V( MAG84,MAG85 ) }
939 E_ABM_MAG85 ( v_mag85 0 ) VALUE { V( MAG85,MAG86 ) }
940 E_ABM_MAG86 ( v_mag86 0 ) VALUE { V( MAG86,MAG87 ) }
941 E_ABM_MAG87 ( v_mag87 0 ) VALUE { V( MAG87,MAG88 ) }
942 E_ABM_MAG88 ( v_mag88 0 ) VALUE { V( MAG88,MAG89 ) }
943 E_ABM_MAG89 ( v_mag89 0 ) VALUE { V( MAG89,MAG90 ) }
944 E_ABM_MAG90 ( v_mag90 0 ) VALUE { V( MAG90,MAG91 ) }
945 E_ABM_MAG91 ( v_mag91 0 ) VALUE { V( MAG91,MAG92 ) }
946 E_ABM_MAG92 ( v_mag92 0 ) VALUE { V( MAG92,MAG93 ) }
947 E_ABM_MAG93 ( v_mag93 0 ) VALUE { V( MAG93,MAG94 ) }
948 E_ABM_MAG94 ( v_mag94 0 ) VALUE { V( MAG94,MAG95 ) }
949 E_ABM_MAG95 ( v_mag95 0 ) VALUE { V( MAG95,MAG96 ) }
950 E_ABM_MAG96 ( v_mag96 0 ) VALUE { V( MAG96,MAG97 ) }
951 E_ABM_MAG97 ( v_mag97 0 ) VALUE { V( MAG97,MAG98 ) }
952 E_ABM_MAG98 ( v_mag98 0 ) VALUE { V( MAG98,MAG99 ) }
953 E_ABM_MAG99 ( v_mag99 0 ) VALUE { V( MAG99,MAG100 ) }
954 E_ABM_MAG100 ( v_mag100 0 ) VALUE { V( MAG100,MAG101 ) }
955 E_ABM_MAG101 ( v_mag101 0 ) VALUE { V( MAG101,MAG102 ) }
956 E_ABM_MAG102 ( v_mag102 0 ) VALUE { V( MAG102,MAG103 ) }
957 E_ABM_MAG103 ( v_mag103 0 ) VALUE { V( MAG103,MAG104 ) }
958 E_ABM_MAG104 ( v_mag104 0 ) VALUE { V( MAG104,MAG105 ) }
959 E_ABM_MAG105 ( v_mag105 0 ) VALUE { V( MAG105,MAG106 ) }
960 E_ABM_MAG106 ( v_mag106 0 ) VALUE { V( MAG106,MAG107 ) }
961 E_ABM_MAG107 ( v_mag107 0 ) VALUE { V( MAG107,MAG108 ) }
962 E_ABM_MAG108 ( v_mag108 0 ) VALUE { V( MAG108,MAG109 ) }
963 E_ABM_MAG109 ( v_mag109 0 ) VALUE { V( MAG109,MAG110 ) }
964 E_ABM_MAG110 ( v_mag110 0 ) VALUE { V( MAG110,MAG111 ) }
965 E_ABM_MAG111 ( v_mag111 0 ) VALUE { V( MAG111,MAG112 ) }
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966 E_ABM_MAG112 ( v_mag112 0 ) VALUE { V( MAG112,MAG113 ) }
967 E_ABM_MAG113 ( v_mag113 0 ) VALUE { V( MAG113,MAG114 ) }
968 E_ABM_MAG114 ( v_mag114 0 ) VALUE { V( MAG114,MAG115 ) }
969 E_ABM_MAG115 ( v_mag115 0 ) VALUE { V( MAG115,MAG116 ) }
970 E_ABM_MAG116 ( v_mag116 0 ) VALUE { V( MAG116,MAG117 ) }
971 E_ABM_MAG117 ( v_mag117 0 ) VALUE { V( MAG117,MAG118 ) }
972 E_ABM_MAG118 ( v_mag118 0 ) VALUE { V( MAG118,MAG119 ) }
973 E_ABM_MAG119 ( v_mag119 0 ) VALUE { V( MAG119,MAG120 ) }
974 E_ABM_MAG120 ( v_mag120 0 ) VALUE { V( MAG120,MAG121 ) }
975 E_ABM_MAG121 ( v_mag121 0 ) VALUE { V( MAG121,MAG122 ) }
976 E_ABM_MAG122 ( v_mag122 0 ) VALUE { V( MAG122,MAG123 ) }
977 E_ABM_MAG123 ( v_mag123 0 ) VALUE { V( MAG123,MAG124 ) }
978 E_ABM_MAG124 ( v_mag124 0 ) VALUE { V( MAG124,MAG125 ) }
979 E_ABM_MAG125 ( v_mag125 0 ) VALUE { V( MAG125,MAG126 ) }
980 E_ABM_MAG126 ( v_mag126 0 ) VALUE { V( MAG126,MAG127 ) }
981 E_ABM_MAG127 ( v_mag127 0 ) VALUE { V( MAG127,MAG128 ) }
982 E_ABM_MAG128 ( v_mag128 0 ) VALUE { V( MAG128,MAG129 ) }
983 E_ABM_MAG129 ( v_mag129 0 ) VALUE { V( MAG129,MAG130 ) }
984 E_ABM_MAG130 ( v_mag130 0 ) VALUE { V( MAG130,MAG131 ) }
985 E_ABM_MAG131 ( v_mag131 0 ) VALUE { V( MAG131,MAG132 ) }
986 E_ABM_MAG132 ( v_mag132 0 ) VALUE { V( MAG132,MAG133 ) }
987 E_ABM_MAG133 ( v_mag133 0 ) VALUE { V( MAG133,MAG134 ) }
988 E_ABM_MAG134 ( v_mag134 0 ) VALUE { V( MAG134,MAG135 ) }
989 E_ABM_MAG135 ( v_mag135 0 ) VALUE { V( MAG135,MAG136 ) }
990 E_ABM_MAG136 ( v_mag136 0 ) VALUE { V( MAG136,MAG137 ) }
991 E_ABM_MAG137 ( v_mag137 0 ) VALUE { V( MAG137,MAG138 ) }
992 E_ABM_MAG138 ( v_mag138 0 ) VALUE { V( MAG138,MAG139 ) }
993 E_ABM_MAG139 ( v_mag139 0 ) VALUE { V( MAG139,MAG140 ) }
994 E_ABM_MAG140 ( v_mag140 0 ) VALUE { V( MAG140,MAG141 ) }
995 E_ABM_MAG141 ( v_mag141 0 ) VALUE { V( MAG141,MAG142 ) }
996 E_ABM_MAG142 ( v_mag142 0 ) VALUE { V( MAG142,MAG143 ) }
997 E_ABM_MAG143 ( v_mag143 0 ) VALUE { V( MAG143,MAG144 ) }
998 E_ABM_MAG144 ( v_mag144 0 ) VALUE { V( MAG144,MAG145 ) }
999 E_ABM_MAG145 ( v_mag145 0 ) VALUE { V( MAG145,MAG146 ) }

1000 E_ABM_MAG146 ( v_mag146 0 ) VALUE { V( MAG146,MAG147 ) }
1001 E_ABM_MAG147 ( v_mag147 0 ) VALUE { V( MAG147,MAG148 ) }
1002 E_ABM_MAG148 ( v_mag148 0 ) VALUE { V( MAG148,MAG149 ) }
1003 E_ABM_MAG149 ( v_mag149 0 ) VALUE { V( MAG149,MAG150 ) }
1004 E_ABM_MAG150 ( v_mag150 0 ) VALUE { V( MAG150,MAG151 ) }
1005 E_ABM_MAG151 ( v_mag151 0 ) VALUE { V( MAG151,MAG152 ) }
1006 E_ABM_MAG152 ( v_mag152 0 ) VALUE { V( MAG152,MAG153 ) }
1007 E_ABM_MAG153 ( v_mag153 0 ) VALUE { V( MAG153,MAG154 ) }
1008 E_ABM_MAG154 ( v_mag154 0 ) VALUE { V( MAG154,MAG154_Out ) }
1009 E_ABM_1stAP_MAG1 ( v_ApA1 0 ) VALUE { V( MAG1,MAG_Mid1 ) }
1010 E_ABM_1stAP_MAG2 ( v_ApA2 0 ) VALUE { V( MAG2,MAG_Mid2 ) }
1011 E_ABM_1stAP_MAG3 ( v_ApA3 0 ) VALUE { V( MAG3,MAG_Mid3 ) }
1012 E_ABM_1stAP_MAG4 ( v_ApA4 0 ) VALUE { V( MAG4,MAG_Mid4 ) }
1013 E_ABM_1stAP_MAG5 ( v_ApA5 0 ) VALUE { V( MAG5,MAG_Mid5 ) }
1014 E_ABM_1stAP_MAG6 ( v_ApA6 0 ) VALUE { V( MAG6,MAG_Mid6 ) }
1015 E_ABM_1stAP_MAG7 ( v_ApA7 0 ) VALUE { V( MAG7,MAG_Mid7 ) }
1016 E_ABM_1stAP_MAG8 ( v_ApA8 0 ) VALUE { V( MAG8,MAG_Mid8 ) }
1017 E_ABM_1stAP_MAG9 ( v_ApA9 0 ) VALUE { V( MAG9,MAG_Mid9 ) }
1018 E_ABM_1stAP_MAG10 ( v_ApA10 0 ) VALUE { V( MAG10,MAG_Mid10 ) }
1019 E_ABM_1stAP_MAG11 ( v_ApA11 0 ) VALUE { V( MAG11,MAG_Mid11 ) }
1020 E_ABM_1stAP_MAG12 ( v_ApA12 0 ) VALUE { V( MAG12,MAG_Mid12 ) }
1021 E_ABM_1stAP_MAG13 ( v_ApA13 0 ) VALUE { V( MAG13,MAG_Mid13 ) }
1022 E_ABM_1stAP_MAG14 ( v_ApA14 0 ) VALUE { V( MAG14,MAG_Mid14 ) }
1023 E_ABM_1stAP_MAG15 ( v_ApA15 0 ) VALUE { V( MAG15,MAG_Mid15 ) }
1024 E_ABM_1stAP_MAG16 ( v_ApA16 0 ) VALUE { V( MAG16,MAG_Mid16 ) }
1025 E_ABM_1stAP_MAG17 ( v_ApA17 0 ) VALUE { V( MAG17,MAG_Mid17 ) }
1026 E_ABM_1stAP_MAG18 ( v_ApA18 0 ) VALUE { V( MAG18,MAG_Mid18 ) }
1027 E_ABM_1stAP_MAG19 ( v_ApA19 0 ) VALUE { V( MAG19,MAG_Mid19 ) }
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1028 E_ABM_1stAP_MAG20 ( v_ApA20 0 ) VALUE { V( MAG20,MAG_Mid20 ) }
1029 E_ABM_1stAP_MAG21 ( v_ApA21 0 ) VALUE { V( MAG21,MAG_Mid21 ) }
1030 E_ABM_1stAP_MAG22 ( v_ApA22 0 ) VALUE { V( MAG22,MAG_Mid22 ) }
1031 E_ABM_1stAP_MAG23 ( v_ApA23 0 ) VALUE { V( MAG23,MAG_Mid23 ) }
1032 E_ABM_1stAP_MAG24 ( v_ApA24 0 ) VALUE { V( MAG24,MAG_Mid24 ) }
1033 E_ABM_1stAP_MAG25 ( v_ApA25 0 ) VALUE { V( MAG25,MAG_Mid25 ) }
1034 E_ABM_1stAP_MAG26 ( v_ApA26 0 ) VALUE { V( MAG26,MAG_Mid26 ) }
1035 E_ABM_1stAP_MAG27 ( v_ApA27 0 ) VALUE { V( MAG27,MAG_Mid27 ) }
1036 E_ABM_1stAP_MAG28 ( v_ApA28 0 ) VALUE { V( MAG28,MAG_Mid28 ) }
1037 E_ABM_1stAP_MAG29 ( v_ApA29 0 ) VALUE { V( MAG29,MAG_Mid29 ) }
1038 E_ABM_1stAP_MAG30 ( v_ApA30 0 ) VALUE { V( MAG30,MAG_Mid30 ) }
1039 E_ABM_1stAP_MAG31 ( v_ApA31 0 ) VALUE { V( MAG31,MAG_Mid31 ) }
1040 E_ABM_1stAP_MAG32 ( v_ApA32 0 ) VALUE { V( MAG32,MAG_Mid32 ) }
1041 E_ABM_1stAP_MAG33 ( v_ApA33 0 ) VALUE { V( MAG33,MAG_Mid33 ) }
1042 E_ABM_1stAP_MAG34 ( v_ApA34 0 ) VALUE { V( MAG34,MAG_Mid34 ) }
1043 E_ABM_1stAP_MAG35 ( v_ApA35 0 ) VALUE { V( MAG35,MAG_Mid35 ) }
1044 E_ABM_1stAP_MAG36 ( v_ApA36 0 ) VALUE { V( MAG36,MAG_Mid36 ) }
1045 E_ABM_1stAP_MAG37 ( v_ApA37 0 ) VALUE { V( MAG37,MAG_Mid37 ) }
1046 E_ABM_1stAP_MAG38 ( v_ApA38 0 ) VALUE { V( MAG38,MAG_Mid38 ) }
1047 E_ABM_1stAP_MAG39 ( v_ApA39 0 ) VALUE { V( MAG39,MAG_Mid39 ) }
1048 E_ABM_1stAP_MAG40 ( v_ApA40 0 ) VALUE { V( MAG40,MAG_Mid40 ) }
1049 E_ABM_1stAP_MAG41 ( v_ApA41 0 ) VALUE { V( MAG41,MAG_Mid41 ) }
1050 E_ABM_1stAP_MAG42 ( v_ApA42 0 ) VALUE { V( MAG42,MAG_Mid42 ) }
1051 E_ABM_1stAP_MAG43 ( v_ApA43 0 ) VALUE { V( MAG43,MAG_Mid43 ) }
1052 E_ABM_1stAP_MAG44 ( v_ApA44 0 ) VALUE { V( MAG44,MAG_Mid44 ) }
1053 E_ABM_1stAP_MAG45 ( v_ApA45 0 ) VALUE { V( MAG45,MAG_Mid45 ) }
1054 E_ABM_1stAP_MAG46 ( v_ApA46 0 ) VALUE { V( MAG46,MAG_Mid46 ) }
1055 E_ABM_1stAP_MAG47 ( v_ApA47 0 ) VALUE { V( MAG47,MAG_Mid47 ) }
1056 E_ABM_1stAP_MAG48 ( v_ApA48 0 ) VALUE { V( MAG48,MAG_Mid48 ) }
1057 E_ABM_1stAP_MAG49 ( v_ApA49 0 ) VALUE { V( MAG49,MAG_Mid49 ) }
1058 E_ABM_1stAP_MAG50 ( v_ApA50 0 ) VALUE { V( MAG50,MAG_Mid50 ) }
1059 E_ABM_1stAP_MAG51 ( v_ApA51 0 ) VALUE { V( MAG51,MAG_Mid51 ) }
1060 E_ABM_1stAP_MAG52 ( v_ApA52 0 ) VALUE { V( MAG52,MAG_Mid52 ) }
1061 E_ABM_1stAP_MAG53 ( v_ApA53 0 ) VALUE { V( MAG53,MAG_Mid53 ) }
1062 E_ABM_1stAP_MAG54 ( v_ApA54 0 ) VALUE { V( MAG54,MAG_Mid54 ) }
1063 E_ABM_1stAP_MAG55 ( v_ApA55 0 ) VALUE { V( MAG55,MAG_Mid55 ) }
1064 E_ABM_1stAP_MAG56 ( v_ApA56 0 ) VALUE { V( MAG56,MAG_Mid56 ) }
1065 E_ABM_1stAP_MAG57 ( v_ApA57 0 ) VALUE { V( MAG57,MAG_Mid57 ) }
1066 E_ABM_1stAP_MAG58 ( v_ApA58 0 ) VALUE { V( MAG58,MAG_Mid58 ) }
1067 E_ABM_1stAP_MAG59 ( v_ApA59 0 ) VALUE { V( MAG59,MAG_Mid59 ) }
1068 E_ABM_1stAP_MAG60 ( v_ApA60 0 ) VALUE { V( MAG60,MAG_Mid60 ) }
1069 E_ABM_1stAP_MAG61 ( v_ApA61 0 ) VALUE { V( MAG61,MAG_Mid61 ) }
1070 E_ABM_1stAP_MAG62 ( v_ApA62 0 ) VALUE { V( MAG62,MAG_Mid62 ) }
1071 E_ABM_1stAP_MAG63 ( v_ApA63 0 ) VALUE { V( MAG63,MAG_Mid63 ) }
1072 E_ABM_1stAP_MAG64 ( v_ApA64 0 ) VALUE { V( MAG64,MAG_Mid64 ) }
1073 E_ABM_1stAP_MAG65 ( v_ApA65 0 ) VALUE { V( MAG65,MAG_Mid65 ) }
1074 E_ABM_1stAP_MAG66 ( v_ApA66 0 ) VALUE { V( MAG66,MAG_Mid66 ) }
1075 E_ABM_1stAP_MAG67 ( v_ApA67 0 ) VALUE { V( MAG67,MAG_Mid67 ) }
1076 E_ABM_1stAP_MAG68 ( v_ApA68 0 ) VALUE { V( MAG68,MAG_Mid68 ) }
1077 E_ABM_1stAP_MAG69 ( v_ApA69 0 ) VALUE { V( MAG69,MAG_Mid69 ) }
1078 E_ABM_1stAP_MAG70 ( v_ApA70 0 ) VALUE { V( MAG70,MAG_Mid70 ) }
1079 E_ABM_1stAP_MAG71 ( v_ApA71 0 ) VALUE { V( MAG71,MAG_Mid71 ) }
1080 E_ABM_1stAP_MAG72 ( v_ApA72 0 ) VALUE { V( MAG72,MAG_Mid72 ) }
1081 E_ABM_1stAP_MAG73 ( v_ApA73 0 ) VALUE { V( MAG73,MAG_Mid73 ) }
1082 E_ABM_1stAP_MAG74 ( v_ApA74 0 ) VALUE { V( MAG74,MAG_Mid74 ) }
1083 E_ABM_1stAP_MAG75 ( v_ApA75 0 ) VALUE { V( MAG75,MAG_Mid75 ) }
1084 E_ABM_1stAP_MAG76 ( v_ApA76 0 ) VALUE { V( MAG76,MAG_Mid76 ) }
1085 E_ABM_1stAP_MAG77 ( v_ApA77 0 ) VALUE { V( MAG77,MAG_Mid77 ) }
1086 E_ABM_1stAP_MAG78 ( v_ApA78 0 ) VALUE { V( MAG78,MAG_Mid78 ) }
1087 E_ABM_1stAP_MAG79 ( v_ApA79 0 ) VALUE { V( MAG79,MAG_Mid79 ) }
1088 E_ABM_1stAP_MAG80 ( v_ApA80 0 ) VALUE { V( MAG80,MAG_Mid80 ) }
1089 E_ABM_1stAP_MAG81 ( v_ApA81 0 ) VALUE { V( MAG81,MAG_Mid81 ) }
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1090 E_ABM_1stAP_MAG82 ( v_ApA82 0 ) VALUE { V( MAG82,MAG_Mid82 ) }
1091 E_ABM_1stAP_MAG83 ( v_ApA83 0 ) VALUE { V( MAG83,MAG_Mid83 ) }
1092 E_ABM_1stAP_MAG84 ( v_ApA84 0 ) VALUE { V( MAG84,MAG_Mid84 ) }
1093 E_ABM_1stAP_MAG85 ( v_ApA85 0 ) VALUE { V( MAG85,MAG_Mid85 ) }
1094 E_ABM_1stAP_MAG86 ( v_ApA86 0 ) VALUE { V( MAG86,MAG_Mid86 ) }
1095 E_ABM_1stAP_MAG87 ( v_ApA87 0 ) VALUE { V( MAG87,MAG_Mid87 ) }
1096 E_ABM_1stAP_MAG88 ( v_ApA88 0 ) VALUE { V( MAG88,MAG_Mid88 ) }
1097 E_ABM_1stAP_MAG89 ( v_ApA89 0 ) VALUE { V( MAG89,MAG_Mid89 ) }
1098 E_ABM_1stAP_MAG90 ( v_ApA90 0 ) VALUE { V( MAG90,MAG_Mid90 ) }
1099 E_ABM_1stAP_MAG91 ( v_ApA91 0 ) VALUE { V( MAG91,MAG_Mid91 ) }
1100 E_ABM_1stAP_MAG92 ( v_ApA92 0 ) VALUE { V( MAG92,MAG_Mid92 ) }
1101 E_ABM_1stAP_MAG93 ( v_ApA93 0 ) VALUE { V( MAG93,MAG_Mid93 ) }
1102 E_ABM_1stAP_MAG94 ( v_ApA94 0 ) VALUE { V( MAG94,MAG_Mid94 ) }
1103 E_ABM_1stAP_MAG95 ( v_ApA95 0 ) VALUE { V( MAG95,MAG_Mid95 ) }
1104 E_ABM_1stAP_MAG96 ( v_ApA96 0 ) VALUE { V( MAG96,MAG_Mid96 ) }
1105 E_ABM_1stAP_MAG97 ( v_ApA97 0 ) VALUE { V( MAG97,MAG_Mid97 ) }
1106 E_ABM_1stAP_MAG98 ( v_ApA98 0 ) VALUE { V( MAG98,MAG_Mid98 ) }
1107 E_ABM_1stAP_MAG99 ( v_ApA99 0 ) VALUE { V( MAG99,MAG_Mid99 ) }
1108 E_ABM_1stAP_MAG100 ( v_ApA100 0 ) VALUE { V( MAG100,MAG_Mid100 ) }
1109 E_ABM_1stAP_MAG101 ( v_ApA101 0 ) VALUE { V( MAG101,MAG_Mid101 ) }
1110 E_ABM_1stAP_MAG102 ( v_ApA102 0 ) VALUE { V( MAG102,MAG_Mid102 ) }
1111 E_ABM_1stAP_MAG103 ( v_ApA103 0 ) VALUE { V( MAG103,MAG_Mid103 ) }
1112 E_ABM_1stAP_MAG104 ( v_ApA104 0 ) VALUE { V( MAG104,MAG_Mid104 ) }
1113 E_ABM_1stAP_MAG105 ( v_ApA105 0 ) VALUE { V( MAG105,MAG_Mid105 ) }
1114 E_ABM_1stAP_MAG106 ( v_ApA106 0 ) VALUE { V( MAG106,MAG_Mid106 ) }
1115 E_ABM_1stAP_MAG107 ( v_ApA107 0 ) VALUE { V( MAG107,MAG_Mid107 ) }
1116 E_ABM_1stAP_MAG108 ( v_ApA108 0 ) VALUE { V( MAG108,MAG_Mid108 ) }
1117 E_ABM_1stAP_MAG109 ( v_ApA109 0 ) VALUE { V( MAG109,MAG_Mid109 ) }
1118 E_ABM_1stAP_MAG110 ( v_ApA110 0 ) VALUE { V( MAG110,MAG_Mid110 ) }
1119 E_ABM_1stAP_MAG111 ( v_ApA111 0 ) VALUE { V( MAG111,MAG_Mid111 ) }
1120 E_ABM_1stAP_MAG112 ( v_ApA112 0 ) VALUE { V( MAG112,MAG_Mid112 ) }
1121 E_ABM_1stAP_MAG113 ( v_ApA113 0 ) VALUE { V( MAG113,MAG_Mid113 ) }
1122 E_ABM_1stAP_MAG114 ( v_ApA114 0 ) VALUE { V( MAG114,MAG_Mid114 ) }
1123 E_ABM_1stAP_MAG115 ( v_ApA115 0 ) VALUE { V( MAG115,MAG_Mid115 ) }
1124 E_ABM_1stAP_MAG116 ( v_ApA116 0 ) VALUE { V( MAG116,MAG_Mid116 ) }
1125 E_ABM_1stAP_MAG117 ( v_ApA117 0 ) VALUE { V( MAG117,MAG_Mid117 ) }
1126 E_ABM_1stAP_MAG118 ( v_ApA118 0 ) VALUE { V( MAG118,MAG_Mid118 ) }
1127 E_ABM_1stAP_MAG119 ( v_ApA119 0 ) VALUE { V( MAG119,MAG_Mid119 ) }
1128 E_ABM_1stAP_MAG120 ( v_ApA120 0 ) VALUE { V( MAG120,MAG_Mid120 ) }
1129 E_ABM_1stAP_MAG121 ( v_ApA121 0 ) VALUE { V( MAG121,MAG_Mid121 ) }
1130 E_ABM_1stAP_MAG122 ( v_ApA122 0 ) VALUE { V( MAG122,MAG_Mid122 ) }
1131 E_ABM_1stAP_MAG123 ( v_ApA123 0 ) VALUE { V( MAG123,MAG_Mid123 ) }
1132 E_ABM_1stAP_MAG124 ( v_ApA124 0 ) VALUE { V( MAG124,MAG_Mid124 ) }
1133 E_ABM_1stAP_MAG125 ( v_ApA125 0 ) VALUE { V( MAG125,MAG_Mid125 ) }
1134 E_ABM_1stAP_MAG126 ( v_ApA126 0 ) VALUE { V( MAG126,MAG_Mid126 ) }
1135 E_ABM_1stAP_MAG127 ( v_ApA127 0 ) VALUE { V( MAG127,MAG_Mid127 ) }
1136 E_ABM_1stAP_MAG128 ( v_ApA128 0 ) VALUE { V( MAG128,MAG_Mid128 ) }
1137 E_ABM_1stAP_MAG129 ( v_ApA129 0 ) VALUE { V( MAG129,MAG_Mid129 ) }
1138 E_ABM_1stAP_MAG130 ( v_ApA130 0 ) VALUE { V( MAG130,MAG_Mid130 ) }
1139 E_ABM_1stAP_MAG131 ( v_ApA131 0 ) VALUE { V( MAG131,MAG_Mid131 ) }
1140 E_ABM_1stAP_MAG132 ( v_ApA132 0 ) VALUE { V( MAG132,MAG_Mid132 ) }
1141 E_ABM_1stAP_MAG133 ( v_ApA133 0 ) VALUE { V( MAG133,MAG_Mid133 ) }
1142 E_ABM_1stAP_MAG134 ( v_ApA134 0 ) VALUE { V( MAG134,MAG_Mid134 ) }
1143 E_ABM_1stAP_MAG135 ( v_ApA135 0 ) VALUE { V( MAG135,MAG_Mid135 ) }
1144 E_ABM_1stAP_MAG136 ( v_ApA136 0 ) VALUE { V( MAG136,MAG_Mid136 ) }
1145 E_ABM_1stAP_MAG137 ( v_ApA137 0 ) VALUE { V( MAG137,MAG_Mid137 ) }
1146 E_ABM_1stAP_MAG138 ( v_ApA138 0 ) VALUE { V( MAG138,MAG_Mid138 ) }
1147 E_ABM_1stAP_MAG139 ( v_ApA139 0 ) VALUE { V( MAG139,MAG_Mid139 ) }
1148 E_ABM_1stAP_MAG140 ( v_ApA140 0 ) VALUE { V( MAG140,MAG_Mid140 ) }
1149 E_ABM_1stAP_MAG141 ( v_ApA141 0 ) VALUE { V( MAG141,MAG_Mid141 ) }
1150 E_ABM_1stAP_MAG142 ( v_ApA142 0 ) VALUE { V( MAG142,MAG_Mid142 ) }
1151 E_ABM_1stAP_MAG143 ( v_ApA143 0 ) VALUE { V( MAG143,MAG_Mid143 ) }
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1152 E_ABM_1stAP_MAG144 ( v_ApA144 0 ) VALUE { V( MAG144,MAG_Mid144 ) }
1153 E_ABM_1stAP_MAG145 ( v_ApA145 0 ) VALUE { V( MAG145,MAG_Mid145 ) }
1154 E_ABM_1stAP_MAG146 ( v_ApA146 0 ) VALUE { V( MAG146,MAG_Mid146 ) }
1155 E_ABM_1stAP_MAG147 ( v_ApA147 0 ) VALUE { V( MAG147,MAG_Mid147 ) }
1156 E_ABM_1stAP_MAG148 ( v_ApA148 0 ) VALUE { V( MAG148,MAG_Mid148 ) }
1157 E_ABM_1stAP_MAG149 ( v_ApA149 0 ) VALUE { V( MAG149,MAG_Mid149 ) }
1158 E_ABM_1stAP_MAG150 ( v_ApA150 0 ) VALUE { V( MAG150,MAG_Mid150 ) }
1159 E_ABM_1stAP_MAG151 ( v_ApA151 0 ) VALUE { V( MAG151,MAG_Mid151 ) }
1160 E_ABM_1stAP_MAG152 ( v_ApA152 0 ) VALUE { V( MAG152,MAG_Mid152 ) }
1161 E_ABM_1stAP_MAG153 ( v_ApA153 0 ) VALUE { V( MAG153,MAG_Mid153 ) }
1162 E_ABM_1stAP_MAG154 ( v_ApA154 0 ) VALUE { V( MAG154,MAG_Mid154 ) }
1163 E_ABM_2ndAP_MAG1 ( v_ApB1 0 ) VALUE { V( MAG_Mid1,MAG2 ) }
1164 E_ABM_2ndAP_MAG2 ( v_ApB2 0 ) VALUE { V( MAG_Mid2,MAG3 ) }
1165 E_ABM_2ndAP_MAG3 ( v_ApB3 0 ) VALUE { V( MAG_Mid3,MAG4 ) }
1166 E_ABM_2ndAP_MAG4 ( v_ApB4 0 ) VALUE { V( MAG_Mid4,MAG5 ) }
1167 E_ABM_2ndAP_MAG5 ( v_ApB5 0 ) VALUE { V( MAG_Mid5,MAG6 ) }
1168 E_ABM_2ndAP_MAG6 ( v_ApB6 0 ) VALUE { V( MAG_Mid6,MAG7 ) }
1169 E_ABM_2ndAP_MAG7 ( v_ApB7 0 ) VALUE { V( MAG_Mid7,MAG8 ) }
1170 E_ABM_2ndAP_MAG8 ( v_ApB8 0 ) VALUE { V( MAG_Mid8,MAG9 ) }
1171 E_ABM_2ndAP_MAG9 ( v_ApB9 0 ) VALUE { V( MAG_Mid9,MAG10 ) }
1172 E_ABM_2ndAP_MAG10 ( v_ApB10 0 ) VALUE { V( MAG_Mid10,MAG11 ) }
1173 E_ABM_2ndAP_MAG11 ( v_ApB11 0 ) VALUE { V( MAG_Mid11,MAG12 ) }
1174 E_ABM_2ndAP_MAG12 ( v_ApB12 0 ) VALUE { V( MAG_Mid12,MAG13 ) }
1175 E_ABM_2ndAP_MAG13 ( v_ApB13 0 ) VALUE { V( MAG_Mid13,MAG14 ) }
1176 E_ABM_2ndAP_MAG14 ( v_ApB14 0 ) VALUE { V( MAG_Mid14,MAG15 ) }
1177 E_ABM_2ndAP_MAG15 ( v_ApB15 0 ) VALUE { V( MAG_Mid15,MAG16 ) }
1178 E_ABM_2ndAP_MAG16 ( v_ApB16 0 ) VALUE { V( MAG_Mid16,MAG17 ) }
1179 E_ABM_2ndAP_MAG17 ( v_ApB17 0 ) VALUE { V( MAG_Mid17,MAG18 ) }
1180 E_ABM_2ndAP_MAG18 ( v_ApB18 0 ) VALUE { V( MAG_Mid18,MAG19 ) }
1181 E_ABM_2ndAP_MAG19 ( v_ApB19 0 ) VALUE { V( MAG_Mid19,MAG20 ) }
1182 E_ABM_2ndAP_MAG20 ( v_ApB20 0 ) VALUE { V( MAG_Mid20,MAG21 ) }
1183 E_ABM_2ndAP_MAG21 ( v_ApB21 0 ) VALUE { V( MAG_Mid21,MAG22 ) }
1184 E_ABM_2ndAP_MAG22 ( v_ApB22 0 ) VALUE { V( MAG_Mid22,MAG23 ) }
1185 E_ABM_2ndAP_MAG23 ( v_ApB23 0 ) VALUE { V( MAG_Mid23,MAG24 ) }
1186 E_ABM_2ndAP_MAG24 ( v_ApB24 0 ) VALUE { V( MAG_Mid24,MAG25 ) }
1187 E_ABM_2ndAP_MAG25 ( v_ApB25 0 ) VALUE { V( MAG_Mid25,MAG26 ) }
1188 E_ABM_2ndAP_MAG26 ( v_ApB26 0 ) VALUE { V( MAG_Mid26,MAG27 ) }
1189 E_ABM_2ndAP_MAG27 ( v_ApB27 0 ) VALUE { V( MAG_Mid27,MAG28 ) }
1190 E_ABM_2ndAP_MAG28 ( v_ApB28 0 ) VALUE { V( MAG_Mid28,MAG29 ) }
1191 E_ABM_2ndAP_MAG29 ( v_ApB29 0 ) VALUE { V( MAG_Mid29,MAG30 ) }
1192 E_ABM_2ndAP_MAG30 ( v_ApB30 0 ) VALUE { V( MAG_Mid30,MAG31 ) }
1193 E_ABM_2ndAP_MAG31 ( v_ApB31 0 ) VALUE { V( MAG_Mid31,MAG32 ) }
1194 E_ABM_2ndAP_MAG32 ( v_ApB32 0 ) VALUE { V( MAG_Mid32,MAG33 ) }
1195 E_ABM_2ndAP_MAG33 ( v_ApB33 0 ) VALUE { V( MAG_Mid33,MAG34 ) }
1196 E_ABM_2ndAP_MAG34 ( v_ApB34 0 ) VALUE { V( MAG_Mid34,MAG35 ) }
1197 E_ABM_2ndAP_MAG35 ( v_ApB35 0 ) VALUE { V( MAG_Mid35,MAG36 ) }
1198 E_ABM_2ndAP_MAG36 ( v_ApB36 0 ) VALUE { V( MAG_Mid36,MAG37 ) }
1199 E_ABM_2ndAP_MAG37 ( v_ApB37 0 ) VALUE { V( MAG_Mid37,MAG38 ) }
1200 E_ABM_2ndAP_MAG38 ( v_ApB38 0 ) VALUE { V( MAG_Mid38,MAG39 ) }
1201 E_ABM_2ndAP_MAG39 ( v_ApB39 0 ) VALUE { V( MAG_Mid39,MAG40 ) }
1202 E_ABM_2ndAP_MAG40 ( v_ApB40 0 ) VALUE { V( MAG_Mid40,MAG41 ) }
1203 E_ABM_2ndAP_MAG41 ( v_ApB41 0 ) VALUE { V( MAG_Mid41,MAG42 ) }
1204 E_ABM_2ndAP_MAG42 ( v_ApB42 0 ) VALUE { V( MAG_Mid42,MAG43 ) }
1205 E_ABM_2ndAP_MAG43 ( v_ApB43 0 ) VALUE { V( MAG_Mid43,MAG44 ) }
1206 E_ABM_2ndAP_MAG44 ( v_ApB44 0 ) VALUE { V( MAG_Mid44,MAG45 ) }
1207 E_ABM_2ndAP_MAG45 ( v_ApB45 0 ) VALUE { V( MAG_Mid45,MAG46 ) }
1208 E_ABM_2ndAP_MAG46 ( v_ApB46 0 ) VALUE { V( MAG_Mid46,MAG47 ) }
1209 E_ABM_2ndAP_MAG47 ( v_ApB47 0 ) VALUE { V( MAG_Mid47,MAG48 ) }
1210 E_ABM_2ndAP_MAG48 ( v_ApB48 0 ) VALUE { V( MAG_Mid48,MAG49 ) }
1211 E_ABM_2ndAP_MAG49 ( v_ApB49 0 ) VALUE { V( MAG_Mid49,MAG50 ) }
1212 E_ABM_2ndAP_MAG50 ( v_ApB50 0 ) VALUE { V( MAG_Mid50,MAG51 ) }
1213 E_ABM_2ndAP_MAG51 ( v_ApB51 0 ) VALUE { V( MAG_Mid51,MAG52 ) }
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1214 E_ABM_2ndAP_MAG52 ( v_ApB52 0 ) VALUE { V( MAG_Mid52,MAG53 ) }
1215 E_ABM_2ndAP_MAG53 ( v_ApB53 0 ) VALUE { V( MAG_Mid53,MAG54 ) }
1216 E_ABM_2ndAP_MAG54 ( v_ApB54 0 ) VALUE { V( MAG_Mid54,MAG55 ) }
1217 E_ABM_2ndAP_MAG55 ( v_ApB55 0 ) VALUE { V( MAG_Mid55,MAG56 ) }
1218 E_ABM_2ndAP_MAG56 ( v_ApB56 0 ) VALUE { V( MAG_Mid56,MAG57 ) }
1219 E_ABM_2ndAP_MAG57 ( v_ApB57 0 ) VALUE { V( MAG_Mid57,MAG58 ) }
1220 E_ABM_2ndAP_MAG58 ( v_ApB58 0 ) VALUE { V( MAG_Mid58,MAG59 ) }
1221 E_ABM_2ndAP_MAG59 ( v_ApB59 0 ) VALUE { V( MAG_Mid59,MAG60 ) }
1222 E_ABM_2ndAP_MAG60 ( v_ApB60 0 ) VALUE { V( MAG_Mid60,MAG61 ) }
1223 E_ABM_2ndAP_MAG61 ( v_ApB61 0 ) VALUE { V( MAG_Mid61,MAG62 ) }
1224 E_ABM_2ndAP_MAG62 ( v_ApB62 0 ) VALUE { V( MAG_Mid62,MAG63 ) }
1225 E_ABM_2ndAP_MAG63 ( v_ApB63 0 ) VALUE { V( MAG_Mid63,MAG64 ) }
1226 E_ABM_2ndAP_MAG64 ( v_ApB64 0 ) VALUE { V( MAG_Mid64,MAG65 ) }
1227 E_ABM_2ndAP_MAG65 ( v_ApB65 0 ) VALUE { V( MAG_Mid65,MAG66 ) }
1228 E_ABM_2ndAP_MAG66 ( v_ApB66 0 ) VALUE { V( MAG_Mid66,MAG67 ) }
1229 E_ABM_2ndAP_MAG67 ( v_ApB67 0 ) VALUE { V( MAG_Mid67,MAG68 ) }
1230 E_ABM_2ndAP_MAG68 ( v_ApB68 0 ) VALUE { V( MAG_Mid68,MAG69 ) }
1231 E_ABM_2ndAP_MAG69 ( v_ApB69 0 ) VALUE { V( MAG_Mid69,MAG70 ) }
1232 E_ABM_2ndAP_MAG70 ( v_ApB70 0 ) VALUE { V( MAG_Mid70,MAG71 ) }
1233 E_ABM_2ndAP_MAG71 ( v_ApB71 0 ) VALUE { V( MAG_Mid71,MAG72 ) }
1234 E_ABM_2ndAP_MAG72 ( v_ApB72 0 ) VALUE { V( MAG_Mid72,MAG73 ) }
1235 E_ABM_2ndAP_MAG73 ( v_ApB73 0 ) VALUE { V( MAG_Mid73,MAG74 ) }
1236 E_ABM_2ndAP_MAG74 ( v_ApB74 0 ) VALUE { V( MAG_Mid74,MAG75 ) }
1237 E_ABM_2ndAP_MAG75 ( v_ApB75 0 ) VALUE { V( MAG_Mid75,MAG76 ) }
1238 E_ABM_2ndAP_MAG76 ( v_ApB76 0 ) VALUE { V( MAG_Mid76,MAG77 ) }
1239 E_ABM_2ndAP_MAG77 ( v_ApB77 0 ) VALUE { V( MAG_Mid77,MAG77_Out ) }
1240 E_ABM_2ndAP_MAG78 ( v_ApB78 0 ) VALUE { V( MAG_Mid78,MAG79 ) }
1241 E_ABM_2ndAP_MAG79 ( v_ApB79 0 ) VALUE { V( MAG_Mid79,MAG80 ) }
1242 E_ABM_2ndAP_MAG80 ( v_ApB80 0 ) VALUE { V( MAG_Mid80,MAG81 ) }
1243 E_ABM_2ndAP_MAG81 ( v_ApB81 0 ) VALUE { V( MAG_Mid81,MAG82 ) }
1244 E_ABM_2ndAP_MAG82 ( v_ApB82 0 ) VALUE { V( MAG_Mid82,MAG83 ) }
1245 E_ABM_2ndAP_MAG83 ( v_ApB83 0 ) VALUE { V( MAG_Mid83,MAG84 ) }
1246 E_ABM_2ndAP_MAG84 ( v_ApB84 0 ) VALUE { V( MAG_Mid84,MAG85 ) }
1247 E_ABM_2ndAP_MAG85 ( v_ApB85 0 ) VALUE { V( MAG_Mid85,MAG86 ) }
1248 E_ABM_2ndAP_MAG86 ( v_ApB86 0 ) VALUE { V( MAG_Mid86,MAG87 ) }
1249 E_ABM_2ndAP_MAG87 ( v_ApB87 0 ) VALUE { V( MAG_Mid87,MAG88 ) }
1250 E_ABM_2ndAP_MAG88 ( v_ApB88 0 ) VALUE { V( MAG_Mid88,MAG89 ) }
1251 E_ABM_2ndAP_MAG89 ( v_ApB89 0 ) VALUE { V( MAG_Mid89,MAG90 ) }
1252 E_ABM_2ndAP_MAG90 ( v_ApB90 0 ) VALUE { V( MAG_Mid90,MAG91 ) }
1253 E_ABM_2ndAP_MAG91 ( v_ApB91 0 ) VALUE { V( MAG_Mid91,MAG92 ) }
1254 E_ABM_2ndAP_MAG92 ( v_ApB92 0 ) VALUE { V( MAG_Mid92,MAG93 ) }
1255 E_ABM_2ndAP_MAG93 ( v_ApB93 0 ) VALUE { V( MAG_Mid93,MAG94 ) }
1256 E_ABM_2ndAP_MAG94 ( v_ApB94 0 ) VALUE { V( MAG_Mid94,MAG95 ) }
1257 E_ABM_2ndAP_MAG95 ( v_ApB95 0 ) VALUE { V( MAG_Mid95,MAG96 ) }
1258 E_ABM_2ndAP_MAG96 ( v_ApB96 0 ) VALUE { V( MAG_Mid96,MAG97 ) }
1259 E_ABM_2ndAP_MAG97 ( v_ApB97 0 ) VALUE { V( MAG_Mid97,MAG98 ) }
1260 E_ABM_2ndAP_MAG98 ( v_ApB98 0 ) VALUE { V( MAG_Mid98,MAG99 ) }
1261 E_ABM_2ndAP_MAG99 ( v_ApB99 0 ) VALUE { V( MAG_Mid99,MAG100 ) }
1262 E_ABM_2ndAP_MAG100 ( v_ApB100 0 ) VALUE { V( MAG_Mid100,MAG101 ) }
1263 E_ABM_2ndAP_MAG101 ( v_ApB101 0 ) VALUE { V( MAG_Mid101,MAG102 ) }
1264 E_ABM_2ndAP_MAG102 ( v_ApB102 0 ) VALUE { V( MAG_Mid102,MAG103 ) }
1265 E_ABM_2ndAP_MAG103 ( v_ApB103 0 ) VALUE { V( MAG_Mid103,MAG104 ) }
1266 E_ABM_2ndAP_MAG104 ( v_ApB104 0 ) VALUE { V( MAG_Mid104,MAG105 ) }
1267 E_ABM_2ndAP_MAG105 ( v_ApB105 0 ) VALUE { V( MAG_Mid105,MAG106 ) }
1268 E_ABM_2ndAP_MAG106 ( v_ApB106 0 ) VALUE { V( MAG_Mid106,MAG107 ) }
1269 E_ABM_2ndAP_MAG107 ( v_ApB107 0 ) VALUE { V( MAG_Mid107,MAG108 ) }
1270 E_ABM_2ndAP_MAG108 ( v_ApB108 0 ) VALUE { V( MAG_Mid108,MAG109 ) }
1271 E_ABM_2ndAP_MAG109 ( v_ApB109 0 ) VALUE { V( MAG_Mid109,MAG110 ) }
1272 E_ABM_2ndAP_MAG110 ( v_ApB110 0 ) VALUE { V( MAG_Mid110,MAG111 ) }
1273 E_ABM_2ndAP_MAG111 ( v_ApB111 0 ) VALUE { V( MAG_Mid111,MAG112 ) }
1274 E_ABM_2ndAP_MAG112 ( v_ApB112 0 ) VALUE { V( MAG_Mid112,MAG113 ) }
1275 E_ABM_2ndAP_MAG113 ( v_ApB113 0 ) VALUE { V( MAG_Mid113,MAG114 ) }
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1276 E_ABM_2ndAP_MAG114 ( v_ApB114 0 ) VALUE { V( MAG_Mid114,MAG115 ) }
1277 E_ABM_2ndAP_MAG115 ( v_ApB115 0 ) VALUE { V( MAG_Mid115,MAG116 ) }
1278 E_ABM_2ndAP_MAG116 ( v_ApB116 0 ) VALUE { V( MAG_Mid116,MAG117 ) }
1279 E_ABM_2ndAP_MAG117 ( v_ApB117 0 ) VALUE { V( MAG_Mid117,MAG118 ) }
1280 E_ABM_2ndAP_MAG118 ( v_ApB118 0 ) VALUE { V( MAG_Mid118,MAG119 ) }
1281 E_ABM_2ndAP_MAG119 ( v_ApB119 0 ) VALUE { V( MAG_Mid119,MAG120 ) }
1282 E_ABM_2ndAP_MAG120 ( v_ApB120 0 ) VALUE { V( MAG_Mid120,MAG121 ) }
1283 E_ABM_2ndAP_MAG121 ( v_ApB121 0 ) VALUE { V( MAG_Mid121,MAG122 ) }
1284 E_ABM_2ndAP_MAG122 ( v_ApB122 0 ) VALUE { V( MAG_Mid122,MAG123 ) }
1285 E_ABM_2ndAP_MAG123 ( v_ApB123 0 ) VALUE { V( MAG_Mid123,MAG124 ) }
1286 E_ABM_2ndAP_MAG124 ( v_ApB124 0 ) VALUE { V( MAG_Mid124,MAG125 ) }
1287 E_ABM_2ndAP_MAG125 ( v_ApB125 0 ) VALUE { V( MAG_Mid125,MAG126 ) }
1288 E_ABM_2ndAP_MAG126 ( v_ApB126 0 ) VALUE { V( MAG_Mid126,MAG127 ) }
1289 E_ABM_2ndAP_MAG127 ( v_ApB127 0 ) VALUE { V( MAG_Mid127,MAG128 ) }
1290 E_ABM_2ndAP_MAG128 ( v_ApB128 0 ) VALUE { V( MAG_Mid128,MAG129 ) }
1291 E_ABM_2ndAP_MAG129 ( v_ApB129 0 ) VALUE { V( MAG_Mid129,MAG130 ) }
1292 E_ABM_2ndAP_MAG130 ( v_ApB130 0 ) VALUE { V( MAG_Mid130,MAG131 ) }
1293 E_ABM_2ndAP_MAG131 ( v_ApB131 0 ) VALUE { V( MAG_Mid131,MAG132 ) }
1294 E_ABM_2ndAP_MAG132 ( v_ApB132 0 ) VALUE { V( MAG_Mid132,MAG133 ) }
1295 E_ABM_2ndAP_MAG133 ( v_ApB133 0 ) VALUE { V( MAG_Mid133,MAG134 ) }
1296 E_ABM_2ndAP_MAG134 ( v_ApB134 0 ) VALUE { V( MAG_Mid134,MAG135 ) }
1297 E_ABM_2ndAP_MAG135 ( v_ApB135 0 ) VALUE { V( MAG_Mid135,MAG136 ) }
1298 E_ABM_2ndAP_MAG136 ( v_ApB136 0 ) VALUE { V( MAG_Mid136,MAG137 ) }
1299 E_ABM_2ndAP_MAG137 ( v_ApB137 0 ) VALUE { V( MAG_Mid137,MAG138 ) }
1300 E_ABM_2ndAP_MAG138 ( v_ApB138 0 ) VALUE { V( MAG_Mid138,MAG139 ) }
1301 E_ABM_2ndAP_MAG139 ( v_ApB139 0 ) VALUE { V( MAG_Mid139,MAG140 ) }
1302 E_ABM_2ndAP_MAG140 ( v_ApB140 0 ) VALUE { V( MAG_Mid140,MAG141 ) }
1303 E_ABM_2ndAP_MAG141 ( v_ApB141 0 ) VALUE { V( MAG_Mid141,MAG142 ) }
1304 E_ABM_2ndAP_MAG142 ( v_ApB142 0 ) VALUE { V( MAG_Mid142,MAG143 ) }
1305 E_ABM_2ndAP_MAG143 ( v_ApB143 0 ) VALUE { V( MAG_Mid143,MAG144 ) }
1306 E_ABM_2ndAP_MAG144 ( v_ApB144 0 ) VALUE { V( MAG_Mid144,MAG145 ) }
1307 E_ABM_2ndAP_MAG145 ( v_ApB145 0 ) VALUE { V( MAG_Mid145,MAG146 ) }
1308 E_ABM_2ndAP_MAG146 ( v_ApB146 0 ) VALUE { V( MAG_Mid146,MAG147 ) }
1309 E_ABM_2ndAP_MAG147 ( v_ApB147 0 ) VALUE { V( MAG_Mid147,MAG148 ) }
1310 E_ABM_2ndAP_MAG148 ( v_ApB148 0 ) VALUE { V( MAG_Mid148,MAG149 ) }
1311 E_ABM_2ndAP_MAG149 ( v_ApB149 0 ) VALUE { V( MAG_Mid149,MAG150 ) }
1312 E_ABM_2ndAP_MAG150 ( v_ApB150 0 ) VALUE { V( MAG_Mid150,MAG151 ) }
1313 E_ABM_2ndAP_MAG151 ( v_ApB151 0 ) VALUE { V( MAG_Mid151,MAG152 ) }
1314 E_ABM_2ndAP_MAG152 ( v_ApB152 0 ) VALUE { V( MAG_Mid152,MAG153 ) }
1315 E_ABM_2ndAP_MAG153 ( v_ApB153 0 ) VALUE { V( MAG_Mid153,MAG154 ) }
1316 E_ABM_2ndAP_MAG154 ( v_ApB154 0 ) VALUE { V( MAG_Mid154,MAG154_Out ) }
1317 ∗
1318 ∗ So lve r Options
1319 .OPTION
1320 + RELTOL=0.01
1321 + VNTOL=1.0E−6
1322 + ABSTOL=1.0E−10
1323 + CHGTOL=1.0E−14
1324 + GMIN=1.0E−10
1325 + ITL1=400
1326 + ITL2=20
1327 + ITL4=400
1328 + TNOM=27.0
1329 ∗
1330 ∗ Autoconverge Options
1331 .AUTOCONVERGE
1332 + RELTOL=0.05
1333 + VNTOL=0.001
1334 + ABSTOL=1.0E−5
1335 + ITL1=1000
1336 + ITL2=1000
1337 + ITL4=1000
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Section

1338 ∗
1339 ∗ Trans ient Options
1340 ∗
1341 ∗ AC Options
1342 .AC DEC 10000 0 .1 10kHz
1343

1344 .PROBE
1345

1346 .END

Listing A.6: Pspice code for RB

1

2 ∗ PSPICE RB MB−MBGnd components l i b r a r y
3 ∗ 2015/09/17 CERN
4 ∗ Lorenzo Bortot
5

6 ∗ Subc i r cu i t : RB_MBDipole −− Simulink Schematics Ava i l ab l e
7 . subckt RB_MB_Dipole 1_pIn 1_pMid 1_pOut 1_pGND
8 + PARAMS:
9 + r1=10 r2=10

10 + rGnd1=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06
11

12 . param l_mag = 98e−3
13 ∗ . param l_mag = 100e−3
14

15 . param c_mag_gnd = 300e−9
16 . param k = 0.75
17

18 ∗ Inner Busbar
19 v1_bbIn_PH (1_pIn 100) 0
20

21 ∗ Inductor s
22 l 1 (100 101) {(1−k ) ∗l_mag/2}
23 l 2 (101 102) {(k ) ∗l_mag/2}
24 l 3 (102 103) {(1−k ) ∗l_mag/2}
25 l 4 (103 104) {(k ) ∗l_mag/2}
26

27 ∗Re s i s t o r s a s s o c i a t ed to Joule l o s s e s in the ape r tu r e s
28 r1 (101 102) { r1 }
29 r2 (103 104) { r2 }
30

31 ∗Midport f o r p i ck ing up vo l tage a c r o s s each aper ture
32 v1_bbMid_PH (102 1_pMid) 0
33

34 ∗Res i s t o r in p a r a l l e l
35 rp (100 104) 100
36

37 ∗Protec t ing diode
38 x_diode1 (100 104) RB_MB_DiodeFwdBypass_6V
39

40 ∗Re s i s t o r s to GND
41 rGnd1 (100 1_pGND) {rGnd1}
42 rGnd2_3 (102 1_pGND) {rGnd2∗rGnd3/( rGnd2+rGnd3 ) }
43 rGnd4 (104 1_pGND) {rGnd4}
44

45 ∗Capac i tors to GND
46 c1 (100 1_pGND) {c_mag_gnd/4}
47 c2_3 (102 1_pGND) {c_mag_gnd/2}
48 c4 (104 1_pGND) {c_mag_gnd/4}
49

50 ∗Outer Busbar
51 v1_bbOut_PH (104 1_pOut) 0

123



Appendix A. Sample of Matlab and Pspice code

52 . ends

1

2 . subckt RB_MB_Dipole_3capmod 1_pIn 1_pMid 1_pOut 1_pGND
3 + PARAMS:
4 + r1=10 r2=10
5 + rGnd1=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06
6

7 ∗2∗L_measured
8 ∗ . param l_mag = 0.0776
9 ∗ . param l_mag = 93.7650 e−3

10 . param l_mag = 93.7650 e−3
11 ∗k_A
12 . param c_mag_gnd = 300e−9
13 . param c_p = 3.5846 e−07
14 . param k = 0.75
15 ∗R=7.4503
16 ∗ ext ra
17 ∗ . param l_p = 0.4195
18 ∗ . param r_xtra = 1.1887
19

20 ∗ Inner Busbar
21 v1_bbIn_PH (1_pIn 100) 0
22

23 ∗ Inductor s
24 l 1 (100 101) {(1−k ) ∗l_mag/2}
25 l 2 (101 102) {(k ) ∗l_mag/2}
26 l 3 (102 103) {(1−k ) ∗l_mag/2}
27 l 4 (103 104) {(k ) ∗l_mag/2}
28

29 ∗Re s i s t o r s a s s o c i a t ed to Joule l o s s e s in the ape r tu r e s
30 r1 (101 102) { r1 }
31 r2 (103 104) { r2 }
32

33 ∗Midport f o r p i ck ing up vo l tage a c r o s s each aper ture
34 v1_bbMid_PH (102 1_pMid) 0
35

36 ∗Res i s t o r in p a r a l l e l
37 rp (100 104) 100
38

39 ∗ Pa r a l l e l components
40 ∗ l 5 (100 105) {l_p}
41 ∗ rp2 (105 104) { r_xtra}
42

43 ∗Protec t ing diode
44 x_diode1 (100 104) RB_MB_DiodeFwdBypass_6V
45

46 ∗Re s i s t o r s to GND
47 rGnd1 (100 1_pGND) {rGnd1}
48 rGnd2_3 (102 1_pGND) {rGnd2∗rGnd3/( rGnd2+rGnd3 ) }
49 rGnd4 (104 1_pGND) {rGnd4}
50

51

52

53 ∗3 cap
54 c2 (101 1_pGND) {c_mag_gnd/3}
55 c2_3 (102 1_pGND) {c_mag_gnd/3}
56 c3 (103 1_pGND) {c_mag_gnd/3}
57

58 ∗Outer Busbar
59 v1_bbOut_PH (104 1_pOut) 0
60 . ends
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Section

1

2 ∗ Subc i r cu i t : RB_MBDipole d i s t r i b u t e d capac i tance −− Simulink Schematics
Ava i l ab l e

3 . subckt RB_MB_Dipole_7cap 1_pIn 1_pMid 1_pOut 1_pGND
4 + PARAMS:
5 + r1=10 r2=10
6 + rGnd1=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06
7

8 ∗2∗L_measured
9 . param l_mag = 93.7650 e−3

10

11 ∗k_A
12 . param c_mag_gnd = 300e−9
13 . param k = 0.75
14

15

16 ∗ Inner Busbar
17 v1_bbIn_PH (1_pIn 100) 0
18

19 ∗ Inductor s
20 l 1 (100 101) {(1−k ) ∗l_mag/4}
21 l 2 (101 102) {(1−k ) ∗l_mag/4}
22 l 3 (102 103) {(k ) ∗l_mag/4}
23 l 4 (103 104) {(k ) ∗l_mag/4}
24 l 5 (104 105) {(1−k ) ∗l_mag/4}
25 l 6 (105 106) {(1−k ) ∗l_mag/4}
26 l 7 (106 107) {(k ) ∗l_mag/4}
27 l 8 (107 108) {(k ) ∗l_mag/4}
28

29 ∗Re s i s t o r s a s s o c i a t ed to Joule l o s s e s in the ape r tu r e s
30 r1 (102 103) { r1 /2}
31 r2 (103 104) { r1 /2}
32 r3 (106 107) { r2 /2}
33 r4 (107 108) { r2 /2}
34

35 ∗Midport f o r p i ck ing up vo l tage a c r o s s each aper ture
36 v1_bbMid_PH (104 1_pMid) 0
37

38 ∗Res i s t o r in p a r a l l e l
39 rp (100 108) 100
40

41 ∗Protec t ing diode
42 x_diode1 (100 108) RB_MB_DiodeFwdBypass_6V
43

44 ∗Re s i s t o r s to GND
45 rGnd1 (100 1_pGND) {rGnd1}
46 rGnd2_3 (104 1_pGND) {rGnd2∗rGnd3/( rGnd2+rGnd3 ) }
47 rGnd4 (108 1_pGND) {rGnd4}
48

49 ∗Capac i tors to GND
50 c2 (101 1_pGND) {c_mag_gnd/8}
51 c3 (102 1_pGND) {c_mag_gnd/8}
52 c4 (103 1_pGND) {c_mag_gnd/8}
53 c5 (104 1_pGND) {c_mag_gnd/4}
54 c6 (105 1_pGND) {c_mag_gnd/8}
55 c7 (106 1_pGND) {c_mag_gnd/8}
56 c8 (107 1_pGND) {c_mag_gnd/8}
57

58 ∗Outer Busbar
59 v1_bbOut_PH (108 1_pOut) 0
60 . ends

1
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Appendix A. Sample of Matlab and Pspice code

2 . subckt RB_MB_Dipole9cap 1_pIn 1_pMid 1_pOut 1_pGND
3 + PARAMS:
4 + r1=10 r2=10
5 + rGnd1=11e06 rGnd2=11e06 rGnd3=11e06 rGnd4=11e06
6

7 ∗2∗L_measured
8 . param l_mag = 93.7650 e−3
9

10 ∗k_A
11 . param c_mag_gnd = 300e−9
12 . param k = 0.75
13

14

15

16 ∗ ext ra
17 . param lpa r = 0 .1 e−6
18

19 ∗ Inner Busbar
20 v1_bbIn_PH (1_pIn 99) 0
21

22 ∗ Inductor s
23 l 0 (99 100) { lpa r }
24 l 1 (100 101) {(1−k ) ∗l_mag/4}
25 l 2 (101 102) {(1−k ) ∗l_mag/4}
26 l 3 (102 103) {(k ) ∗l_mag/4}
27 l 4 (103 104) {(k ) ∗l_mag/4}
28 l 5 (104 105) {(1−k ) ∗l_mag/4}
29 l 6 (105 106) {(1−k ) ∗l_mag/4}
30 l 7 (106 107) {(k ) ∗l_mag/4}
31 l 8 (107 108) {(k ) ∗l_mag/4}
32 l 9 (108 109) { lpa r }
33

34 ∗Re s i s t o r s a s s o c i a t ed to Joule l o s s e s in the ape r tu r e s
35 r1 (102 103) { r1 /2}
36 r2 (103 104) { r1 /2}
37 r3 (106 107) { r2 /2}
38 r4 (107 108) { r2 /2}
39

40 ∗Midport f o r p i ck ing up vo l tage a c r o s s each aper ture
41 v1_bbMid_PH (104 1_pMid) 0
42

43 ∗Res i s t o r in p a r a l l e l
44 rp (99 109) 100
45

46 ∗Protec t ing diode
47 x_diode1 (99 109) RB_MB_DiodeFwdBypass_6V
48

49 ∗Re s i s t o r s to GND
50 rGnd1 (100 1_pGND) {rGnd1}
51 rGnd2_3 (104 1_pGND) {rGnd2∗rGnd3/( rGnd2+rGnd3 ) }
52 rGnd4 (108 1_pGND) {rGnd4}
53

54 ∗Capac i tors to GND
55

56 c1 (100 1_pGND) {c_mag_gnd/10}
57 c2 (101 1_pGND) {c_mag_gnd/10}
58 c3 (102 1_pGND) {c_mag_gnd/10}
59 c4 (103 1_pGND) {c_mag_gnd/10}
60 c5 (104 1_pGND) {c_mag_gnd/5}
61 c6 (105 1_pGND) {c_mag_gnd/10}
62 c7 (106 1_pGND) {c_mag_gnd/10}
63 c8 (107 1_pGND) {c_mag_gnd/10}
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Section

64 c9 (108 1_pGND) {c_mag_gnd/10}
65

66

67 ∗Outer Busbar
68 v1_bbOut_PH (109 1_pOut) 0
69 . ends
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Appendix B

PSO fits
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Figure B.1: PSO fit of parameters for Magnet 1
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Appendix B. PSO fits
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Figure B.2: TV E2 for PSO fit of Magnet 1
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Figure B.3: PSO fit of parameters for Magnet 2
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Figure B.4: TV E2 for PSO fit of Magnet 2
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Figure B.5: PSO fit of parameters for Magnet 51
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Figure B.6: TV E2 for PSO fit of Magnet 51
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Figure B.7: PSO fit of parameters for Magnet 138
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Figure B.8: TV E2 for PSO fit of Magnet 138
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Figure B.9: PSO fit of parameters for Magnet 154
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Figure B.10: TV E2 for PSO fit of Magnet 154
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Figure B.11: PSO fit of parameters for Series 3000
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Figure B.12: TV E2 for PSO fit of Series 3000
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Figure B.13: PSO fit of parameters for All Magnets
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Figure B.14: TV E2 for PSO fit of All Magnets
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Appendix C

Meissner region

To evaluate the current range for operating in the Meissner phase for a Type II superconduc-
tor it is essential to know the lower critical field Bc1. Unfortunately, this data has not been
possible to obtain for Nb-Ti. According to Mangin, the critical field for an niobium wire is
0.18 [T]. [36, p. 113] Subsequently, it has been assumes that Nb-Ti takes a similar value of
Bc1. The lower critical field at 1.9 [K] can be estimated utiziling

Bc1(T ) = Bc1(0) ·
Ç

1−
Å
T

Tc

ã2å
, T (C.1)

which produces the value Bc1(1.9 [K]) = 0.1723 [T]. Moreover, one assumes a linear relation
between magnetic flux density and current. This implies that the Meissner phase follows up
to 223.5 [A], and that the field at 1 [A] is evaluated to be

B(1[A]) = 7.7089 · 10−4. T (C.2)

One can safely conclude that the frequency transfer measurements of the MB impedance
have been performed in the Meissner phase.

137





Appendix D

Distributed capacitance models

Figure D.1: Distributed capacitance model with 3 capacitances as implemented in Pspice

Figure D.2: Distributed capacitance model with 7 capacitances as implemented in Pspice
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Appendix D. Distributed capacitance models

Figure D.3: Distributed capacitance model with 9 capacitances as implemented in Pspice
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Appendix E

Element quality by meshing level

Figure E.1: Element quality extreme fine mesh
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Appendix E. Element quality by meshing level

Figure E.2: Element quality fine mesh
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Section

Figure E.3: Element quality coarse mesh
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Appendix E. Element quality by meshing level

Figure E.4: Element quality extreme coarse mesh
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Section

Figure E.5: Element quality manually coarse mesh
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