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Heat transfer in High Field Superconducting Accelerator Magnets

ABSTRACT

This monograph comprehensively describes the problem of heat transfer in superconducting
accelerator magnets, which generate high magnetic fields and are cooled with superfluid helium
at temperature of 1.9 K or normal fluid helium at a temperature of 4.2 K. The main objective of
the research presented in the monography was to optimize the heat transfer in superconducting
magnets in terms of their operation in accelerators. The magnets are affected by the shower of
secondary particles generated by the particles lost from the beam or particle debris from
experiments. The optimization of heat transfer in the superconducting magnets is essential for
accelerator efficiency during the collection of the data for physics analyses. The quench of
magnets stops accelerator operation and affects the integrated luminosity

The superconductors are characterized by the critical surface determined by three parameters:
the critical temperature (T¢), the critical current density (Jc) and the critical magnetic field (Bc).
The particles lost from the beams or coming from the collision debris are hitting the vacuum pipe
and generating a shower of secondary particles, which deposits energy in the magnets coils
causing increase of the conductor temperature above a critical one and in consequence provokes
the quench of magnets. A quench is the transition of a conductor from the superconducting to the
normal conducting state which occurs irreversibly in the superconducting magnets if one of the
three parameters: the magnetic field, the current density or the temperature exceeds a critical
value. In the research described in this monography the studied critical parameter is the
temperature and the figure of merit is the energy deposited in the conductor volume at which the
guench occurs.

This monograph contains the historical background and the overview of existing methods of
solving of the heat transfer problem in multilayer systems, for example in the superconducting
magnets. An essential part of the monography is the presentation of the original approach to the
problem of optimizing the heat flow in superconducting magnets, designed and developed by the
author of this monography and the experimental validation of this method carried out in the form
of mini-experiments, planned and executed by the author at CERN.

In the monograph the details of calculations and measurements for the superconducting
magnets currently installed and operating in the LHC are described as well as the status and
analysis of superconducting magnets developed for the LHC upgrade in ~2025. The monograph
focuses on the heat transfer from the superconductor to the heat exchanger through a multilayer
structure made of solid elements and channels occupied by the normal fluid or the superfluid
helium.

This monography summarizes many years of the author’s work and experience in this field
and includes: the description of the model, the summary of the results obtained for the
superconducting magnets installed in the LHC, the results of mini-experiments carried out at
CERN and FERMILAB and a description of applications of the developed model in the process
of design of a new superconducting magnets for the LHC upgrade. The examples of alternative
numeric calculations and measurements are briefly discussed and extended bibliography is
presented.

Keywords: Superconductivity, superconducting magnets, quench, particle accelerators, LHC,
heat transfer, cryogenics, superfluidity.
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STRESZCZENIE

Niniejsza rozprawa habilitacyjna stanowi catosciowe, monograficzne przedstawienie
problemu transportu ciepta w akceleratorowych elektromagnesach nadprzewodnikowych,
wytwarzajacych wysokie pole magnetyczne i chtodzonych nadcieklym helem o temperaturze
1.9 K lub helem cieklym o temperaturze 4.2 K. Przedstawione w monografii wyniki badan maja
na celu zoptymalizowanie transportu ciepta w elektromagnesach nadprzewodnikowych
w warunkach akceleratorowych, czyli poddanych dzialaniu strumieni czastek wtornych
wygenerowanych przez czastki pierwotne utracone z wiazki lub przez pozostatosci czastek
pierwotnych ze zderzen w eksperymentach. Optymalizacja transportu ciepta przez elementy
elektromagnesow nadprzewodnikowych ma decydujace znaczenie dla wydajnej pracy
akceleratora podczas gromadzenia danych dla analiz fizycznych.

Elektromagnesy nadprzewodnikowe charakteryzowane sg przez powierzchni¢ krytyczna,
wyznaczong przez trzy parametry: temperaturg, indukcje magnetyczng oraz gesto$¢ pradu.
Czastki pierwotne z wigzki lub ich pozostalosci z eksperymentéw uderzajac w $cianki rury
prozniowej akceleratora generuja strumienie czastek wtornych, ktore deponuja energie
w cewkach elektromagnesow nadprzewodnikowych powodujac wzrost ich temperatury a w
konsekwencji quench. Quench jest zjawiskiem fizycznym podczas ktorego w elektromagnesach
akceleratorowych pracujacych w warunkach kriogenicznych nieodwracalnie przekracza si¢
warto$¢ krytyczna jednego z trzech parametrow wyznaczajacych powierzchnie krytyczna
skutkujacg przejsciem nadprzewodnika do stanu rezystywnego. W przypadku opisywanych w tej
publikacji badan parametrem krytycznym jest temperatura, za§ wielko$cig wyznaczang jest
warto$¢ energii przy ktorej nastepuje zjawisko quench-u.

Publikacja zawiera rys historyczny tego zagadnienia, przeglad istniejacych technik oraz
Wypracowane sposoby rozwigzywania problemow transportu ciepta w  ukladach
wielowarstwowych, jakimi niewatpliwie sg elektromagnesy nadprzewodnikowe. Zasadniczg
cze$cig monografii jest przedstawienie oryginalnego podejscia do problemu optymalizacji
przeptywu ciepta w elektromagnesach nadprzewodnikowych, opracowanego i rozwinigtego przez
autora monografii oraz weryfikacji eksperymentalnej tej metody przeprowadzonej w formie mini-
eksperymentoéw, zaplanowanych i przeprowadzonych przez autora w CERN. W monografii
szczegbtowo opisane zostaty obliczenia i pomiary dla elektromagneséw nadprzewodnikowych
obecnie zainstalowanych i dziatajagcych w LHC jak roéwniez status i analizy elektromagnesoéw
nadprzewodnikowych rozwijanych w celu unowoczes$nienia LHC okoto 2025 roku. Monografia
koncentruje si¢ na technikach transportu ciepta z nadprzewodnika do wymiennika ciepta
odbywajacego si¢ poprzez struktury wielowarstwowe ztozone z elementow statych oraz kanatow
dla ciektego lub nadciektego helu. Monografia stanowi podsumowanie wieloletnich doswiadczen
autora w tej dziedzinie i zawiera: opis modelu, podsumowanie wynikow obliczen uzyskanych dla
elektromagnesow zainstalowanych w LHC, wyniki mini-eksperymentéw przeprowadzonych w
CERN i FERMILAB oraz opis zastosowan rozwinietego modelu w procesie projektowania
nowych elektromagneséw nadprzewodnikowych dla LHC. Przyktady alternatywnych obliczen
numerycznych oraz pomiardw zostaly omowione skrotowo i opatrzone bogatym materiatem
bibliograficznym.

Stowa kluczowe: Nadprzewodnictwo, elektromagnesy nadprzewodnikowe, quench,
akceleratory czastek, LHC, transport ciepta, kriogenika, nadciektosc.
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STATEMENT OF AUTHOR’S CONTRIBUTION

This monograph presents the study of heat transfer in high-field accelerator superconducting
magnets and includes both its modeling and experimental validation as well as the
implementations of the developed models to optimize heat transfer in newly designed
superconducting accelerator magnets. The presented simulation and experimental work at CERN,
the validation of the results of simulation and measurements as well as the implementation of the
model to design of new magnets are the original author’s contribution. The introduction, historical
overview, discussion of simulation methods and results obtained by other scientists were
presented on the base of an extensive bibliographic review performed by the author of this
monograph.

Since 2005 the author has been conducting a detailed study of heat transfer in high-field
superconducting magnets developed or under development for Large Hadron Collider [1]-[6].
Four types of main LHC superconducting magnets were selected to be studied both by theoretical
modeling and experimental validation of simulation results: the main arc dipoles (MB) operating
at 1.9 K, the lattice quadrupoles (MQ) at 1.9 K, the long straight section insertion quadrupoles
(MQM) part of them operating at 1.9 K and part at 4.5 K and the long straight section wide
aperture insertion quadrupoles (MQY) operating at 4.5 K. All of these magnets were designed
with the Nb-Ti conductor.

During these studies the author developed a unique simulation tool, called the Network Model
which was based on the analogy of thermal and electrical networks. Also the author designed and
build a dedicated experimental hardware called the Inner Heating Apparatus (IHA) in order to
reproduce the heating of the magnet by the particles lost from the beam [4]. The results obtained
from simulations with the Network Model and their validation with the use of magnets quench
heaters (QH) and the Inner Heating Apparatus are the baseline of this monography. An extension
of this study by the Network Model implementation to different LHC optics, both for ion beams
[6] and the proton ones [7] or to ideas of enhancement of heat transfer in magnets by using a
modern insulating scheme [8]-[9] are discussed.

Later, in 2008 the author implemented a Network Model to study the heat transfer
in prototypes of the NbsSn superconducting magnets developed for the upgrade of the LHC
interaction region in ~2025, so called the inner triplet upgrade [10]-[12]. These magnets are
developed to withstand large heat loads expected at the High Luminosity LHC (HL-LHC) which
is an upgrade of the present LHC. The three families of the superconducting accelerator magnets
prototypes were studied: the Technological Quadrupole (TQ), the Long Quadrupole (LQ) and the
High-gradient Quadrupole (HQ). The next generation of LHC magnets developed for this upgrade
are based on the NbsSn conductor and the author was involved in these studies during his work
for the USA LHC Accelerator Research Program (US LARP) as a Toohig Fellow at FERMILAB.
During the Toohig fellowship the author was involved in three tasks: (1) the implementation of
the Network Model to optimize the heat transfer in the TQ, LQ and HQ magnets [13];
(2) the characterization of the NbsSN conductor by studying strands behavior during the reaction
[14], (3) the investigation of the coil production process to find the problem between the TQ and
HQ coils performances after reaction [15].

All of the author’s work presented in this monograph was organized in the way of complete
mini-projects. First a theoretical model (the Network Model) was developed. As an initial step,
the model of the MB based on its geometry and materials used for the MB construction was
prepared. The model included the full thermal path of the MB magnet, namely from the
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superconducting magnets coil, through the electrical insulation of the superconducting cables to
the heat reservoir. The simulated conditions were corresponding to the operating conditions of
the particle accelerator, in this case the LHC at CERN. An extensive study of the thermal
properties of materials used to build the superconducting magnet as well as the coolant
distribution in the magnet structure were performed.

At the initial phase of this work the results were validated with measurements performed by
the author with one quench heater of the magnet connected to the current source. Successful
validation of the MB model triggered further modeling work and models of the MQ, MQM and
MQY magnets were prepared and validated with measurements. After that the second method of
experimental validation of simulated results was developed. The author designed and built the
Inner Heating Apparatus. This heating system was installed inside the magnet in order to simulate
the heating of the magnet coil by the accelerated beam.

The outcome of these studies allowed to determine the limits for the thermal stability of the
magnets for the LHC and its future upgrades. The author developed the heat transfer model and
the measurement setups to validate and quantitatively explain the experimental results of the LHC
and the HL-LHC magnet quench. The heat extraction mechanisms were identified and studied in
details, especially the cooling efficiency of the micro-channels occupied by normal fluid or
superfluid helium.

The author also supervised summer students at FERMILAB, who were involved in collecting
available material thermal properties data in all kind of databases and publications, and to prepare
the software which interfaced the Network Model with FLUKA and MARS data [16]-[17].

To conclude, the author of the monography used the Network Model to study the thermal
stability of the LHC and the HL-LHC magnets and to estimate their quench limits for expected
beam loss profiles given by FLUKA and MARS. The results of this work were one of the vital
components which allowed for a safe initial operation of the LHC accelerator superconducting
magnets.
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Chapter |
Introduction

The superconducting magnets are an essential part of large particle accelerators. The
operation of such superconducting devices require careful control of both electric power
and cryogenic systems [18]-[20]. The main challenge of the accelerators and the storage
rings operating with the superconducting magnets is their protection against the energy
deposits to the coils from the particles lost from the beam. A relatively small fraction of
the accelerated particles lost from the beam can provoke a superconducting magnets
quench. For this reason a number of magnets and accelerator protection systems were
developed. The protection systems require the determination of the level of values at
which they are triggered. In case of accelerator superconducting magnets the crucial value
is called the quench level i.e. the amount of energy deposited in the superconductor which
causes an irreversible transition of the superconductor in the magnet coil from
superconducting to a normal conducting state. All studies presented in this monography
are leading to the determination of quench levels of all families of magnets installed in
the LHC or developed for the LHC upgrade at different steady-state operational
conditions.

1.1 Organization of the document

This monograph describes the complex modeling of heat transfer in superconducting
accelerator magnets, the model validation with measurements and the implementation of
the model to optimize the heat transfer in superconducting magnets designed for the LHC
upgrade.

Chapter I provides a short introduction to the motivation of writing of this monograph,
the list of discussed topics and information which issues will not be discussed. Chapter 11
presents some general information about superconductivity. Superconductors exhibit a
unique set of properties, which are summarized in this chapter. Here, only basic
information is given as well as the bibliography for better theoretical understanding of
the phenomena of superconductivity. Chapter Ill gives a short introduction of current
development of superconducting accelerator magnets and a compact historical overview
with rich bibliographic references, followed by some details about superconducting
magnet technology. Chapter IV discusses the heat transfer at cryogenic temperatures with
the focus on multilayer structures and smoothly goes to a complex multilayer system of
superconducting magnets including: the conductor, the electrical insulation, the helium
and heat exchangers with particular attention to heat flow barriers resulting from a
technological solution used during magnet design. There are always two challenges of
design of superconducting magnets: electrical and thermal. The electrical challenge is
wanting to increase thickness of the insulation to electrically protect the magnet and the
thermal challenge is wanting to decrease the thickness of the insulation to provide
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efficient cooling. Always the compromise between these to design issues have to be found
in development of superconducting magnets. Chapters V to VII cover the description of
the main achievement of the author and include the heat transfer modeling with the
Network Model, the validation of model results with the dedicated tooling developed by
the author and the implementations of the Network Model in the design process of new
superconducting magnets. Chapter VI1II covers a summary and description of plans of
further development of the model and validation methods in view of the LHC upgrade
around 2025 and possible implementation to the Future Circular Collider thermal studies.

|.2 Motivation and tasks

The modern design of the superconducting accelerator magnets requires an advanced
thermal analysis in terms of the heat transfer optimization at cryogenics conditions. The
higher energy of particles reached in the accelerators causes that only a small fraction of
the particles lost from the beam can deposit sufficient energy in the coils of the
superconducting magnets to provoke their quench. The quench is a transition of a
conductor from the superconducting to the normal conducting state, which occurs
irreversibly in accelerator magnets if one of the three parameters: the temperature, the
magnetic field or the current density, exceeds its critical value. The heat transfer paths in
the superconducting magnets are the complex multilayer system, which starts from the
beam vacuum chamber through the cooling channels occupied by helium in parallel with
the solid part of the magnet and ending at the heat exchanger pipe.

This monograph summarizes complex studies both theoretical and experimental,
which lead to the determination of the quench level of the superconducting magnets for a
steady-state operation of the accelerators. The transient operation is only mentioned in
the monograph and it will be a subject of further development of the model and its
experimental validation.

The following tasks were performed in order to reach the objectives described in this
monography:

e The geometry of magnets.

For all thermodynamic studies the geometry of the investigated object is crucial.
The technical drawings were studied in detail as well as the distribution and
amount of cooling medium inside the magnet coil. Dedicated measurements were
performed in order to calculate the amount of helium inside the superconducting
cables (see: Appendix 2).
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The materials properties at cryogenic temperatures.

The superconducting magnets are a complex system consisting of different
materials, among others the metals, the polyimide, the epoxy or the liquids.
All of them behave differently in terms of the coefficient of the heat transfer, the
coefficient of the thermal expansion or the Young modulus. At cryogenic
conditions the Kapitza resistance is one of the key parameters.

The temperature margin of the superconductor.

The superconducting magnets operating with a temperature margin determined
from the short sample measurements of the conductor, typically the load line of
the magnet is set to 80-85% of the short sample critical surface (J¢, Bc, Tc¢). Due
to the power dissipation by the particles lost from the beam, the conductor
is heated up locally and it affects the difference between the transport current and
the critical current. In most critical cases it can lead to the exceeding of the
temperature margin of the superconductor and to the quench of the
superconducting magnet. The temperature margin of each conductor was
calculated with ROXIE software (a partial contribution of author — first studied
magnets and partial contribution of other people at CERN and FERMILAB —
magnets studied later during the course of work).

The sources of the heat load to the superconductor.

The protons lost from the beam, impacting the beam vacuum chamber, create
a shower of secondary particles which deposes their energy in the magnet coils.
The energy deposited in the magnet coils could cause a temperature increase and
provoke the superconductor to quench, so heat has to be evacuated from the coil
to the helium bath and finally to be compensated by the cryogenic system
(the heat exchanger efficiency). This phenomena is really important in the case of
impregnated cables, where cables are poorly cooled. The implemented heat load
distributions were calculated with FLUKA or MARS software (a contribution of
other people).

The modeling of heat transfer.

A heat transfer model was developed to determine the magnet quench levels for
the steady-state heat loads. The model includes the material parameters and
geometry details for a selected family of magnets. The model allows for the
implementation of different heat load sources. The model described in this
monograph was fully developed by the author based on the thermal and electrical
analogy and it was called the Network Model.
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The experimental validation of the Network Model.

The results of the simulation by means of the Network Model were validated with
measurements performed at the normal fluid and the superfluid helium
temperatures at the magnet test facility at CERN. Initially, the heat was loaded to
the magnet with the use one of the magnet quench heater. In this case the coil was
heated from its top. Later a dedicated apparatus, called the Inner Heating
Apparatus (IHA) was designed and build by the author of monography. The IHA
was installed inside the cold bore and provided the heat source from the inner part
of magnet. Both heating scheme was introduced in the Network Model and the
results of the simulation were successfully validated with the measurements. The
current of magnet coil quenching was predicted with expected accuracy. The
sources of discrepancy between the results of the simulations and measurements
were identified and the increasing of accuracy is possible mainly due to dedicated
measurements of thermal properties of materials used in the construction of
superconducting magnets.

The Network Model implementation.

The successful validation of the Network Model with dedicated measurements
allowed for the implementation of the model to study of the thermal behavior of
the newly developed enhanced insulation and newly designed NbsSn magnets.
The Network Model was used to study the heat evacuation scheme and to
determine the initial geometry of the helium cooling channels for the expected
heat load map simulated with FLUKA or MARS software for newly designed
LHC luminosity upgrade optics. The optimization of the magnet cooling channels
scheme i.e. the dimensions and location of the cooling channels in the coils pole
regions and the thickness of the cooling channel between the cold bore and the
coil for the LARP NbsSn quadrupole magnet was performed.

The future development of the model and experimental methods of model
validation.

The next step of the Network Model development is the development of a
dedicated module which introduces the energy deposits according to the LHC
beam pattern and in the transient mode. Currently, the model determines the most
conservative values of the quench levels at steady-state conditions and it was
successfully validated with the dedicated experiments. In reality the duration of
the losses and its relation to the transient mode are important parameters and
further work on the Network Model development is foreseen.
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Chapter 11
Superconductivity

Superconductivity is an extraordinary phenomenon demonstrated by certain
materials, which cooled down to the cryogenic temperatures, become the perfect
conductors of electricity. It was discovered in 1911 by Heike Kamerlingh Onnes [21]. He
measured the electrical resistivity of mercury at low temperatures and observed it sudden
drop to zero below 4.15K. This discovery was possible because three years earlier he had
succeeded in liquefying helium.

The theory of superconductivity was developed over next 46 years. In 1957 Bardeen,
Cooper and Schrieffer (BCS) [22] presented their theory of superconductivity. They
received a Nobel Prize in Physics for this theory in 1972. This theory describes
superconductivity as a microscopic effect which is caused by a condensation of Cooper
pairs [23] into a boson-like state [24]. This theory is not complete and still requires further
work in order to describe all phenomena’s observed in the experiments. The
superconducting state appears quite abruptly at a critical temperature (T¢). Table 2.1
shows selected elemental materials and their critical temperature Tc. In addition, the
superconductors are characterized also by the critical magnetic field (Bc) and critical
current density (Jc) [25]. Above these values superconductors revert from the
superconducting state to the normal resistive state. All these main parameters, namely:
Te, Jc and Bc are related to each other by the critical surface in (T, B, J) space (see: Fig.
2.1), which is characteristic for each of the superconducting materials. The discovery of
materials that remain superconductive up to high current densities and magnetic field
initiated the successful application of these materials in the field of superconducting
magnets [18], [26]-[28].

Table 2.1 Selected elements demonstrating superconducting properties: transition temperatures (T¢)
and critical magnetic fields (B¢) for some typical elemental superconductors [29].

Elements Transition temperature Critical magnetic fields Type
Tc (K) Bc (mT)
Al 1.17 9.9 I
Re 2.42 235 |
TI 2.39 17.1 |
In 34 29.3 |
Sn 3.72 30.5 |
Hg 4.15 41.1 I
Ta 4.48 83.0 |
La 4.9 79.8 I
\Y 5.38 102.0 |
Pb 7.20 80.3 |
Tc 1.77 141.0 I
Nb 9.25 198.0 1
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Fig. 2.1 The critical surface of Nb-Ti and Nb3Sn in (T,B,J) space.

With respect to response to a magnetic field superconductors can be classified as Type |
or Type Il (Fig. 2.2). A superconductor Type I has a single critical field (Hc) below which
a Meissner effect is observed [31], namely magnetic field lines are completely expelled
from the interior of the superconductor during its transition into the superconducting state
and above which the superconducting state is lost (Fig. 2.3 a). A superconductor Type 1l
has two critical fields (Hc1 and Hc2). Below Hc1 superconductor behaves as Type | and
between Hc: and Hee a partial penetration of magnetic field through isolated points
(vortices) is allowed (Fig. 2.3 b). Type Il superconductors is comprised of alloys and
metallic compounds, except for niobium, technetium and vanadium. They operate at
higher critical temperature that Type | superconductors. The theory of type Il
superconductor is not well developed, yet.

B[T]

T normal state

i
"-.\.\Q/// B-0

T, T[K] "1; T[K]

Fig. 2.2 Type | (left) and Type Il (right) superconductor
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Fig. 2.3 Type | and Type Il superconductor

Currently, in applied superconductivity the low temperature superconductors type Il
based on niobium (Nb, Nb-Ti, NbsSn or NbN) are commonly used. Low temperature
superconductors are the metals and alloys that become superconductive at liquid helium
temperatures. Actually, Nb-Ti and NbsSn are the only ones which currently are
commercially available for large scale magnet production. The other superconductors
from this family, namely NbsGe (T.=23.2K), NbsAl (T=18K), NbsAu (T.=10.8K) or
NbSe2 (T.=7.2K) were not succeed in commercial production. Recently MgB. [32]
became the third candidate for commercial use [33]. However these superconductors are
different due to production process. The Nb-Ti alloy is produced by extrusion and
drawing process only and the Nb 47 wt% Ti is the most successful practical
superconductor to date. For example the industrial production of Nb-Ti was run for
Tevatron with requirements of filament diameter of 10 um and J¢ (5T, 4.2K)=1800A/mm?
[34]. The NbsSn precursor is produced by extrusion and drawing process (RRP: Restack
Rod Process or PIT: Powder-In-Tube) and then reacted at high temperature (~650 °C) to
obtain a superconductor. The NbsSn is foreseen to be used in superconducting magnets
at LHC upgrade. In case of MgB> the magnesium diboride powder is used in the process
of the formation of a superconducting wire and this conductor is planned to be used in
superconducting links at LHC upgrade.

Table 2.2 Selected properties of low temperature superconductors.

Nb-Ti Nb3Sn
Critical temperature 10K 18.3K
Critical magnetic field 11T 25T
Critical Current density 8300 A/mm? (5T) 12000 A/mm (5T)
400 A/mm? (9.5T) 3000 A/mm? (12T)
Ductility Ductile, tough Ductile, brittle after reaction
Typical strand diameter 0.4-2.0mm 0.6 -1.5mm
Typical filament diameter 2.5-120 um 2—6um
Typical filament number 1-40 000 3000 - 40 000
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The Nb-Ti and NbsSn superconductor limiting parameters are listed in Table 2.2. The
Nb-Ti parameters are relatively low but it is ductile material which allow simple and
effective manufacturing of strands, cables and coils. The Nb-Ti is widely used in magnets
upto 6T at 4.2K and up to 9T at 1.9K (LHC). The NbsSn is brittle and it cannot be drawn
to thin filaments like Nb-Ti, The NbsSn is very sensitive on a deformation of the
superconductor under the influence of external compression forces and effects from the
Lorenz force when the current flows. For this reason the fourth parameter, strain (g), is
included in the formula describing the critical parameters of conductor, namely
B¢, T, Je, €. This sensitivity to mechanical stress cause the reduction of current-carrying
capacity. The manufacturing process of LHC upgrade magnets coils developed by US-
LARP project require forming the final geometry of coil from precursors before the
reaction and then proceed the high-temperature heat treatment, typically in three steps:
210°C, 400°C and 650°C, over 7 days for RRP strands. Also all voids have to be filled
with epoxy or solder due to fact that bare strands and cables are sensitive to transverse
stress in the pre-compressed coil. Filling gaps with epoxy or solder allow to evenly
distribute applied pressure and avoid the local stress enhancement. However, filling the
voids reduces the heat extraction capability from the coil interior, which is assumed as
heat transfer barrier in case of studies presented in this monograph. The NbsSn coils for
accelerator magnets cannot be wound from fully reacted cable because of strong
degradation due to coil bend in the coil head region. However, some types of magnets, so
called pancake-like can be wound with fully reacted cables when the bending angle is
large enough.

In 1986 Bednorz and Miiller' announced the discovery of a ceramic oxide of
lanthanum, barium and copper superconductor with a transition temperature of about
T = 35K [35]. Following, the other high temperature superconductors (HTS) have been
found, namely “1-2-3” compound YBa2CusO7 with a transition temperature of Tc= 93K
[36]-[37] as well as the “2-1-4” compound (e.g. BaxLaz xCuQOay) or Tl,Ba;Ca,CuzO1o
with a remarkably high T¢ = 127K [38]. The high-T. materials are type 11 superconductor
and in general have a very large upper critical field. This discovery is challenging in terms
of theoretical understanding of high temperature superconductivity mechanism. These
superconductors are called unconventional superconductors since they do not conform
conventional BCS theory. The main question is what causes the ceramic copper oxide
materials to be superconductors at temperatures well above 100 K. In conventional
superconductors the electrons are paired into spherically symmetric wave functions (s-
waves) due to exchange of virtual phonons. Actually, to produce such high critical
temperature the lattice vibration cannot produce strong enough couplings. Some
directions to explain this phenomena is given by research of hole conduction in parallel
Cu-O planes. The discovery of high temperature superconductors which achieve
superconducting state at liquid nitrogen temperatures started considerations of their
applications in accelerator magnets.

! Bednorz and Miiller were jointly awarded the Nobel Prize in Physics in 1987.
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There are also other superconductors, the unconventional ones, which demonstrate
remarkable properties. Presently, they have no practical use but they are interesting in
terms of research of their properties. The representatives of such superconductors are the
heavy-electron superconductors, as for example UBe13 (T = 0.85K) [39], CeCuzSiz (Tc =
0.65K) [40], and UPtz (T. = 0.54K) [41], which exhibits large specific heat at low
temperature (even 3 orders of magnitude larger than in normal metals. In 2008, the iron-
based family of high-temperature superconductors was discovered [42] which become
superconducting at the range 55K — 80K. The H3S (formed from H>S under its
decomposition under extremely high pressure of 150 GPa) exhibits superconductivity at
203K [43] which is up to now the highest temperature achieved by superconductor. In
2018 Massachusetts Institute of Technology announced another important discovery —
the superconductivity of graphene [44] which could possibly find application in
superconducting electronics. The above mentioned discoveries show that research on
superconducting materials, their properties and possible applications is a dynamic and
long-term activity.
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Chapter 111
Superconducting magnets

[11.1 Introduction

The discovery of superconductivity immediately made scientists aware of the possible
construction of high-field magnets and thus made a significant impact on both science
and technology [45]. The construction of large magnets, which would be capable of
generating very high fields with no power consumption opened a new era in research and
development projects. Superconducting magnets have a number of advantages over
normal conducting ones. The normal conducting, iron-core magnets are limited by iron
saturation to the magnetic fields in order of 2 T. The superconducting magnets can
generate a magnetic field even 10 times stronger. In addition superconducting magnets
consume less power, they can be smaller, more stable, less noisy and thereby allowing
more precise measurements in experiments. In order to present the full family of magnets,
it is necessary to mention also non-superconducting high-field magnets, build from
copper, operating both in room temperature and at a cryogenic one as well as hybrid
magnets, which are combination of non-superconducting and superconducting ones, The
hybrid magnets are in possession of the world magnetic field record of 45T (33.5T from
normal-conducting insert and 11.5T outsert made from the superconductor) achieved at
NHFML, Tallahassee, FL, USA [46].

There are five general types of superconducting magnets: (1) solenoids — cylindrical
helices, the most widely used types; (2) dipoles — to generate a uniform transverse field
with respect to its long axis and used to deflect trajectory of charged particles; (3)
quadrupoles — to generate a linear gradient field transverse to its axis in its center and
used to focus particles; (4) racetrack — a special type of magnet, wound in a plane with
each turn consisting of two parallel sides and two semi-circles at each end, typically the
pair is assembled to approximate the field of a dipole, used mainly in Maglev and motors;
(5) toroid’s — to generate a field in the azimuthal direction, used in particle physics
experiments, tokamaks to confine hot plasma and also for superconducting magnetic
energy storage devices (SMES).

The superconducting technology was successfully transferred to the industry and
presently is widely used in NMR equipment, MRI machines (~80% of world Nb-Ti
market), magnetic separation processes and mass spectrometers as well as in developing
of superconducting transformers or superconducting electric motors,. But the main user
of this technology still remains science and superconducting magnets continuously are
used in new generations of particle accelerators (ISR, TEVATRON, RHIC, LHC) [20],
[47]. Recently also the thermo-nuclear fusion infrastructures: Stellarator Wendelstein 7-
X (W7-X) [48] and International Thermonuclear Experimental Reactor (ITER) [49]-[50]
use superconducting magnets as well. The well-developed Nb-Ti technology is
commonly used for the construction of accelerator magnets. For example the magnets
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installed in LHC, which operate at 1.9 K or 4.5 K respectively and run up to 8.5 T as well
as the ITER PF and CC coils use well developed Nb-Ti technology as well.

Superconducting magnet technology is interdisciplinary since it requires knowledge
and training in many fields of engineering such as mechanical, electrical, cryogenic,
materials and to deal with the design, manufacture and operation. The main issues in new
high-field superconducting magnets are providing required cooling to low temperatures
and the careful control of quench. Currently, the most challenging development work are
the new magnets build with the NbsSn superconductor for the upgrade of LHC, namely
inner triplets for High Luminosity LHC and ITER central solenoid and toroid.

I11.2 Historical overview

The idea of using superconductors to construct magnets which generate a magnetic
field greater than the ones achieved with copper wires occurred immediately after the
discovery of superconductivity. The use of superconducting materials for high-field
magnet coils was very well understood already by H. Kamerlingh Onnes. In his paper
presented at the 3" International Congress of Refrigeration in 1913 in Chicago, USA, he
proposed building a 10 T superconducting solenoid [51] based on the results which he
obtained for the lead wire where he reached 500 A/mm?. One year later he revised his
idea due to the observation that pure-metal superconductors lose their superconductivity
at a certain value of the magnetic field so called the critical magnetic field (Hc), which for
lead was significantly less than 0.1 T. It was discovered that the magnetic field has an
impact on the superconducting state and with all the superconducting materials known at
that time it was impossible to build high field superconducting magnets. There were some
trials on certain alloys like Pb-Bi in Leiden but unfortunately they abandoned research in
this direction after few failures®. Then the First World War stopped research for several
years. The work on superconductivity restarted in the 1920°s with focus on metal alloys
like lead-indium or lead thallium, leading to the observation of different behaviors of pure
metals and metal alloys and in consequence to the discovery of two different types of
superconductors: type | and type Il. The scientists in Leiden, Toronto, Oxford and
Kharkov had liquid helium and worked on superconductivity in metal alloys. They
observed that the increase in the concentration of alloys caused the changing of the
equilibrium of magnetic properties and they loosing superconductivity at higher critical
field Hc. Then Hci1 and Hez for pure metals and alloys were introduced and intensive study
of the thermodynamic properties of the new type of the superconducting state (type 1)
have been started, leading finally to the phenomenological theory of superconductivity
[52]-[54]

The high magnetic field of order of 10 T was available starting from 1933 when
Francis Bitter build a water cooled magnet, nowadays called the Bitter magnet or the
Bitter solenoid [51], [55]. The Bitter magnet was used to create a strong magnetic field

2 Today we know that they would succeed with right composition of this compound.
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to be used in scientific research and in 2017 this type of magnet allowed the National
High Magnetic Field Laboratory (NHMFL) at Florida State University in Tallahassee to
achieve the strongest continuous magnetic field on earth of 41.5 T created by man [56].
The Bitter magnets are used when an extremely strong magnetic field is required. The
normal conducting magnet generate enormous heat due to resistive heating by the large
currents flowing through the Bitter plates. The cooling of such a device is one of the
technological challenges, especially that heat dissipation increases with the square of the
magnetic field strength. The first step to superconducting magnet technology was done
in 1947 when Samuel Collins completed the large scale helium liquefier [57] which
opened possibility of cooling superconductors, particularly superconducting magnets
coils. Then the first operating superconducting magnet of 0.7 T at 4.2 K was built using
Nb wires in1955 by G.B. Yntema [58]. He used Nb wires and winded them on iron core.
His results were confirmed by other scientists.

Many important superconductors were discovered in the 1950’s. The discovery of the
niobium-tin compound which could support Jc >1kA/mm?in the magnetic field B.= 8.8
T inthe late 1950°s by J.E Kunzler, E. Buehler, F.S.L. Hsu, and J.H. Wernick [59] opened
a new era in superconducting magnet construction. NbsSn is brittle material but its
characteristics show that it is possible to build superconducting magnets generating
magnetic field up to 20T. Extensive work in Bell Laboratories in those years allowed to
make another important observation: the measurement of a short sample of wire in a
transverse external magnetic field are indicative of their behavior in a solenoid so it is
possible to predict the properties of solenoid from the short length of a wire [60]. In 1962
T.G. Berlincourt and R.R. Hake discovered the high ductile and easily fabricated
superconductor - niobium-titanium alloy [61]. Currently Nb-Ti is the most widely used
superconducting material, although used in magnets which are generating magnetic fields
up to 10 T. Another important step in the superconducting magnet technology was the
formulation in 1969 of the design principles of stability in cooled superconducting
magnets by Z. J.J. Stekly, R. Thome and B.P. Strauss [62].

The next breaking point happen in 1986, when G. Bednorz and K. Miiller publish the
discovery of LaBaCuO, cuprate superconductors that could be possibly cooled by liquid
nitrogen [35]. Starting from this year many cuprate superconductors (high temperature
superconductors) were identified as YBCO with T, = 93 K [36]-[37], BSCCO with
T =95-107 K [36],[63]-[64], TBCCO with T¢ =127 K [38] or HBCCO with T¢ =135 K
at normal pressure [65] and T = 153 K at p = 150 kbar [66]. In 2007 the first world record
of 26.8 T was achieved in NHMFL in Tallahassee, FL, USA by HTS magnet made from
YBCO [67] and ten years later, in 2017 a new record of 32T [68] was achieved in the
same laboratory. It is also worth mentioning the discovery in 2001 of MgB:, a
superconductor with a medium-range of critical temperature T = 32 K and demonstrating
particular interesting properties [32]. Since 2007 it is intensively in terms of use it in
superconducting magnets [69] and superconducting links[71] used to power LHC
magnets [70]. In 2018 the scientists from LASA Milan announced that they had
successfully completed the test of a superconducting coil winded with MgB: [71].
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I11.3 Accelerator superconducting magnets

The accelerator based sciences remain the main user of superconducting magnets and
this is the mainspring to reaching new limits in the development of modern and innovative
magnets in terms of technology and new superconductors. The discovery of Nb-Ti
allowed to build in the late 1970°s an accelerator superconducting magnet which was
installed at CERN in the low-f insertion region of the Intersecting Storage Rings (ISR)
in order to increase the luminosity of ISR [72]. The first large scale demonstration of
using the superconducting magnets was the Tevatron [73] in the 1980’s, where the
magnets system composed of 774 dipoles and 240 quadrupoles was able to reach a record
energy of the proton beam of 517 GeV and later 1 TeV of beam energy (2 TeV centre-of-
mass energy). Next, two large projects were executed in the 1990’s, namely the Hadron
Electron Ring Accelerator (HERA) at DESY with superconducting magnets which
guided the proton beam to collide with the electron beam [74] and Relativistic Heavy lon
Collider (RHIC) at BNL. Both projects strongly involved industry in building of
superconducting magnets. After the successful construction, commissioning and starting
operation of above mentioned accelerators a huge new project was launched: the
Superconducting Super Collider (SSC). The plan was to build an 87 km tunnel with 7700
dipoles but unfortunately the SSC project was cancelled by the US Congress. The results
of R&D did not disappear and they were used for the development of Large Hadron
Collider (LHC). The 27 km tunnel available for LHC required pushing the Nb-Ti magnet
technology to its extreme. The most important innovation developed in LHC was the two-
in-one design, where the two channels are fully coupled both mechanically and
magnetically (previously proposed by BNL). Another one was using superfluid helium to
operate at 1.9K which boosts Nb-Ti performance and provides very good cooling in terms
of heat transfer and heat capacity properties. Currently, the two-in-one design is a main
driver for all magnets for future hadron colliders, even for those developed to operate
with ion and proton beams, which is quite challenging given the difference in mass-to-
charge ratio.

This monograph focuses on the LHC accelerator superconducting magnets, both
dipoles and quadrupoles which are two-in-one designs. There are nine different main
LHC magnets families identified at LHC [75]: the main dipole (MB) operating at 1.9 K,
lattice quadrupole (MQ) also at 1.9 K, long straight section insertion quadrupole part
operating at 1.9 K (MQM @1.9K) and at 4.5 K (MQM @4.5K), long straight section
wide aperture insertion quadrupole (MQY) operating at 4.5 K, called low-f or inner triplet
quadrupoles (MQXA and MQXB) operating at 1.9 K, separation dipole (MBR) operating
at 1.9 K, long trim quadrupole (MQTL) operating at 1.9 K. The three prototype magnets
for LHC upgrade developed by US LARP program [76], namely: the Technological
Quadrupole (TQ), the Long Quadrupole (LQ) and the High-gradient Quadrupole (HQ)
[77] were studied as well. Except MBR and MQTL, the rest of the listed above LHC
superconducting magnets were studied in terms of their thermal sensitivity to operations
of LHC.
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Chapter IV
Heat transfer in multilayer structures

The multilayer structures subjected to thermal, mechanical or magnetic loads are
typical feature in the design of scientific as well as industrial equipment. The heat transfer
study in multilayer structures involve different branches of physics and engineering. The
examples of such structures are: detectors, magnets, heat exchangers, power plants,
submarine and aircraft technology and many other scientific and technological
apparatuses. In general, the multilayer structures are characterized by different thermo-
mechanical properties and different dimensions of each component. Each layer
demonstrates different dependence on temperature as well as thermal contact resistance.
The dependence of thermal conductivity on temperature for many materials can be found
in literature [78]-[79], web databases [80]-[81] or articles presenting data measured in a
dedicated experiment [82]-[85]. The contact thermal resistance is vital parameter and it
depends on many factors as the thermo-mechanical properties of the contacting surfaces,
quality (roughness) of the contacting surfaces, the load on the contacting surfaces, the
temperature in the zone of contact or the value of the heat flux. A numerous physical
phenomena appears at the connections between elements of structure. Also the thermo-
mechanical properties of mediums occupying the space between considered surfaces have
significant impact on the contact thermal resistance. The interlayer space can be occupied
by substance (liquid, lubricant, etc.) that can undergo different changes as for example
evaporation, phase transition, solidification and other physical-chemical transformations.
This phenomena can lead to heat release or absorption affecting the surface of the layers
by changing their temperature, increase or decrease their contact resistance aswell as or
appear or disappear the contact resistance elements (for example: the effect of Kapitza
resistance in superfluid helium). Also the contact resistance can cause temperature and
heat flux discontinuities between the layers. The heat transfer through structures
constructed from different materials both solid and liquid is a challenging issue in many
areas, especially in experimental physics. One of the vital issue for multilayer structures
is the cooling of developed equipment, both air-cooling, solid-cooling (cryogen free
cooling, so called cryocoolers) and cooling with use of liquid (water, Nitrogen, fluid and
superfluid Helium).

V.1 Introduction

The laws of thermodynamics define fundamental physical quantities: heat Q [J],
temperature T [K] and the entropy S. These quantities characterize the thermodynamic
systems at thermal equilibrium. The heat transfer is the process of transfer of energy and
entropy between two systems driven by temperature difference at both locations. There
are three different mechanisms of heat propagation in the systems: heat conduction,
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convection and heat radiation. Conduction is a transfer of energy and entropy in solids
and fluids between adjacent molecules and in general there are atomic scale processes.
Convection involves macroscopic movement of a fluid or gas between regions of different
temperatures. Radiation is an energy transport by electromagnetic radiation from a heated
surface to the surface which absorb the heat without support of any medium between
them. Usually, the transfer of the heat involves all of these mechanisms. The details of
heat transfer theory are available in many books (for example [78]-[79]) and only basic
information is presented in this section. The basic laws for three basic modes of heat flow
Q by an area A are:

- Fourier's law for conduction
Q=—-xAVT Eq. 4. 1

where:

k - thermal conductivity [ﬁ],

A - area [m?],

T - absolute temperature in Kelvin [K], VT- temperature gradient,

- Newton law of cooling (General convection law both for free or forced flow)
Q=hA(T, —Ty) Eq. 4.2

where:
h - heat exchange coefficient (coefficient of convective heat transfer) [%],
Tw, Ts— temperature of wall and fluid respectively,

- Stefan-Bolzman's law for radiation

Q =oceA(Ty — Td) EQ. 4.3
where:
c =5.6703-10°® le./ — - Stefan-Bolzmann constant,
€ - emissivity of the surface, (¢ =1 for a black body),
A - area[m?],

Th, Tc — temperature of hot and cold surface respectively,

The objective of this study is to describe how the rate of energy transfer is governed
by the temperature difference and to identify the heat transfer barriers in the multilayer
structures at cryogenics temperatures. In this monograph the investigated multilayer
structures are composed of metals, polymers and liquids. Since liquid (fluid or superfluid
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helium) occupies narrow channels the convection contribution to heat transfer is
negligible while the thermal radiation component of heat transfer is skipped. Finally the
only equation of heat transfer for conduction, known as Fourier law for conduction, is
sufficient to describe the defined physics model of heat transfer.

IVV.2 Solids at normal and cryogenics conditions

In defined physics models of multilayer structures the dominant volume is occupied
by solids so the thermal conduction in metals, crystals and polymers is taken into account.
In general the heat is carried out by electrons (dominates in metals), phonons (dominates
in dielectrics) and molecular mechanism (dominates in liquids and gases). The highest
heat transfer coefficient have pure metals where free electron conduction is the leading
mechanism. Among the metals with the highest value of heat transfer coefficient are silver
(k =419 W/ m-K). The copper (k=386 W/ m'K) is commonly used in superconducting
magnets as stabilizer. In order to maximize the heat transfer coefficient, the purity of
copper at cryogenic conditions must be kept on very high level and it depends on value
of Residual Resistance Ratio® (RRR), typically values in superconducting cables are
between 100 and 300. The dominant mechanism of heat transfer in metals is conduction
electrons. Since thermal conductivity approximately tracks electrical conductivity
according to the Wiedemann-Franz-Lorentz law:

Kth
A — Cowrer - T Eq. 4.4
el WFL q
2 2
where: Cyy, = e = = (%) = 2441078 WOK?

This law states that the ratio of the electronic contribution of the thermal conductivity
(k) to the electrical conductivity (iker) of @ metal is proportional to the temperature. The
relationship is based upon the fact that both electrical and heat transport involve free
electrons in the metal. In opposite to metals the dominant mechanism of heat transfer in
insulators are atomic vibrations - phonons. The heat conduction in insulators involves the
generation and propagation of atomic vibrations through the bounding that couple the
atoms [78]-[79]. In absence of free electrons the strong covalent bonding between atoms
allows for a very efficient heat transport. For polymers, due to weak Van-der-Waals
bonding the thermal conductivity is very low, of order of 0.2 [W/m-K]. In case of diamond
the heat transfer coefficient is more than 2 times higher than for metals (for example: Cu,
Ag or Al) and of order 5000 times higher than for polymers [80]-[81].
Table 4.1 show thermal conductivity for selected materials at 25°C. At cryogenic

3 The residual resistivity ratio (RRR) of LHC superconducting strands is defined as the ratio of resistance
at 293 K to the resistance at 10 K [86].
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temperatures the thermal properties of solids change, especially the electrical insulation
(see: Fig. 4.1 and Fig. 4.2). A limited number of publications present formulas for
calculation of thermal conductivity at superfluid helium temperatures. The thermal
conductivity of Copper at low temperatures depends on Residual Resistivity Ratio (RRR)
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so the purity of copper and annealing are important.

Table 4.1 Thermal conductivity of selected materials at reference temperature of 25°C

material type kth [W/m-K]
Copper* Metal 390
Silver Metal 420
aluminum Metal 250
diamond Insulator 1000
Polyimide® Polymer 0.2
Fiberglass laminate® Composite 0.3
Polyimide
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4 Thermal conductivity of copper at cryogenics temperatures depends of residual resistivity ratio (RRR).

Fig. 4.1 The polyimide thermal conductivity

5> The commercial names of polyimide insulation used in superconducting magnets are Kapton and

Apical.

® The common names for high-pressure fiberglass laminate are G10 and G11.
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Fig. 4.2 The fiberglass laminate thermal conductivity

The formulas below show the measured data of polyimide and fiberglass laminate
samples. They are compared with Cryosoft [80] database. The conclusion is that currently
the spread of results of measurements is significant and dedicated measurements of
thermal conductivity for each used insulating materials must be done in order to provide
correct data for the thermal analysis of superconducting devices.

Kapton: K = 2.4E-3*T+2.28E-3 1.40<T <2.0K[82]
K = 4.638E-3*T05678 0.50 < T <5.0 K [83]

K = 6.5E-3*T 0.20<T<5.0K [84]

G10: Kk = 25.8E-3*T-12.2E-3 1.55< T <2.5K [85]

V.3 Cryogenic fluids

In general in scientific and industrial apparatuses the cryogenics liquids are used to
obtain the cryogenics temperatures. The cryogenic temperatures are defined as
temperatures below -180 °C (93.15 K) [81]. Due to the cryogenic liquids properties the
different fluids are used for different temperatures ranges:

e 65-100 K — liquid Nitrogen (LN2)
e 15-30 K - liquid Hydrogen (LH)
e 1-5K — liquid Helium(LHe*
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Also other cryogenic liquids are used in scientific and industrial applications, for
example:

- liquid He®

- liquid Neon (-27.1 K at atmospheric pressure) for cryogenic refrigerant in the
range that helium is not needed

- liquid Deuterium (LD): bubble chambers

- liquid Argon (LAr): neutrino experiments, calorimetric detectors, cryosurgery
(destroying tissue — cancer cells)

- liquid Methan (LCHa): rocket fuel

In application discussed in this monography the liquid helium is used as a cryogenic
temperatures source. In research instruments fluid helium is used at different working
domains, among others: pressurized, saturated, subcooled or supercritical [30]. The
Helium exists at liquid state at very low temperature, below 4.2 K at atmospheric pressure.
In cryogenics the two-isotopes of helium, He® and He*, are used. Both isotopes occur
naturally but actually more than 99% of all available natural helium is He*. Both isotopes
demonstrate low boiling temperature. The He* boiling temperature at atmospheric
pressure’ is 4.23 K when He® boiling temperature atatmospheric pressure is 3.19 K. The
critical points are: Terit(He*) = 5.2 K at perief(He*) = 2.23 bar and Teit(He®) = 3.35 K at
Peit(He®) = 1.16 bar. The helium exhibits properties which almost approximates that of
an ideal fluid. One of the most important feature is superfluidity, the property that fluid
demonstrates no viscosity and flows without loss of kinetic energy. The behavior of the
helium is well described by classical models for gaseous and fluid phases and yet the
superfluid phase requires use of quantum mechanics for description of its behavior [30].
The implementation of formulas describing liquid helium properties to and helium role
as heat transfer media in multilayer structures are discussed in the next chapters.

V.4 Thermal-electrical heat transfer equivalent

The heat conduction in a homogeneous material is described by the equation:

*T cp dT
— = Eq. 4.
dx2 K ot q. 4.5

where: ¢ — specific thermal capacitance,
p — density of the material,
K — specific heat conductance,
T — temperature,
X — coordinates in the direction of heat transfer.

7 pam=1.01325-10° Pa
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Assuming nodal approach for calculating the heat transfer due to heat conduction, the
electrical analog is a transmission line.
v U au
where: C — capacitance per unit length,
L — inductance per unit length,
R — resistance per unit length,
G — transverse conductance per unit length.

Although the full description of transmission line is much more complex than Eq. 4.5 but
a detailed analysis of equation allows for simplifications of Eq.4.6 and to get an
equivalent to Eqg.4.5. Equation EQq.4.5 describes a diffusion or compensation process. The
transmission line equation Eqg.4.6 as a wave equation, describes all the properties typical
for a wave as for example standing waves or reflections. These are physical processes
which have no at first view direct relationship. But, we observe that in the field of heat
conduction in solid media the volume cannot cool itself. This means that the electrical
term of inductance (L)® and the term of transverse conductance (G) are equal to zero.
Then the equation of the equivalent transmission line obtain a reduced form presented in
Eq.4.7 and it has the same structure as the heat equation form showed in Eq.4.5 [92].

U
axz

au
CR3] Eq. 4.7

where: C — capacitance per unit length,
R — resistance per unit length.

As long as we consider small temperature differences between the systems, the
linearization of basic thermodynamic laws for the flow of heat permit to develop the
analogy with an electrical circuit. This approach allow to describe a complex multilayer
systems and to simplify them to qualitative evaluation. The analogy between heat
diffusion and RC transmission line can be expressed in the following:

VT = Rtthh%—I & VU= RC%U Eqg. 4.8

8 It is worth to mentioned for further development of thermal modeling of devices immersed in large volume
of helium that the equivalent of electrical inductance is the thermal inductance wherein a thermal change
of an object surrounded by a fluid induces change in convection currents within that fluid, thus inducing a
change in the kinetic energy of the fluid. The thermal inductance unit is thermal henry [Hu] (see Fick
diffusion law).
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Rip = Eq. 4.9

Cp=C, p-AX-A Eq. 4.10

where: R - thermal resistance,
Cin - thermal capaticance,
k- thermal conductivity (material dependent constant of
proportionality),
p - material density,
Cp- specific heat at constant pressure,
AX - length of component,
A - cross-sectional area.

Above the transient condition is described. In case of a steady-state condition the analogy
between temperature rise and voltage difference can be expressed as equivalent of Fourier
and Ohm laws.

AT =R, = AU =iR Eqg. 4.11

Table 4.2 summarizes the equivalents of thermal and electrical circuits.

Table 4.2 The electrical analogy of the equivalent thermal circuit

Thermal circuit Electrical circuit
Q.q | [W] Heat transfer rate® I [A] Current
AT | [K] Temperature AU | [V] Bias (Voltage)
Rin | [KIW] Thermal resistance R [VIA] Resistance
xn | [W/Km] | Thermal conductivity Kel [1/Qm] Electrical conductivity
Q [J] Heat Q [C] Charge
Cin | [J/K] Thermal Capacitance C [C/IV] Capacitance
Lin | [Hen) Thermal Inductance L [H] Electrical Inductance
Heat reservoir £ EMF (Electromotive Force)
Absolute zero ground
Heat generator Current supply

° Heat transfer rate is amount of heat transferred per unit time.
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Below, the examples of implementation of thermal-electrical analogy used in
superconducting magnets modeling is presented. The thermal elements and base systems
and their electrical equivalent are shown.

e Conduction of heat through basic element modeled as thermal resistance:

AT AT

y
A
v

A
N
A

cold Rth

= s P AN~

_ AT AV
Rth R

A
N

e Conduction between two heat reservoirs

Ry
cold

hot T2 < Q |:> Tl

AT
EMF —_M ——— EMF
Temperature Re

reservoir
f.ex. 1.9K=1.9v
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EMF (Electromotive Force)

w v P
E=—=Lt=- Eq. 4.12
a T 1 |
B AR 4ANLZE m?
El=1vl= E]—[Z]—[A-s3
where: P — power dissipated in the circuit,
| — electrical current.
e Conduction from heat source to heat reservoir
AT
0 Q EMF
Heat R
o ),
source
Ty
e Heating of element in time (transient case)
Ty
AT
Q |:> ——  EMF
. AT Temperature
AT Q = Cd— ]; respervotir
dt f.ex. 1.9K=1.9V
Q c oT | av
Y T ot
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V. 5 Multilayer structure in the superconducting magnets

Heat transfer through multilayer structures is a vital problem for equipment working
at cryogenic temperatures. The high field superconducting accelerator magnets are the
example of multilayer structure subjected to thermal, mechanical or magnetic loads.
Superconducting magnets operating in an accelerator environment are affected by
particles lost from the beam. To be more precise, the particles lost from the beam hitting
beam screen and beam pipe generates the shower of secondary particles which deposits
energy in superconducting magnet coil.

He 1.9K /45K He
- (inside cable) : (bath) g
7 Cryogenic
Insulation
System
. —
4.5K
cable

Fig. 4.3 The scheme of heat transfer path in accelerator superconducting magnet

Fig. 4.3 shows the heat propagation path from source to the heat reservoir through
different layers of materials from which the superconducting magnet is constructed. The
presented scheme consists of layers of superconductors with copper stabilizers, helium
(fluid or superfluid), electric cable insulation, stainless steel (collar) and iron (yoke). For
superconducting magnets the heat is generated inside the superconductor and the main
cooling path is provided by helium until the heat exchanger (Fig. 4.4). Each material in
the magnet demonstrates different dependence on temperature as well as thermal contact
resistance. The simple comparison of thermal conductivity allow to identify that the
electric insulation of magnet cables and coils is a barrier for the heat transfer from
superconductor to heat exchanger. There are two requirements for electric insulation
which are difficult to combine: (1) providing good electric insulation and (2) allowing for
efficient heat extraction from the conductor to helium. The optimization of the magnet
design with these two requirements is challenging. For a steady-state thermal analysis the
whole multilayer structure can be represented as a system of serial connected thermal
resistances made of different materials and their contacts between heat source and heat
reservoir.
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coldbore

wedge
Py p— @— - p: ducting cables

Fig. 4.4 The drawing of LHC main dipole magnet — helium path. Cold bore, helium around cold bore,
coil and collar (left), cold bore, helium around cold bore, coil, collar, yoke and heat
exchanger pipe (right)

In analysis of the multilayer structure of superconducting magnets also the contact
thermal resistance between the solids parts and between the solids and liquid, so called
Kapitza resistance, are taken onto account in calculations. The thermal contact resistance
per unit area between two solids is defined as:

AT

R.=—
TS Eq. 4.13

where: Rc - thermal contact resistance,
AT — temperature discontinuity,

Q - heat flow,
Ac — contact surface.

The contact resistance (Rc¢) between two solids, on which we observe temperature
discontinuity, appears due to microscopic roughness and the contact surfaces touch each
other only at certain number spot-like points. In addition, the phonon scattering occurs at
the interface due to an acoustic mismatch between different materials. That is why, R¢
depends strongly on the surface preparation and forces applied to the contact surfaces,
which can increase number of contact points. There are methods to decrease contact
resistance by applying appropriate fillers but it is not the case of superconducting
magnets. In case of superconducting magnets it have to be mentioned that the contact
thermal resistance changes due to plastic deformation of the local contact spots during
cycling loading. At liquid helium temperatures contact conductance is proportional to T",
where 1 < n < 2 for metals and n = 3 for insulators [94].
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The Kapitza resistance [86] plays vital role in flow of heat across the interface between
liquid helium and a solid. The general equation is:

_ Ts _THe
K Q/A Eqg. 4.14

where: Rk - Kapitza resistance,
Ts — temperature of solid material,
The— temperature of helium,

Q/ A neat flow per unit area.

A common use equation relate the measured values of Kapitza coefficient with
temperatures and Kapitza resistance and it has following form:

1
Ry = a_(T52 +T§e)'(Ts +The) Eq. 4.15
K

where: Rk — Kapitza resistance,
ok — Kapitza coefficient
Ts — temperature of solid material,
Tre— temperature of helium.

The measured values of Kapitza coefficient (k) range from ~550 to ~1200 Wm=2K*
[82]- [90]. The following results, summarized in Table 4.3 and plotted in Fig. 4.5, were
obtain in dedicated experiments for materials used in superconducting magnets:

Table 4.3 Kapitza resistance

Material - fluid Formulas References
Polyimide — He Il Rk=10.54-103-T3 Km?W1 [82]
Polyimide — He Il Rk=0.7-103-T3 Km?W [87]

G10- He Il Rk=1462-106-T18 Km2W-! [85]

Copper — He Il Rk=550, Rk=900, Rk=1200, [88]-[90]
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Kapitza Resistance

= Fiberglass epoxy - Baudouy&Polinski

3,0E-03
e— K apton HN - Baudouy
2,5E-03 \ = == Polyimide Nacher - CryoSoft
\ Cu-He - Kashani 550
2,0E-03 e CU-He - R. Van Weelderen 900
\ e CU-He - R. Van Weelderen 1200
1,5E-03 \
1,0E-03
\
5’0E-04 i T
0,0E+00 . i
1,50 1,70 1,90 2,10
T[K]

Fig. 4.5 Kapitza resistance measurements
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Chapter V
Heat Transfer Modeling

The operation of accelerators and preservation of designed beam parameters require
usage of different types of magnets. The main dipole magnets are used to bend the beam
and in case of circular accelerators to keep the beam on designed orbit. The lattice
quadrupole magnets are used to keep the particles together in the beam (FODO patterns).
The interaction region quadrupoles, so-called inner triplet quadrupoles, are used to focus
beam in the interaction point. The family of corrector magnets (dipoles, quadrupoles,
sextupoles and octupoles) are used to preserve the beam quality and septum magnets are
used in beam extraction systems. The most of LHC accelerator magnets are built with use
of superconducting Nb-Ti technology. The proper work of the superconducting magnet
requires that the operation temperature is maintained below the current sharing
temperature (Tcs) of the conductor used to build the coil. The difference between the
cooling system temperature (Thath) and superconductor current sharing temperature is
called the temperature margin (Tmarg.) and it is the safety factor for magnet operation.
Typically minimal Tmarg Value for accelerator magnets is of order from 1.4 K. The main
operational challenge of superconducting accelerators is protection against quench®®,
namely keeping conductor temperature within allowed range of changes determined by
Tmarg. Each quench induced by energy deposits from the beam reduces discovery potential
of LHC and it can also lead to magnet damages caused by the thermal stresses, which can
appear in superconducting magnet structure (for example break of filaments in strands
used in coil cable). The main objective of heat transfer modeling in superconducting
magnets is the determination of the energy amount from the beam which can be safely
deposited in the magnet coil and which does not provoke the magnet to quench.

V.1 Heat transfer numerical simulations

The modeling of heat transfer in superconducting magnets involves different branches
of physics and engineering, namely: superconductivity, material science (properties of
materials at low temperatures), thermodynamics (heat transfer), accelerator physics (heat
source, energy deposits to the coil), engineering design (superconducting magnet design).
The main difficulties in calculating the heat flow in superconducting magnet structure is
the fact that the solid and the fluid domain must be calculated simultaneously. This fact
means that the numerical simulation is complex, especially in case of superfluid helium.
Many scientific publications describe an original approach to optimize the heat transfer
in superconducting magnets or propose a new cooling schemes, as for example [93], [95]-

10 Quench is the transition of conductor from the superconducting to the normal conducting state which
occurs irreversibly in the accelerator magnets if one of the three parameters: temperature, magnetic field or
current density exceeds a critical value.
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[104]. The complexity of the numerical simulation of superfluid helium shows the fact
that its mathematical description requires six scalar equations with independent variables
as temperature, density, pressure, first velocity and second sound velocity [93]. The
detailed analysis of this description allowed to make the assumption that the thermo-
mechanical and the Gorter-Mellink terms are the dominant ones in the superfluid
component momentum equation [93]. The simplified description of superfluid helium is
one with momentum and energy equations only [104].

The years of work in different laboratories on modeling of the heat transfer in
superconducting magnets resulted in the development of many software tools or the
implementation of existing commercial software to these studies. The numerical
simulations of heat transfer carried out with use of commercially available software were
performed with multiphysics software, ANSYS or COMSOL, which use the Finite
Element Analysis (FEA) tools. The examples of numerical simulations with ANSYS are
[104]-[106] and with COMSOL are [107]-[108]. The models build with ANSYS or
COMSOL use magnet geometry to which beam loss related heat sources prepared with
MARS or FLUKA simulation packages were implemented. Some initial work was done
also with the Simulation Program with Integrated Circuit Emphasis (SPICE) in order to
develop novel techniques to solve sets of coupled heat transfer differential equations
[113]. In this monograph the SPICE based software (PSPICE) was selected as a tool for
Network Model implementation and it is one of many software developed at CERN. Other
examples are:

e The ROXIE (Routine for the Optimization of magnet X-sections, Inverse field
calculation and End design), which is the software for the design and optimization
of LHC superconducting magnets in 2D or 3D, and provides a magnet-level basic
thermal network solver. The examples of numerical simulations with ROXIE are
[109]-[110],

e The SPQR (Simulation Program for Quench Research), which is dedicated to
Quench simulations for superconducting elements in the LHC accelerator [111],

e The THEA (Thermal, Hydraulic and Electric Analysis), which is a software
dedicated to 1D/2D steady-state and transient multi-physics analysis of the
superconducting cable by thermal and hydraulic networks [112],

e QP3 (Quench Protection), which is software based on a 1D thermal network.
QP3 is dedicated to study the quench behavior over the longitudinally
segmented conductor and allow to solve the coupled and highly non-linear
problems [114],

e ZERODEE, which is software dedicated to the stability analysis of
superconducting cables and allows extensive parametric study with respect to
heat capacity, thermal contacts (solid-solid and solid-helium) and quick estimate
of stability margin for long normal zone [115]-[116],

e Other software as for example quench simulation of superconducting coils with
the Wilson's method [117].
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V.2 The Network Model

The Network Model was developed to study the thermal behavior of the
superconducting magnets and to determine the quench levels of the accelerator magnets
for beam loss scenarios [118]-[120] occurring at steady-state conditions. Fig. 5.1
schematically shows the construction of Network Model. The idea of the Network Model
Is based on the nodal structure of thermal circuits. The essential part of the model are
magnet technical drawings, which provide the details for the creation of the mesh of
thermal elements. Other required information is: materials thermal properties at cryogenic
temperatures [30], [80]-[90], coil cables temperature margin calculated from the magnetic
field distribution obtained from ROXIE software [121]-[122] and beam loss profiles
obtained from FLUKA software [123]-0. The non-beam loss induced heat source, as the
eddy currents and magnetic hysteresis losses, were evaluated with use of [125]. The
estimation of their contribution to the quench level value is of the order of 2% and they
were neglected in further thermal study of superconducting accelerator magnets.

OTHER
TECHNICAL DRAWINGS (non beam loss induced
(detailed magnets coil geometry) heat sources:
hysteresis losses

ROXIE eddy currents)

(magnets field distribution,
temperature distribution)

FLUKA
(beam loss profiles)

Fig. 5.1 Network Model construction overview

MAGNET
NETWORK QUENCH
MODEL LEVELS

MEASUREMENTS
(model validation)

CRYODATA
(material properties)

The fundamental unit of the Network Model is superconducting cable, which is used
to wind the magnet coil. Fig. 5.2 shows the drawing of the Rutherford type cable and
insulation scheme used in LHC superconducting magnets. The cable schematic cross-
section with indication of all key elements is depicted in Fig. 5.3 whereas the process of
preparation of the fundamental unit of the Network Model is presented in Fig. 5.4. The
magnet coil is constructed from the cable unit and other elements, namely inter-layer
insulation placed between the cable layers, ground insulation, cold bore and helium
channel around the cold bore as well as collar and yoke. They were included in the model
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with segmentation corresponding to the cable dimensions. The two-dimensional Network
Model was normalized to one meter of magnet length which corresponds more or less to
the longitudinal length of secondary particle cascade, which is developing after hitting
the cold bore and magnet coil by particles lost from the beam. The steady-state Network
Model is constructed from the following thermal elements: heat source, thermal resistance
and heat reservoir, and reproduces the heat flow path in superconducting accelerator
magnets. This path schematically is showed in Fig. 5.5 (see also Fig. 4.4).

—polyimide tapes 50% overlapped

p—channel

cable

adhesive polyimide

-polyimide tapes

Fig. 5.2 The Rutherford type cable with insulation winding scheme for the LHC superconducting
magnet coils. The metal part and insulation is indicated in the figure. The helium volume
in the p-channels indicated in the figure is a vital parameter in the calculation of the cable
thermal stability.

\“W\WW\“WW\N\W\ N
N N\
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RN

. strand
Insulation + He pi-channels ~ Insulation He NbTi +Cu

Fig. 5.3 Schematic cross-section of an insulated superconducting Rutherford type cable. The free void
volume which could be occupied by helium is depicted between strands and between the strands
and the cable insulation.
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Fig. 5.4 The Network Model fundamental unit creation. The real photo of the superconducting cable
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Fig. 5.5 The scheme of heat flow path in the LHC superconducting magnet (see also Fig. 4.4)
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Fig. 5.6 The magnet coil cross-section (top) and its 2-dimensional Network Model (bottom) together with
remaining superconducting magnet components: cold bore, collar, yoke, ground insulation

The wvalues of the thermal conductivity of solid components of magnets
(superconductor, electrical insulation, stainless steel, iron, Kapitza resistance) used to
calculate the thermal resistances are taken from commercially available databases
[80]-[81] and literature [30], [92]-[90]. The modeling of helium requires much more
attention. The helium takes on an active role in carrying heat away from the
superconducting cable strands. Due to the very high thermal conductivity and heat
capacity of superfluid and supercritical helium heat can be evacuated very efficiently
from the metal components of the cable. The seven different heat transfer mechanisms in
helium were identified and implemented in the Network Model (Fig. 5.7): (1) the
superfluid helium heat conductivity in narrow channels; (2) the superfluid helium heat
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conductivity in wide channels; (3) the nucleate boiling in the normal liquid helium;
(4) the heat conductivity of normal liquid helium; (5) the convection in normal liquid
helium; (6) the heat conductivity of gaseous helium; (7) the convection in gaseous helium
(see: [30], [96]-[97], [126]-[127]). The bold (red) rectangle blocks in Fig. 5.7 indicate the
most conservative heat transfer mechanisms in helium. In the superconducting magnets
the dominant mechanism of heat propagation is heat conduction. Due to narrow helium
channels the contribution from convection is small. Also contribution from heat radiation
is negligible.

Superfluid
Helium <<:::§E::
Spartow channel
FIRST RUN o
{ucteate baiing
Helium N _ JNormal fluid|
T=1.9/4.5 K Helium

of conductivity
@

of conductivity

Gaseous
o :
Helium

Fig. 5.7 The helium heat transfer mechanisms implemented in the Network Model. The bold (red)
rectangular blocks indicate the most conservative heat evacuation path. The f/c mean flux/channel
size switch. The recurrence model is used to iterate matching the helium thermal resistance values
to the simulated temperature distribution in the coil or stack of cables.

The helium channels in the superconducting magnets are the main heat evacuation
path so proper modeling of helium thermal properties in the Network Model is
fundamental to understand the heat flow mechanism, especially in the magnets operating
at superfluid helium temperatures. The superfluid helium heat transfer is calculated with
the experimentally determined equation by Claudet et al. in [126]. This formula (Eq. 5.1)
is in good agreement with 1-dimensional Gorter-Mellink equation [127].

Q :[xm )= X(T, )}[ W }

S I cm?
X(T) = A-[1—exp(-[B-(2.16 —~T)F*)] Eq.5.1
A=520,B =3

where: S — helium channel cross-section in [cm?],
| — helium channel length in [cm],
T.— temperature of the colder channel end in [K],
Th— temperature of the warmer channel end in [K].
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The Eq. 5.1 was determined for cylindrical channels at atmospheric pressure. The
Network Model use the 1-dimensional elements so the channel shape has no impact on
heat transfer. In addition the equivalent helium channel cross-section in the cable is used
to calculate the thermal resistivity. The normal fluid helium is modeled with the data from
[30] and [80]. The gaseous phase inside the narrow channels is described in the Network
Model by a constant heat transfer coefficient, which is in the order of 70 W/m?/K as
extrapolated from [97]. The volumes inside the coil cables are semi-closed volumes with
a very limited direct link to the helium bath, mainly due to insulation winding
imperfection [98]. The amount of helium inside the cable is a vital parameter in the
Network Model. The free void volume is defined as the space inside the insulated
superconducting cable that can be occupied by helium. In order to determine the free
void volume in all types of main LHC cables (see: Appendix 1), dedicated measurements
were performed by the author of this monography. A detailed description of the
measurement methodology and obtained results are presented in Appendix 2.

Fig. 5.8 MQY magnet photo and technical drawing. The ground insulation flaps indicate in the picture is
one of heat transfer barrier because their segment.

The LHC magnets operate at 1.9 K in arc regions and at 4.5 K in the long straight
section located just before low-3 quadrupoles and experiments. The steady-state heat load
to the semi-closed helium volumes may lead to the transition of helium from a liquid state
to gas and thereby reducing the cooling capabilities of helium. The blocking of existing
heat flow paths may lead in consequence to the quench of magnet. Since the
superconducting magnets are composed of materials with different coefficients of thermal
expansion, the temperature fluctuations may create mechanical stresses detrimental to
thermal and electrical stability of magnets. The analytic thermal analysis show that the
main barriers for the heat flow is the cable electrical insulation and the coil ground
insulation extension (flaps) in the helium channel around the cold bore (see: Fig. 5.8).
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V.3 The Network Model cross-check

The comparison of the results of simulation of simple coil geometry have been performed
for the Network Model and COMSOL multiphysics software (Fig. 5.10). The whole cable
model with ground insulation and helium bath was implemented in both software. The
results of simulations show the difference of 1.6% maximum (Fig. 5.9). This result
confirmed that the Network Model is exact tool for fast and effective steady-state heat
transfer simulations.

Network Model & COMSOL cross-check
10

10

9 A
] <1.6% 4
: y &

X g
|_
4
7 =4—cable (4.5K) - NM
6 =i-cable (4.5 K) - COMSOL
6
5 T T T T 1
0 10 20 30 40 50

P [W/m]

Fig. 5.9 The Network Model and COMSOL multiphysics comparison. The maximal difference between
simulation is less than 1.6%.
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Fig. 5.10 The Network Model and COMSOL multiphysics comparison. From left: geometry implemented
to the models, Network Model, COMSOL model (graphical representation of simulation).
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Chapter VI
Models validation with experimental results

The results of the simulations with the Network Model were validated with the
experimental results. The validation procedure is showed in Fig. 6.1. The Network Model
was developed at CERN during serial tests of the LHC magnets and model validation
measurements were performed on magnets which are currently installed in the LHC. The
two measurement procedures were developed during this campaign. The first considered
procedure was based on keeping the magnet current constant (lcoii =const) and ramp
quench heater current (Ign) with a step of 0.1 A. The maximal current for powering the
quench heater was set to 2 A. This procedure was abandoned since the ramping of lon
with a step of 0.1 A per second or even per minute could not assure a steady-state
condition. The second procedure was based on keeping the quench heater current constant
(Ion =const.) over 300 seconds or more and then slowly ramping the current of the magnet
(leoit) with a step 20-50 A/s at a low current region, namely up to 1000A and then
decreasing the ramp speed to 1A/s. This procedure assured a high precision of the magnet
quench current measurements.

EXPERIMENT | heat RGN measured
Heat source quench
current

VALIDATION

J J

HEAT

predicted
SOURCE
quench
MODEL current

Fig. 6.1 The Network Model validation procedure.

V1.1 The Network Model validation with quench heaters

The superconducting magnets installed in the accelerators are protected by the quench
protection system build-up with quench heaters [128]. Currently, the alternative methods
of magnet protection are under development and testing at CERN, as for example the
Coupling-Loss Induced Quench (CLIQ) [129]. The quench heaters protect
superconducting magnets against the development of excessive voltage and overheating
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after a transition to a resistive state. The heating strips are made of stainless steel partially
plated with copper (Fig. 6.2). The strips are embedded between two polyimide foils. The
copper plating pattern is adapted for the various types of magnets in order to keep the
resistance of the heater circuit at the same value. This fact allows to power the quench
heaters with only one type of power supply. The copper plating allows to control the strip
resistance and thus for the connection of quench heaters in series. The quench heaters are
powered by the capacitor banks, discharged after quench detection. The quench heater
strips are positioned along the magnet between the coil and the collars. The positions of
quench heaters in the measured magnets are shown in Fig. 6.4 and Fig. 6.5. The quench
heaters installed in the LHC magnets are made of 25 pum thick and 15 mm or 21 mm wide
stainless steel strips [128]. They are insulated with 100 pm thick polyimide film. The
stainless steel strip thickness can vary within the range given by technical specifications.
This implies the difference of measurements of the quench heaters resistance for each
magnet. It is an important value for the quench limit experiments performed since the
power dissipated to the magnet coil is an essential parameter calculated from the strip
resistance and the DC current value of which the strip is powered.

The quench heaters build-in in the main LHC superconducting magnets are very
favorable for the studies dedicated to the quench limits studies. The experimental setup
is composed of built-in quench heaters and the DC power supply (Fig. 6.3). The quenches
were provoked at different levels of the magnet current in function of the power
dissipated to the selected quench heater. The experimental setup was implemented into
the Network Model and the simulation results were compared with the measurement
results. During a steady-state quench experiment the selected quench heater strip was
powered in the DC mode from an external power supply, leaving the remaining quench
heaters in magnet protection mode. The power dissipated to the quench heater strip was
transferred through the polyimide insulation to the coil, heated the coil cables and
provoked the quench of the magnet. Typically the quench started in one of the cables
below the quench heater strip and the natural quench propagation drive the entire
conductor into the normal conducting state.

stainless ; .
B sicol —|  copperplating =— thickness
4 o b
width
F— heater strip length 4—|
CopPek heater strip insulation
= »
superconducting
cable

Fig. 6.2 The schematic view of copper plated quench heater stripe installed in the LHC magnets.
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Fig. 6.3 The sketch of the experimental setup for the quench heater provoked quenches. The sketch
shows the quench heaters connection during tests.1 - cabling between the quench heater
patch panel and the “intercon”, 2 - cabling between the racks and the test bench, 3 — the
instrumentation cable of the magnet, 4 — the capillary cable 300K/4.5K.

The Network Models of four families of the LHC magnets were prepared: the main arc
dipole (MB), the main arc quadrupole (MQ) and the Long Straight Section quadrupole
magnets (MQM and MQY). The fundamental units of the models were prepared
according to the cables characteristics shown in Appendix 1 and helium volumes
calculated from dedicated measurements (Appendix 2) and technical drawings. The
validation procedure shown in Fig. 6.1 was used to compare the results of simulation with
measured values. The modeling of the magnet coil and implementation of the quench
heater in the Network Model is shown in Fig. 5.6. The prepared magnet models allowed
to simulate any measurement configuration based on quench heaters, namely any of
guench heaters installed in magnet could be modeled as the heat source. In the model
shown in Fig. 5.6 the power dissipated to the quench heater strip is transferred through
the polyimide insulation to the coil, heating the coil cables and provoking the quench of
the magnet.

The Network Model simulation resulting in the temperature map of the whole simulated
system for the given power dissipated to quench heater. From magnet design we obtain
the map of temperature margins for a selected operational value of magnet current. The
magnet quench current (quench level) was determined by comparing these two
temperature maps.

The simulation and measurements were performed on 7 different LHC magnets at
temperature of T = 4.5 K: MQM 627, MQM 677, MQM 659, MQY 609, MQY 659,
MQ 356 and MB 2624. The results of the numerical simulation and experimental
validation are presented in Fig. 6.6 and Fig. 6.8-Fig. 6.13. For all measured magnets the
largest difference between measurements and simulations was found to be of the order of
20%, whereas the majority of the differences did not exceed 10 %. For example the
difference between the measured and simulated values for three measured magnets from
the MQM family is shown in Fig. 6.7. It shows 8 % difference at maximum. The MQM
magnet is a special one because it was optimized to operate both superfluid (1.9 K) and
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normal fluid (4.5 K) helium temperatures. The main sources of discrepancy between
simulation and measurements are the material properties used in simulation. In an ideal
case the heat conductivity of materials used in magnet construction should be measured.
In the simulation data from the available database was used [80]-[81] and compared with
available measured data [82]-[86].

The model validation with precision up to 20 % at a temperature of 4.5 K was regarded
as sufficient for the initial quench level knowledge. Further updates of input parameters,
especially material properties, and the development of the Network Model allowed to
significantly increase the precision of the simulation of the LHC magnet types working
at4.5 Kaswell as 1.9 K.
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._supe i bl
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Fig. 6.4 The LHC arc magnets: the main dipole MB (left) and the main quadrupole MQ (right). The red
lines on top of coils indicate the position of the quench heaters. MB and MQ coils are immersed
in superfluid at Tp=1.9 K.
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Fig. 6.5 The LHC Long Straight Section quadrupole magnets: MQM (left) and MQY (right). The red lines
on top or in the middle of the coils indicate the position of the quench heaters. Selected MQM
coils are immersed in superfluid T,=1.9 K and rest of the MQM and MQY are immersed in normal
fluid T,=4.5 K.
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Fig. 6.7 The relative difference between simulations and measurements and for MQM magnets.
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Fig. 6.8 The result of the simulation (solid line) and measurements of the MQY magnet inner heater.

4200 -
4100 -
4000 -

MQY - outer quench heater

Ultimate current 3900 A

3000 T c— — — — e c—— c— c— e—

3800 -
3700 +

3500 -
3400 -
3300 -
3200 -
3100 -
3000 -
2900 -
2800

| magnet [A]

3600 == o— em— e— e— e— — c— e e EE—— CEE—— CE— C—

Nominal current 3610 A

EMQY 609

®MQY 659

25,00

30,00 35,00 40,00 45,00 50,00

Pheater [mW/cm?]

Fig. 6.9 The result of the simulation (solid line) and measurements of the MQY magnet outer heater.
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Fig. 6.10 The relative difference between simulations and measurements and for MQY magnets.

MQ at 4.5 K

12000 p======cecccccccccccccccncce e

Ultimate current @ 4.5K
11500 -

11000 -

10500 -

I magnet [A]

10000 -

9500 - AMQ 356

9000 ‘ ‘ ‘

20 25 30 35 40

Pheater [mW/sz]

Fig. 6.11 The result of the simulation (solid line) and measurements of the MQ magnet.
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Fig. 6.12 The result of the simulation (solid line) and measurements of the MB magnet HF quench heater.
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Fig. 6.13 The result of the simulation (solid line) and measurements of the MB magnet LF quench heater.

The proper set of the LHC magnet quench levels increases the operational efficiency of
the LHC by setting appropriate initial threshold values for the beam loss monitor system.
In 2008 the first results were obtained with the Network Model. For this simulation a
conservative approach was always applied in the case of material properties since
measured values were not available. The simulation with a typical Gaussian beam loss
profile calculated with the FLUKA [123]-0 allowed to get first results of the quench level
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for the MQM magnets family: 6 mW/cm?® and 4 mw/cm?® for nominal and ultimate
currents respectively. The corresponding values for the MQY magnets family were
8 mW/cm? and 5 mW/cm?. It has to be noted that these values were obtained for steady-
state conditions and not for the real LHC beam pattern.

Fluka simulations:

1 - factor=1.0

2 - factor = 1.0/3.0

3 - factor = 0.4/3.0
4 - factor=20.1/3.0
5 - factor = 0.03/3.0

Fig. 6.14 The schematic diagram of the heat deposits in the magnet coil (left) and coefficients of the heat
deposits in case of the Gaussian profile calculated by the FLUKA [123]-0 (right). The red arrow
indicates impact region of particles lost from the beam [1].

V1.2 The Network Model validation with Internal Heating
Apparatus

The successful validation of the Network Model with an experimental setup based on
magnet quench heaters initiated the work on a more realistic reproduction of accelerator
conditions and on designing a tool which would allow to heat the coil from the beam pipe
and to validate the model. Some indication of a typical heating scheme was given [95]
and its radial energy deposition is depicted in Fig. 6.15.
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Fig. 6.15 The estimation of radial energy deposition scheme in superconducting magnets [95].
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The tool, called the Internal Heating Apparatus (IHA), which allows to heat up the
magnet coil from the inside of the cold bore was developed (Fig. 6.16). The IHA was
constructed from a 1 m long and 0.5 mm thick stainless steel tube (Fig. 6.16) and the
insulated heating strips were glued to this tube (Fig. 6.18). The heating strips installed on
the support tube were made of 25 um thick and 15 mm wide stainless steel and insulated
with 100 pm thick polyimide film. Inside the support tube the expanding cone system
was installed to press the heaters to the cold bore and to assure good thermal contact.
Along the tube, the 3 mm gap was left in order to assure the flexibility of the support
during the installation and during cone expansion. The four heating strips were installed
on the support tube. Each strip was equipped with four wires to allow the precise
measurements of the voltages and it was powered independently with one DC power
supply. The temperature of the IHA was measured by two PT100 temperature probes
installed in the middle and at the end of the support tube. The experimental setup
consisting of IHA and DC power supplies allowed to generate the heat which was
transferred throughout the heating strip insulation, the cold bore tube, the cold bore tube
insulation and finally the helium channel around the cold bore to the magnet coil. The red
lines in Fig. 6.19 and Fig. 6.20 show the position of heating strips. Also the positions of
the temperature sensors are indicated. The heating strips are located under the high field
region of the magnet which is located at the coil extremities as well as in the middle of
the coil under the low field region. The experimental setup with the IHA allows to
provoke magnet quenches in a large range of coil currents from few hundred amperes up
to an ultimate magnet current (for example lutimate=12850 A for main dipole). Fig. 6.18
shows photos of the Internal Heating Apparatus and its installation inside the magnet.

Fig. 6.16 View of Inner Heating Apparatus — CATIA model
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Fig. 6.17 The stainless steel support tube of the Internal Heating Apparatus

Fig. 6.18 Internal Heating Apparatus and its installation inside the magnet cold bore.
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@

Fig. 6.19 The cross section of the main dipole magnet equipped with IHA. The heating strip and
temperature probe azimuthal positions are shown.
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Fig. 6.20 The cross section of the main focusing quadrupole magnet equipped with IHA. The heating strip
and temperature probe azimuthal positions are shown.
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The Network Models of the LHC magnets prepared previously for simulations with the
quench heater as a heat source were updated by adding the IHA as a heat source and used
for quench simulations. The numerical simulation and comparison with the measured
values obtained for the main dipole MB and lattice quadrupole MQ magnets are shown
in Fig. 6.21 and Fig. 6.22 thus relative difference is showed in Fig. 6.23. The largest
difference between measurements and simulations was found to be 70 % for the MB
magnet’s very low current (~2000 A), whereas the majority of the differences did not
exceed 40 %. The discrepancy of the simulated and measured results originate from
critical current parametrization which is non-linear and not optimized for a low current,
yet. At a high current the difference is of order of 10 %.

The simulation with typical Gaussian beam loss profile calculated with the FLUKA
[123]-0, depicted in Fig. 6.14 and radially homogeneous distribution [95] (Fig. 6.15)
provides for main dipole MB 17 mW/cm?®and 12 mW/cm? respectively and for MQ lattice
quadrupole magnets are 23 mW/cm? and 17 mW/cm? respectively. The knowledge of the
estimation of conservative quench levels of the main magnets will allow setting
appropriate initial threshold values for the beam loss monitor system.
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Fig. 6.21 The results of the simulation (solid line) and measurements (markers) for the MB magnet at
1.9 K. The power dissipated in the heating strips is shown on x-axis and corresponding magnet
quench current is depicted on y-axis. The relative difference between simulated and measured
values is shown in the figure.
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Fig. 6.22 The results of the simulation (solid line) and measurements (markers) of the MQ magnet at
1.9 K. The power dissipated in the heating strips is shown on x-axis and corresponding magnet
quench current is depicted on y-axis.
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Fig. 6.23 The relative difference between simulations and measurements for MQ magnets.The power
dissipated in the quench heaters is shown on x-axis and relative difference between
measurements and simulations is depicted on y-axis.
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Chapter VII
Network Model Implementation

The implementation of the Network Model to the study of the superconducting
magnets thermal behavior requires a uniform modeling method. The assumptions for

steady-state modeling are:

o the steady-state conditions reached in the magnet coils cables means that after

heating with a heat source with a constant heat flux the temperature inside the
cable does not change with time;

the superconducting cables in the magnet coil are much longer than the length of
the Network Model element so there is no heat transfer along the cable, which
means no temperature gradient along the cable;

the thermal conductivity of the cable is much greater than the thermal conductivity
of electrical insulation. This assures us that cable at steady state is at uniform
temperature;

since the thermal conductivities change with temperatures, the recurrent
procedure to establish the proper conductivity for the simulated element has to be
implemented.

The main heat flow barrier in the superconducting magnets are cable and coil
electrical insulations: polyimide and fiberglass laminates. The thermal conductivities
from [80] were selected as basic ones for calculating the thermal resistances of each
Network Model element. The data used for insulating materials is presented in Fig. 7.1.
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Fig. 7.1 The thermal conductivity of electrical insulation materials Polyimide and G10 [80] used in

simulations of superconducting magnets.
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VI1.1 Enhanced Superconducting Cable Insulation

The main challenge during designing the accelerator superconducting magnets, which
typically operate in a high radiation environment, is to develop the effective heat
extraction paths from magnet coils to the heat reservoir. The insulation scheme used for
the cables used to wind the coils of the magnets installed in the LHC (see: Appendix 2)
Is impermeable for helium and almost seals the superconducting cables. Thus the heat
conduction of polyimide insulation determine the heat transfer from the cable to the
helium bath. However some of the measurements of the heat transfer of the LHC cables
insulation [98] suggesting existence of tiny channels, mainly due to the insulation
imperfections, which may provide a link between the strands and the helium bath and
which can increase the heat transfer through polyimide insulation.

Further investigations resulted in the proposition of a new insulation scheme for the
NDb-Ti superconducting cables [99]-[100] to be used in magnets for the upgrade of the
LHC. The proposed insulation scheme introducing the network of micro-channels inside
the superconducting cables electrical insulation. These channels are occupied by liquid
helium and provide a direct link between the strands and the helium bath. The two
enhanced insulation schemes were proposed (Fig. 7.2). The schemes differences are the
winding scheme of the 2" insulation layer and the thickness of the 1% and 3™ insulation
layer. The details of both enhanced insulation schemes, including the wrap angles, are
summarized in Table 7. 1 and Table 7.2. The wrap angles define the length of the channels
inside the insulation. From the electrical point of view the longer helium paths are positive
since they mean a longer path for a potential electrical arc. From a thermal point of view
the longer channels decrease heat transfer, especially for superfluid helium where the heat
transfer is a function of channel length (see: Eq. 5.1).

The enhanced insulation schemes are challenging for modeling with the Network
Model because they require a 3-dimensional heat flow model. The complexity of the
helium paths in the enhanced cable insulation is showed in Fig. 7.3. The basic sample
length corresponds to the LHC cable 01 transposition pitch of 115 mm. The analytic view
of the heat transfer paths in the enhanced cable insulation is presented in Fig. 7.4 and its
Network Model implementation is depicted in Fig. 7.5. The 3-dimensional model
considers two main components: heat transfer perpendicular and parallel to the cable
(Fig. 7.6) and the Network Model implementation of EI#1, showed in Fig. 7.7.

NUREVEVERERRRRY

Fig. 7.2 The enhanced insulation scheme EI#1 (left) and El#4 proposed in [99]-[100] scaled from real
cable dimensions (LHC cable 01).
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Table 7. 1 The parameters of enhanced insulation scheme EI#1 proposed in [99]

layer layer 1 layer 2 layer 3
. . polyimide with adhesive
material polylmldg polylmldg coating
(Kapton, Apical) (Kapton, Apical) (Kapton, Apical)

thickness 25.4 um 75 um 55 wm thick,
width 9 mm 4x2.5mm 9 mm
gap be_tween 1mm 4x1.5mm 1mm
wrappings

. cross wrapped with 0 -
wrapping 1% and 3 layers 50% overlap with 1% layer
wrap angle a1 =71.68 deg a2 =62.16 deg a3 =71.90 deg

Table 7.2 The parameters of enhanced insulation scheme El#4 proposed in [100] and used in MQXC

prototype magnet.

layer layer 1 layer 2 layer 3
. . polyimide with adhesive
material polylmldg polylmldg coating
(Kapton, Apical) (Kapton, Apical) (Kapton, Apical)

thickness 50 um 75 um 69 um thick,
width 9 mm 3mm 9 mm
gap be_tween 1mm 1.5 mm 1mm
wrappings

. cross wrapped with 0 -
wrapping 1% and 3% layers 50% overlap with 1% layer
wrap angle a1 =71.68 deg a2 =81.6 deg a3 =72.00 deg

Fig. 7.3 The sketch of enhanced insulation EI#1. The channel system in each insulation layer is showed.
The presented sample length correspond to the transposition pitch of the LHC cablel of 115 mm.
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Fig. 7.4 The analytic view of heat transfer paths in enhanced insulation. Light (blue) elements represent
helium channels, dark (brown) show insulation and dark (blue) lines depict the Kapitza resistance.
The bold arrows in the sketch show the dominating heat transfer path. The heat flow scheme is:
helium in 1% insulation layer, next heat flows along the cable with use of helium in 2" insulation
layer and finally the helium in 3" insulation layer is connected with helium bath.

Fig. 7.5 The Network Model implementation of the schematic view of heat extraction paths in enhanced
insulation. The thermal resistance of insulation is R;, the Kapitza resistance - Rk, helium - Rye.

60



Heat transfer in High Field Superconducting Accelerator Magnets

sosrmn 103 1 3 1.3 1 3 1 3 1 aiesie
SIS //,/’/f’/{ // /s

,// AV /

f/-’" // // /f/ / / / / /’;’/ //’/ e / / / / ;‘C//

AX // /) f’ ’ , ”i a4 // /

/”/ /// // / f , /) / // /

17353 mm / \// / ,f”",-»" ’/ // // / // / I
1 LS Tt y// AL AL S /,f f’/ / ; o

/ /\ . /ff //r / //// A '/ ;‘; / /: / / / /f

/ ‘//:// /—*/,'/ ’/;‘/ f / /’j / ;/ / )/ /// //f/ ffl’//

ff AN //

f f 4 AT Y4 /
’ ” /‘/ ) /.f //‘/f ////i f/f'/ /f;/ // /’ r/ / /[ / ’/ ’/’/ [/'/
AV AV YA,

15.1 mm
::‘\

15.1 mm

/o I

/ ,,/}"’ / '/ SIS, /Y / 4 / / V7, / // //

Fig. 7.6 A schematic view of helium path network for EI#1. The numbers 1 and 3 indicates the helium
channels in insulation layer 1 and layer 3. The arrows indicate the heat extraction areas i.e.
the areas that helium from the cable has direct contact with helium bath.
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Fig. 7.7 The Network Model of helium channels in EI#1. The 3-dimensional problem is converted to
2-dimensional map. The light blue lines show helium channels.

A schematic view of the helium channels in the enhanced insulation EI#1 shown in
Fig. 7.6 was used to build the EI #1 Network Model and the result is depicted in Fig. 7.7.
In the experimental setup with a stack of cables [130], the heat from the cable is evacuated
mainly through helium channels and at the end by the narrow sides of the cables, which
are in contact with the helium bath (see: Fig. 7.8) [8]. The prepared Network Model was
used for numerical simulation of the experimental setup described in [130] and to validate
the simulation results with measurements.
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The experimental setup described in [130] was built from the six dummy cables of
150 mm active part long and made of 28 resistive CuNi1o wt% Strands. The geometry of
the cables was chosen to be the same as the LHC cable 01. The cables were insulated
according to the EI#1 scheme (Fig. 7.3). The cables were superimposed alternatively with
the thick or the thin edge to one side to form a rectangular stack. The sample was cured
according to the standard bonding cycle of the LHC main superconducting magnets,
consisting of a pressure cycle up to 80 MPa at a temperature of 190 °C. The measurements
were performed under a pressure of 30 MPa, applied on the wide side of the cables.
Fig. 7.8 show a schematically cross-section of the experimental setup described in [130].
The thermal conductivity of CuNiowt9 is shown in Fig. 7.9 and other parameters were
taken from [80].

Fig. 7.8 A cross-section of experimental setup described in [130] implemented in the Network Model.
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Fig. 7.9 The thermal conductivity of CuNiiowts
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The initial numerical simulation of the EI#1 was performed with a model build by
taking into consideration only the helium channels, i.e. neglecting the heat transfer
through the solid insulation part. The contribution of the heat transfer through the solid
parts ranges between 1 % for low heat fluxes up to 15 % for fluxes of order of 1 W/m
(Fig. 7.13). For the superfluid helium part the Kapitza resistance [86] is the limiting factor
for the heat transfer from the solid material to the superfluid helium. The measured values
of the Kapitza coefficient (ck) range from ~550 to ~1200 Wm2K?* [86]-[90]. The impact
of the Kapitza resistance was studied and dedicated simulations were performed for three
different values of the Kapitza coefficient, namely ok = 550, 900 and 1200 Wm2K*
(Fig. 7.10-Fig. 7.12). A vital parameter of the Kapitza resistance calculation is the contact
surface between the material and helium. The cable surface is not flat but it is determined
by the structure of the cables which are built from the strands. Thus the real cable contact
surface with helium is larger than the surface calculated from cable geometry. The most
conservative approach is implemented when the strands are not deformed and they have
an ideal cylindrical shape. That is why, in the simulation the contact surface calculated
from the cable dimensions was increased by 50 % and it is noted as 150 % S in Fig. 7.10-
Fig. 7.12. This analysis show a small impact of the contact surface on the final numerical
calculation results. In summary the Kapitza resistance is relatively small with respect to
the thermal resistance of the helium channels, and a dominant contribution to the heat
transfer through helium coming from the thermal resistance of the helium channel in the
second layer of the insulation. Subsequently, the model was improved by including the
heat transfer path through the solid part of the cable insulation. The comparison of
Fig. 7.11 and Fig. 7.12 shows that solid part contribution is not negligible for high heat
fluxes and including this part in the model gives a very good agreement between
simulation and measurements up to AT < 0.2 K, what can be seen in Fig. 7.12.

The results of numerical simulations with Network Model for nominal helium
channels dimensions calculated from the Enhanced Insulation specification showed
disagreement with the measurement data presented in [130]. These comparison of the
results is presented in Fig. 7.10. After a careful cross-check of all of the model parameters
and a series of basic checks of the model itself, the idea of reducing the helium channels
dimensions due to applied pressure was investigated. Indeed, a very good agreement with
experimental results over the helium temperature increase range of AT < 0.05 K
(Thath=1.9 K) was obtained by reducing the effective helium channels cross-section in the
second layer of insulation (L2) by 5 0% (Fig. 7.11-Fig. 7.12). It worth mentioning here
that the reduction of the effective helium channel cross-section is the only free parameter
implemented in the Network Model. Further analysis and investigations showed that the
reduction of the helium channel cross-section can be considered as a combination of
several effects. The leading effect which may cause the helium channels cross-section
decrease is the pressure applied to the measured sample. Other possible effects, which
may contribute to the reduction of the helium channels cross-section are: the plastic
deformation due to the local peak stress; the plastic deformation during curing, and the
possible creep of insulation.
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The results obtained from the Network Model simulations were so interesting that they
triggered the ANSY'S simulations of possibly reducing of the sizes of channels in the
Enhanced Insulation due to applied pressure. These numerical simulations confirmed that
applied pressure reduces helium channel cross-section significantly [9]. The Network
Model simulation of the EI#1 suggest that the helium channels may have a reduced cross-
section in operational conditions and a further study of this insulation scheme is needed.
Still, the Enhanced Insulation provides a significantly better heat evacuation from the
cable. But, better heat evacuation means that the protection of the magnet with quench
heaters is much more difficult since more power is needed to dissipate in the quench
heater strips to protect the magnet during quench. This means that new solutions for
magnet protection are needed as for example CLIQ [129].
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Fig. 7.10 Numerical calculation of heat flow in EI#1 with Network Model for heat transfer through helium
only assuming that the helium channels are 100% open (nominal helium channels cross-section)
and its comparison with experimental data published in [130]. The simulations were performed
for three values of Kapitza coefficient and for contact surface equal 150 % of surface calculated
from cable dimensions (150 % S).
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Fig. 7.11 Numerical calculation of heat flow in EI#1 with Network Model for heat transfer through helium
only assuming that the helium channels in insulation layer 2 are 50 % open (reduced helium
channels cross-section) and its comparison with experimental data published in [130]. The
simulations were performed for three values of Kapitza coefficient and for contact surface equal
150% of surface calculated from cable dimensions (150 % S).
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Fig. 7.12 The Network Model simulation results and its comparison with experimental data
published in [130]. The simulations were performed for three values of Kapitza coefficient
and for contact surface equal 150 % of surface calculated from cable dimensions
(150 % S). In this figure both heat extraction through helium channels with 50% channel
cross-section opening in insulation layer 2 and through insulation implemented in model is
shown. This plot shows that there is a not negligible contribution to the heat extraction from
heat transfer through insulation, and that when both mechanisms are taken into account
there is a very good agreement between simulations and measurements.
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Fig. 7.13 The Network Model simulation result of heat extraction through the only solid part of cable
insulation. The contribution to the heat extraction through the electrical insulation path increases

from ~1 % for 0.1 W/m up to 15 % for 1 W/m.

VI11.2 NbsSn Technological Quadrupole magnets

The NbsSn superconducting magnets were selected to be developed for the LHC
luminosity upgrade. The USA LHC Accelerator Research Program (US LARP) was
involved in the development of NbsSn technology for accelerator magnets. This was a
complex program, which included basic studies on superconducting strands and thermo-
mechanical behaviors of the coil (for example [14] and [15]) as well as thermal
optimization of superconducting magnets [13]. The NbsSn coils production process is
different compared to Nb-Ti based, currently used in the LHC. Since NbsSn is a brittle
material and requires a long-duration reaction process at high temperatures (up to
~700°C), the coil is winded from strand precursors, reacted over 7 days [14] and then
impregnated to increase its stiffness. This coil production process means that there is no
helium inside the cable and the whole coil cooling process must be done by heat transfer
to the helium around the coil.

The Network Model of the NbaSn magnet was prepared in order to optimize the heat
transfer in developed magnets, especially to study inner coil insulation thickness. At first
the Network Model of the so-called Technological Quadrupole (TQCO02b) was prepared
to compare the results from the numerical simulation and the data from measurements
collected in Fermilab and presented in [131]. The Network Model of TQC02b was
developed on base of the TQ magnet scheme showed in

Fig. 7.15. The main issue with this model was the heat conductivity of the epoxy-
impregnated S-2 glass insulation. The thermal conductivity was approximated by the
properties of the G10 fiberglass composite and data from [80] were used. The heat
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reservoir was placed on the inner coil surface and the outer yoke surface because both are
in direct contact with liquid helium. The contribution from the thermal contact resistance
between different materials and between the coil insulation and liquid helium was
assumed to be negligible with respect to the thermal resistances of coil insulation. The
TQCO02b was tested at 1.9 K and 4.5 K.

The Technological Quadrupole coils were built with the two-layers of cables made of
27 strands, 0.7 mm in diameter, with a nominal width of 10.05 mm, mid-thickness of
1.26 mm and keystone angle of 1.0 degree. The inner radius of the coil was 90 mm and
one copper wedge was placed in the inner and outer cable layer (Fig. 7.14). The coils
were surrounded by stainless steel collars and an iron yoke with the outer radius of 200
mm. The measurements of the TQCO02b was performed with a dedicated 1-meter-long,
25.4 um thick and 9.5-mm-wide stainless steel heating strip placed in the middle of the
Kapton shim package at the coil inner layer, between adjacent coils (Fig. 7.14). It was
expected that in this location the heat deposition from the beam would be a maximal one
[131]. The TQCO2b was also used as a demonstrator of technology and it was equipped
with 2 types of coils: the coils TQ10 and TQ12 made from the Modified Jelly Roll (MJR)
conductor and the coils TQ17 and TQ19 made from the Restacked Rod Process (RRP)
conductor. The TQ10 and TQ12 (MJR) coils have an additional layer of 43 pm inner
polyimide trace. The cables used to wind these coils (RRP and MJR) are insulated with
S-2 glass sleeves. After high-temperature reaction, the coils were impregnated with epoxy
resin. The thickness of the insulation and the epoxy of the reacted and impregnated coils
may differ from the nominal thickness since it depends on the type of insulation and the
pressures during reaction and impregnation. This might be source of uncertainties of the
magnet quench limit determination. In order to set correct data in the model the actual
insulation thickness of the RRP and MJR coils used in TQCO2b were measured
(Table 7.3).

The experimental setup was built from dedicated heating strips (indicated in Fig. 7.14)
and the DC power supply, able to provoke quenches at a magnet current in the range from
a few hundreds to ~9000 Amperes. The measurement procedure was the same as
described in Chapter VI, namely each measurement involved setting the heater current
to a chosen value, waiting for a few minutes to establish a steady-state heat flow. Then
the magnet current was ramped with step of 20 A/s until the magnet quench. The 20 A/s
ramp step allowing to avoid the additional coil heating by eddy currents.

Fig. 7.16 shows the results of numerical calculation and measurements of quench
currents of the inner mid-plane cable. There is a good agreement between the calculated
and measured values both at 1.9 K and 4.5 K and for both the RRP and MJR coils. The
non-linear dependence of critical current density on a temperature of RRP 54/61 strands
[132] explaining the discrepancy between the simulations and measurements for low
quench current values. Unfortunately, J¢(T) parametrizations for the MJR conductor are
not available, yet.
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Fig. 7.14 The TQCO2b electrical scheme (left) and photo of HQO3 coil (right). The TQ magnet was
equipped with a dedicated stainless steel heating strip placed in the inner layer mid-plane,
between the adjacent coils Q1-Q4 (TQ10-TQ12) and Q2-Q3 (TQ17-TQ19) [131] .
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3a. Imner insulation

Fig. 7.15 The TQCO02b coil model. The insulation scheme and heating strip are implemented
in Network Model.
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Table 7.3 The TQ and HQ coils insulation scheme implemented in the Network Model. The difference
of TQ cable and coil insulation thickness is indicated for MJR and RRP type coils.
A nominal insulation scheme was implemented in the HQ Network Model .

Item Material MJR RRP RRP
(TQ 10-12) (TQ 17-19) HQ coil
thickness [um] thickness [pum] thickness [um]
S-2+epoxy 99 95 127
2 S-2+epoxy 327 165 254
3a S-2+epoxy 299 208 127
3b Kapton 43 0 76
4a Kapton 43 43 76
4b S-2 +epoxy 273 165 381
5a Kapton 127 127 127
5b Kapton 127 127 127
6a Kapton 76.2 76.2 127
6b Kapton 50.8 50.8 -
7a Stainless steel 25.4 25.4 -
7b Kapton 25.4 25.4 -
S-2+epoxy 76.2 76.2 127
Stainless steel 787.4 787.4 787.4
18 —---- R R - E—— A RRP measurements (1.9K)
i i i i i B MJR measurements (1.9K)
16 ---- T: """ E """ :r T 'i """ E' o ®  MJR measurements (4.5K)
: E E E E e RRP simulations (1.9K)
144 ""i _____ :r""-E _____ i"" eeeeee MJR simulations (1.9K)
12 ____\_:°' 0N __E______E _____ E____ = == MJR simulations (4.5K)
= A SF | | | | |
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Fig. 7.16 The TQCO02b Network Model validation with measurements [131]. Solid line and triangle markers
show results of simulation and measurements at 1.9 K for TQ RRP coils. Dotted line and square
markers corresponds to measurements taken at 1.9 K with TQ MJR coils. Dashed line and round
makers corresponds to measurements taken at 4.5 K with TQ MJR coils.
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VI11.3 NbsSn High-gradient quadrupole for the LHC
upgrade

The Network Model developed for the US LARP NbsSn Technological Quadrupole
was used for thermal analysis and design optimization of the NbsSn High-gradient
quadrupole (HQ). The HQ was the third generation of the US LARP Nb3zSn quadrupole
magnets and it was developed as a demonstrator of the large aperture quadrupole magnet
for an upgrade of the LHC inner triplet. The HQ coils design consists of 2-layer of
superconducting cables with 120 mm bore, one wedge in the inner and one wedge in the
outer cable layer. The HQ coil Network Model was based on the first-generation of the
HQ cable, which was made of 35 strands, of 0.8 mm in diameter, a nominal width of
15.15 mm, mid-thickness of 1.44 mm and a keystone angle of 0.75 degree.

The objective of the simulations was the study of different inner coil insulation
schemes to understand their impact on the thermal HQ coil behavior. In addition the
dimensions of the annular helium channel between the coil and the cold bore, and the
helium channels through coil poles were studied with the aim to optimize them in order
to efficiently evacuate heat from the HQ coils. It was important to optimize the channels
in the way to keep the helium in the channels in superfluid regime. The proposed helium
channel pattern in the poles was 5 mm diameter hole drilled every 100 mm along the coil.
The diameter and number of the holed was selected in order to have them equal or larger
comparing to the annular channel cross-section. This assumption should allow to avoid
helium quench in the pole channels.

The simulations were performed for the typical beam induced heat load and simulated
with the MARS code [133]-[134]. The MARS model included a beam screen, a beam
tube and a cooling channel around the cold bore. In simulation an additional 3 mm
tungsten absorber in the horizontal and vertical planes were added in the magnet mid-
plane in order to reduce the heat loads. Also the heat load to the cold bore was
implemented into the MARS model. The heat load profile was simulated for the LHC
luminosity upgrade target, namely L = 5%10%* cm™s (Fig. 7.17). This profile has been
used in order to qualitatively study of different inner coil insulation schemes as well as
the coil cooling channels.

The results of the Network Model simulations are shown in Fig. 7.18 and Fig. 7.19 for
the inner and outer cable layer respectively. The magnet mid-plane in the plots is indicated
as 0, positive and negative x-values indicate cables in the coils part adjacent to the mid-
plane and vertical values indicate the temperature increase in the cables above the bath
temperature Tp = 1.9 K. Three scenarios were studied and shown in this figure: 1) only
cable insulation in the coil inner diameter (ID), 2) cable insulation + an additional 127
pum G10 insulation layer in ID, 3) cable insulation + an additional 127 pm G10 and 43
um polyimide insulation layer in ID. The non-symmetric temperatures distributions come
from the fact that the heat load is not symmetric.
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Fig. 7.17 The transverse heat deposition profiles in HQ magnet, obtained from the MARS simulation
performed for an upgraded LHC IP5 optics layout, for luminosity L=2.5%10% cm?s™. In the
Network Model simulation this distribution was multiplied by a factor 2 in order to approach the
nominal LHC upgrade luminosity (L=5.0*10% cm%s%).

20 -

AT T T T T T T TT-TT-T"T"TFTTTFTT"F—T"TT"~""—""™"""™""™"""""™""~*""*~"*"*~"*"T7"T>¥"7¥”"¥"¥”" ¥” ¥ =¥ =>" =" =" =" =/ =~~~ T~ T T
| | @ Cable ins. + G10(5mils)+ Kapton(1.7mils)
L _E __________ :T ________ # cable ins. + G10(5mils)
16 ¢ Tttt . A Only cable insulation
1,4 e e b e e R ;
| | 000, | | |
'g' 12 +--------- Gt T e .‘.‘: “““ !.0"1 “““““ Py |
= : AP O, : :
4 e __l _ @Y _______ [, ®_ L ___ 1
g 10 I ° RS L |
1 .. 1 ”” 1 ’ ’ 1 .. 1 1
08 - L e r L e Y SRR ¢--hommmm- |
L G° Lot ! ey %! :
06 +---------+ 1~ -----5 L R e Y Y T e N e et |
R W S ! |
04 4-commeao [ S PV Sl [ ! YOS % S '
' + s | g |
’l’ AAAAA 1 1 1 A, 1
02+ Jath oo R (A I Y VO :
0,0 : : : : : :
-30 -20 -10 0 10 20 30
# cable

Fig. 7.18 The results of the numeric simulation with Network Model — HQ magnet inner cable layer. The
zero on x-axis indicates the magnet mid-plane, the positive and negative values indicate the
cables in the coils adjacent to the mid-plane. The values on y-axis indicate the temperature
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increase in the cables above the bath temperature T,=1.9 K. the Network Model simulations were
performed for the heat load showed in Fig. 7.17.
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Fig. 7.19 The results of the numeric simulation with Network Model — HQ magnet outer cable layer.

The Network Model was used to simulate the thermal behavior of the NbsSn
quadrupole magnets. The TQ model was successfully validated with experimental data.
The calculated and measured data are in good agreement and validate the model’s
accuracy, the material properties used in the simulations and also verify the choice of
boundary conditions.

A 120 mm US LARP NbsSn magnet was analyzed with this model. An estimated heat
load distribution at a luminosity of L = 5.0-10% cm™2s? was implemented in order to
qualitatively study the coil insulation as well as the magnet helium channels cooling
efficiency. The results show the significant temperature increase in the coil due to the
increase of the inner coil insulation thickness. In order to efficiently evacuate heat from
the coil the polyimide insulation should be minimized. The proposed helium channel
dimensions ensure the helium to keep at superfluid regime.
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Chapter VIII
Summary and outlook

This monograph discusses the results of studies on heat transfer in high-field
superconducting accelerator magnets at cryogenic temperatures. The operation of the
large accelerators constructed with the use of the superconducting magnets requires a
careful control of the beam losses around the accelerator ring. The typical beam loss
duration in case of the LHC varies between 10 and 10 second. The particles lost from
the high energy and high intensity beams affect the operation of the superconducting
accelerators magnets by inducing the quenches in the magnets coils. In order to protect
the accelerator equipment several safety systems were designed to ensure a safe
accelerator operation such as collimators, beam loss monitors, beam absorbers, beam
dumps as well as the internal magnet quench protection systems.

The primary objective of the presented studies was the development of the thermal
model which would allow to determine the limits of the energy which can be safely
deposited to the magnet coils by the particles lost from the beam (the quench limits)
during the Large Hadron Collider runs. The determination of the quench limits is essential
for the accelerator’s operation, especially during the collection of data during physics
runs of accelerator, since the integrated luminosity depends on the time of the data
collection. The reducing of the integrated luminosity affects the discovery potential of the
accelerator, especially the physics analyses of rare events. In addition, the recovery of the
LHC accelerator after the quench takes about 48 hours when more than 14 magnet cells
guench and it involves a significant amount of money (the cost of one hour of only the
LHC operation is estimated to be of order of ~10 kCHF).

The secondary objective, which was added at the later stage of the presented studies,
was the implementation of the developed and validated model to the thermal optimization
of the superconducting magnets designed for the LHC upgrade as well as the verification
of a new technologies proposed for magnets enhancement. Following this objective, the
Network Model was implemented to study the enhanced electrical insulation scheme
proposed for the Nb-Ti cables , and the thermal optimization of the newly developed
superconducting magnets based on the NbsSn conductor.

The work presented in this monograph was organized in the form of dedicated
experiments with a material data collection phase, construction of a model and model
validation with measurements performed at CERN and FERMILAB test facilities. The
complete experiments consisted of: (1) the theoretical background for development of
Network Model, (2) the selection of tools for the numerical model development, (3) the
selection of superconducting magnets to be studied, (4) the collection of material data
required by the model, (5) the preparation of input values and distributions — heat load,
(6) the numerical simulations, (7) the validation of the models with measurements, also
with use of a dedicated equipment developed for this purpose, (8) the implementation of
the model: the thermal optimization of the novel magnets and the thermal study of novel
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magnets technologies. The important parts of this project were the mini-experiments
performed for data collection, such as free void volume determination or the model
validation, such as design, construction and using the Internal Heating Apparatus.

® The general conclusions on Network Model and its implementation are:

(@]

The Network Model is a fast, effective and flexible tool for modeling heat transfer
in superconducting accelerator magnets, for different boundary conditions as well
as for sub-components of superconducting magnets,

The Network Model was successfully validated with existing and newly developed
heating sources, such as magnet Quench Heaters installed on top of the magnets
coil or the Internal Heating Apparatus installed inside the magnet cold bore,

The Network Model supported the determination of the initial quench limit levels
for first runs of the LHC main magnets, namely the main dipole (MB), the main
lattice quadrupole (MQ) and the long straight section quadrupoles (MQM and
MQY),

The Network Model allowed to understand the limitation for ion beam runs at the
LHC. The initial modeling showed an insufficient temperature margin in a few of
the main LHC dipole magnets,

The Network Model helped in the understanding of Enhanced Insulation
limitations and triggered the additional ANSYS studies which confirmed the
model results,

The Network Model helped in the thermal optimization of the newly developed
NbsSn superconducting magnets. The heat extraction from fully impregnated coils
poses new challenges to the magnet design and the Network Model is a tool which
can be really useful for initial optimization of the magnet cooling channels
scheme, namely the dimensions and location of the cooling channels in the coils
pole regions and thickness of the cooling channel between the cold bore and coil.

® During the course of the work presented in this monography some general
observations on superconducting magnets thermal modeling came into being:

©)

The geometry of the magnets requires careful implementation to the model since
the geometry is the most important components of the thermal model. Even a tiny
change of geometry can significantly change the thermal characteristic of
designed magnet.

The materials properties at cryogenic temperatures are not always available. The
use of the parameters for similar materials introduces uncertainty . This affects the
model reliability and precision, or the results. Dedicated measurements, especially
of the thermal conductivity of the used electrical insulation are mandatory.

The temperature margin of the superconductor is determined by the short sample
measurements and the parametrization based on these numbers. The
parametrization is optimized for the nominal operation current of the designed
magnet. Since parametrization is not linear, at a low current the discrepancy
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between measurements and simulations increases significantly, even by one order
of magnitude. This is the main source of modeling uncertainty.

The experimental validation of the Network Model has become more effective
thanks to the development of dedicated hardware and measurement procedures.

® The future development of the model and experimental methods of model validation:

©)

In presented work the Network Model was used for steady-state heat transfer
modeling but in reality accelerators are much more complicated. At the LHC the
beam consists of 2808 bunches and the beam has its own structure. The
implementation of the beam pattern will be one of the major upgrades of the
Network Model. But implementing the beam pattern means a mixture of steady-
state and transient conditions, so the model has to be developed for transient cases,
as well.

The heat load scenario is another vital component of modeling. The realistic
3-dimensional distributions of the energy depositions are required in order to
precisely determine the quench level. For example, the energy deposits to the cold
bore significantly reduce the quench level of the magnet due to common heat
extraction from the coil and the cold bore through helium channel around the cold
bore. The Network Model simulations for the main dipole magnet show that the
quench limit for the nominal current Img = 11850 A is 14 mW/cm® whereas
without heating the cold bore quench limit is 100 mW/cm?,

The cable and the coil electrical insulation constitutes the most severe barrier for
the heat extraction from the magnets coil to the helium bath. The optimization of
the thickness of the electrical insulation is the way to increase the heat extraction
from the magnet. In addition it is vital to understand heat transfer characteristics
from the superconductor to the helium bath through the electrical insulation.

The objectives of the Network Model simulations were accomplished. The
simulations provided initial quench limits for the LHC main magnets as well as helped in
the understanding of enhanced insulation limitations for the Nb-Ti based magnet
technology as reported in chapter VI and chapter VII. For the NbsSn based magnet
technology the Network Model simulations provided information on the impact of
different electrical insulation schemes on the thermal stability of the NbsSn
superconducting magnets as reported in chapter VII.
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Appendix 1

Superconducting cable characteristic

Tab Al.1 The characteristic of the LHC superconducting cables developed at CERN [135].

MB MB MQ MQM MQY MQY
Units Type  Type  Type Type Type  Type
1 2 3 4&7 5 6
Strand diameter mm 1.065 0.825 0.825 0.48 0.48 0.74
Number of strands 28 36 36 36 34 22
Average r = Cu/NbTi 1.65 1.95 1.95 1.75 1.75 1.25
Keystone angle deg 1.25 0.9 0.9 0.91 0.9 1.72
Cable width (bare) mm 15.1 15.1 15.1 8.8 8.3 8.3
Cable mid-thickness (bare) mm 19 1.48 1.48 0.84 0.845  1.275
Cable inner thickness (bare) mm 17353 1.3614 1.3614 0.7701 0.7798 1.1504
Cable outer thickness (bare) mm  2.0647 15986 1.5986 0.9099 0.9102 1.3996
Transposition pitch mm  115.00 100.00 100.00 66.00 66.00 66.00
Radial insulation thickness mm 0.15 0.15 0.13 0.08 0.08 0.08
AZim”t:;iLnizs:'aﬁon mm 012 013  0.11 0.08 008  0.08
Cable width (ins.) mm 154 154 15.36 8.96 8.46 8.46
Cable mid-thickness (ins.) mm 2.14 1.74 1.70 1.00 1.005 1435
Cable inner thickness (ins.) mm 19720 1.6190 1.5794 0.9288 0.9386 1.3080
Cable outer thickness (ins.) mm 23080 1.8610 1.8206 1.0712 1.0714 1.5620
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Appendix 2

Free void volume

The Rutherford type LHC superconducting cables (see Appendix 1) contain voids,
which can be filled up with liquid helium. In the following, the void volume inside the
insulated superconducting LHC cables that can be occupied by helium is defined as the
free void volume. The results of measurements and calculations of the free void volume
in all of the LHC superconducting magnet cables are summarized below. The free void
volume calculations were confirmed by micro-tomography measurements of the helium
distribution inside an insulated LHC cable stack. Neutron miro-tomography
measurements were performed at the ICON imaging facility of the SINQ spallation
neutron source of the Paul Scherrer Institut in Switzerland [136]-[137].

The main LHC superconducting magnet coils are built from the Rutherford type
superconducting cables (Fig. 5.2). A schematic view of an insulated superconducting
cable cross-section is shown in Fig. 5.3. The strands are composed of Nb-Ti filaments
within a copper matrix. The helium occupies the space between the strands and between
the strands and the cable insulation (Fig. 5.4)). Table A1.1 in the Appendix 1 summarizes
the nominal LHC cable parameters. The data presented in this table has been used for the
free void volume calculations. A rough estimation of the free void volume, calculated for
ideal, plastically non-deformed strands, can be obtained from the cable geometry (Tab
Al.l).

CABLE CROSS SECTIONS CALCULATION FROM CABLE GEOMETRY

Acable =7 1 dstrand .(dstrandj =7 dstrand 1+LZZ .(dstrand) Eq A2.1
2 cos(arctg(y D 2 2 Ty 2
T
p

2 2 2 2 Eq
AA = | 7 Gy 1+L2 Ad+ RN PSS S DO (g VPO | R P 4
T 2 h? 2 h? P
P 1+—-T7 1+— -T2
TP TP

A2.2

where: dswrand — is the strand diameter,
h — is the cable width,
Tp  —isthe cable transposition pitch,
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r
Aoy = Ao Eq. A23
r 1
AN, =——AA e+ Aol 5 - AF Eg. A2.4
A r1 Acabie T Avani (r+1)2 q
1
Avori = Acable” P Eq. A25
1 1
APy = r+1 “AA e — Kable'm'Ar Eq. A2.6

where: r —is the copper to Nb-Ti ratio.

The strands in the LHC superconducting magnet cables are deformed during the
cable production. Therefore, a more adequate method of the free void volume
determination is based on measurements of the cable mass and volume. The collected
samples of all six LHC superconducting main magnet cables were measured at room
temperature with the slide clipper and weigh with a precise (four digits) laboratory
weight. Cable samples with the following reference numbers have been prepared in the
CERN cable testing area: cable 1 — 01B10951AF, cable 2 — 02B81441AD, cable 4 —
04E40101CR, cable5 — 05E50053GF, cable6 — 06E60029AD. Cable 2 and cable 3 are the
same, cable 2 is used for main dipole (MB),whereas cable 2 is used in main quadrupole
(MQ) magnets. The mass of the copper (mcuy) and Nb-Ti alloy (mnoti) in the cable has
been determined according to the following formulas. The error on the mass
determination is shown as well.

Mypri = mtolto_ Eq. A2.7
147 70
PNoTi
AMyr = _r Amy, —— ot Ar Eq. A2.8
1% u 2 pCu
r-=c 41 re. o411
PNoTi PNoTi
Mg, = 1m$ Eq. A2.9
1+=. pCu
I Ppri
Pcu
1 Mgy - ¢ _
Amg, = ——= . Am +— LT _Ap Eq. A2.10
1 pCu
1+=. Pcu +r
' Proi PNbTi
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The reference density values for Cu and the Nb-47wt.%Ti alloy are 8930 kg/m?,
and 6022 kg/m® , respectively [138]. The density of the Polyimide insulation is
1420 kg/m® [139]. An acid test'! had been performed as a complementary measurement
to validate of the Nb-Ti alloy mass calculation. The relative differences between
calculated and “acid test” values of mnpTi are less than 0.3%. The results of measurements
and calculations are shown in the Table A2.1.

Table A2.1 Length and mass of the different LHC cable samples. The measured samples data of LHC
superconducting cables developed at CERN. The measurements were performed on bare
cables at room temperature with laboratory weigh and the slide clipper.

Units  Type-1  Type-2&3 Type-4&7 Type-5 Type-6

Sample length, d mm 69.3 67.3 68.9 61.9 60.8
Sample W;:iht (bare), 139128 107318 36242 30816  4.4095
mwei (acid test) g 40794 28033 10212 08751  1.5492
Mo (m,p) g 40914 27969 10220 08690  1.5644
Meu (m,p) g 98214  7.9349 26022 22126 28451

Mins (1) g 0537 0.509 0.184 0157  0.162

Tab A2.2 The LHC cables electrical insulation. Layer 1 and layer 2 overlaps by 50%, layer 3 is a strip
layer with a 2 mm space.

Cable type
Insulation Units  Type-1 Type-2  Type-3 Type-4&7 Type-5 Type-6
layer 1 mm 0.0508 0.0508 0.0508 0.025 0.025 0.025
layer 2 mm 0.0508 0.0508  0.0375 0.025 0.025 0.025
layer 3 mm 0.0686 0.0686  0.0558 0.056 0.056 0.056

The volume of the bare cable sample has calculated as follows:

M Mg,
V.(m, p) =N,
Pnoti Peu

Eq. A2.11

where mnpti — IS the NbTi alloy mass,
pnoti — 1S the NbTi alloy density,
Mcy — iS the copper mass,
pcu— IS the copper density,

1 Acid test means the procedure of removal of all non-superconducting material from the cable with acid.
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The volume of the insulated cable sample has calculated as follows:
m m
Cu +

v, (m, p) = Dheri ins Eq. A2.12
Paoti Pcu Plins

where mins and pins are the insulation mass and density respectively.
The volume of the cable in the coil (at the working conditions i.e. prestress and stress
from Lorentz forces) can be calculated from the nominal cable geometry:

a+b g Eq. A2.13

V,(a,a,b,h,d) =

where a — is the cable inner thickness,
b — is the cable outer thickness,
h = l-cos(a/2) —is the cable width,
a — is the keystone angle,
d — is the cable (sample) length,

Fig. A2.1 Superconducting cable sketch. a — is the keystone angle, a — is the cable inner thickness,
b — is the cable outer thickness, | — is the cable width, d — is the cable (sample) length,

The volume V3 (0, a, b, h, d) was calculated both for bare and insulated cables.
To distinguish these two volumes an additional subscript was introduced as follows:
V3 hare(a, @, b, h, d) for bare cables and Vs ins(a, a, b, h, d) for insulated cables. The
formulae for the free void volume calculations are:

Vfree_void :Vs_bare(a’ a, b’ h! d) _Vz (m, ,0) Eq A2.14
Vfree_void :Vs_ins. (C(, a,b,h, d) _V2 (m, ,0) _Vy—channels Eq A2.15

89



Heat transfer in High Field Superconducting Accelerator Magnets

Table A2.3 The free void volume calculation of CERN cables . Volume is normalized to 1 m of cable
length and the results are presented as a cross section in mm2. The table summarizes
calculations, which assumes that the total p-channels volume is occupied by the glue from the
last layer of cable insulation (fifth column) and ideal case when p-channels are fully active i.e.
volume is occupied by the helium only.

Free void volume Free void volume
Free void volume (insulated cable & S (insulated cable &
(bare cable) 0% of u-channel wehamel100% of p-channel
efficiency) efficiency)
mm? % mm? % mm? mm? %
Type-1 3.20 11.15 2.01 6.09 0.36 1.65 5.00
Type-2 2.37 10.62 1.49 5.58 0.35 1.15 4.27
Type-3 2.37 10.62 1.63 6.23 0.28 1.34 5.15
Type-4 &7 0.75 10.09 0.43 4,79 0.17 0.26 2.94
Type-5 0.72 10.31 0.42 4.97 0.16 0.26 3.12
Type-6 1.15 10.86 0.84 6.88 0.16 0.67 5.53

The free void volume was normalized to 1 m of cable length and the results are presented
as a cross section in mm?. It is assumed that the cable insulation is not plastically
deformed due to the pre-stress applied to the magnet coil and stress from the Lorentz
force. The Young modulus of the polyimide insulation is of the order of 30 GPa [139]
and from Hooke’s law one could calculate the insulation relative compression under the
nominal stress of 70 MPa. The insulation is changing its thickness by order of 0.25%
only. This means that the insulation does not change its volume significantly and under
compression is forced to fill the void between strands and insulation. In the calculations
of free void volume the difference between two volumes is calculated. The volume
calculated from the cable nominal geometry has to take into account the effectiveness of
p-channels. Assuming that p-channels are effective i.e. are occupied by the liquid helium
only, the calculated free void volume inside of the cable decrease by the volume of the -
channels. On the other hand, under compression the glue from the last layer of insulation
can flow out to the p-channels and fulfil them in 100%. Both scenarios are calculated and
the results are covered in the Table A2.3.
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