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Abstract

The energy stored in the particle beams of an accelerator such as CERNs
Large Hadron Collider (LHC) is substantial and requires a complex ma-
chine protection system to protect the equipment from damage. Despite
efficient beam absorbers, several failure modes can lead to beam impact on
superconducting magnets. The energy deposition from these beam losses
can cause significant temperature rise and mechanical stress in the mag-
net coils, which can lead to a degradation of the insulation strength and
critical current of the superconducting cables. An improved understanding
of the damage mechanisms is important for the LHC when considering its
planned increase in beam brightness, as well as for other accelerators using

superconducting magnets.

In this thesis, for the first time the damage mechanisms and limits of Nb-Ti
and NbsSn superconducting magnet components are studied experimen-
tally at room temperature. Several experiments have been performed to
study the effect of heating over different time scales - hours, several seconds
and tens of milliseconds - on the polyimide insulation of superconducting
magnets and on superconducting multi-filament strands. The set-up of the
different experiments are presented, results are discussed and first conclu-
sions on the damage mechanisms and limits of the superconducting magnets

are drawn.
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Introduction

High energy particle accelerators, like CERN’s Large Hadron Collider (LHC), are major
tools to perform experiments to improve our understanding of the universe. The goal
of such machines is to deliver collision of high momentum particles at a high rate,
measured as luminosity, allowing particle physicists to study particle physics.

The energy stored in the LHC beam can reached 362 MJ, sufficient to melt ~500 kg
copper. An uncontrolled loss of a very small fraction (below 10~ [I]) of the beam could
already cause major damage to equipment and lead to significant downtime. Therefore
a complex machine protection system is required to safely operate the accelerator. In
addition studies of failure cases and of the damage limits of accelerator equipments are
required to understand the risk for damage. This also provides essential information for
the design of protection systems for future accelerators, such as the luminosity upgrade
of the LHC (HL-LHC) or the Future Circular Collider (FCC). For example, studies
on the so-called hydrodynamic tunnelling effect have shown that the full LHC proton
beam would penetrate up to 35 m in solid copper and this would extend to ~350 m for
the FCC beam [2].

In the LHC, beam losses can happen at very different time scales. The most critical
beam losses are so-called ultra fast losses, faster than 360 ps (~ 4 LHC turns) and
happen usually several times per year. Typically ultra fast losses are due injection
and extraction failures. Protection against such losses relies on passive protection
elements such as collimators and absorbers. The interaction between the LHC beam and
these passive devices generates particle showers which are intercepted by downstream
elements such as superconducting magnets. The energy deposited in a superconducting

magnet coil during such an event induces a temperature rise and mechanical stresses
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which can lead to a magnet quench or in the worst case to an irreversible damage of
the magnet.

Damage mechanisms of superconducting magnets due to instantaneous energy de-
position have never been studied in detail, including experiments. Nevertheless, it is
possible to determine an energy deposition range below which damage of supercon-
ducting magnet components are excluded, and above which damage is certain. The
melting of copper of the superconducting cables defines the upper boundary of this
range. Once the copper starts to melt, the superconducting cables are assumed to
be fatally damaged. Copper with an initial temperature of 2 K melts at an energy
deposition of ~6 kJ cm™3. Experience from failures in the LHC as well as in other ac-
celerators using superconducting magnets such as Tevatron, HERA and RHIC provide
a lower boundary. From the worst ultra fast failures than happened in the LHC, an
peak energy deposition of ~6 J cm™3 in the superconducting coils have been derived [3].
During this event, the magnets quenched but were not damaged.

HL-LHC requires an increase of the beam brightness (smaller emittance and higher
intensity), this yields a factor two higher stored energy. As a consequence beam losses
and in particular the ultra-fast ones become more critical. For instance studies of
HL-LHC injection and extraction losses have shown that the energy deposition can
reach 100 J ecm~3 in superconducting magnet coils [4, [5]. Before this thesis, dam-
age of superconducting magnets with these type of events could not be excluded. An
improved understanding of the damage mechanisms and limits of superconducting mag-
nets is therefore essential for the HL-LHC, as well as for other future accelerators using

superconducting magnets.

In this thesis, for the first time the damage mechanisms and limits of superconduct-
ing magnet components are studied experimentally at room temperature. The magnet
polyimide insulation and the Nb-Ti and Nb3sSn superconducting multi-filament strands
were identified as most critical components. An experimental program was defined to
study the damage mechanisms and damage limits of these components. The experi-
ments aimed to study the effect of heating over different time scales from hours down to
tens of milliseconds on the dielectric strength of the insulation and the critical current
density of the superconducting strands.

The experimental results are then analysed, interpreted and compared to known

mechanisms.

Chaptre [2] of this thesis gives an overview of the CERN accelerator complex and

present briefly its upgrade projects and the design of future colliders.



In chapter (3] the machine protection system of the LHC is presented and the known
most critical beam losses in LHC and HL-LHC leading to significant energy deposition
in superconducting magnets are discussed.

Chapter [4] describes the relevant processes during the interaction of beam with
matter and the resulting effects in the matter.

In chapter |5 the basic concepts of superconductivity and the properties of Nb-Ti
and NbsSn superconductors are introduced. The design of the main LHC and HL-
LHC superconducting magnets is presented. The most critical magnet components for
damage due to instantaneous beam impact are identified and their damage mechanisms
are discussed.

The experimental program and set-ups to study the damage mechanisms are pre-
sented in chapter. []] The experimental results are discussed in chapter. [7] and in
chapter.

In chapter [0} the main results of the experimental study are interpreted and con-

clusions are drawn.
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Introduction to CERN

accelerator chain

2.1 From Injectors to the Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most complex particle
accelerator ever built. It has a circumference of 26.7 km and it is hosted in a tunnel,
about 100 m deep in the underground of the swiss-french border region near Geneva [6].
The accelerator was designed to produce collisions between two proton beams with a

particle momentum of 7 TeV ¢~ L.

A magnetic field of 8.33 T is necessary to deflect
protons with such high momentum, which requires the use of superconducting mag-
nets. The LHC is also able to store and collide heavy ions such as lead (Pb%2%). The
construction of the LHC was motivated by open questions in fundamental physics such
as the predicted but not yet found particles of the so-called standard model of particle
physics and other theories like super-symmetry, extra dimensions or the nature of the
dark matter. On July 4" 2012, the discovery of the Higgs Boson was announced by
the collaborations of LHC’s two large experiments, ALTAS [7] and CMS [g], after less
than three years of LHC operation.

A chain of smaller particle accelerators is used as pre-injectors to deliver the beam
to the LHC. An overview of the CERN accelerator complex is given in Fig. The
proton source is located at the start of the second CERN linear accelerator (LINAC 2)
in which the protons are accelerated up to a kinetic energy of 50 MeV. The particles
are then injected in the four rings of the proton synchrotron booster (BOOSTER). The
proton beams are bunched and accelerated up to an energy of 1.4 GeV before being
recombined and extracted toward the Proton Synchrotron (PS). In the PS, the proton
bunches are split and accelerated to 26 GeV before being injected in the Super Proton
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Figure 2.1: CERN accelerator complex. The LHC is the last ring (dark blue line) in
a complex chain of particle accelerators. From the source, the protons travel through
LINAC 2, Booster, PS, SPS before being injecting in the LHC. Heavy nuclei are delivered
via LINAC 3, LEIR, PS and SPS.

Synchrotron (SPS) to further accelerate them to 450 GeV and inject them in the LHC
through two transfer lines. The heavy nuclei travel starts in LINAC 3 and continue in
the the Low Energy Ion Ring (LEIR), PS, SPS before being injected in the LHC.

The basic layout of the LHC, shown in Fig. is formed by eight arcs and eight
straight sections, the so-called Interaction Regions (IRs). The two counter-rotating
beams circulate in separate vacuum chambers crossing each other at four points. The
beams collide in the centre of the main experimental detectors of ATLAS (IR1), ALICE
(IR2), CMS (IR5) and LHC-b (IR8). The beams are injected in IR2 (Beam 1) and IR8
(Beam 2) respectively and accelerated by superconducting 400 MHz radio frequency

cavities positioned in IR4. After the acceleration, the beams are squeezed to reduce
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Figure 2.2: Schematic layout of LHC accelerator. The LHC is segmented in eight octants.
The four major experiments are located in IR1, IR2, IR5 and IR8. The beams are injected
in IR2 and IR8. The accelerating cavities are installed in IR4, the beam cleaning system
in IR3 and IR7 and the beam dumping system in IR6. Beam 1 is circulating clockwise and
Beam 2 counter clockwise.

their transverse sizes and then they are brought into collision. Typically the beams
collide for several hours during a so-called physics fill. At the end of a fill or after the
detection of a failure, the beams are extracted by the beam dumping system located in
IR6 into specially designed absorber blocks. The two last IRs, IR3 and IR7, contain the

beam collimation system responsible for beam cleaning and passive aperture protection.

In total about 8000 superconducting magnets, operated at temperatures of 1.9 K
and 4.5 K, are present in the LHC to bend and focus the high momentum beams,
among which are 1232 main dipoles (MB) and 386 main quadrupoles (MQ). The LHC
superconducting magnets are built from Nb-Ti cables.

An overview of the nominal parameters of the LHC is presented in Table The
performance of the LHC can be quantified by the particle momentum at collision and
by the number of collisions per unit time and area, called instantaneous luminosity L.

The instantaneous luminosity can be expressed as:

_ nbN2frev

L=t (2.1)
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Table 2.1: Main beam parameters of the LHC for 2012 [9], 2017 [10], nominal [6] and HL-LHC
nominal [T1]. The yearly integrated luminosity of 2012 and 2017 are from [12] and [13] respec-
tively. The total integrated luminosity on the life-time of LHC (until ~2023) and HL-LHC
(until ~2035) are from [11]. The integrated luminosity is expressed in femtobarn=! (105 barn)

which is equivalent to 103 cm~2.

2012 | 2017 | LHC HL-LHC
nominal | nominal
Momentum at collision (TeV ¢~!) 4 6.5 7 7
Dipole field for peak momentum (T) 4.16 7.7 8.3 8.3
Protons per bunch (x10'!) 1.6 1.25 | 1.15 2.2
Transverse normalized emittance (pm) 2.5 | 1.8-2.1 | 3.75 2.5
Number of bunches per beam 1380 2556 | 2808 2748
Bunch spacing (ns) 50 25 25 25
Instantaneous luminosity (103* em=2s~!) | 0.7 | 2.2/1.5!] 1.0 19.54/5!
Yearly integrated luminosity (fb—1) 2327 | ~50 |- 250
Total integrated luminosity (fb™!) - - 300 3000

! levelled luminosity

where ny is the number of bunches per beam, N the number of particles per bunch,
frev 1s the revolution frequency, 8* is the beta function at the collision point, &, is the
transverse normalized emittance of the beam. R is the geometric reduction factor and
can be developed as:

0.0,
20

where 6. is the full crossing angle between the colliding beam and o, and ¢ are the

R=1/y/1+ (2.2)

beam longitudinal and transverse root mean square (r.m.s.) size. Therefore to increase
the instantaneous luminosity of the LHC, the only parameters that can be optimized
are N, ,, 8* and R. Increasing N and &, requires an upgrade of the LHC injector
to deliver a beam with a higher brightness. Increasing 5* requires an upgrade of the
quadrupole magnets at the interaction region. Increasing R by reducing 6. would imply
the implementation of crab-cavities to make the beams collide head-on. Such upgrades
of the LHC and its injectors are discussed in the next section.

Luminosity levelling which already used in the LHC and will be part of the baseline
for HL-LHC (see Table , consists in keeping the the instantaneous luminosity con-
stant at the beginning of the physics fill to limit event pile-up for the particle detectors

i.e. the maximum number of simultaneous interesting events that can be recorded by
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the detectors.

2.2 LHC Injectors Upgrades and LHC Upgrades

To extend the discovery potential of the LHC, a major upgrade project of the LHC
called High-Luminosity LHC (HL-LHC) is on-going and will be fully implemented by
2026 [11]. In order to provide the LHC with beams fulfilling the HL-LHC requirements
(see Table 2.1]), the LHC injector complex needs to be upgraded. Therefore the LHC
Injector Upgrade project (LIU) is on going and the major upgrades will be implemented
during the so-called second long shut down of the LHC (2019-2020) [14]. The existing
LINAC 2 will be replaced by LINAC 4, an H™ linear accelerator with an output energy
of 160 MeV. A charge exchange injection scheme will be implemented in the four rings
of the Booster allowing the production of beams with twice higher brightness than
presently. The extraction energy of the Booster will be increased to 2 GeV to allow
higher beam brightness in the PS. The SPS radio frequency system will be upgraded
to increase the allowed total beam intensity accelerated in the SPS.

The targets of HL-LHC is to increase the peak luminosity of LHC by a factor five
to seven and to reach a yearly integrated luminosity of 250 fb~! and a total integrated
luminosity of 3000 fb~! on the life-time of HL-LHC. Reaching these goals requires
significant hardware upgrades for both experiment and accelerator equipments. For
instance about 1.2 km of LHC magnets will be replaced. Among the new magnets,
two magnet types will use superconducting cables made of NbsSn filaments: the low-/3
single aperture triplet quadrupoles (Q1, Q2a, Q2b and Q3) called inner triplets and
the so-called 11 T twin-apertures dipoles. In order to achieve smaller beam sizes at the
IPs and, thus, increasing the luminosity, the inner triplets will have to feature of field
gradient of 132.6 T m~! with an aperture of 150 mm as compared to 200 T m~! with
an aperture 70 mm in today’s LHC. An assembly of two 11 T dipoles with a warm
collimator in between will replace one of the LHC dipole magnets in the dispersion
suppressors left and right of IP7 to reduce losses into the cold apertures from the
collimator region (see Fig .

2.3 Future Hadron Accelerators

Following a proposal of the European Strategy for Particle Physics in 2013, CERN
together with partners across Europe is undertaking design studies of post-LHC accel-
erators. Among several studies, the High Energy LHC (HE-LHC) [L16][17] and the Futur
Circular Collider (FCC) [18], both hadron colliders have launched an ambitious R&D
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Figure 2.3: Schematic view of the assembly of two shorter 11 T dipoles with a collimator

in between, which can replace one standard main dipole [I5].

Table 2.2: Main parameters of HE-LHC and FCC

HE-LHC [19] | FCC [20]
Momentum at collision (TeV ¢~1) 13.5 50
Dipole field for peak momentum (T) 16 16
Circumference (km) 26.7 97.7
Peak Luminosity (103 cm=2s71) 25 30

program to develop 16 T magnets based on NbsSn superconductors. The HE-LHC
project proposes to increase the nominal energy of the LHC to 13.5 TeV per beam by
substituting all the present dipoles with new, more powerful ones, capable of operating
at 16 T. The FCC study proposes the construction of a 50 TeV per beam collider in a

tunnel with a circumference of about 100 km. The main parameters of both projects
are given in Table

10



Failure cases and Machine
Protection in LHC and HL-LHC

The nominal stored energy in each of the two LHC proton beams is 362 MJ. With the
HL-LHC upgrade, this will be closed to double to ~700 MJ. To protect the accelerator
equipments from damage, a complex Machine Protection System (MPS) is required.
The protection against the most critical failures causing beam losses, the so-called
ultra-fast failures, which are faster than 360 us, relies on passive absorbers [I]. The
interaction between a high-energy proton beam and these absorber blocks generates
particle showers, which impact on downstream accelerator elements such as supercon-
ducting magnets. In such cases, the impacted superconducting magnets can quench.
However, it is unknown, if with the HL-LHC beam brightness, superconducting mag-
nets can be damaged after such events. In this chapter, the MPS of the LHC and
HL-LHC is presented and two examples of the most critical failures in the LHC with
HL-LHC beam parameters and the resulting energy deposited in the superconducting

magnets are discussed.

3.1 Machine Protection for LHC and HL-LHC

In addition to the stored beam energy, the main dipole circuits have a stored energy of
1.2 GJ (154 magnet x 7.6 MJ) at a nominal current of 12 kA. The primary goals of the
MPS is to make sure that in case of equipment failures or beam instabilities leading to

beam losses, theses stored energies are deposited in a safe way.

11



3. FAILURE CASES AND MACHINE PROTECTION IN LHC AND
HL-LHC

3.1.1 Magnet quench and protection

Quench (loss of superconductivity) of superconducting magnets can be initiated by sev-
eral mechanisms. An energy deposition in the order of several tens of mJ cm™3 [21], for
example due to beam losses, can initiate a quench. Some other mechanisms for induc-
ing a quench are flux jumps, movements of the superconductor by several micrometer
(friction and heat dissipation) or a failure of the cooling system. Without protection,
the temperature in the resistive zone of a LHC dipole magnet after a quench would
increase within less than 1 s to 1000 K and the magnet would be destroyed [I].

In the LHC as soon as a quench is detected by the Quench Protection System
(QPS) [22] via monitoring the voltage across superconducting coils, the magnet circuit
is switched off by triggering a fast power abort of the power converters. To dissipate
the stored energy over a large volume and therefore to reduce the peak temperature,
a large part of the quenched magnet coils is forced to quench either by firing quench
heaters [23] or the Coupling Loss Induced Quench (CLIQ) system [24]. As the dipole
magnets are powered in series, the energy stored in the non-quenching magnets is
dumped in a resistor which is switched in series with the magnet string [25]. During

the discharge, current in the quenched magnet is by-passed via a cold diode.

3.1.2 Beam losses and protection

Beam losses due to equipment failures can be classified as function of their time scale:
ultra-fast losses occurring in less than four LHC revolution turns (~360 us, one revo-
lution takes 89 us), fast losses between 360 us and one second and steady state losses

in more than one second.

Steady state losses

Steady state losses are unavoidable losses around the LHC ring and mostly intercepted

by the collimation system [26].

Fast losses

Fast beam losses can have different origins: magnet power converter failures, quenches
in superconducting magnets, failure of the normal conducting separation dipole (D1 [27])
in IP1 and IP5 [28], Unidentified Falling Object (UFOs) [29,[30]. UFOs are charged dust
particles that can interact with the beam, generating particle losses that can induced

a magnet quench [31].

12
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Figure 3.1: Current MPS response time from failure detection to completion of beam
dump [I5].

The protection from such losses is based on the early detection of failures within
the equipments, as well as monitoring of the beam parameters with fast and reliable
beam instrumentation. Once a failure is detected, the information is transmitted to the
Beam Interlock System (BIS) [32] that triggers the extraction of the particles beams
by the LHC beam dumping system (LBDS) [33].

The beam dumping system located in IR6 extracts safely the beam from the ring
to transport it to the dump block. In order to extract the beam, 15 extraction kicker
magnets located in the LHC ring kick the beam horizontally into the high-field gap of
15 septum magnets which deflect the beam vertically into the transfer line toward the
dump block. In order to reduce the energy density in the dump block, the beam is
distributed over a surface of ~35x35 cm? by several dilution kicker magnets during the
transfer from the LHC ring to the dump block. The current rise time of the extraction
kickers is 3 us, therefore a particle-free gap (called abort-gap) of the same duration

must be left in the beam to avoid signification losses while extraction the beams.

Equipment failures or beam instabilities can be identified via different systems: QPS
to detect magnet quench, Fast Magnet Current change Monitors (FMCM) to detect
failure in normal conducting magnets [34], Beam Position Monitors (BPM) to detect
fast movement of the beam orbit [35] and the Beam Loss Monitoring system (BLM) to
monitor the particle losses all around the LHC [36], 37].

The BLM features the shortest failure detection time of 40 ps. Adding the time
required to transmit the detected failure through the BIS, the time required to synchro-
nize the current rise of the extraction kickers with the abort-gap and the time needed

to completely extract the beam from the LHC lead to a minimum response time of the
MPS of 360 us as shown in Fig.
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HL-LHC

Ultra-fast losses

Ultra-fast losses are due to failures at beam injection and extraction. Their time scale is
smaller than the minimum response time of the MPS. The protection from such losses
relies therefore on beam absorbers and collimators that need to be correctly positioned
to capture the particles that are deflected accidentally. In the next section, examples
of such failures and their consequences on the superconducting magnets are given for
LHC and HL-LHC.

3.2 Ultra-fast failure cases for LHC and HL-LHC

Injection and extraction failures happen usually several times per year in the LHC,
often inducing quenches in superconducting magnets. Particle-matter interaction sim-
ulations using the FLUKA code (see section were performed to quantify the en-
ergy deposited in the superconducting magnet coils during such a failure with LHC and
HL-LHC beam parameters. With the knowledge at that time (in 2014) on the damage
limits of superconducting magnets, it was not possible to conclude if the superconduct-
ing magnets were sufficiently protected in case of ultra-fast failure with HL-LHC beam
parameter. Thus it was decided to launched this study on the damage mechanisms and

limits on superconducting magnets due to beam impact.

3.2.1 Injection failures

The beams are injected in LHC from the SPS with a momentum of 450 GeV ¢~! in
the straight sections IR2 for Beam 1 and IR3 for Beam 2 (see Fig. [2.2). In order to fill
the LHC ring with 2808 bunches, several injections per beam are necessary. At each
injection, a train of 144 or 288 bunches is injected in the LHC.

The bunches coming from the transfer line from the SPS into the LHC are first
deflected horizontally by five septum magnets (Magnet Septum Injection - MSI) and
then vertically onto the LHC closed orbit by a series of four fast-pulsed magnet kickers
(Magnet Kicker Injection - MKI). Misinjections (wrong deflection angle or no deflection
of the injected beam) or accidental firing of one of the MKI (deflecting the LHC circulat-
ing beam) are protected by a system of beam intercepting devices such as the injection
beam stopper (TDI). An additional absorber made of steel (TCDD) with similar aper-
ture as the superconducting separation dipole magnet, D1, is installed downstream of
the TDI. An schematic layout of injection protection devices and magnets in the region
right of IP8 is shown in Fig.
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Figure 3.2: Schematic layout of the injection region of Beam 2, right of IP8 with the
injection protection devices (TDI and TCDD) and the injection magnets (MSI and MKI).
The superconducting separation dipole magnet D1 and the triplet quadrupole magnets
(Q1, Q2, Q3) are highlighted in black [3§].

The particle showers generated by the interaction between high energy protons
and the TDI can impact the downstream superconducting magnets D1 and the triplet
quadrupole magnets (Q1, Q2, Q3). Several of these events during the first three years
of LHC operation have been reported [3]. For MKI failures leading to a missing de-
flection of the injected train, the full energy of the injected bunches was absorbed by
the TDI. However for other cases such as deflection of the injected bunch train with
a non-nominal angle and deflection of circulating bunches, the superconducting mag-
nets downstream of the TDI quenched. The worst case observed up to now was an
erratic firing of the MKI in IR2 causing the deflection of circulating bunches. As a

0'3 protons were lost in

consequence, ~176 bunches with a total intensity of ~2.15x1
the accelerator, inducing quenches in D1 and in the triplet quadrupoles. The peak
energy density deposited in superconducting D1 and Q3 magnet coils was estimated to
about 6 J cm™3. No damage was observed in the main magnets however three circuits
of corrector magnets placed upstream of Q3 were found open after the event. It is
believed to be a consequence of the neighbouring magnet quench rather that to the

energy deposited by the particle shower.

The injection system including MKIs and TDI have to be modified to inject beam
with the HL-LHC beam parameters [39]. Studies of injection failures during HL-LHC
era were done to evaluate if D1 and the triplet quadrupole magnets needed more protec-
tion [4]. It was shown that the peak energy density in the superconducting D1 magnet
could reach about 100 J cm™3, equivalent to an temperature rise to about 120 K within
few us. At that time, it was not possible to conclude on the risk of damage of the D1

magnet during such event.
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Figure 3.3: Schematic layout of the LHC beam dump system in IR6. Beam 1 (red arrow)
is extraction from the LHC ring by 15 extraction kicker magnets (MKDs) and 15 septum
magnets (MSD) toward the dump block. The extraction protection devices TCDS protect
the MSDs and the TCDQ the quadrupole magnets Q4 and Q5 [33].

3.2.2 Extraction failures

In Fig the layout of the LHC beam dump system in IR6 is shown. As explained in
the previous section (see section , when the beams are extracted from the LHC ring
toward the dump block, it is necessary that the rising of the extraction kickers (MKDs)
is synchronized with the abort-gap. If the MKDs field rises when particles are present,
particles are deflected with a wrong angles. This is called an asynchronous beam
dump. The wrongly deflected particles should be absorbed by the TCDS to protect the
septum magnets (MSD) and by the TCDQ to protect the Q4 and Q5 superconducting
quadrupole magnets. Shower particles might escape from the TCDQ and interact
with Q4 and Qb5 inducing a quench. The LHC was designed to accept occasionally
asynchronous beam dump. As for the injection, the beam dumping system will have to
be reviewed for HL-LHC [40]. In case of an asynchronous beam dump with HL-LHC
beam parameters, the peak energy densities deposited in Q4 and Q5 were estimated to

~10 J cm™3 and ~30 J cm ™3 respectively [5].
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Beam-matter interaction

As discussed in the previous chapter, in the LHC following an injection or extrac-
tion failure, a significant energy is deposited in superconducting magnet coils. In this
chapter, the particle-matter interaction mechanisms relevant for high energetic incident
protons and the consequences for the impacted materials (temperature rise and thermal

stresses) are presented.

4.1 Particle-matter interaction

In the LHC when a proton with a high energy, i.e. from several hundreds of GeV
up to several TeV, is deflected toward the aperture, it travels through matter with a
certain probability to interact with the nuclei and the electrons of the medium. During
these interactions, the proton can be scattered, can transfer parts of its energy to
the medium and secondary particles can be produced. If the secondary particles have
enough energy to trigger further interactions, it generates a particle shower. Depending
on the particles mass, charge and energy, the dominant interaction mechanisms with
the medium are different. The energy is deposited in the matter mostly via Coulomb

interaction between the shower particles and the electrons and nuclei of the medium.

4.1.1 Hadronic interactions and showers

The incident high energetic protons can interact elastically and inelastically with the
nuclei of the medium via the strong force. As long as protons have an energy above
few tens of MeV, inelastic interaction play a major role. Secondary particles produced
by such interaction have enough energy to trigger further interactions, giving rise to

a hadronic shower. During such inelastic collision, the incident hadrons loose part
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Figure 4.1: Development of an hadronic shower generated by a sigma baryon entering a
block of lead, assuming that each hadron striking a lead atom produces three more hadrons.
The absorption length A\, defined as the mean distance travelled by a hadron in matter

before it undergoes an inelastic collision [42].

of their energy and can be deflected. For hadrons with an energy above 290 MeV,
inelastic interaction can lead to the production of 7° pions. Such process is significant
above 700 MeV [4I]. The pions are decaying in two photons which can interact with
the medium via various processes producing secondary particles (leptons and photons),
generating an electromagnetic shower.

Fig shows the development of a hadronic shower generated by a sigma baryon
entering a block of lead, assuming that each hadron striking a lead atom produces three
more hadrons. The mean distance travelled by a hadron in matter before it undergoes
an inelastic collision is called the absorption length A,. Between each hadronic inter-
action the charged hadrons can interact with the atomic electrons via the Coulomb
force, exciting atoms or causing ionization. Electron can be kicked out of their shell
and the material get ionized. Through this process, the hadrons loose part of their
energy. When hadrons have not sufficient energy to survive such losses along the ab-
sorption length they have to travel before they undergo the next hadronic interaction,

the hadronic shower stops developing.
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4.1.2 Electromagnetic interactions and showers

Electrons and photons produced by the interaction between the incident protons and
matter can further interact with the target. During such interaction, energy is trans-
ferred to the medium and more secondary particles are produced initiating an electro-

magnetic shower.

Electrons and Positrons

The energy loss of high energy electrons and positions is dominated by bremsstrahlung.
Bremsstrahlung is the emission of a photon when a charged particles is deflected by
an electric field (the Coulomb field of an atom). Low energy electrons and positrons
interact with matter mostly via inelastic Coulomb scattering leading to ionization and

excitation of the target atoms.

Photons

Photons can interact with matter through different processes: the photoelectric effect,
Compton scattering and pair production. The photoelectric effect, which dominates at
low energies leads to the emission of electrons from the medium after it is illuminated
by light of a sufficient high frequency. The Compton scattering dominating at medium
energies is the scattering of photons by atomic electrons. The scattered photons undergo
a wavelength shift, which is independent the initial wavelength and the medium. Pair
production is the absorption of a photon resulting in a production of an electron and
a positron and is dominating at high energies. The pair production cannot occur
for photons having a energy below the energy of two electron masses, 1.02 MeV and
must occur in the vicinity of an atomic nucleus. The total photon mass attenuation

coefficients which is the combination of the coefficients of all three processes is shown

in Fig.

Electromagnetic showers

70 pions decay in two high energy photons that can futher interact with the medium
giving rise to an electromagnetic shower. A simple model of an electromagnetic shower
is shown in Fig. A photon generated by the 7 pion decay, interact with matter
producing an electron-positron pair via pair production. After a radiation length X,
the newly produced electron and positron will then emit photons via bremsstrahlung.
Xy describes the distance along which a particle has lost 1/e of its initial energy by

bremsstrahlung. This process will continue and grow exponentially until the energy
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Figure 4.2: Photon mass attenuation coefficients and total attenuation in iron [42].

of electrons drop below the critical energy Fo when they dissipate their energy by

ionization and excitation.

4.1.3 Stopping power and Energy deposition

dE

The mean energy loss of a particle per unit length travelled (%) is called stopping

power. It can be described depending of the type of particle.
Stopping power of heavy charged particles

For particles heavier than electron, the stopping power is described by the Bethe-Bloch
equation [43]:

dE Zz? [1 2me Y2 B2 Winas 9 0By C
LA e _pp 02 1
‘&) =K [2111( 2 > F-=—z ©b
4
K= e (4.2)
4redmec?

with the Avogadro constant N4, the elementary charge e, the electron mass me, the

vacuum permittivity €, the speed of light in vacuum ¢, the charge of the incident

particle z, 8 = ¢ with v the speed of the incident particle, v = \/11?, the atomic

and nuclear number of the target Z and A, the mean ionization potential (material

constant of the target) I = 162%?[eV] if Z > 1, the maximum energy transfer in a single

20



4.1 Particle-matter interaction

ANAA

A
v
A
v
A

X X

0 0

Figure 4.3: Development of an electromagnetic shower [42].

collision Wiy,q., the density correction term for very high energy 0(8v) and the shell
correction for small particle velocities C. It is accurate within a few % for protons with
a momentum between ~100 MeV ¢~! and 1 TeV ¢~!. The stopping power in several
materials is shown in Fig. 4.4l The curves are characterized by a minimum between
By = 3.0 and 4, called the minimum ionization loss [42]. For particles with a 8y > 1000,
equivalent to a momentum p = 1 TeV ¢! in case of protons, radiative mechanisms (e.g.
bremsstrahlung) become the dominating energy loss process. At low energy, the energy
losses are described by the Anderson-Ziegler formula for 0.01 < 8+ < 0.05 and by the
formula of Lindhard-Sharff below 5y< 0.01 [43]. As an illustration the stopping power
of positive muons in copper as a function of their momentum is shown in Fig.[4.5] The
different contributions of the energy loss are visible, with the total energy loss sum of

all the contributions indicated as solid line.

Stopping power of electrons and positrons

The stopping power for electrons and positrons can be expressed as:

() = 2 (4.3
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Figure 4.4: Mean energy loss rate in liquid hydrogen, gaseous helium, carbon, aluminium,
iron, tin and lead for muons, pions and protons. Radiative effects, relevant above 8y >1000
are not included [43].
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Figure 4.5: Stopping power for positive muons in coppers as a function of Sy = p/Mec
with M the muon mass. The solid curve indicates the total stopping power sum of the
different contributions [43].

with X, the radiation length and E the kinetic energy of the incident particle. An
overview of the fractional energy loss per radiation length in lead as a function of the
electron/positron energy is shown in Fig.[4.6| Below the critical energy of about 7 MeV,

the ionization losses and above it bremsstrahlung’s losses are dominating.

Energy deposition

The energy of the incident proton beam is mosly deposited in matter via inelastic
Coulomb scattering between the shower particles and the electrons of the medium.
The shower particles with the highest energy are concentrated around the beam axis.
Their stopping power (%> and the electromagnetic shower associated with the 7
pions dominate the energy profile around the beam axis. The radial tails of the energy
deposition profile is defined by the neutrons stopping power. Neutrons interaction
at moderate to low energy are dominating. The longitudinal shower development is
ruled by shower particles, which carry a good fraction of the energy and have a longer

interaction length.

4.1.4 Simulation tool - FLUKA

In this thesis, the FLUKA code [44], 45 [46] is used to calculate the energy deposited by a

high-energy proton beam into several magnet components. FLUKA is a multi-purpose
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Figure 4.6: Fractional energy loss per radiation length in lead as a function of the elec-
tron/positron energy. The bremsstrahlung losses is dominating for energy above ~7 MeV.
At low energies, other contributions are visible, Moller and Bhabha scattering and positron

annihilation [43].

Monte Carlo simulation tool for calculations of particle transport and interactions with
matter. Its applications cover an extended range from proton and electron accelerator
shielding and target to detector design, to activation studies and dosimetry, to cosmic
ray studies, to radiotherapy, etc. FLUKA is capable of simulating with high accuracy
the interaction and secondary shower propagation in matter of about 60 different par-
ticles, including photons and electrons from 100 eV to thousands of TeV, neutrinos,
muons of 1 keV to 1000 TeV, hadrons of energies from keV up to 20 TeV (up to 10 PeV
by using the DPMJET code [47]) and all the corresponding anti-particles, neutrons
down to thermal energies and heavy ions. The geometry of the target is described
in combinatorial geometry. The detailed transport limits of secondary particles and
primary particles, the models applied in FLUKA, and the bench-marking can be found
in [44] 45, [46].

4.2 Thermo-mechanical effects

The energy deposited by a high energy beam in a target material induces a temperature

increase and thermal stresses in the material that can lead to extensive damage of the
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Figure 4.7: Damage observed on the outside (upper) and inside (lower) of the vacuum
chamber after an uncontrolled loss of 3.4x 10 protons with a momentum of 450 GeV ¢ lin
the transfer line from the SPS to the LHC. The chamber was damaged over approximately
a length of 110 cm [48].

targeted material. The damage can be temperature induced like melting, vaporization

and also stress induced such as deformations and cracks.

4.2.1 Temperature rise

The temperature rise inside the material is dependent on the beam parameters (trans-
verse beam size, intensity and particle type) and on the properties of the target material
(density and specific heat). As an illustration, Fig @ shows a damaged vacuum cham-
ber of a transfer line of the SPS after the loss of 3.4x10'3 protons with a momentum
of 450 GeV ¢~ !. Parts of the vacuum chamber were molten. A large vacuum leak
was immediately observed after the incident and the coil insulation on the neighbour-
ing normal conducting magnet was damaged. The magnet had to be exchanged for
a spare, which led to a downtime of the SPS of about two days. Another example
of high-energy particles inducing temperature rise in material is from the experiment
performed to establish the existence of hydrodynamic tunnelling phenomenon [49], in
which targets made of 10 cm long copper cylinders were impacted by 440 GeV ¢! pro-
ton beam pulses. In Fig. the front and back faces of one of the copper cylinders
after the impact of 2.16x10'® protons with a momentum of 440 GeV ¢! are shown.

In the core of the cylinder, the copper reached vaporization temperature (2868 K).
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Figure 4.8: Front face (left) and back face (right) of a copper cylinder after an impact of
2.16x10' protons with a momentum of 440 GeV ¢! [50).

4.2.2 Thermal stresses

The fast temperature rise due to the impact of high-energy particles can give rise to
two types of thermal stresses: quasi-static stress caused by the thermal gradient in the
impacted material and dynamic stresses due to mass inertia preventing the thermal
expansion of the heated material.

In a freely suspended target which is slowly and uniformly heated, no thermal
stresses will occur. A non-uniform heating of a target gives rise to quasi-static stresses.
In a target heated by beam pulse, the maximum value of the quasi-static stress is
reached at the end of the beam pulse. However if the beam pulse is longer than the
thermal diffusion time in the material, typically some tens of milliseconds, the magni-
tude of the quasi-static stress will decrease with the decreasing temperature gradient.
The maximum of the quasi-static stress also depends on the distribution of the heat
when deposited by the beam. For smaller transverse beam sizes, the stress will be
higher. For very fast heating times, 73, in the same order as the time required by
sound to traverse the impacted material, 7s = L/vs where L is the length of the ma-
terial and v is the speed of sound in the material, dynamic stresses are generated in
addition to quasi-static stresses. They are the result of the fact that the impacted
material cannot expand as rapidly as it is heated due to its mass inertia. In fact a com-
pressive stress wave will travel at the speed of sound from the heated region towards
the external faces of the material, where the expansion will begin. The compressive

stress wave will then be reflected as a tensile stress wave travelling towards the centre
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Figure 4.9: Beryllium rods for the neutrino target installed at the SPS designed to be

1

impacted by 1x10'3 protons with a momentum of 300 GeV ¢~'. The device on top was

accidentally hit by an off-axis beam, leading to permanent bending and failure of the

rod [58].

of the material. If the propagation time of sound through the material, 75, is shorter
than the heating time, 7, the dynamic stress is reduced by 7s/7p,.

The superposition of the quasi-static stresses and dynamic stresses can lead to dam-
age or to destruction of the impacted material. As an example, a beryllium rod damaged

due to thermal stresses induced by the impact of an off-axis beam with 1x10'3

protons
with a momentum of 300 GeV ¢! is shown in Fig. 4.9l These phenomena were studied
analytically in greater details for simple geometries in [51], 52} 53] 54] and compared to
experimental measurements in [55]. Numerical methods are necessary to study cases
with more complex geometries and cases in which it is expected that the stress levels

reach the damage limits of the material [56 [57].
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Damage of Superconducting

Magnets and their Components

In this chapter, the basic concepts of superconductivity relevant for this thesis are
introduced, followed by a description of the special properties of Nb-Ti and NbsSn
superconductors, and the design of the main LHC and HL-LHC superconducting mag-
nets is presented. Finally, their most critical components are identified and the different

degradation mechanisms due to instantaneous beam impact are discussed.

5.1 General overview of superconductivity

Superconductivity was discovered by H. Hamerlingh Onnes in 1911 [59], when he was
investigating the electrical resistance of metals at very low temperature, using liquid
helium. He and his co-worker observed that the resistance of a mercury wire disap-
peared when the sample was cooled to temperature slightly below 4.2 K [60]. The

discovery of many superconducting metals, including alloys and compounds, followed.

5.1.1 Superconducting properties

From their magnetic properties, superconductors are classified into two groups: type I,
mainly elementary metals and type II, hard metals, alloys or compounds. Supercon-
ductors for accelerator magnets belong to the type II superconductors.

When an external magnetic field is applied to a type I superconductors the field is
expelled from its interior up to the critical field H.. A thin surface layer carries the
shielding currents, which expel the external field. This behaviour is called the Meissner

effect [61]. The superconductor is said to be in the Meissner state. The critical field
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Figure 5.1: Schematics of the H-T phase space for type I (left) and type II supercon-
ductors (right). Type I has one critical field (H.), while type II has a lower and upper
critical field (H.; and H.o, respectively). Below H.(T') and H.1(T) lines, the magnetic field
is completely excluded from the interior of the superconductor (Meissner state). Above
H.(T) and Hqo(T) lines, the material is no longer superconducting. Between H.(7T') and
H.5(T) lines, magnetic flux can penetrate into the superconductor forming the so-called
mixed state. Ty is defined as the critical temperature at zero magnetic field. [63]

H_. depends on the temperature and reaches zero at the transition temperature T,.
This behaviour is shown in Fig. [5.1|left). The critical field of these superconductors is
usually low. In Tantalum, which exhibits the highest critical field, ugH. reaches only
83 mT at 0 K [62].

Type II superconductors are characterized by two critical fields, a lower H.; and an
upper Ho as shown in Fig. [5.1|right). Below the H.(T') line, type II superconductors
are in the Meissner state and behave like a type I superconductor. When the external
field is increased above the H.(7T) line, the superconducting state remains but the
magnetic field can penetrate into the superconductor. This is called the mixed state.
Above the Heo(T') line, superconductivity vanishes and the material is in the normal
conducting phase. H. and H. are temperature dependent and zero at the critical
temperature T.y. Heop is defined as the critical field at 0 K and zero current density
and T as the critical temperature at zero magnetic field and current density. H.o(T')
of type II superconductors are usually much higher than of type I superconductors. For

example poHeo of NbgSn at 4.2 K is about 22 T.
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Figure 5.2: Schematics of a superconductor in the mixed state with the magnetic flux
lines (arrows) and shielding currents (vortices around the flux lines). The magnetic field
and the shielding currents are shown only for two fluxoids. [65]

Pinning force

In most applications, technical superconductors as for accelerator magnets, are oper-
ated in the mixed state, i.e. the magnetic field is above H.; and the magnetic flux lines
enter the superconductor in discrete quanta called fluxoids. Each fluxoid carries one
magnetic flux quantum within a non-superconducting (normal) core of radius £ sur-
rounded by a vortex of shielding currents of radius A. £ and A are called respectively
the coherence length and the penetration depth deduced from the Ginzburg-Landau
theory [64]. As the magnetic field is increased, the fluxoids move closer together up
to Hgs, when the fluxoid normal cores overlap and superconductivity is lost. Fig.
shows schematically a superconductor in the mixed state with the magnetic flux lines
and vortices of shielding currents.

When a transport current flows through the superconductor perpendicular to an
applied field H, the fluxoids experience a Lorentz force F, perpendicular to the ap-
plied field and the current direction. This force can results in a movement of fluxoids.
Fluxoid motion causes energy dissipation, which results in the appearance of an elec-
trical resistance [65]. In type II superconductors, fluxoids are energetically bound to
favourable locations, so-called pinning centres. All kind of inhomogeneities can act as
pinning centres, e.g. grain boundaries, precipitate, lattice dislocations, etc. As long
as the Lorentz force F, is smaller than the pinning force F},, fluxoids can not move.
This equilibrium holds up to the critical current density J. when Fp, = F),, above J.

the fluxoids start to move and superconductivity is lost. At J., the pinning force F), is
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given by [62]:
F,=J.x B (5.1)

where B is the magnetic flux density perpendicular to the current direction. The size
and density of the pinning centres can be optimized during manufacturing to reach high

F,, values and thus high J. for a specific operation temperature and magnetic field.

Scaling laws

The pinning force F}, in the superconductor usually follows a magnetic field and tem-

perature scaling law in the following form [66]:
Fy(H,, T) = C(T)P(1 - by, (5.2)

where b=H | /H:o(T') is the reduced field and C(T"), p and ¢ are constants involving
information on the micro-structure of the superconductor. Typically for Nb-Ti super-
conductor, p and g values vary between 0.5-0.9 and 0.75-1.1 respectively [67]. In the
Kramer model [68], which describes well the pinning behaviour in NbgSn, p and ¢ are
fixed to 0.5 and 2.

From this scaling law, it is also possible to obtain the critical surface of a supercon-
ductor. The critical surface describes the boundary between the superconducting state
and the normal resistive state in a three dimensional space defined by the temperature,
the magnetic field and the current density. An example of critical surface for Nb-Ti is

given in Fig. below the surface the material is superconducting above it is resistive.

The critical upper field H.o also obeys a scaling law on temperature [69]

Hao(T) = Haoo(1 — (;;)n), (5.3)

where n is equal to 1.7 for Nb-Ti [69] and 1.52 for NbsSn [70].

Magnetization

To explain magnetization of a superconductor, consider a cylindrical infinite supercon-
ducting filament with a diameter d; in a varying external magnetic field. The filament
carries no transport current and is initially in a virgin state. A uniform magnetic field
is applied perpendicularly to the filament axis and is ramped up. Shielding currents
with a current density of J. are induced in a shell at the outer layer of the filament
with an elliptical inner boundary and circulate in opposite direction in the shell sides as

represented in Fig. |5.4|(a). If the magnetic field is further increased, the whole filament
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Figure 5.3: The critical surface for a Nb-Ti superconductor. Below the surface the
material is superconducting and above it normal conducting. T, is about 9.2 K and H.o9
about 14.5 T. [59)

is filled with shielding currents as in Fig.|5.4{b). The field at which this occurs is called
the penetration field. For fine Nb-Ti or Nb3gSn filaments such as the ones used in the
LHC and its future upgrade, the penetration field is way below 1 T [71]. After reaching
a maximum value above the penetration field, the magnetic field is decreased. A new
shell is created in the outer layer of the filament where shielding currents flow in the
opposite direction as in the inner shell, as in Fig.|5.4{c). If the field is further decreased,
the outer layer grows until the current density is the negative of the Fig. [5.4(b). The
induced shielding currents produce a magnetic moment and hence a magnetization
that can be measured. Fig. [5.5] shows a typical magnetization per unit volume, M, of
a superconducting filament. The superconductor is initially in a virgin state, and as
the magnetic field is varied the shielding currents penetrate the superconductor as de-
scribed previously in Fig. AM describes the width of the magnetization hysteresis.

Based on the critical state model also called the Bean model [72], the magnetization

per unit volume of fully-penetrated filament, My, can be expressed as:

2
My = o Jedy (5.4)
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Figure 5.4: Model of superconducting filament magnetization. (a) After ramp up of the
magnetic field applied perpendicularly to the filament axis from a virgin state, shielding
current with a magnitude J,. are induced in a shell at the outer layer of the filament. (b) If
the magnetic field is further increased, the filament is fully penetrate by shielding current.
(¢) Then the magnetic field is ramp down, a new shell of a shielding current is create in
the outer layer of the filament with opposite direction as in the inner shell. [71]

where J. is the critical current density and d; is the effective filament diameter. If the
filament is subject to an oscillating magnetic field, the filament magnetization curve

shows an hysteresis whose width per unit volume, AMjy, can be estimated as
AM; = 2 7d (5.5)
I 3t '

For a composite superconductor strand such as the ones used in the LHC, the

hysteresis width of the magnetization per unit volume, AMj,, can be written as

4

AMy = ————
3r(a+1)

Jed; (5.6)

where « is the volumetric ratio of copper to superconductor [73][74].

5.1.2 Nb-Ti and Nb3Sn superconductor

Accelerator magnets are built from cables made of cylindrical strands, made of super-
conducting filaments twisted together and embedded in an Oxygen-Free High-Conductivity
(OFHC) copper. The LHC superconducting magnets use the metallic alloy Nb-Ti. For
HL-LHC and other future accelerators such as FCC or HE-LHC, it is foreseen to im-
plement magnets with superconducting cables based on the inter-metallic compound
NbsSn. Both Nb-Ti and NbsSn are type II superconductors.

One of the earliest phenomena observed in superconducting magnets was flux jump-
ing. In a rising magnetic field, if the heat produced by the fluxoid motions in the super-

conductor cannot escape rapidly enough, the temperature inside the superconductor
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M (T)

1H (T)

Figure 5.5: Magnetization curve, M, of a superconducting filament as function of the
external field H perpendicular to the filament axis. The filament is initially in a virgin
state. The red arrows indicate the direction of the magnetic field sweep. The width of the
magnetization hysteresis AM is the difference between the upper and the lower branch of
the curve as indicated by the blue arrow. (a), (b), (c) refer to the different illustrations in
Fig. where the shielding current distribution in the filament during the variation of the
magnetic field is described.
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Figure 5.6: A transmission electron microscope image of the micro-structure of Nb-Ti
filaments with a Ti weight fraction of %. The transverse cross-section reveals densely folded
a-Ti phases (light grey and the red arrows indicate two titanium precipitates) which have
a thickness of 1 nm to 4 nm and in between 3-Nb-Ti phases (dark grey). [77]

increases and triggers a runaway condition known as flux jump, which can cause a mag-
net quench. The superconductor is driven into the resistive state at fields and currents
low in comparison with its critical values. A solution to reduce flux jumps is to have
fine superconductor filaments (few pum up to ~100 pum diameter) such that the heat
generate can be easily conducted to the filament surface.

At cryogenic temperatures, copper has a much lower resistivity and much higher
heat conductivity than the superconductors in resistive state [75]. Therefore in case
of a magnet quench, the copper provides a path for the magnet current and a efficient

heat conduction, limiting the temperature rise and is used as a stabilizer

Nb-Ti alloy

Nb-Ti has a Ty of about 9 K and a By of about 14.5 T [67]. The superconductivity
of Nb-Ti was discovered in 1961 by J. K. Hulm [76].

There are two stables phases in the Nb-Ti alloy, the body-centred cubic phase, re-
ferred as 8-Nb-Ti phase and the hexagonal closed-packed phase rich in titanium (about
95% in weight) called a-Ti phase. When cooled down below the critical temperature,
the B-Nb-Ti becomes superconducting while the a-Ti remains resistive and act as pin-
ning centres. In Fig. the micro-structure of a Nb-Ti alloy is revealed by transmission
electron microscopy. The B-Nb-Ti phase is in dark grey and the a-Ti phase is in light

grey with a thickness between 1 nm and 4 nm.

36



5.1 General overview of superconductivity

The critical current density J. at a specific magnetic field and temperature depends
strongly on the size and spacing of the «a-Ti precipitates. Therefore during manufac-
turing the distribution of the «-Ti precipitates is optimized through multiple cycles
of heat treatment and wire drawing. The micro-structure of Nb-Ti alloy during the
different steps of manufacturing is shown in Fig. the B-Nb-Ti phase in dark grey
and the o-Ti phase in light grey. The heat treatments for several hours at temperature
between 650 K and 700 K lead to diffusion and precipitation of Ti at the grain bound-
aries forming a-Ti precipitates. The longer the heat treatment is, the larger the a-Ti
precipitates get. Between heat treatments, the micro-structure is deformed by wire
drawing to reduce a-Ti precipitates dimensions and to increase the density of grain
boundary thereby increasing the diffusion rates of Ti. Several cycles of strain/heat
treatment are necessary to reach the optimum size and density of a-Ti precipitates. In
the final state, the a-Ti phase represents typically 15% to 20% of the superconductor
volume with typical thickness in nm ranges. [77, [78]

Like J., the pinning force density [}, depends on the distribution of the a-Ti precip-
itates. In Fig. 5.8 F)}, is plotted as a function of the reduced field b measured at 1.8 K
and 4.2 K on Nb-Ti samples processed with different conditions: only wire drawing
(CW), one cycle of wire drawing and a heat treatment at ~700 K (HT) and one cycle
of wire drawing, a heat treatment and a final wire drawing (HT4+CW). The shape of
the F)-b curves and the F), magnitude depend on the processing of the samples and
thus on its micro-structure. Deforming Nb-Ti (CW) shifts the peak of the curve toward
higher b while heat treatments (HT) shifts it toward lower b. The samples heat treated
and deformed (HT+CW) exhibit the largest F}, with a peak value around b=0.5. [66]

The critical field and temperature Nb-Ti are mainly determined by the alloy com-
position. As shows in Fig. 5.9, H. peaks sharply between a Ti weight content of 40%
and 50%, while the critical temperature shows a much smaller change and has a peak
at Ti weight content of 25%.

Nb3Sn compound

Superconductivity in NbzSn was discovered in 1954 by B. Matthias [79]. NbsSn is
an inter-metallic compound belonging to the A15 crystallographic family. The Al15
compounds with a chemical formula A3B (where A is a transition metal and B can be
any element) are characterized by their structure. The B atoms for a body-centered
cubic crystal with two A atoms on each face, as shown for NbsSn in Fig. [5.10] One

important challenge for the use of NbsSn is its brittleness and the strong dependence of
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Figure 5.7: Development of the Nb-Ti micro-structure during the different steps of manu-
facturing. Several cycles of wire drawing with different strain,e;, and heat treatment (HT)
are necessary to reach the optimum size and spacing of the a-Ti phases. Initially the alloy
is composed only of -Nb-Ti grains. While at the end the a-Ti phase represents ~20% of
the volume with typical thickness in the order of nm. [77]
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Figure 5.8: Pinning force density measured at 1.8 K and 4.2 K in several Nb-Ti samples
as a function of reduced field b. The samples were manufacture with different steps: only
wire drawing (CW), wire drawing + heat treated at ~700 K (HT) and wire drawing +
heat treated at ~700 K (HT) + final wire drawing (HT + CW). [66]
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Figure 5.9: Influence of Ti content on critical temperature, T,y and on upper critical field
at 4.2 K, H.o of Nb-Ti alloy [62].
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Figure 5.10: The A15 crystal structure of NbgSn. The dark spheres are Nb atoms and
the light spheres are Sn atoms. The Sn atoms form a body-centred cubic crystal structure

with 2 Nb atoms forming mutually orthogonal chains across the faces. [63)

J. on the applied stress and strain. This will be discussed in greater detail in section|5.3
NbsSn has a T, of about 18 K and a Bgy of about 29.5 T [80].

T, and H.oy have been shown to depend strongly on the Sn content. As illustrated
in Fig. the critical temperature peaks at about 18 K for with 25% of atomic Sn
content and H.og at about 30 T with 24-24.5% of atomic Sn content.

Regarding J., the general understanding is that the grain boundaries function as
the primary pinning centres. This is supported by strong experimental evidence in
which the maximum pinning force density is related to the reciprocal grain size and,
thus, the grain boundary density. Fig.[5.12]shows the measured pinning force density as
a function of the average and reciprocal grain size. Hence to achieve high F}, and, thus,
Je, NbgSn must be processed such to obtain a fine and homogeneous grain structure.
The grain size also impacts on the magnetic field strength at which the F}, is reaching is
maximum. In Fig. the reduced pinning force (F),/F,,...) is plotted as a function
of the reduced field b for samples with different grain sizes. One can see that the peak
of reduced pinning force moves towards lower reduced field as the grain size grows.

There are different processes to manufacture NbsSn wires. The three main ones
are: bronze process, internal-tin process (IT) and the Powder-in-Tube (PIT) process
(Fig. 5.14)). The so-called restacked-rod process (RRP) is an internal-tin type. They
require heat treatment of several hours with temperatures up to 900 K to form the
NbsSn [83]. A diffusion barrier is requested to prevent the diffusion of Sn in the
surrounding copper. As the reacted NbsSn compound is brittle, the coil winding is

performed before the heat treatment.
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Figure 5.11: The critical temperature T, (left plot) and upper critical field at zero
temperature H.oo (right plot) as function of Nb-Sn composition. The T.(5) Boltzmann
function and the poH2(8) function are empirical relations. [81]
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Figure 5.12: Maximum pinning force density F}, measured at ~5 T and 4.2 K as function
of reciprocal grain size in NbgSn. The line shows the results of data fitting with the
obtained fit equation. Data compiled by A. Godeke [8]].
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Figure 5.13: Reduced pinning force density (F,/F,
(b=H/H.3) for several NbsSn wires (a to e) with different manufacturing process param-
eters at a temperature such that the upper critical field H., is close to 1 T. Sample a
had the shortest heat treatment time thus the smallest grain size, while sample e had the
longest heat treatment time thus the largest grain size. The solid lines were obtained with

a scaling law. [82)

5.2 Superconducting magnets

In this section, the design of the superconducting magnets of LHC and HL-LHC are

presented.

5.2.1 LHC Nb-Ti magnets

The LHC superconducting magnets are all based on copper stabilized Nb-Ti supercon-
ductor operating at 1.9 K or 4.5 K. The LHC superconducting magnets can be classified

in two types:

e The magnets using Rutherford superconducting cables insulated with polyimide
films, as for examples the main dipoles (MB), main quadrupoles (MQ), matching
quadrupoles (MQM), wide aperture quadrupole (MQY) and single bore dipoles

and quadrupoles in the insertion regions.

e The corrector magnets ranging from dipoles to dodecapoles using enamel insu-

lated ribbon superconducting cables impregnated with epoxy resin.

The design of the several types of LHC magnets using Rutherford superconducting
cables is based on the same concept. The magnets are composed of several coils wound
with superconducting cables around the beam pipe. The coil’s shape is optimized to

maximize the magnetic field on the beam axis and achieve a high field quality. The
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Figure 5.14: Schematics of the three main NbsSn wire fabrication techniques: bronze,
Powder-in-Tube (PIT) and internal-Sn (IT). All processes use diffusion to form NbzSn
from a Sn source. [63]
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LHC DIPOLE : STANDARD CROSS-SECTION
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Figure 5.15: Cross section of LHC main dipole. The two particle beams are circulating in
opposite direction in the two beam pipes equipped with beam screens. The superconducting
coils (orange) are on each side of the two beam pipes. The steel collars (green) and the
iron yoke (yellow) guarantee the mechanical stability and rigidity of the coils. The cryostat
(dark blue) is filled with super-fluid helium. The overall assembly is enclosed in a vacuum
vessel (light blue).

mechanical stability and rigidity of the coils are guaranteed by steel collars and an iron
yoke. The overall is enclosed in a cryostat for cooling the magnet to the operating
temperature. To protect the coils from the consequences of a quench, quench heater
strips are placed between the steel collars and the coils [23]. As an illustration, the
cross section of the LHC MB is shown in Fig. [5.15] The MB magnet is a twin-aperture
magnet with a 56 mm coil aperture diameter. The beams are circulating in the two
beam pipes equipped with beam screens. The beams screen reduces the heat load to the
super-fluid helium bath. The superconducting coils are visible (orange) on each side of
the two beam pipes surrounded by the steel collars (green) and the iron yoke (yellow).
The cold mass is placed in a cryostat (dark blue) filled with super-fluid helium. The

overall assembly is enclosed in a vacuum vessel (light blue). The MB is operating at
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Figure 5.16: Prototype of the MBs with the two apertures and the four coils (two per
apertures). Each coils is composed of six-conductor blocks - numbered from 1 to 6 -

organized in two layers, inner layer (blue) and outer layer (green).

1.9 K and was designed to reach a nominal central magnetic field of 8.33 T at a nominal
current of about 11.6 kA.

The coil layout of the MB is based on six-conductor blocks arranged in two nested
layers, the so-called inner and outer layers, wound with Rutherford cables. A MB
prototype with the two apertures and the four coils (two per aperture) is shown in
Fig. The six-conductor blocks per coils are numbered from 1 to 6, each conductor
block is composed of several turns of cables.

The Rutherford cables consist of several multi-filamentary Nb-Ti strands and are
insulated with three layers of polyimide. Fig. a) shows a picture of a cable of the
outer layer of the MBs with the Nb-Ti filaments visible at the left end of the cable.
A cross section of the cable with 36 strands is shown in Fig. [5.17|(b). Fig. [5.17|c)
depicts the cross section of one of the strands with the Nb-Ti filaments in grey and the
copper in light brown. A zoom on a group of filaments is shown in Fig. [5.17(d). The
characteristics of the cable used in the MBs are detailed in Table for other magnets
such as MQ it can be found in [6] and for the insertion region magnets such as MQX
and MQY in [84].

The cables of the MBs are insulated with three layers of polyimide as illustrated in
Fig.[5.18 The two inner layers having a thickness of 50.8 ym are wrapped around the
cable with an overlap of 50%. The third layer, with a thickness of 68.6 um, is wrapped

in opposite direction with a spacing of 2 mm. The outer side of the third layer has
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Figure 5.17: (a) A LHC MB outer layer cable with partially etched strands which show
the Nb-Ti filaments at the left end of the cable. (b) Cross section of the cable with the
36 strands. (c) Cross section of one of the strands, the Nb-Ti filaments are visible in grey
and the copper in light brown. (d) Zoom on one group of filaments. The average filament

diameter is 6 pm.
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Table 5.1: Strand and cable characteristics of the LHC main dipole [6]. The Nb-Ti
superconductor has Ti weight content of 47% (Nb-47 wt.%Ti)

Inner layer | Outer layer
Strand
Diameter (mm) 1.065 £ 0.0025 | 0.825 £ 0.0025
Copper to superconductor ratio « 1.65 £+ 0.05 1.95 4+ 0.05
Filament diameter d¢ (um) 7 6
Number of filaments ~8900 ~6500
Critical current (A) 10 T, 1.9 K >515
9T,19K >380
AM, at 0.5 T and 1.9 K (mT) <30 <23
Cable
Number of strands 28 36
Cable dimension (at room temperature)
Mid-thickness at 50 MPa (mm) 1.900 £+ 0.006 | 1.480 + 0.006
Thin edge (mm) 1.736 1.362
Thick edge (mm) 2.064 1.598
Width (mm) 15.10 15.10
Keystone angle (degree) 1.25 4+ 0.05 0.90 + 0.05
Critical current (A) 10 T, 1.9 K >13750
9T,19K >12960
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Figure 5.18: Superconducting cable insulated with its three layers of polyimide tape [85].
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Figure 5.19: Prototype of a sextupole corrector magnets (MCS). The impregnated coils
are packed in a layer of epoxy insulation placed into an iron yoke (not visible) and pre-

stressed by means of an aluminium shrinking cylinder.

a polyimide based adhesive coating. The adhesive coating bonds itself at a minimum
temperature of 458 K [6].

The LHC corrector magnets with nominal currents ranging from 50 A to 550 A
are necessary for the correction of field errors and for the control and steering of the
beams. A typical corrector magnet is composed of a number of coils wound from enamel
insulated conductors impregnated with epoxy resin. These coils were assembled on a
cylindrical surface packed in a layer of epoxy insulation and placed into the iron yoke
and pre-stressed by means of an aluminium shrinking cylinder (see Fig. [86] [87].
The corrector magnets were fabricated using four different multi-filamentary Nb-Ti

strand types coated with a layer of insulating enamel.
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Figure 5.20: The left picture is a cross section of the 11 T dipole magnet for HL-LHC

on the right: The coils are on each side of the two apertures maintained by the collars and

Inner layer
(four blocks)

the yoke. Inside the yoke, a hole is foreseen for the heat exchanger and around the yoke is
the shrinking cylinder. The right picture is a zoom on the collar and coils of one aperture:
the design of the coils is based on NbsSn cables wounded in two nested layers (inner and

outer) arranged in six-conductor blocks.

5.2.2 HL-LHC Nb3Sn magnets

In order to reach the performance goals of HL-LHC, new magnets have to be built. The
most challenging are the NbsSn short twin-aperture dipoles (so-called 11 T dipoles) and
the low-f single aperture triplet quadrupoles.

The short twin-aperture dipole is required to replace one normal 14.3 m long LHC
dipole by two 5.5 m long 11 T dipoles, to gain space for collimators. Therefore it needs
to reach a nominal field of 11 T with a 56 mm aperture, operating at a current of
11.6 kA and a temperature of 1.9 K. Short models have already been manufactured
and tested [88]. The cross-section of the 11 T magnet with its main elements (coils,
collar and yoke) is shown in Fig. The design of these magnets is based on NbsSn
cables wounded in two nested layers and arranged in six-conductor blocks.

The Nb3Sn low-3 single aperture quadrupole to be installed in the insertion regions
of IP1 and IP5 will feature a 150 mm aperture and an operating gradient of 132.6 T m™",
which entails 11.4 T peak field at the coils at a current of 14.5 kA [89]. The cross-section
of the quadrupole magnets is shown in Fig.[5 The mechanical stability of the NbsSn
coils is guaranteed by the aluminium shell, the iron yoke and the aluminium collars.
The super-fluid helium is contained in the stainless steel vessel.

Both magnets are based on Rutherford cable composed of up to forty Nb3Sn strands.
Two types of strands are still considered: RRP and PIT. A stainless steel strip is

embedded between the two layers of strands in the cable to reduce the effect of persistent
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Figure 5.21: Cross section of the low-f single aperture triplet quadrupoles for HL-LHC.
The aluminium shell and collars and the iron yoke guarantee the mechanical stability of
the coils made of NbgSn cables. The super-fluid helium is contained in the stainless steel

vessel

currents. It is foreseen to insulate the cable either with E-glass tapes or Mica tapes.

The coils are impregnated with an epoxy resin after reaction of the NbsSn.

5.3 Damage mechanisms

In this section, the most critical components of superconducting magnets and their

damage mechanisms are discussed.

5.3.1 Critical superconducting magnet components

The most critical components of superconducting magnets of the LHC and HL-LHC
were identified as a function of their sensitivity to beam induced damage and the impact
of their failure on the magnet performance.

The first critical components are the Nb-Ti and NbsSn superconducting strands.
If their critical current I. is reduced, it will reduce the quench margin of the magnet
meaning that at nominal current, usually acceptable perturbations (temperature fluc-
tuation, beam losses, etc) could cause the magnet to quench. In the worst case the
magnet will not reach its nominal magnetic field. The second critical component is
the insulation of the superconducting cables. Damaged insulation could cause a short
cable to ground or a short between cables (e.g. inter-turn short). In case of a short to
ground, a replacement of the impacted magnet would most likely be required stopping

the accelerator operation for several weeks [I]. An inter-turn short could be fatal for
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Figure 5.22: Coil damage due to a inter-turn short in a LHC pre-series dipole.

the magnet during a quench or a fast power abort of the power converters. During a
fast power abort, the current in the magnet drops inducing an inductive voltage in the
magnet. If the turn to turn voltage is high enough, the current can flow through an
inter-turn short with the risk of damaging the coils. In Fig. is shown a picture of
a coil damaged due to a inter-turn short in a LHC pre-series dipole.

As discussed in chapter [4, the impact of high energy particles can cause a fast tem-
perature rise leading to stresses in the magnet. Several damage mechanisms have been
studied in this work: the degradation of the polyimide insulation due to temperature
increases and the degradation of the critical current of the superconducting cables due
to heat and due to stresses. These mechanisms will be discussed in more detail in the
following sections.

Damage induced by radiation impact due to integrated dose effect in the magnet
components is not in the scope of this work. Nevertheless it is important to compare
the radiation levels at which damage has been reported to the radiation levels expected
during an instantaneous beam impact. The dielectric strength of the polyimide insula-
tion degrades as function of the integrated dose. A loss of about 20% of the dielectric
strength has been measured after an irradiation with 21 MeV protons and a fluence of
3x1022 protons m~—2 [90]. Several studies report a degradation of J,. of Nb-Ti wires opti-
mized for high field application after being exposed to radiation [91][92]. As an example,
a 10% degradation of the J. has been measured after exposure to a fluence of about
10?2 protons m~2 with 15 MeV [02]. On the contrary for NbsSn, it has been shown that
J. increases with integrated dose up to a maximum value and then decreases [93], [94].

An increase of more than 20% of the J. of a RRP Nb3Sn wire was measured after an
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Figure 5.23: Monomer of the polyimide Kapton®. The polymer chain is first destroyed

via the breaking of the imide rings, producing carbon monoxide (CO) [97].

irradiation fluence of 2.5x10%° protons m~2 with 65 MeV [95]. The radiation levels
reported in these experiments are several orders of magnitude higher than what it is
expected in case of an injection or extraction failure in the LHC ( ~10' protons m—2
at 450 GeV ¢! and 7 TeV ¢ !) and in the experiment with proton beam performed
in the present study (~10'® protons m~=2 at 450 GeV ¢~!). Thus, changes due to the

integrated dose are not expected as a consequence of an instantaneous beam impact.

5.3.2 Insulation degradation induced by temperature

When exposed to high temperature, the polyimide insulation of the superconducting
cables can start to degrade. Manufacturers typically specify their polyimide films to
be used up to 673 K [96].

Polyimide is a molecule made of monomers. Such a monomer is shown as example
for the polyimide Kapton® in Fig. When it is exposed to high temperature, a
chain of chemical reactions is induced in the polyimide leading to its decomposition.
The first step of this decomposition is the breaking of the imide rings, which contain
nitrogen atoms, producing carbon monoxide (CO). The polyimide decomposition gen-
erates, furthermore, several gaseous and solid products. 95% of the solid products is
carbon in the form of glassy carbon, which has a good conductivity [98]. Therefore the
polyimide loses its insulating property during this process.

Mass loss is a good indication of the decomposition process [99]. A model of the
temperature dependency of the mass loss was developed based on the reaction rate of
the polyimide. A reaction model from [I00] was fitted to experimental data on Kapton®
provided by Dupont [96]. The mass loss was measured while the temperature was

increased at a constant rate of 3 K min~! within an helium atmosphere. The reaction
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Figure 5.24: Fitting of the reaction rate model (equation (5.7)) in solid line to Kapton®

data from Dupont [96] in round markers.

rate can be expressed as

1 da E, a\"
L _Ze ) (1o & 5.7
oy dt OeXp< RT>< af> : (5.7)

where % is the reaction rate, « is the actual mass loss and o is the mass loss after the
full degradation of the polyimide, which was set to 0.55. R is the ideal gas constant, T’
the temperature and kg, F, and n are fitting parameters. The results of the fitting is
shown in Fig. The round markers are the data provided by Dupont and the solid

line is the fitted reaction rate model. The mass loss is defined as

_ (mo—m) (5.8)
mo
where m is the actual mass and mg is the initial mass.
At constant temperature the solution of equation (5.7)) is given by
a(t) = ay — ay (1= (1= n)k(D)) T, (5.9)

where k(T') = koexp(—E,/RT) and t is the exposure time in seconds. The exposure
time at a constant temperature T required to obtained a certain mass loss « is then
derived as

L 1—(1- oz/ozf)l_"
T (I-n)k(D)

(5.10)
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Figure 5.25: Exposure time as function of temperature to reach mass loss a of
0.01 (black), 0.03 (red) and 0.2 (green) for an isothermal exposure.

For a/ay < 1, equation simplify as:
to = (5.11)

For an isothermal exposure, the exposure time as a function of the temperature
required to reach mass loss a of 0.01, 0.03 and 0.2 is shown in Fig.[5.25] The equivalence
between different exposure times and temperatures can be clearly seen. As an example,
an exposure to 750 K for 1000 s is equivalent to an exposure to 1300 K over 1 ms. Both

are leading to a mass loss of 0.03.

5.3.3 Critical current reduction induced by temperature

An upper boundary for the degradation of the critical current of a superconducting
cables when exposed to heat is the melting of the copper matrix. Once the copper
starts to melt at 1358 K, it is assumed to be fatally damaged.

In Nb-Ti, the titanium can start to diffuse within the alloy at lower temperatures of
about 650 K, resulting in a growth of the a-T1i precipitates. Size and spacing of the a-Ti
precipitates have been optimized to maximize the strand J., thus, any modification of
its micro-structure leads to a reduction of J.. It was observed that a 5 minutes heat
treatment of LHC main dipole Nb-Ti strands at 673 K causes a reduction of the critical
current by more than 20% [101].
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Figure 5.26: Compilation of measurements of the critical current of multi-filamentary
Nb-Ti and Nb3Sn wires as a function of the intrinsic strain g performed at field between
4.4 T to 7 T. I, is normalized to its maximum value (strain free). Negative strain values
indicate compression while positive values indicate tension [62].

In case of NbgSn, the exposure to temperatures of about 900 K causes grain growth
leading to a reduction of the pinning force F}, and critical current density J.. In addition,
Tin might diffuse from the filaments to form an alloy with the copper matrix, reducing
the Tin content inside the filaments, which is critical for T, and H. and, therefore,

also affecting J,.

5.3.4 Critical current reduction due to thermo-mechanical strain

As seen in chapter[d], temperature rise in a material induces thermal stresses and strains,
which affect the critical current I. of superconducting materials [102].

Fig. [5.26| shows the effect of strain on the critical current of Nb3Sn and Nb-Ti wires
for external field of 4.4 T to 7 T. It can be seen that NbgSn is much more affected by
strain than Nb-Ti.

If the strain applied on the superconductor wire stays below the so-called irreversible
strain €;., the decrease of the superconducting properties is reversible. If the strain
is higher, then only partial recovery is observed. The recovery of critical current after
application of a strain is higher in Nb-Ti than in NbsSn [103] [104]. Fig. shows the
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Figure 5.27: Critical current I, degradation induced by strain measured in Nb-Ti and
NbszSn wires at 4 K and at 5 T for Nb-Ti and 9 T for Nb3Sn. The dashed lines for each

case indicate the critical current recovery value after unloading [104].

degradation of the critical current as function of intrinsic strain on Nb-Ti and NbsSn
superconductors and the recovery of the critical current after unloading. The recovery
of Nb-Ti critical current is about 95% for strain up to several %. On the contrary
Nb3Sn recovers only 70% of its initial critical current after the application of 0.9%
strain.

Critical current degradation below e; can be explained by a variation of the in-
trinsic properties of the superconductor (i.e. Hq and T.) through strain induced lattice
instabilities [81]. The strain dependency of T, Hco and I. of a Nb3Sn superconductor
wire is shown in Fig. 1. was measured at 16 T and 4.2 K and Bs at 4.2 K. The
intrinsic strain experienced by the superconductor is eg=¢4-¢,,, where ¢; is the tensile
strain applied on the wire and &,, is the compressive strain initially experienced by
the superconductor (£,,=0.5%). &, is caused by the difference of thermal contraction
of the copper matrix and the superconductor during cool-down from heat treatment
temperature (~900 K) to 4.2 K. I, reaches its maximum when yp=0 and thus, when
€t = €m. For ,=0.8%, i.e. £0=0.3%, T, is decreased from 17.4 K to 17.1 K, B from
20 T to 19 T and I, from 48 A to 30 A.

For large strain above €;.., the I. degradation is either due to filament breakage or
to residual strain on the superconductor filaments induced by the plastically deformed
copper matrix. The intrinsic irreversible strain €;,, of NbsSn has been measured in [106]

on several type of NbgSn wire and varies between 0.04% and 0.25%.
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Figure 5.28: T,y (diamond markers), B.o (triangular markers) and I. (square markers)
as function of an applied unaxial tensile strain £; in a Nb3Sn superconductor wire. The
lines are obtained from a strain dependence model of the superconducting properties of
NbsSn. I, was measured at 16 T and 4.2 K and B, at 4.2 K. Initially the superconductor
is under a compressive pre-strain €, due to the difference of thermal contraction of the
copper matrix and NbgSn during cool-down from the heat treatment at ~900 K to 4.2 K.
This pre-strain is compensated at &; ~0.5% when I, reaches its maximum [105].
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Experimental Road Map

In order to study the damage mechanisms discussed in section[5.3|at different timescales,
an experimental road map was developed and followed. The degradation of the poly-
imide insulation when exposed to high temperature has been studied at two timescales:
hours heating in a furnace and millisecond heating due to the impact of a proton beam
at room temperature. The effects of heating on Nb-Ti and NbsSn superconducting
strands were studied in the second timescale by means of capacitive discharges and in
the millisecond timescale by irradiation with high intensity proton beam pulses at room
temperature. In this chapter the experimental samples and set-ups are described. The

results are discussed in chapter [7] and chapter

6.1 Experimental samples

6.1.1 Insulated Rutherford cable stacks

To study the degradation of the polyimide insulation due to exposure to high tem-
perature, compressed stacks of superconducting Nb-Ti LHC main dipole cables with a
length a 240 mm were used. The cables were alternately stacked to compensate for the
keystone angle, forming a rectangular stack as shown in Fig. Out of the 240 mm,
100 mm of the cable stacks were compressed in a stainless steel mould, with a pressure
of about 80 MPa, which is comparable to the maximum pressure experienced in a LHC
dipole during nominal powering. Pictures of the mould used for the furnace experi-
ment with and without cable stack are shown in Fig. The mould is an assembly
of several parts with a cavity to host the cable stack. In order to measure the pressure
on the stack, the bar below the stack is equipped with strain gauges (not visible on the

picture). The furnace experiment was performed with stacks of six LHC dipole inner
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Figure 6.1: Schematic drawing of the cross section of a stack made of six LHC dipole

inner layer cables. The cables are 15.1 mm wide and have a keystone angle of about 1.25°.

layer cables and the beam experiment with stacks of thirty dipole outer layer cables.
The insulation of the two types of cable is the same, thus results of both experiment
are fully comparable.

The moulds were manufactured in stainless steel (304L). Technical drawings can be
found in Appendix [A] The design of moulds used for both experiments differs only by
the height of the cavity hosting the cables stack. The height of the cavity was derived
from measurements of the cable stack height as function of the applied pressure. Fig.[6.3
shows these measurements for the inner layer cable. At 80 MPa during the loading phase
the height of the six cables stack is about 13.3 mm. Similar measurements performed
with outer layer cables can be found in [I07]. The mould cavity heights were set to
12 mm for the furnace experiment and to 51 mm for the beam experiment.

The pressure on the cable stacks was applied via with eight bolts arranged in two
parallel lines and measured via five pairs of mechanically independent strain gauges
placed evenly along the length of the bar below the stack. The strain gauges were glued
on each side of the five fingers of the bar as shown in Fig. A calibration of the
pressure applied on the cable stack as function of the torque of bolts was performed for
each mould. The applied torque was the same for the eight bolts. Once the calibrations
were performed, the instrumented bar was replaced by a similar bar without strain
gauge. In Fig. examples of calibration curves for two moulds used in the furnace
experiment are shown. The pressure measured at the five fingers is plotted as a function
of the applied torque on the bolts. The height of each finger is not exactly the same,
thus the pressure finger to finger is expected to vary. The mechanical tolerance on the
finger height was set to 50 pm. From the linear part of the loading curve Fig. [6.3] one
can see that 50 pm difference in height is equivalent to 10 MPa difference in pressure
which is about the maximum difference of pressure between the fingers for a determined
torque. Similar curves have been obtained for all the moulds, leading to the conclusion
that an average pressure of 80+10 MPa can be achieved by applying 60 Nm to each of
the eight bolts.

60



6.1 Experimental samples

Figure 6.2: Stainless steel mould used in the furnace experiment without (a-b) and with
(c-d) stack of six LHC dipole inner layer cables compressed with 80 MPa. The cavity for

the cable stack with height of 12 mm and the bar for the installation of the strain gauges
are visible in (b).
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Figure 6.3: Height of a stack of six insulated LHC dipole inner layer cables as function of
the applied pressure using a hydraulic press. During the loading, the stack height decreases
linearly with pressure from ~5 MPa. After unloading the cable stacks does not come back
to its initially height immediately.
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Figure 6.4: Side view of the bar placed below the cable

stack instrumented with strain

gauges to measure the pressure applied on the cable stacks. The fives pairs of strain gauges

are glued on each side of the five fingers.
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Figure 6.5: Torque of the bolts vs. pressure applied on the cable stack measured at five

different locations along the stack obtained for two moulds (left and right). The spread

in measured pressure between the fingers can be explained by the mechanical tolerance on
the height of the finger (50 pum). An average pressure of 80+£10 MPa can be achieved by

applying a 60 Nm torque. Linear fits for each finger are shown in dashed curves.
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hours

Figure 6.6: Cross section of a LHC main dipole inner coil Nb-Ti strand with a diameter
of 1.065 mm (left) and of a RRP NbsSn strand with a diameter of 0.85 mm designed for
the future HL-LHC triplet and 11 T dipole magnets (right).

6.1.2 Superconducting Nb-Ti and Nb3;Sn strands

Multi-filamentary Nb-Ti and NbsSn strands were used to study the degradation of
critical current induced by heat and in a limited way by mechanical stress, deformation

and cracks:

e The Nb-Ti strands from the LHC main dipole inner coil cables have a diameter
of 1.065 mm and a filament diameter dy of 7 um. The copper to superconductor

ratio « is 1.65. The superconductor has a Ti content of 47% by weight.

e Two types of Restacked-Rod Process (RRP) NbsSn strands were used with a
diameter of 0.7 mm and 0.85 mm, and a filament diameter dy of 41 pum and

55 pm. The copper to superconductor ratio a is 1.04 and 1.2 respectively.

Cross section of a Nb-Ti strand and a NbsgSn strand with a diameter of 0.85 mm are

shown in Fig.

6.2 Measurements of insulation degradation due to heat-

ing during several hours

The aim of this experiment was to measure the insulation degradation due to exposure
to high temperature for several hours. Compressed stacks of six LHC dipole inner coil
cables were heated in a furnace reaching peak temperatures of 461 K to 864 K. After
each heat treatment, the cable to cable dielectric strength was measured by applying

high voltage. The results are discussed in detail in chapter [7}
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Figure 6.7: Furnace used for the heat treatment of the cable stack. Argon was flowing

in the oven during the heat treatment. Two stacks could be treated at once.

The heat treatment was performed within an Argon atmosphere, i.e. oxygen-free as
in the LHC superconducting magnets. A picture of the furnace is shown in Fig[6.7 The
temperature ramp rate was set to 150 K h™!, with a flat top of 5 minutes. Each heat
treatment was performed on two identical cable stacks. The temperature profiles of the
cable stacks were measured and recorded with temperature sensors inserted through a
2 mm diameter hole on the top of the moulds to allow contact with the cable stacks.
All the temperature profiles are compiled in Fig. a fast temperature drop at the
end of several curves is visible due to the opening of the furnace door to accelerate
the cooling. For the heat treatment at T,c.,=461 K, the temperature recording was
interrupted during the cooling due to a malfunction of the temperature acquisition
system. The cooling time constant ¢, /; defined as the time when the sample was cooled
to half the peak temperature is estimated to about 7 hours.

In addition to the moulds, polyimide tape samples with a thickness of 50 and 125 um
were heated in the furnace to determine their mass loss during the heat treatment. Each
heat treatment was performed on ten tape samples, five of each thickness. The mass
of the samples were measured before and after heat treatment with an hydrostatic
balance. The resolution of the balance was 0.1 mg.

Dielectric strength measurements were performed cable to cable after each heat
treatment. A schematic of the set-up is shown in Fig. with the power supply, the
voltage and current acquisition system and the cable stack. The insulation of the cable
was removed for a length of about 1 cm at the cable extremities to allow to apply the
voltages. To prevent breakdown between the non-insulated cable extremities, extra
insulation sheets were used. To reduce the probability of a breakdown between the
mould and the cables two u-shaped 125 pum thick polyimide sheets were introduced

between the stacks and the mould. The power supply was limited to 20 kV and a
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Figure 6.8: Temperature profiles of the cable stacks during the heat treatment. The
drop at the end of several curves (cyan, red, pink, green and blue) is due to the opening
of the furnace door to accelerate the cooling when temperature was below 500 K. Due to
a malfunction of the temperature acquisition, the end of the cooling of the heat treatment
reaching Tpeqr=461 K (brown curve) was not recorded. The cooling time constant t; /2
defined as the time when the sample was cooled to half the peak temperature is estimated
to about 7 hours (except for the brown curve).
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Voltage and current
acquisition system

Figure 6.9: Schematic of the set-up to measure the dielectric strength cable to cable. In
the present picture, the measurement was done between the two upper cables. Voltage and
current outputs of the power supply were monitored. The insulation of cable extremities
were removed to connect the cable and in order to prevent breakdown between the non-
insulated cable extremities, extra insulated sheet were inserted.

maximum current of about 3 mA. For each peak temperature, six measurements were
performed - three per stack. The mould and the non measured cables were kept floating.
An example of such a measurement is show in Fig. [6.10] with the voltage in blue and
the current in red. The voltage is risen until 19 kV when the breakdown happened, the

voltage goes to zero and current to its maximum.

6.3 Measurements of superconductor degradation due to

heating over seconds

To study the degradation of the critical current density of Nb-Ti and Nb3Sn supercon-
ductors due to heating over second, strands were heated up by means of a capacitive
discharge. The critical current density was then measured via magnetization measure-
ment and change of the microscopic structure of the strand were observed with optical

and electron microscopy. The results are discussed in detail in chapter

6.3.1 Capacitive discharge set-up

Superconducting Nb-Ti and Nb3Sn strands with a length of 8 cm were heated up in
air from room temperature to peak temperatures ranging from 649 K to 1264 K within

a few millisecond using capacitive discharges. The schematic and a picture of the
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Figure 6.10: Power supply voltage and current output recorded during a dielectric
strength measurement cable to cable. Breakdown happened at about 19 kV when the

voltage goes to zero and current to its maximum.

experimental set-up are shown in Fig. and Fig.[6.12] The capacitor bank made of
several capacitors with a total capacitance of 80 mF and a maximum voltage of 500 V
was discharged into the strand in series with a 35 m{2 resistor. The energy deposition in
the strand and the peak temperature depend on the charging voltage of the capacitors.
The peak temperature was reached after ~11 ms. The superconducting strand with a
resistance of about 3 mf) at room temperature was clamped at its extremities between
copper plates fixed on a fibre glass plate. A protective cover was placed above the
heated set-up to stop possible hot debris. The 35 m¢) resistor was used to limit the
current in the circuit. The current was measured with a current transformer [I08]. The
current and the voltage drop over the strand during the discharge were recorded with a
Tektronix DPO 5054 oscilloscope. The signals were recorded at 500 kHz and reduced to
10 kHz by an averaging filter to increase signal-to-noise ratio. An example of a current
discharge is shown in the pictures Fig. At t=0 s a Nb-Ti strand clamped between
the copper plates with the cables coming for the capacitor bank (red and blue) and
the two voltage probes (red and black) are visible. A peak temperature of 1157 K is
reached in the strand after 11 ms, the entire strand is glowing. 2 s after the discharge,
the extremities of the strand have already significantly cooled down, i.e. not glowing
any more. After 4 s, only the central part of the strand is still glowing.

The peak temperatures of the strands were derived from the measured voltage drop
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Figure 6.11: Sketch of the set-up for the capacitive discharge experiment. The 80 mF
capacitor bank was discharged into the Nb-Ti or Nb3Sn 8 cm long strand in series with a
35 mf) resistor. The strand is clamped at its extremities between copper plates fixed on a
fibre glass plate. The current and voltage drop over the strand during the discharge were
recorded.

over the strand, Uy(t), the current in the strand, I;(t), and with the temperature de-
pendent resistivity of the copper pc,. The resistance of a single strand is dominated
by the resistivity of the copper. The resistivity of Nb-Ti and NbsSn in normal con-
ducting state is more than one order of magnitude higher than the one of copper [75]
and therefore can be neglected. Thus the strand resistivity ps(t) can be expressed as

the following,
Ud (t) OsQ

T L) L(1+a)

where oy, I and « are the cross section, the length and the copper to superconductor

Ps (t) = pC’u(t) (6'1)

ratio of a strand. The temperature is then deduced from the temperature dependence
of the copper resistivity as shown in the equation [109]:

peu(T) = 1078(3.239x 1071 +6.955 x 10 3T+ —7.594x 10~ "T%4+9.749x 107 1073), (6.2)

where T is the temperature in K. In the same way the temperature error bar was

derived from the resistivity uncertainty which was calculated as following:

Aps o 1(AUdpp + AIdpp)

(6.3)

ps 2\ Uy Iy

where AUy, and Aly,, are the measured peak to peak noise level on the 10 kHz signals.
The measured currents and voltages and the resulting strand temperatures are

shown for the lowest and highest peak temperatures reached in Nb-Ti strands in
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ST

Figure 6.12: Picture of the experimental set-up with the capacitor bank connected to
the strand via a 35 m2 cable. The voltage and current were recorded with an oscilloscope.

A protective covered was placed above the heated set-up to stop possible hot debris.
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Figure 6.13: (a) Nb-Ti strand before the discharge, clamped between the copper plates
with the cables coming for the capacitor bank (red and blue) and the two voltage probes
(red and black). (b) Same as (a) but 11 ms after the start of the discharge when the peak
temperature is reached (1157 K). The entire strand is glowing. (¢ & d) Same as (b) but
during the cooling of the strand in air 2 s and 4 s after the discharge. The heat is mostly

evacuated by heat conduction through the strand in the copper plates.

Fig. and for NbsSn strand in Fig. [6.15] The maximum temperatures were reached
within 11 ms after the start of the discharge. To achieve temperatures of 649 K and
1068 K in a Nb-Ti strands, the capacitor was loaded to 170 V and 225 V and the peak
currents during the discharge were about 3 kA and 4 kA. As Nb3Sn have a smaller
diameter than Nb-Ti strands, lower currents were needed to heat them up. To reach
1264 K, the capacitor bank was charged to 155 V and the peak current was less than
2 kA.

The cooling of the strands after the discharge was simulated in ANSYS. The main
cooling mechanism was identified to be the heat conduction along the strand. The
copper plates were considered as a infinitely big heat sink at room temperature. The
temperature at different positions along the strand as function of time is shown in
Fig. The curves of the temperature at the strand centre (0 mm) and 2 mm away
from the strand centre are overlapping, with a largest difference below 2 K. Therefore
the temperature along the central 4 mm of the strand is considered to be homogeneous
with a maximum thermal gradient below 1 K mm~! . The cooling constant ¢, /2 of the

central part of the strand is estimated to ~6 s.
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Figure 6.14: Measured current (red) and voltage drop (blue) over a Nb-Ti strand during
the discharge with the capacitor bank initially charged to ~170 V (left) and ~225 V (right),
leading to a heating of the strand to 649420 K (left in black) and 1068+18 K (right in

black).
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Figure 6.15: Measured current (red) and voltage drop (blue) over a NbgSn strand during
the discharge with the capacitor bank initially charged to ~130 V (left) and ~155 V (right),
leading to a heating of the strand to 823+18 K (left in black) and 1264420 K (right in

black).
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Figure 6.16: Temperature at different longitudinal position of the strand as a function
of time since the peak temperature was reached, as obtained from ANSYS simulation.
The positions along the strand are referring to its centre, 0 mm being the strand’s centre
(blue) and 39 mm (violet) being 1 mm away from the copper plates. The 2 mm curve is
overlapping with the 0 mm curve, the largest difference between the two curves is below

2 K. The cooling time constant ¢,/ of the central 4 mm of the strand was derived as ~6 s.
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6.3.2 Magnetization measurements

The degradation of the critical current was measured via magnetization measurements.
Magnetization measurements were chosen in order to simplify the experimental set-up
and the sample preparation (especially for the activated sample in the beam experi-
ments). Furthermore, it has been shown that magnetization measurements and direct
critical current measurements provide very similar critical current values for Nb-Ti [73]
and NbsSn strands [74]. The magnetization measurements were performed on the
strands central parts of 4 mm length, where the temperature profile was assumed to be
homogeneous. The 4 mm long central part of the strands were extracted from the 8 cm
long strand. First the strands were cut using a wire cutter to keep only the central
part of ~5 mm length. Then about 0.5 mm on both extremities of the central parts
were polished away in order to removed any possible damage induced by the cutting.
The magnetization measurements were performed at the University of Geneva us-
ing a Superconducting Quantum Interference Device Vibrating Sample Magnetometer
(SQUID VSM). In such device, the sample is placed within sensing coils which are
coupled to a SQUID via a superconducting flux transformer. An external magnetic
field H is applied to the sample such that a magnetic moment m is induced in the
sample. The sample vibrates inducing a variation of the magnetic flux through the
sensing coils. The flux change results in an output voltage generated by the SQUID
which is proportional to the magnetic moment m of the sample. The magnetization
M expressed in T is derived from the magnetic moment m of the sample expressed in

A m? kg~! with the following equation:
M =mxpx pux 1073, (6.4)

where p is the density of the sample in kg m™ and pg is the vacuum permeability.
The measurements were performed under an applied field H, perpendicular to the

strand axis reaching a maximum of 7 T with a sweep rate of 0.3 T min~! and at
temperatures of 2 K, 4 K and 6 K for Nb-Ti and 2 K, 4 K, 10 K and 15 K for NbgSn.

6.3.3 Microscopic measurements

Changes in the structure, microstructure and chemical composition of the samples were
observed via optical microscope and Scanning Electron Microscope (SEM). Two types
of analysis were performed with the SEM either using the backscattered electron (BSE)
or the energy dispersive X-ray spectrometry (EDX).
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The BSE are electrons from the electron beam that are reflected or back-scattered
out of the sample by inelastic scattering interaction. Heavy elements backscatter elec-
tron more strongly than light elements and appear brighter in the images. BSE provide
qualitative information on the chemical composition of the different area of the sample.

The EDX analysis is based on the X-rays produced by the sample after its interac-
tion with the electron beam. The electron beam may excite electrons from the inner
shell of the atoms of the sample and eject them from the shell creating electron holes.
Electrons from outer shell may fill the holes. During this transition from a higher-
energy shell to a lower-energy shell, the energy can be released in the form of an X-ray.
The flux and energy of the X-rays are characteristics of the atomic structure of the
emitting element. EDX allows to measure the chemical composition of the sample ex-
pressed either in atomic percent (at.%) or in weight fraction (wt.%). For the measured

samples, the accuracy of the EDX analysis is within 1 at.% with a resolution of ~1 pm?3.

74



6.4 Measurements of insulation and superconductor degradation due to
beam impact

6.4 Measurements of insulation and superconductor degra-

dation due to beam impact

For the first time the effect of high intensity microsecond beam impact on supercon-
ducting magnet components has been measured. Stacks of insulated LHC dipole cable
and single superconducting Nb-Ti and NbsSn strands were exposed at room temper-
ature within an inert Argon atmosphere to pulses of a 440 GeV ¢~ ! proton beam in
the HiRadMat facility at CERN. Temperatures inside the samples were rising up to
1026 K within 0.6 ps. Following few weeks of radioactive cool-down the samples were

removed and analysed.

6.4.1 HiRadMat - Facility

The High-Radiation to Materials (HiRadMat) facility at CERN was designed to provide
high intensity beam pulses, extracted from the Super Proton Synchrotron (SPS) to an
irradiation area where material samples can be tested [110} 111]. HiRadMat is not an
irradiation facility where large doses on equipment can be accumulated but a test area
to evaluate the effect of high-intensity beam pulses on material. Several experiments
have already been performed on accelerator components such as collimators [56] and
targets [I12] to assess their damage limits and also on copper targets to evaluate the
damage potential of LHC beam [49, [50].

HiRadMat is located in the TNC tunnel in the SPS BA7 area. The beam is delivered
from the SPS using the TT60 and TT66 transfer lines. The experimental area covers
the last 10 m of the TT66 line with three experimental tables in front of a beam
dump. The beam is extracted with a particle momentum of 440 GeV ¢~ and with
intensities from ~3x10% to ~1.7x 10! protons per bunch. A maximum of 288 nominal
(i.e. total ~4.89x10' protons) can be extracted. The bunch spacing is adjustable
within 25, 50, 75 or 150 ns. The beam size at the experiment can be tuned from
1 0p.m.s. = 0.1 mm to 2 mm [I13]. To minimize the radiation dose taken by the personal
for the installation and removal of experiments, the experimental set-ups are installed
on a standardized support plate. It can be remotely manipulated with a crane and
positioned with an accuracy of 0.1 mm. Services like electrical power and signal cables
are delivered via plug-in connectors. Signal cables to the control room on the surface
or to the adjacent tunnel TT61 where equipment can be installed are provided. Two
feed-throughs between the experimental tunnel and the adjacent tunnel are available for
cables, pipes and optical paths. Beam instrumentation is installed along the SPS ring

and the transfer line to measure the beam parameters like the transverse beam position
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Figure 6.17: HiRadMat tunnel with the last corrector magnet (green), the platforms for
the experimental table (yellow) and the beam dump (green and yellow) at the end of the
tunnel.

with Beam Position Monitors (BPMs) and Screens (BTVs). The transverse beam
emittances are measured in the SPS ring with vertical and horizontal wirescanners.
The pulse intensity is measured by Beam Current Transformers (BCTs) in the transfer
line and in the SPS ring. To monitor the transverse beam position at the experimental
table, a screen can be installed in front of the HiRadMat support plate.

Fig. [6.17] shows a picture of the HiRadMat tunnel with the last corrector magnet
(green) and the platforms for the experimental table. A schematic drawing of the
HiRadMat tunnel area is shown in Fig. The experimental tunnel is labelled TNC
and the adjacent tunnel with the bunker for the electronic equipment of the users for

data acquisition is TT61.

6.4.2 Description of experiment

Twelve compressed stacks of thirty insulated LHC dipole outer layer cables and thirty-
four single superconducting Nb-Ti and NbsSn strands were exposed at room temper-
ature within an inert atmosphere to several 440 GeV proton beam pulses. A picture
of one of the cable stacks in its steel mould is shown in Fig. The strands were
divided in two sets, clamped on insulated stainless steel plates as shown on Fig. [6.20
The strand were vertically positioned every 5.2 mm. For the six strands with the high-
est beam intensities additional strands 1.2 mm above and below were installed. The

resistance of the strands were monitored during the irradiation to measure the peak
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Beam to
HiRadMat

JA7

Figure 6.18: Schematics drawing of the HiRadMat tunnel area, entrance area (TJ7), ex-
perimental tunnel (TNC), adjacent tunnel (TT61) where the bunker for the user electronic

equipments for data acquisition is located (not visible on the drawing).

Figure 6.19: One of the stack of thirty insulated LHC dipole outer layer cables under a
pressure of 80 MPa in a steel mould.
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Figure 6.20: The two sets of strands (upper one set-A, lower one set-B) clamped on the
insulated stainless steel plates. The Nb-Ti strands are the silvery looking ones (indicated
by red arrows) and the NbgSn are the coppery looking ones (indicated by green arrows).

The cables to connect the strand in series and measured the voltage drop are visible.

temperatures. The samples were arranged in an air-tight tank on two levels with the
strand sets inserted between the cable stacks (see Fig. . Eighteen pulses with three
different intensities (six pulses per intensity) were shot onto the samples, as sketched
by the dashed yellow arrows in Fig. Between each pulse, the tank was moved ver-
tically by 5.2 mm, such that each beam pulse would hit a virgin zone of the cable stacks
and a new strand. For each pulse, the strand in the beam axis will be later on referred
as the targeted strand. The list of the strands with their label, type and the beam
intensity by which they were impacted is shown in Appendix Results of FLUKA
energy deposition simulations (see Appendix were used to choose pulse intensities
and beam size required to reach peak temperatures in the samples between 350 K and
1100 K. The chosen beam pulse intensities and the measured 1 o,..,, 5. transverse beam
size can be found in Table [6.1]

Tank design

An anticorodal aluminium alloys (AW-6082 [114], [115]) was preferred to stainless steel
as tank material for several reasons: its mechanical strength, its low density implying
that the beam will deposit less energy in the tank walls and its chemical composition to

reduce activation. To make sure that the samples were kept within an inert atmosphere
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Cable stacks Plates with strands Cable stacks

Cable stacks Cable stacks

Figure 6.21: Open tank with the samples arranged on two levels. The twelve cable stacks
and two plates with the superconducting strands are visible. The dashed yellow arrows

indicate the trajectory of six sample beam pulses.

Table 6.1: Transverse beam size in o, ,,.s. measured for each pulse intensity used during

the beam experiment

Intensity (protons) | o, (mm) | o, (mm)
6x 101 1.23 1.13
1.3x10"2 1.07 0.99
2.6x10"2 1.17 1.11
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Figure 6.22: Experimental set-up on the HiRadMat support plate installed in the exper-
imental area. The tank with the samples mounted on the moveable table is in out-of-beam
position. The screen and camera (BTV) used to measure the transverse beam position are
in the black boxes. The red dashed arrow indicates the beam path.

during the experiment, a constant flow of Argon gas of about 5 1 h™! was circulating
through the tank. The Argon was provided by a pressurized bottle located in the
adjacent tunnel and its flow was measured with a flow-meter positioned at the tank
gas inlet. To prevent any contamination of the experimental area with radioactive
dust, a high efficiency particulate air (HEPA) filter [I16] was placed at the tank gas
outlet. Three electrical feed-throughs were mounted on the back of the tank hosting the
instrumentation cable for the resistance measurements. The closed tank was mounted
onto a vertically movable table and the overall set-up was installed on the standardized
HiRadMat lifting support plate as shown in Fig.

Set-up of strand resistance measurement

A sketch of the set-up of the strand resistance measurement for one of the two sets of
strands is shown in Fig. [6.23] The strands of each set were connected in series with a
shunt precision resistor and with an dual power supply delivering a constant current of
1 A. Voltages across about 3 cm of each strand were recorded with a multifunction data
acquisition (DAQ) at a frequency of 2 kHz. The voltage drop across the shunt precision

resistor was also recorded in order to monitor the current delivered by the power supply.
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Figure 6.23: Sketch of the set-up of the strands resistance measurement. Only one set
with strands is shown. On the present strand set, every strand was equipped with voltage
tabs to measure the voltage drop over the strand, however to simplify the sketch they
are only shown for two cases. For the other strand set, the six strands with the highest
intensities are not equipped with voltage tabs but the strands 1.2 mm above and below

are.

The resistance of the strand was then deduced from the voltage across the strand and
the current in the circuit. Each voltage channel was equipped with a passive low-pass
filter to reduce the noise level and with two Transient Voltage Suppressor diodes (TVS)
to protect the DAQ from possible voltage spikes induced by the beam. To be protected
from radiation, all the acquisition equipment was located in a bunker adjacent to the

experimental area.

6.4.3 Temperature rise and cooling profile
Temperature rise

The peak temperatures reached in the samples were derived from strand resistance
measurements and numerical energy deposition simulations done with FLUKA (see
Appendix [C]).

For each beam pulse, the voltage drop over the strands and over the shunt preci-

sion resistor was measured. An example of such a measurement during the impact of
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Figure 6.24: Voltage drop measured over about 3 cm of the strands and over the shunt
precision resistor before and after the impact of 1.3x10'? protons beam pulse. The beam
impacted the strands at ~5 s. The targeted Nb-Ti strand U8 (red) shows the highest
voltage rise (0.29 mV) thus the highest temperature rise. The further the strands are from
the targeted strand, the lower their voltage rise is. After the beam impact, the voltage
drop over the strands decreases as the strands cool down. The noise level peak to peak is
below 5 ©V on all the channels.

1.3x10'2 protons on the strand U8 (red) is shown in Fig.[6.24. The voltage rise was the
highest in strand U8 and smaller rises could be observed for the neighbouring strands
up to several millimetres from the beam axis. After the beam impact, all the voltages
were decreasing as the strands were cooling down. From the voltage measurements,
the relative resistance variation of each strand %If was calculated with the following

equation:

ARZE.%,l (6.5)
R; Ui Uy .o
where U; and U;, , are the voltage drop over the strand and the shunt precision resistor
before the beam impact and Uy and Uy, , are the voltage drop at the time of the beam
impact. Thus for each pulse, the relative resistance variation of the strands versus
their vertical position ys was obtained. An example of such result is given in Fig. [6.25
derived from the voltages measured in Fig. where y; is referred to the targeted
strand (U8 ys= 0 mm).

The relative resistance variation of a strand is proportional to the average tempera-

ture rise along the strand. To determine the peak temperature in the strands from such
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Figure 6.25: Strands relative resistance variation induced by the beam with 1.3x10"2
protons as function of their vertical position y; with reference to the targeted strand. The

relative resistance variation were calculated from the voltages measured in Fig using

equation @

measurements two assumptions had to be made. First, based on the FLUKA simula-
tion the energy deposition along the strands E(zs,ys) was found to be well described
by the Cauchy-Lorentz distribution:

K 72
7y ((zs — 20)? + (ys — y0)? +72)’

where ys is the vertical position of the strand, xs is the horizontal position along

E(l'&ys) = (66)

the strand, (xo, yo) is the beam position in the transverse plane, 7 is the half-width
at half-maximum and % is the maximum energy density located at x; = zg and
Ys = yo. In Fig. the energy deposited per proton along three strands with different
vertical positions ys as obtained by FLUKA is compared to the one obtained by fitting
equation The obtained fitting parameters K, v and =0 mm can be found on
the figure. The second assumption was to consider that the beams were round in the
transverse planes. In the experiment, the beam is maximum 8% larger in the horizontal
axis. According to the FLUKA simulations, this assumption leads to an overestimation
of 5% of the strand peak temperature.

A relation exists between the profile of the energy deposited in a strand and its
relative resistance variation %If (see Appendix@. Thus for each beam pulse, a unique

set of K, v and g can be found such that the % of several strands calculated based on
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Figure 6.26: Comparison of the horizontal energy deposition per proton profile of three
strands with different vertical positions ys (0 mm, 5.2 mm, 10.4 mm) relative to the beam
axis, induced by a beam with a 1 o,.,, transverse size of 1 mm obtained by FLUKA
simulation (round markers) and by the fitting of a Cauchy-Lorentz distribution (dashed
lines). The fitted parameters K, v and yo of the Cauchy-Lorentz distribution given in the

plot were found to describe well (R2=99.9%) the energy deposition as obtained by FLUKA
in all three strands.
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Figure 6.27: Temperature profile of several strands after the impact of 1.3x10'2 protons.
The profile were obtained from the relative resistance variation measurements shown in
Fig.|6.25] The peak temperature for each strand is given, with the highest temperature of
698.5 K for strand U8 (cyan). The fitted parameters of the Cauchy-Lorentz distribution

are shown with their uncertainties.

the Cauchy-Lorentz distribution describing the energy deposition in the strands E(x, y),
matched the measured %. The strand temperature profile and peak temperatures were
then calculated from the energy deposition profile via their heat capacity. An example
of the obtained strand temperature profiles after the impact of 1.3x 102 protons (same
beam pulse as for Fig is shown in Fig [6.27, The peak temperature reached in
the targeted strand (U8 in cyan) is about 698 K and is below 350 K in its six closest
neighbouring strands (U5 to Ull). The fitted parameters K, v and yo with their
respective uncertainties are shown in the figure. The temperature along each strand
is not homogeneous and the thermal gradient within the few millimeters surrounding
the beam impact was estimated to 80 K mm™!. In other words, if the strand hot spot
temperature is about 700 K, the temperature 2 mm away from the hot spot is expected
to be about 540 K.

The uncertainties on the strand peak temperature were derived from the uncertain-
ties on the fitting parameters K, v and yg. The upper bound of the peak temperature
was obtained from the energy deposition profile using the upper bound of K, the lower
bound of v and the closest value of yg to zero. The lower bound was obtained using

the lower bound of K, the upper bound of v and the yg with the largest absolute value,
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and subtracting 5% from the round beam assumption. The uncertainties of the rela-

tive variation of the strand resistance, A(%’;), were included in the fitting and can be
expressed as the following:
AR Ui U
A(S5) = 2 (U + Up) AUpy + 52— (Ui + Uy AUn, 6.7

where AUy, and AU,,q,, are the measured peak to peak noise levels varying between
2 and 4 pV depending on the channel.
The energy deposition in each of the cable stacks E; was derived from the measured

peak energy deposition in the strands E and the ratio of the peak energy deposition

Smeas

in the cable stacks over the peak energy deposition in strands (Es;/Es)sim obtained by
FLUKA simulations (see Appendix |C|) with the following equation:

Est — (Est/Es)sim -E (68)

Smeas)

The peak temperature reached in the cables stacks was then derived from the energy

deposition using the heat capacity of the cables.

Cooling profile

The cooling of the strands and the cable stacks after the beam impact were simulated
in ANSYS.

The main cooling mechanism of the strands was identified to be heat conduction
along the strands and the voltage drop measurement cables. The evolution of the strand
average temperature rise normalized to its maximum AT,,,/ATq, obtained by the
model was compared to measurements at two beam intensities. The comparison be-
tween such measurements done on the two NbsSn strands after the impact of 1.3x10"2
(blue) and 2.6x10'? protons (red) with the model (dashed line) is shown in Fig. [6.28
At the beam impact time (time=0 s), the average temperature rise is maximum thus
ATqg/ AT maz=1. The model and the measurements are in good agreement.

Assuming a initial energy deposition with a Cauchy-Lorentz profile with y=1.8 mm
and xo=0 mm, the temperature evolution of a Nb3zSn strand after the impact of
2.6x10'2 protons was simulated. In Fig. is shown the evolution of the temperature
at different longitudinal positions along the strand (0 mm being at the beam impact
location) as function of time after the beam impact. The cooling constant ¢ /o defined
as the time when the peak temperature is reduced by half, at the strand’s impact loca-
tion (0 mm), was estimated to about 84 ms and 2 mm away from the impact to about
490 ms.
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Figure 6.28: Comparison of the strand average temperature rise normalized to its max-

imum AT,q/ATmq, as function of time after the beam impact obtained by the model

(dashed line) and by two measurements done on Nb3Sn strands after the impact of 1.3x 1012

protons (blue) and 2.6x10'2 protons (red). At the beam impact time (time=0 s), the av-

erage temperature rise is maximum, i.e. AT,q/AT =1 and then the strand starts to

cool down , i.e. ATy, /AT ar decreases. The model and the measurements are in a good

agreement.
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Figure 6.29: Temperature at different longitudinal position of the strand as a function of
time after the impact of 2.6x 102 protons, as obtained from ANSYS simulation. The posi-
tion along the strand are referring to the beam impact location, 0 mm being at the centre
of the beam impact location (black). t;/, being the time at which the peak temperature
is reduced by half.

The main cooling mechanism of the cable stacks was identified to be heat conduction
longitudinally along the cable and transversally toward adjacent cables. A stack of
three cables was modelled in ANSYS as three copper rectangular parallelepiped of
200 mm length and 2 mm thickness with between each parallelepiped a 300 pm thick
layer of polyimide. A sketch of the three cable stack model is shown in Figl6.30] The
temperature at the cable extremities was fixed to room temperature. The copper and
polyimide heat capacity and thermal conductivity were obtained from [75]. A hot spot
with a peak temperature of about 1050 K induced by a energy deposition with Cauchy-

Cable 1
Cable 2 '
Cable 3 I 2mm

200 mm

Figure 6.30: Model of a three cable stack. The cables are 200 mm long and 2 mm thick.
A 300 pm thick polyimide insulation layer is inserted between each cables. Cable 2 is the
central cable aligned with the beam axis.
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Figure 6.31: Temperature evolution as obtained from ANSYS simulation, at different
longitudinal positions of a insulated Nb-T1i cable after beam impact. The energy deposition
has an horizontal Cauchy-Lorentz distribution with y=1.8 mm and zo=0 mm. In the centre
of the beam impact location (0 mm, black curve), the cooling time ¢/, was estimated to
73 ms, and at 2 mm from the centre of the beam impact location (2 mm, red curve) to
150 ms.

Lorentz distribution with y=1.8 mm and zg=0 mm was set as initial condition. The
evolution of the temperature at different longitudinal positions along the middle cable
(cable 2) as function of time after the beam impact is shown in Fig. [6.31] The cooling

constant ¢1 o of the hot spot in the cable was estimated to 73 ms.

6.4.4 Analysis of irradiated samples

After few weeks of radioactive cool-down, the set-up was removed from the tunnel and
the samples were extracted for analysis.

To measure the degradation of the insulation, dielectric strength measurements were
performed on the cable stacks using voltages up to 35 kV. The measurement set-up and
process were similar to the one described in section [6.2] After the dielectric strength
tests, the stacks were dismantled for visual inspection, to localize the beam impact and
the breakthrough. As the moulds and cable stacks were activated (maximum dose at
contact was about 100 mSv/h), the measurements and inspections were performed in

a radioactive control area and special precautions had to be taken.
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The reduction of the critical current was measured via magnetization measurements
performed on beam impacted region of the strand with a length of 4 mm. The 4 mm
long central part of the strands were extracted from the 3 cm long strand. The same
preparation procedure was followed as for the sample of the capacitive discharge exper-
iment: first the strands were cut using a wire cutter and then both extremities of the
extracted part were polished away. The measurements were performed with an applied
magnetic field perpendicular to the strand axis reaching a maximum of 7 T with a
sweep rate of 0.3 T min~'. Magnetization was measured at at 2 K, 4 K and 6 K for

Nb-Ti and 2 K, 4 K, 10 K and 15 K for NbsSn.
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Insulation degradation results

and analysis

The degradation of the insulating property of the polyimide is a consequence of its
decomposition when exposed to high temperature. The decomposition reaction pro-
duces solid products which consist mainly (95%) of glassy carbon, which is a good
conductor [98] and therefore reducing the polyimide dielectric strength. Mass loss of
the polyimide is also a consequence its decomposition. A model of the mass loss as
function of temperature and exposure time has been developed (see section

In this chapter the results of the visual inspection and of the dielectrics strength
of the cable insulation measurements for all stacks heated in the furnace and beam
experiment are presented. Then the mass loss model is benchmarked to the measured
mass loss in the furnace experiment. Comparing the measured mass loss and dielectric
strength, a mass loss threshold above which dielectric strength degrades is determined.
Finally predictions of the insulation degradation derived from the mass loss model and
threshold are compared to the measured degradation of the samples impacted by proton

beam.

7.1 Dielectric strength measurements and visual inspec-
tion after heating

Fig. shows a comparison of the side views of the cable stacks after heating in the

furnace. The peak temperatures reached are indicated. For temperatures up to 623 K,

no change can be identified visually. Changes can be identified from 678 K, when

the adhesive film coated on the insulation starts turning black. From 728 K, all three
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Figure 7.1: Cable stacks (side view) before and after heating with different peak tem-
perature. Changes can be identified from 678 K, when the adhesive film coated on the
insulation starts turning black. Above 728 K, all three insulation layers turn black and
above 821 K cracks appear.

insulation layers turn black and from 821 K cracks appear. Picture of the stacks heated
up to 864 K is not available. The results of the measurements of the dielectric strength
after heating of the cable stacks in the furnace are shown in Fig. Crosses indicate
that no breakdown was achieved with voltage up to 20 kV, round markers indicate that
a breakdown was observed. The dashed line indicates the minimum breakdown voltage
as a function of temperature.

The results of the breakdown voltage measurements on samples impacted by the
proton beam are shown in Fig. [7.3] The black markers indicate the breakdown volt-
ages measured on samples exposed to the beam. The green crosses indicate that the
breakdown took place at the position of the beam impact. Visual inspection of each
cable were performed to localize the position of the beam impact and of the voltage
breakdown. Fig. shows a dismantle cable stack after the irradiation and the dielec-
tric strength measurements. The fives white spot indicated by the white arrows mark
the impact of the proton beam, the peak temperatures reached in these zones were
between 950 K and 1050 K. The black traces indicated by the black arrows mark the
the consequences of the breakdown.

The dielectric strength of non-treated samples was found to be between 16.3 kV

and 28.5 kV which is in good agreement with earlier measurements [85]. After heating
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Figure 7.2: Results of the dielectric strength measurements after heating for several
hours at different peak temperatures in a furnace. The crosses indicate that no breakdown
was achieved with voltage up to 20 kV, the round markers indicate that a breakdown
was observed. The dashed line indicates the minimum breakdown voltage. The minimum

breakdown voltage of reference samples is about 17 kV. Degradation of the insulation was
observed for peak temperatures above 678 K.
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Figure 7.3: Breakdown voltage as function of the peak temperature reached in the cable
stacks after interaction with a 440 GeV 0.6 us proton beam. No degradation can be
observed, however, above 850 K breakdown of the insulation took place at the location of

beam impact for about 55% of the samples indicating a weakening of the insulation.

Figure 7.4: Side view of a Nb-Ti cable stack after beam impact. The fives white spots
at the centre of the stack indicated by the white arrows the impact of the proton beam,
the peak temperatures reached in these zones were between 950 K and 1050 K. The blacks
traces indicated by the black arrows are the consequences of the breakdown.
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7.2 Mass loss

during several hours, degradation of the insulation was observed for peak temperatures
above 678 K, the breakdown voltage was measured at 11.7 kV. At 773 K, a breakdown
voltage of 0.5 kV was measured, which indicates the destruction of the sample insula-
tion. From 821 K, the cables were in electrical contact after the heating, with resistance
cable to cable ranging from 30 k) to 3 Mf). These results confirm the interpretation
after the visual inspection of the stacks (see Fig. . No degradation was measured on
the samples exposed to beam reaching temperatures up to 1035 K. However, for peak
temperatures above 850 K, the breakdown of the insulation took place at the location
of beam impact for about 55% of the samples indicating a weakening of the insulation.
Multiple beam impacts at the same spot, might lead to a degradation and later failure
of the insulation.

The variation of the measured breakdown voltages within each measurement set
can be explained by in-homogeneities in the samples. These variations have to also be
expected in LHC magnets due to the significant length of the used cables (e.g. ~2400 m

for one dipole magnet aperture).

7.2 Mass loss

Mass loss measurements were performed on insulation tapes with a thickness of 50 pm
and 125 pm heated in the furnace experiment. Measurement were performed on ten
tape samples per peak temperatures, five of each thickness. By inserting the tempera-
ture profiles of the polyimide samples during their exposure to high temperature (see
Fig. in the mass loss model (see equation ) and solving it numerically, the
expected polyimide sample mass losses were calculated. The comparison between the
model and the measurement is shown in Fig. The dashed lines show the expec-
tation from the mass loss model. The round markers are the average of the mass loss
measured over the ten samples and the error bars are the standard deviation of the
measured mass loss. The measurements and the model are in good agreement.

To determine the mass loss threshold above which the insulating property of the
polyimide starts to degrade, the mass loss and the lowest breakdown voltages measured
on samples heated to different peak temperature in a furnace were compared (see
Table . Below 678 K, the mass loss of the samples was not measurable. The
minimum resolution of the balance was 0.5x1073. For a mass loss below 4x1073 no
degradation of the dielectric strength was measured. A mass loss between 4x1073
and 2.9x1072 indicates a reduction of the dielectric strength and above 2.9x1072 the

polyimide dielectric strength is lost.
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Table 7.1: Lowest breakdown voltage measured on cable stacks and average mass loss of

850 900

polyimide tape measured after heating to peak temperature in the left column.

Peak temperature Average Lowest breakdown
(K) mass loss (%) voltage (kV)
Non Treated - 17.4
461 - 19.6
623 - 18.7
678 4x10734 1.4x1073 18.9
728 7.5x1073+ 1.3x1073 11.7
773 2.9%x10724 0.14x1072 0.5
821 17.4x10724 2.3x1072
864 30.9x10724 1.4x1072
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7.2 Mass loss

From the mass loss model and threshold, degradation of polyimide insulation im-
pacted by a proton beam can be predicted. Solving the mass loss model with the
temperature profile of the cable stack obtained from the thermal model with highest
peak temperature (1035 K) and time constant ¢;/,=73 ms (see Fig. results in a
mass loss of 4x1075, two orders of magnitude below the degradation loss threshold.
No degradation is expected for such mass loss, which is compatible with observations.
However it is interesting to mention that for a peak temperature of 1280 K, the model
predicts a mass loss in the order of 4.2x107~3, which is slightly above the degradation
determined from the furnace experiment.
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8

Critical current density

degradation results and analysis

In this chapter the results of the magnetization and microscopic measurements per-
formed on Nb-Ti and NbsSn strands after capacitive discharge and beam impact are
presented and discussed. The magnetization of the samples was measured in order to
assess the degradation of their superconducting properties (critical current density J.,
pinning force density F),, critical field Heoo and critical temperature 7). Microscopic
analyses were performed to observed changes of the superconductor microstructure

and chemical composition. The detailed description of the experimental set-ups can be

found in section [6.3.2 and [6.3.3]

8.1 Nb-Ti results and discussion

8.1.1 Magnetization measurement results

J. of the NB-Ti strands is related to its magnetization hysteresis width per unit volume
AM via equation assuming an effective filament diameter of 7 ym. Thus, in order
to assess the J. degradation of the Nb-Ti strand samples, their magnetization was
measured at 2 K, 4 K and 6 K under an applied field H| perpendicular to the samples
with pgH,; up to 7 T. The measurements results are shown for samples heated by
capacitive discharge (t; /2 ~6 8) in Fig and for samples heated by interaction with
a proton beam pulse in Fig For the capacitive discharge case, no degradation
is observed up to 651 K and for the beam impact case up to 879 K. Above these
temperatures in both cases, AM decreases and therefore J. too. The sample reaching

935 K due to beam impact is an exception, no degradation is observed. It suspected
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ANALYSIS

that during the sample preparation before the magnetization measurements, the sample
was cut at the wrong position - not centred on the beam impacted region. Therefore
this sample is excluded from the analysis. An increase of AM at external fields below
2 T is visible in the samples heated by the capacitive discharge to peak temperatures
above 1068 K. This is caused by an increase of the effective filament diameter, dy, as
verified by microscopy analysis.

The pinning force density F), is derived from the measured AM using equation
and The magnetic field and temperature scaling law of the pinning force density
F, (see equation was fitted to the F), derived from the measurement performed at
2 K, 4 K and 6 K using eight fitting parameters (p, q, He2(2K), Heo(4K), Hqo(6K),
C(2K), C(4K) and C(6K)). As an example, Fig [8.3] shows F}, of the Nb-Ti reference
sample as a function of applied external field H| at 2 K, 4 K and 6 K. The value of
the fitting parameters p, ¢ and the set of C' and H.o are indicated in the figure. The
scaling law fits well the measurements.

The fitting parameters p and ¢ versus the peak temperature are shown in Fig[8.4
The p and g value obtained for the capacitive discharge are in the expected range, i.e.
0.5-0.9 for p and 0.75-1.1 for q [67], up to 833 K. A decrease of p and ¢ is observed
in the sample heated to 916 K. For samples heated to temperature equal or above
1068 K, large values of ¢ are obtained, while p shows a relatively small decrease. For
all the samples heated by beam interaction, p and q stay relatively stable except for
the samples heated up to 925 K and 933 K for which p and ¢ drop below the expected
values. p is about 0.3 while the expected minimum is 0.5 and ¢ is about 0.7 while the
expected minimum is 0.75.

The H.o values obtained from the F}, scaling law as a function of the magnetization
measurement temperature are shown for the samples heated by capacitive discharge in
Fig. 8.5 (a). The dashed lines are obtained from the critical upper field scaling law
(see equation fitted to the H.o values with H.y and T,y as fitting parameters.
The resulting H.o9 and T,y values as a function of the peak temperature reached in
the samples are shown in Fig. [8.5 (b). Hcgo of the reference sample is about 15.4 T,
which is higher than the expected 14.5 T. This can be explained by the error induced
by the extrapolation done on the measured data from 7 T up to the critical field at
2 K and 4 K. Even though the absolute H.oy values are subject to an error of +1 T,
the relative change of H oo along the set of samples is still of interest. No significant
variation of H.g were observed up to peak temperatures of 833 K. It decreases from
916 K reaching about 4.5 T for a peak temperature of 1157 K. T,y varies between 8
and 9 K with the exception of the sample heated up to 916 K where T,0=10.4 K.
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Figure 8.1: Hysteresis width of the magnetization per unit volume, AM, of Nb-Ti strands

as a function of the external magnetic field H; up to poH =7 T, after heating due to a
capacitive discharge (t;/,=6 s) measured at 2 K (a), 4 K (b) and at 6 K (c).
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Figure 8.2: Hysteresis width of the magnetization per unit volume, AM, of Nb-Ti strands
as a function of the external magnetic field H, up to ugH =7 T, after heating due to
interaction with a proton beam (t;/,=84 ms) measured at 2 K (a), 4 K (b) and at 6 K (c).
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Figure 8.3: Comparison of F}, as function of poH | of the reference Nb-Ti sample obtained

by measurement and by the scaling law at 2 K, 4 K and 6 K. The obtained fitting parameters
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Figure 8.4: The fitting parameters p and ¢ of the F), scaling law (see equation ) as
function of the peak temperature reached in Nb-Ti strands after heating due to capacitive

discharge (t1/,="6 s) and being exposed to proton beam (;/,=84 ms).
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Figure 8.5: H.o, H.oo and T obtained for the Nb-Ti samples after heating due to capac-
itive discharge. (a) poHco as a function of the magnetization measurement temperature.
The dashed lines are obtained from the critical upper field scaling law (equation . (b)
woHeo0 and T, as function of peak temperature achieved in the samples obtained from the
fitting of equation to the H.o values.
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H.s of the Nb-Ti samples after being exposed to proton beam as a function of
the magnetization measurement temperature is shown in Fig (a) and Heoo and Ty
as function of peak temperature in Fig (b). The H. and Ty sample to sample
variations are dominated by the extrapolation method uncertainties.

The pinning force density Fj, measured at 2 K, 4 K and 6 K versus the reduced
field b is shown for capacitive discharge in Fig. 8.7 and proton beam interaction in
Fig. b is defined as b = H| /He. No significant change of F), is observed up
to a peak temperature of 651 K in the capacitive discharge case and up to 879 K for
the beam impact case. Above these temperature for both cases, the maximum of F), is
significantly reduced and shifted from 0.5 b to a lower b value, reaching ~0.1 b for the
1068 K sample heated via capacitive discharge and ~0.3 b for the 933 K sample impacted
by a proton beam. Such F}, variations indicate a change in the pinning behaviour of the
superconductor and, thus, a change in the superconductor microstructure. An increase
of the maximum of the pinning force density at 2 K can be observed after interaction
with a proton beam for the 848 K and 879 K samples.

The relative change of magnetization of Nb-Ti strands measured at 2 K, 4 K and
6 K, at an applied field of 3 T and 5 T as a function of the peak temperature for different
heating time constants is shown in Fig. The relative reduction of the magnetization
after a 5 minutes long heat exposure was extracted from [I01]. A t; /2 ~0 s long exposure
with a peak temperature of ~833 K and a ¢/, ~84 ms long exposure with a peak
temperature of ~930 K lead to a similar relative change of the magnetization, thus, of
J. of about 30% at 5 T and 4 K (see Fig. (d)). From Fig. it can be observed
that for the same peak temperature the reduction of J. increases with the exposure

time.

8.1.2 Microscopic analysis results

Optical microscopic analysis was performed on the Nb-Ti reference sample and on the
sample heated by capacitive discharge to a peak temperature of 1157 K (see Fig. [8.10)).
Both samples were polished and etched before inspection. In Fig. [8.10| (a) to (c), the
filament structure (grey) embedded in the copper matrix (light orange), the single
filaments and even the copper grains of the reference sample are clearly visible. In
Fig. [8.10] (d) the cross section of the heated strand is shown, part of the copper was
oxidized and appears black (left). An increase of the copper grain size compared to the
reference sample can be seen in Fig. [8.10| (¢). The merging of the filaments is clearly
visible in Fig. Using polarized light in Fig. (f) exhibits several phases in the
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Figure 8.6: H., H.oo and T,y obtained for the Nb-Ti samples after being exposed to
proton beam. (a) poHeo as a function of the magnetization measurement temperature.
The dashed lines are obtained from the critical upper field scaling law (equation . (b)
woHeo0 and T, as function of peak temperature achieved in the samples obtained from the
fitting of equation to the H.o values.
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Figure 8.7: Pinning force density F), of Nb-Ti strands vs. reduced field b after heating
due to a capacitive discharge ¢, /=6 s measured at 2 K (a), 4 K (b) and at 6 K (c).
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Figure 8.8: Pinning force density F), of Nb-Ti strands vs. reduced field b after heating
due to interaction with a proton beam #;,,=84 ms measured at 2 K (a), 4 K (b) and at
6 K (c).
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Figure 8.9: Relative change of magnetization measured at different temperatures and
applied field vs. peak temperature reached in Nb-Ti strands for three different heating

timescales. The data for the 5 minutes heating measured at 4 K are from [I01].
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merged filaments: fine particles of Nb (white), Cu-Ti inter-metallic compound (light
grey) and residuals of the Nb-Ti filaments (dark grey).

The results of an energy dispersive X-ray spectrometry (EDX) and backscattered
electron (BSE) analysis are shown in Fig. and Fig. In the pictures obtained
with BSE the lighter phases appear in dark colour and heavier in light colour. The
weight fraction composition was obtained from the EDX. The samples were polished
before measurements. On both picture of Fig. the copper matrix, the Nb-Ti
filaments and the Nb diffusion barrier around each filament appear in dark grey, grey
and white, respectively. An EDX analysis shows that the Ti weight fraction in the Nb-
Ti filaments is 47% as expected (see Table and that the copper matrix composed of
100% of Cu (see Fig.[8.11)). In the pictures of Fig. a group of filaments of the heated
sample and a zoom on the edge of the group of filaments are shown. The formerly well
separated Nb-Ti filaments built a conglomerate of different phases (different greys).

The composition of the different phases was analysed via EDX, however the volume
of the observed phases is in the range or smaller than the minimum resolution of the
analysis of 1 um3. Therefore, the weight fraction composition given in the table below
Fig. is a mix of the compositions of the surrounding phases, which allows only for
a qualitative interpretation of the results. In the right pictures in Fig. the grey
phase (spectrum 8 and 9) is the copper matrix, the dark grey phases (spectrum 10)
are a Cu-Ti inter-metallic compound, the white phases (spectrum 11) are fine white
particles of Nb and the light grey phases (spectrum 12) are the residuals of the Nb-Ti
filaments. These phases are the consequences of the diffusion processes that took place
during the heating over several seconds.

Fig. [8.13] shows the results of BSE measurements for different samples heated by
the capacitive discharge. The peak temperatures are indicated. Edges of two Nb-Ti
filaments with the niobium barrier (white) and the copper matrix between the filaments
are visible on the reference sample. In the filaments, dark ribbons of a-Ti precipitates
with a thickness of a few nm and a length in the range of 100 nm embedded in a lighter
matrix of Nb-Ti grains are visible. In the picture obtained for peak temperature of
833 K and 916 K, the dark ribbons become less visible indicating a variation of the mi-
crostructure inside the filaments. In the samples heated to peak temperature of 978 K,
formations of what is suspected to be Cu-Ti inter-metallic compounds (dark grey) at
the interface between the filament and the copper matrix - indicated by black arrows in
the figure - is visible. Small islands of dark features (~50 nm to ~100 nm large) which
are presumably made of Ti have developed along the filament boundary - indicated
by blue arrows in the figure. At a peak temperature of 1068 K, the microstructure

inside the filament has disappeared, Cu-Ti compounds have developed more around

110



8.1 Nb-Ti results and discussion

Figure 8.10: Pictures obtained an with optical microscope of the Nb-Ti reference sample
(a-b-c) and the sample heated by capacitive discharge to a peak temperature of 1157 K
(d-e-f). The samples were polished and etched. (a) Cross section of the reference sample,
in grey the groups of filaments and in orange the copper matrix. (b) Zoom on several
groups of filaments of the reference sample, the single filaments and the copper grains are
visible. (¢) Zoom on one group of filaments of the reference sample view with polarized
light. (d) Cross section of the heated sample. Part of the copper matrix was oxidized
(black). (e) Zoom on several groups of filaments of the heated sample, one can see that the
filaments have merged and the copper grains are larger than in the reference sample. (f)
Zoom on one group of filaments of the heated sample view with polarized light. Different
phases are visible in the merged filaments: fine particles of Nb (white), Cu-Ti inter-metallic
compound (light grey) and residuals of the Nb-Ti filaments (dark grey).
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Spectrum 4

Spectrum 3

Element weight fraction (%)
Nb Ti Cu
Spectrum 3 | 53.0+0.4 | 47.0+0.4 -
Spectrum 4 - - 100+£0.2

Figure 8.11: Composition analysis of the different phases present in the Nb-Ti reference
sample. The pictures were obtained with BSE. The sample was polished before the mea-
surement. A group of filaments (left) and a zoom is shown (right). Lighter phases appear

in darker grey and heavier phases in lighter grey. The zones in which the EDX analysis

was performed are indicated. The results of the EDX analysis performed in several zone

of the samples are presented in the table below the pictures.
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Element weight fraction (%)
Nb Ti Cu
Spectrum 8 - - 100.0
Spectrum 9 - - 100.0
Spectrum 10| 4.7+0.3 | 32.6+0.3 | 62.7+0.4
Spectrum 11 | 77.3+0.4 | 6.640.3 16+0.3
Spectrum 12 |49.14+0.4 | 41.24+0.4 | 9.740.2

Figure 8.12: Composition analysis of the different phases present in the Nb-Ti sample
heated by capacitive discharge to a peak temperature of 1157 K. The sample was polished
before the measurement. The pictures were obtained with BSE and show a group of
filaments (left) and a zoom of the indicated region (right). Lighter phases appear in
darker grey and heavier phases in lighter grey. The zones in which the EDX analysis were
performed are indicated. The results of the EDX analysis performed in several zone of the

sample are presented in the table below the pictures.
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the filaments. At locations where the inter-filament distance is small, filament merging

can be observed.

8.1.3 Discussion

No degradation of AM and, thus, of J. of Nb-Ti was measured for samples heated by
capacitive discharge (t;/2 ~6 s) up to peak temperatures of 651 K and by interaction
with a single proton beam pulse (¢, /2 ~84 ms) up to peak temperatures of 879 K.

The degradation of J. increases with exposure time which suggests that the main
degradation mechanisms are diffusion processes. Diffusion processes in Nb-Ti are ex-
ponentially dependant to temperature [117], thus, even a small temperature differences
can have a large impact on the degradation of Nb-Ti. For instance in the beam ex-
periment, at peak temperature of 879 K no degradation has been observed while at a
peak temperature of 925 K, less than 50 K more, the J. at 5 T and 2 K was reduced
by about 30% (see Fig. [3.9(b)).

In the second long heating (capacitive discharge) case, two main degradation mecha-
nisms could be identified. For peak temperatures from 833 K to 916 K, a modification of
the pinning behaviour and a change of the filaments microstructure were observed. Both
are consistent with a size variation of the a-Ti precipitates inside the filaments. For
higher peak temperatures, a decrease of H.og and the formation of Cu-Ti inter-metallic
compounds were observed, which can be explained by the diffusion of Ti outside the
filament leading to a reduction of Ti inside the filament. In the most extreme case
which was measured (1157 K) the diffusion process lead to filament merging. The ef-
fective filament diameter dy was modified, which agrees well with the observed increase
of AM at low external magnetic fields.

In the millisecond long heating (beam impact) case, no decrease of Hgo but a
decrease of the maximum of F), and its shift toward lower b was observed for peak
temperatures above 925 K. A variation of the a-Ti precipitate size could explained

such behaviour.

8.2 Nb3Sn results and discussion

8.2.1 Magnetization measurement results

The hysteresis width of the magnetization per unit volume, AM , as function of external
magnetic field measured at 2 K, 4 K, 10 K and 15 K on the NbsSn strands with a
diameter of 0.85 mm after heating due to a capacitive discharge is shown in Fig.
At 15 K, the critical field H.y of the samples is between 3 T and 5 T, within the
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Figure 8.13: Picture obtained with SEM BSE of the edge of Nb-Ti filaments in samples
heated by capacitive discharge to several peak temperatures. The lighter phases appear
dark and the heavier light. Filament edges with the Nb diffusion barrier and the inter
filament copper matrix is visible in the reference sample. A microstructure inside the
Nb-Ti filaments composed of dark ribbon of a-Ti precipitates with few nm thickness and a
length in the order of 100 nm is visible. In the samples heated up to 833 K and 916 K, the
dark ribbons become less visible. Formation of a compound at the interface between the
filament and the copper matrix (black arrows), and of small islands of dark features along
the filament boundary are visible in the sample heated up to 978 K. At a peak temperature
of 1068 K, the microstructure inside the filament has disappeared, the compound at the
interface between filaments and copper matrix has developed further such that at location

where the inter-filament distance is small, filament merging can be observed.

115



8. CRITICAL CURRENT DENSITY DEGRADATION RESULTS AND
ANALYSIS

measurement range. At 2 K, 4 K and 10 K, AM of the reference sample and of the
sample heated up to 823 K overlap. The AM of two samples can only be distinguished
at 15 K for an applied field above 2 T, with a maximum difference below 10%. Thus,
the sample heated up to 823 K is considered not degraded. On the other hand the
samples heated to peak temperatures above 823 K exhibit a degradation of AM at all
measured temperatures. Fig.[8.15|shows the AM measured at 2 K, 4 K, 10 K and 15 K
on the NbsSn strands after heating due to the interaction with a proton beam. Two
types of strands were exposed to the beam: strands with a diameter of 0.85 mm are
indicated by round markers and strands with a diameter of 0.7 mm are indicated by
crosses. At 2 K and 4 K, degradation of AM is observed on the 0.85 mm strand heated
to temperature of 1026 K and on the 0.7 mm strands to temperature above 677 K.
At 10 K and 15 K, degradation is observed above 700 K for the 0.85 mm strands and
above 677 K for the 0.7 mm strands.

As for the analysis of the Nb-Ti strands, the pinning force density Fj, was derived
from the AM measurements using equations [5.1] and 5.6 H.2 of each strand was
obtained from the F}, scaling law (see equation [5.2) according to the Kramer model [68],
with p fixed to 0.5 and ¢ to 2. The pinning force density F, at 2 K, 4 K, 10 K and
15 K as a function of the reduced field b=H /H.y for the samples heated by capacitive
discharge is shown in Fig. and for the samples heated by interaction with beam
in Fig. At 15 K, it can be seen that F), goes to zero at the critical field (b=1)
for all samples. A reduction of the magnitude of F}, is observed with increasing peak
temperature but its maximum stays for all samples around 6=0.2.

In Fig.[8.18) (a) the critical field H.2, obtained from the F}, scaling law, as a function
of temperature for the strands heated by capacitive discharge is shown. The dashed
lines correspond to the critical field scaling law (equation fitted to the H.o excluding
2 K values. The H.o values at 2 K were excluded, as they are too high to be physical,
for instance the pugHe at 2 K of the reference sample is about 38 T which is higher than
the poHeoo of Nb3Sn (29.5 T [80]). Fig. [8.18| (b) shows H.ap and Tr obtained from the
critical field scaling law as function of the strand peak temperature. A reduction of the
H.s and H_.oq is observed on samples heated to peak temperature above 823 K. pgHco0
drops from about 29.5 T for the reference sample down to 24.8 T for the sample heated
up to 1264 K. A small decrease of Ty is observed, from 16.6 K (reference samples)
down to 16.2 K for the sample heated up to 1264 K.

The critical field H.s as function of temperature for the strands impacted by beam
is shown in Fig. [8.19| (a). As for the capacitive discharge case, the dashed line are the
critical field scaling law fitted to the H.o excluding the 2 K values. The H.og and T,y of
the strands are shown as function of the strand peak temperature in Fig. (b). The
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Figure 8.14: Hysteresis width of the magnetization per unit volume, AM, of NbzSn
strands as a function of the external magnetic field H, up to uoH =7 T after heating due
to a capacitive discharge (t1,,=6 s) measured at 2 K (a), 4 K (b), 10 K (c) and 15 K (d).
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Figure 8.15: Hysteresis width of the magnetization per unit volume, AM, of NbsSn
strands as a function of the external magnetic field H, up to ugH =7 T after heating due
to interaction with a proton beam (Z,/,=84 ms) measured at 2 K (a), 4 K (b), 10 K (c)
and 15 K (d). Strands with a diameter of 0.85 mm are indicated by round markers and
strands with a diameter of 0.7 mm by crosses.
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Figure 8.18: H., H.o and T, obtained for the Nb3Sn strands after heating due to

capacitive discharge. (a) poHe2 as a function of the magnetization measurement tempera-

ture. The round markers are the H.o obtained from the F}, scaling law, the dashed lines are
obtained by fitting the critical field scaling law (equation excluding the H.o value at
2 K. (b) upHe20 and T, as function of peak temperature reached in the samples obtained
from the fitting of equation to the H.o values.
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cross and round markers indicate the T, and H.og of the 0.7 mm diameter strands and
the diamond and square markers of the 0.85 mm diameter strands. T.g stays relatively
constant at ~16.64+0.2 K for all 0.7 mm diameter strands and at ~16.84+0.2 K for
0.85 mm diameter strands. Hgop exhibits a decreasing trend with increasing peak
temperature. The puoHo9 of the 0.85 mm strands drops from 28.3 T for the reference
sample down to 26.7 T for the samples heated up to 1026 K.

The relative change of magnetization of NbsSn strands as function of the peak
temperature reached due to the capacitive discharge and the beam impact are compared
in Fig. and Fig. Fig. [8.20] shows the measurement at 2 K and 4 K, with an
applied field of 3 T and 5 T and and Fig. at 10 K with an applied field of 3 T and
5 T and at 15 K with an applied field of 1 T and 2 T. At 2 K and 4 K, the samples
heated by capacitive discharge show a degradation up to 60%, while the degradation
of the samples heated by beam impact is below 10%. Some sample shows even an
improvement up to 10% after beam impact. At 10 K and 15 K, the relative reduction
of AM is higher. At 15 K with an applied field of 2 T, the AM of the strands heated
to 1264 K by capacitive discharge is degraded by more than 90%, while the beam
impacted strands heated up to 1019 K is degraded by more than 40%. It can be
observed at all measured temperature and applied field that Nb3Sn strands heated to
similar temperatures have a comparable relative degradation of AM for both exposure
time, ¢1/,=6 s and ¢;,,=84 ms. For instance, an exposure to a peak temperature of
about 1000 K due to capacitive discharge and due to interaction with a proton beam
lead to a AM degradation of about 30% at 1 T and 15 K.

8.2.2 Microscopic analysis results

Composition and grain size measurements were performed via microscopic analysis on
the NbgSn reference sample and the samples heated by capacitive discharge to 1264 K.

As shown on both pictures in Fig. NbsSn filaments are hollow cylinders sur-
rounded by a Nb diffusion barrier with a thickness between 1 and 3 um (indicated by a
blue arrow) with inside the cylinder mainly Cu, Sn (dark grey) and void (black). The
wall of the cylinder is composed of NbsSn grains with few patches of copper in between
(indicated by a red arrow).

The composition of the Nb barrier and of the Nb3Sn hollow cylinder were measured
on both polished reference and heated sample. The composition of the Nb3Sn hollow
cylinder, expressed in atomic percent (at.%), was measured at mid-thickness of the
cylinder wall as indicated by the red square in Fig. [8.22] in order to avoid artifacts

induced by phases outside the hollow cylinder in the EDX analysis. The composition
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Figure 8.19: H., H.o and T, obtained for the NbsSn strands after heating due to
interaction with a proton beam. (a) poH.2 as a function of the magnetization measurement
temperature. The round and cross markers are the H., obtained from the F}, scaling law
fitting of the 0.85 mm diameter and 0.7 mm diameter strands. The dashed lines are
obtained by fitting the critical field scaling law (equation excluding the H.o value at
2 K. (b) upHe20 and T, as function of peak temperature reached in the samples obtained
from the fitting of equation to the H.o values.
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Figure 8.21: Relative change of magnetization vs. peak temperature reached in NbgSn
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Figure 8.22: Picture of a NbsSn filament of the reference sample obtained via SEM BSE.
The NbsSn superconductor hollow cylinder is visible in grey surrounded by the few pum
thick Nb diffusion barrier indicated by the blue arrow. Few patches of copper are visible
within the cylinder wall indicated by the red arrow. Inside the filament is a mixture Cu
and Sn (dark grey) and a void (black). The red square located at mid-thickness of the
superconductor cylinder wall illustrate on which zone of the filaments the EDX analysis

were performed.

results are reported in Table m In the reference sample, the Sn content is 24.7 at.%,
which is within the optimum range of 24.5 at.% to 25 at.% [81}, 83],118]. The Sn content
in the heated sample is slightly lower (24.2 at.%), however the difference between the
two samples is within the measurement error of about 1 at.%. In both samples, the
diffusion barrier is composed of 100 % of Nb. From the EDX analysis, no composition
change above 1 at.% of the NbsSn filaments can be observed.

The grain sizes were measured on broken samples via SEM BSE. Fig. [8.23] shows
SEM pictures of the reference and the heated samples at different locations in the hollow
cylinder of the filament: the inner part, the mid-thickness and the outer part close to
the Nb barrier. The measured grain size are given in Table. For all three locations,
a growth of the grain was observed between the reference and the heated samples

however the measured growth is within the standard deviation of the measurements.
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Figure 8.23: Pictures of the reference sample (a to ¢) and the sample heated by capacitive
discharge to 1264 K (d to f), at different locations of the hollow cylinder of the filament,
obtained via SEM BSE. (a) and (d) are from the inner part of the wall of the cylindrical
filament, (b) and (e) are from the mid-thickness of the wall and (¢) and (f) are from the
outer part of the wall closed to the Nb barrier. The samples were broken before observation.
Grain sizes were measured from these pictures (see Table .
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Table 8.1: Composition in atomic percent (at.%) of the NbgSn filament measured at mid-
thickness of the filament hollow cylinder wall (indicated by the red square in Fig.[3.22)) for
both reference sample and sample heated by capacitive discharge to 1264 K. The measure-

ment error is estimated to 1 at.%.

Ref | 1264 K
Nb (at.%) | 75.3 | 758
Sn (at.%) | 24.7 24.2

Table 8.2: Average grain sizes with their standard deviation measured on both reference
sample and sample heated by capacitive discharge to 1264 K at different locations in the
hollow cylinder of the filament: the inner part, the mid-thickness and the outer part close

to the Nb barrier. The grain sizes were obtained from the pictures shown in Fig. [8.23

Ref 1264 K
Inner part 117437 nm | 158446 nm

Mid-thickness | 141428 nm | 153+38 nm
Outer part 118444 nm | 140+38 nm

8.2.3 Discussion

Degradation of AM, equivalent to a degradation of J., in NbgSn strands is observed
on samples heated by the capacitive discharge (t;/o ~6 s) to peak temperatures above
823 K (see Fig. and on samples exposed to a proton beam pulse (t;/, ~84 ms) to
peak temperatures above 700 K (see Fig. . At 15 K with an applied field of 2 T,
a degradation of the critical current density of ~40% has been measured on strands
heated by capacitive discharge to peak temperature of 983 K and a 10% degradation
has been measured on strands heated by interaction with the proton beam to peak
temperature of 761 K.

A reduction of the maximum of the pinning force density Fj, is observed in both
experiments with increasing peak temperature (see Fig. and Fig. . As shown
in [81] and [119], the maximum of F), is proportional to the inverse of the grain size.
In the capacitive discharge case, the maximum of F), measured at 4 K decreases from
~90 GN m~3 for the reference sample to ~35 GN m™ for the sample heated up to
1264 K. This would be equivalent to a grain growth by a factor four. However no such
change in grain size could be observed via SEM BSE analysis of the two samples (see
Table and Fig. . Grain growth is a time depend process, the longer the sample
is exposed to high temperature the more the grains are growing. Therefore if such

growth is not observed after a second long heating due to a capacitive discharge, no
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grain growth can be expected after a millisecond long heating due to interaction with
a proton beam. Thus, grain growth is excluded to be the origin of the degradation.

In both experiments, a degradation of H.op with increasing temperature was ob-
served (see Fig. and Fig. [8.19). In the capacitive discharge experiment, H o
decreases from 29.5 T for the reference sample to 24.8 T for the sample heated up to
1264 K. In the proton beam experiment, H.oo goes from 28.3 T for the reference strand
of 0.85 mm diameter down to 26.7 T for the strand heated up to 1026 K, and from
26.7 T for the reference strand of 0.7 mm diameter down to 25 T for the strand heated
up to 1019 K. Two degradation mechanisms could explain such decrease of H.og: vari-
ation of Nb-Sn composition and an increase of the strain applied on the Nb3Sn. As
shown in [81] [I1§], the critical field H.90, temperature T,y and current density .J. are
a function of the Nb-Sn composition of the filament (e.g tin content). Exposure of a
NbsSn superconductor to a high temperature could induce a diffusion of tin outside
the filaments resulting in a drop of the filament tin content and a decrease of H.og.
The critical field Heog and J. are also varying with the strain applied on the Nb3sSn
filaments [81), 105, 120]. To explain the H.o¢ drop between the reference strand and the
strand heated up to 1264 K by the capacitive discharge, the filament tin content would
have to decrease by about 1 at.% or the strain state of the Nb3Sn filament would have
to increase by 0.2-0.4%. Composition measurements via SEM EDX were performed
on the strands heated by capacitive discharge, a reduction of 0.5 at.% tin content was
measured (see Table . However the observed reduction is within the measurement
error, therefore, no conclusive result was achieved.

As shown in Fig. [8.20] and Fig. [8.21] similar level of J. degradation are observed
for Nb3Sn strands heated to comparable temperatures but for different exposure time
(4 12=06 s and t; /=84 ms). Variation of tin content is a diffusion processes which is
time dependent, the longer the exposure time to high temperature is, the higher is
the variation of tin content and the higher is the degradation of J.. Therefore, tin
content variation cannot be the only degradation mechanism of the strands heated
by interaction with a proton beam. One of the other possible mechanisms for the J.
degradation in the beam impacted samples is mechanical stress. The high thermal
gradients and the very fast temperature rise (0.6 us) in the strands induced by the
beam impact can generate quasi-static and dynamic stresses. The maximum thermal
gradient induced by beam impact in the strand central part is about 50 K mm™!. This
could lead to deformations of the copper matrix resulting in a residual stress on the
filaments or even cracks in the superconductor. Further studies are required to identify

the origin of the degradation.
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Conclusion

Superconducting magnets are essential for many accelerators, in particular for high
energy proton machines. The energy in both, beam and magnets, has increased sig-
nificantly over the past decades, and will further increase. Therefore the protection of
superconducting magnets from beam as well as from their own stored energy becomes
increasingly important. The design of magnet protection systems is based on the mag-
nets damage limits. If these limits are too conservative, this can have an impact on the

cost and the performance of accelerators.

Studies of HL-LHC injection and extraction beam losses have shown that the en-
ergy deposition in Nb-Ti superconducting coils can reach 100 J cm ™3 inducing a peak
temperature of about 120 K. With the limited knowledge on beam induced damage
to superconducting magnet before this thesis, damage of the superconducting magnets

with these type of events could not be excluded.

Therefore in this thesis, for the first time the damage mechanisms and limits of
superconducting magnets due to beam impact were experimentally studied. The poly-
imide insulation and Nb-Ti and NbsgSn superconducting strands have been identified
as the most critical parts of the magnet. Damage experiments have been performed
at room temperature to study the effect of heating over different time scales - hours,
several seconds and tens of milliseconds - on the dielectric strength of the polyimide
insulation and the critical current density of Nb-Ti and NbsSn superconducting strands.

Following heating over hours a degradation of the dielectric strength of the poly-
imide insulation was observed above 728 K, due to a chemical decomposition process
strongly depending on temperature and length of the exposure. Above 821 K the insu-
lation was completely lost. No degradation was measured for millisecond heating due

to beam impact. Nevertheless, a weakening of the insulation at the point of the beam
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impact could be identified peak temperature above 850 K which is equivalent to an
energy deposition of 1.9 kJ cm™3.

A first degradation of the critical current density of Nb-Ti strands was observed
for peak temperatures above 651 K in case of the heating for a few seconds due to
a capacitive discharge. In case of beam impact a change of J. was only observed

for peak temperature above ~900 K equivalent to 2.2 kJ cm™3.

The most probable
explanation for the observed degradation are variation of the size and the spacing of
the a-Ti precipitates. At temperatures exceeding 833 K with 6 seconds of cooling, a
reduction of the upper critical field was measured most likely due to the variation of the
Ti content of the filaments caused by diffusion. For samples heated up to a temperature
of 1157 K with a second long cooling, filament merging was observed, due to diffusion
of the Nb and Ti into the copper matrix.

Degradation of the critical current density and upper critical field in NbgSn strands
were observed for peak temperatures above 823 K after heating over few seconds due to
a capacitive discharge. Grain growth was excluded as origin of this. Other explanations
like the variation of the tin content or increase of the applied strain on the NbsSn need to
still be investigated. After heating for tens of milliseconds due to proton beam impact,
degradation was observed for temperatures above ~700 K equivalent to 1.4 kJ cm™3.
Heating via beam impact or capacitive discharge to similar peak temperatures induces
a comparable critical current density degradation. This is a fundamentally different
behaviour than that observed for Nb-Ti strands, indicating, that the degradation due
to beam impact is probably dominated by stresses and potentially cracks caused by the
fast heating and the high thermal gradients induced by local heating at the position of

the beam impact.

These results show that no damage is expected in Nb-Ti superconducting magnets
in case of injection and extraction failures in HL-LHC. However the validity of such
results need to be confirmed with experiments at liquid helium temperature and on a

full scale magnet.

The experimental work done in this thesis has set the bases of the understanding
of superconducting magnets damage mechanisms due to beam impact. The studies
are still on going. An experiment to irradiate superconductor samples at liquid helium
temperature with a proton beam in the CERN HiRadMat facility will be performed

during the summer 2018.
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Appendix A

Appendix: Technical drawings of

the stainless steel moulds
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Figure A.1: Technical drawing of the lower part of the mould used in the furnace exper-

iment.
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A. APPENDIX: TECHNICAL DRAWINGS OF THE STAINLESS
STEEL MOULDS
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Figure A.2: Technical drawing of the upper part of the mould used in the furnace exper-

iment.
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Figure A.3: Technical drawing of the side parts of the mould used in the furnace exper-

iment.
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Figure A.4: Technical drawing of the strain gauge beam of the mould used in the furnace
experiment.
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Figure A.5: Technical drawing of the lower part of the mould used in the beam experi-
ment.
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A. APPENDIX: TECHNICAL DRAWINGS OF THE STAINLESS
STEEL MOULDS
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Figure A.6: Technical drawing of the upper part of the mould used in the beam experi-
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Figure A.7: Technical drawing of the side parts of the mould used in the beam experiment.
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Figure A.8: Technical drawing of the strain gauge beam of the mould used in the beam

experiment.

137



A. APPENDIX: TECHNICAL DRAWINGS OF THE STAINLESS
STEEL MOULDS

138



Appendix B

Appendix: List of the

superconducting strands used in

the beam experiment

Table B.1: List of the eleven strands of set-A with the beam intensities by which they
were impacted. The strands are connected in series with a shunt resistor and a power
supply. Each strand set is independent of the other set. All the strands are equipped with

voltage taps.

Strand | Type | Beam Intensity | Pulse #

Label (10!! protons)
Ul Nb-Ti - -
U2 Nb-Ti 6 1
U3 Nb-Ti 6 2
U4 Nb-Ti 6 3
U5 Nb-Ti 6 4
U6 Nb-Ti 6 5
ur Nb-Ti 6 6
U8 Nb-Ti 13 7
U9 Nb-Ti 13 8
U10 Nb-Ti 13 9
U1l Nb-Ti - -
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B. APPENDIX: LIST OF THE SUPERCONDUCTING STRANDS
USED IN THE BEAM EXPERIMENT

Table B.2: List of the twenty three strands of set-B with the beam intensities by which
they were impacted.. The strands are connected in series with a shunt resistor and a power
supply. Each strand set is independent of the other set. The strands are equipped with
voltage tabs except strands L3, L6, 1.9, L12, .15 and L18. For the six beam pulses with
the highest intensity (26x 10! protons), additional strands 1.2 mm above and below the
targeted strand were installed.

Strand | Type | Beam Intensity | Pulse #
Label (10! protons)
L1 Nb-Ti - -
L2 NbsSn
L3 NbsSn 26 10
L4 NbsSn
L5 NbsSn
L6 NbsSn 26 11
L7 NbsSn
L8 NbsSn
L9 NbsSn 26 12
L10 NbsSn
L11 Nb-Ti
L12 Nb-Ti 26 13
L13 Nb-Ti
L14 Nb-Ti
L15 Nb-Ti 26 14
L16 Nb-Ti
L17 Nb-Ti
L18 Nb-Ti 26 15
L19 Nb-Ti
L20 NbsSn 13 16
L21 NbsSn 13 17
L22 NbsSn 13 18
L23 Nb-Ti - -
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Appendix C

Appendix: Energy deposition
simulation for the beam

experiment

Energy deposition simulations with FLUKA were used to choose pulse intensities and
beam size required to reach peak temperatures in the samples between 350 K and
1100 K. Moreover to derive the peak temperatures reached in the sample during the
beam experiment from the strand resistance measurements, several assumption had to
be made based on the simulations.

The geometry of the experimental set-up was implemented in FLUKA including
the samples and the tank. A cross section of the upper-half of the experimental set-
up superposed to the energy deposition per proton induced by Gaussian beam with a
1 0y.m.s. transverse size of 1 mm is shown in Fig. The beam comes from the left,
enters the tank through its front wall, travels through the three first cable stacks, the
plate with the superconducting strand and the three last cable stacks, to finally exit
the tank through its back wall. The energy deposition is maximum along the beam
axis (y = 0) and reaches its peak value in the third cable stacks and slowly decay after.
The gap between the last cable stack and the tank back wall allows the particle shower
to open, thus reducing its energy deposition in the tank wall.

The peak energy deposition per proton as function of the longitudinal position of the
cable stacks, their mould, the single strands and the tank walls is given Fig. The
ratios of the peak energy deposition in the cable stacks over the peak energy deposition
in strands (Es;/Fs)sim used to calculated the peak temperature reached in the cable

stacks during the beam experiment were derived from these simulation results. The
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C. APPENDIX: ENERGY DEPOSITION SIMULATION FOR THE
BEAM EXPERIMENT
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Figure C.1: Energy deposition per proton along the beam axis induced by a 440 GeV
proton beam with a 1 o0,.,, s transverse size of 1 mm in the experimental set-up. The
beam is coming from the left through the tank front wall, travelling through the three first
cable stacks with their steel moulds, the steel plate with the superconducting strands and
the three last cable stacks, to finally exit the tanks by its back wall. The lower-half of the
set-up with six other cable stacks and a steel plate with the strands is not shown as the

energy deposition is negligible.
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Figure C.2: Peak energy deposition per proton along the beam axis in the cable stacks,
the steel moulds, the single superconducting strands and the aluminium tank walls. The
peak energy deposition increases until the third stack and then decreases. For strands with
the same vertical and longitudinal position, the energy deposition is higher in the NbsSn

strand than in Nb-Ti ones because they have a higher density.

ratio is dependent on the type of the targeted strand (NbsSn or Nb-Ti). The expected
peak temperatures as function of the longitudinal position of the cable stacks, the single
strands and the tank walls for the three chosen pulse intensities (6x10', 1.3x10'2,
2.6x10'2 protons) are shown in Fig.|C.3
The vertical transverse profile of the energy deposition per proton normalized to its
maximum in each sample along the beam axis as obtained from FLUKA is shown in
Fig.[C4] The width of the normalized energy deposition is increasing as the beam travel
through the set-up. At 5.2 mm away from the beam axis (distance between two beam
pulse), the energy deposition in the cable stack 1 is less than 5% of its maximum, in the
cable stack 3 is about 10% and in the cable stack 6 is about 16.5%. In other words the
impact of 2.6x10'? protons on cable stacks 3 and 6 induced a temperature rise along
the beam axis up to about 1000 K and 750 K respectively. While the temperature rise

5.2 mm away from the beam axis is about 370 K in both stacks.
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C. APPENDIX: ENERGY DEPOSITION SIMULATION FOR THE

BEAM EXPERIMENT
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Figure C.3: Expected peak temperature for the three chosen pulse intensities along the

beam axis in the cable stacks, the single superconducting strands and the aluminium tank
walls. The pulse intensities are 6x10'! (blue), 1.3x10'? (red), 2.6x10? protons (green).
The 1 0,5 vertical and horizontal transverse beam size is 1 mm. For the three pulse

intensities, the peak temperature increases until the third stack and then decreases. For

strands with the same vertical and longitudinal position, the temperature is higher in the

NbsSn strand than in Nb-Ti ones because they have a higher density and a smaller heat

capacity.
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Figure C.4: Vertical profile of the energy deposition per proton normalized to its max-
imum in each sample along the beam axis as obtained from FLUKA simulation with a
440 GeV proton beam with a a 1 o,.,, 5. transverse size of 1 mm. The width of the normal-
ized energy deposition is increasing as the beam travels through the setup from the cable
stack 1 (green) to the cable stack 6 (black).
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BEAM EXPERIMENT
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Appendix D

Appendix: Relation between
relative resistance variation of a
strand and its energy deposition

profile

In the beam experiment (see [6.4) to determine the peak temperature reached in the
strand, the relation between the relative resistance variation %—R of a strand with a
vertical position ys to its profile of energy deposition E(x,y) was used. This relation

is described in the following steps:

e For each strand, % can be expressed as function of the strand average resistivity

before the beam impact pg and at the time of the beam impact ps.

AR Ps — PO
Ys) = D.1
) =P (D.1)
where pg is the resistivity of copper at room temperature.
e The resistivity of the strand at the beam impact time is equal to:
Ls/2 ys+Rs VERZ—(y—ys)?

Ps = — d:c/ pou(x y)dy/ dz (D.2)

Ls/2 R2—(y—ys)?

where V;, Ly and Ry are the strand volume, length and radius and pcy,(z,y) the

copper resistivity at the position (z,y) in the strand.
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D. APPENDIX: RELATION BETWEEN RELATIVE RESISTANCE
VARIATION OF A STRAND AND ITS ENERGY DEPOSITION
PROFILE

—  Cu/Nb-Ti
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Figure D.1: Heat capacity as function of temperature of the Nb-Ti cables and strands
(Cu/Nb-Ti) and two types of NbsSn strands with different copper to superconductor ratio
a (Cu/NbsSn, a=1.2 and Cu/Nb3Sn, a=1.04). The heat capacity of the superconducting

strands and cables were obtained via the equation [D.3| using the heat capacity of copper,
Nb-Ti and Nb3Sn [73].

e Using the temperature dependence of the copper resistivity (see equation [6.2))
and the heat capacity of the strands (see equation |D.3|), the energy deposition
E(x,y) can be derived from the pcy(x,y).

The heat capacity of the superconducting strands and of the cables was obtained
with:

Cp(T) = (aCpe, (T) + Cpsc (T)) /(1 + @) (D-3)

where « is the copper to superconductor ratio and C,,,, and C), are the heat capacities
of the copper and of the superconducting material, Nb-Ti and NbsSn respectively.
Fig. shows the C, as function of temperature for the Nb-Ti cables and strands
(Cu/Nb-Ti) and for the two types of NbsSn strands (Cu/NbsSn, a=1.2 and Cu/NbsSn,
a=1.04).
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Appendix E

Appendix: (Glossary

ALICE A Large Ion Collider Experiment
ATLAS A Large Toroidal LHC Apparatus
CMS Compact Muon Solenoid

BCT Beam Current Transformer

BIS Beam Interlock System

BLM Beam Loss Monitoring system

BPM Beam Position Monitor

BSE Back-Scattered Electron

BTV Beam Television

CLIQ Coupling Loss Induced Quench
DAQ Data Acquisition

EDX Energy Dispersive X-ray spectrometry
FCC Futur Circular Collider

FMCM Fast Magnet Current change Monitors
HE-LHC High Energy LHC

HL-LHC High Luminosity LHC

IP Interaction Point in the LHC ring

IR Interaction Region in the LHC ring

IT Internal Tin process

LBDS LHC Beam Dumping System

LEIR Low Energy Ion Ring

LHC Large Hadron Collider

LHC-b LHC beauty - an experiment of the LHC
LINAC LInear ACcelerator

LIU LHC Injector Upgrade project

MB LHC Main Bending magnet

149

MKD LHC Magnet Kicker Dump

MKI LHC Magnet Kicker Injection

MPS Machine Protection System

MQ LHC Main Quadrupole magnet

MQM LHC Dispersion suppressor and match-

ing section quadrupole magnet

MQX LHC Low beta insertion quadrupole

MQY LHC Magnet Quadrupole wide aperture

MSI LHC Magnet Septum Injection

MSD LHC Magnet Septum Dump

OFHC Oxygen-Free High-Conductivity

PIT Powder In Tube process

PS Proton Synchrotron

QPS Quench Protection System

RRP Restacked Rod Process

SEM Scanning Electron Microscope

SPS Super Proton Synchrotron

SQUID Superconducting QUantum Interfer-
ence Device

TVS Voltage Suppressor Diodes

TCDS LHC extraction absorber protecting the
extraction septum magnets

TCDQ LHC extraction absorber protecting
quadrupole magnets

TDI LHC Injection beam absorber

VSM Vibrating Sample Magnetometer

UFO Unidentified Falling Object
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