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Chapter 1
Introduction

In this introductory chapter, the research described in the thesis is briefly framed and justi-
fied. In Section 1.1 how and why the ever increasing particle collision energy asked for by the
high-energy physics community requires bending- and focusing magnets that generate higher
magnetic fields are sketched. In Section 1.2, the superconducting materials that can, in princi-
ple, deliver such fields in state-of-the-art and future accelerators are introduced. In Section 1.3
the investigated central question is sketched: the increase in magnetic field causes a quadratic
increase in mechanical stress on the superconductors, whose properties are intrinsically sen-
sitive to mechanical strain. Section 1.4, finally, the main research questions are formulated
and the lay-out of the thesis is described.
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Chapter 1. Introduction

1.1 Introduction
Ever since the successful commissioning of the ‘Energy Doubler’ [1] at the Fermilab Tevatron
in 1983 [2], which was the first circular collider retrofitted with superconducting magnets, the
development of superconducting- and particle-accelerator technology have become increas-
ingly intertwined [3]. Today, in the Large Hadron Collider (LHC) at CERN, more than 10000
superfluid helium-cooled superconducting magnets are used to steer, shape and control the
counter-rotating proton-antiproton beams [4] as well as to help detect and identify the colli-
sion products [5].

(a) (b)
Figure 1.1: Worked-open cross-sections of the NbTi twin dipole (a, image from [6]) and quadrupole (b,
image from [7]) magnets used in the LHC. Both magnet types have a cold mass that consists of a common
iron yoke, collars, main winding packs comprising cables and spacers and beam pipes [8, 9].

The focus in this thesis is on the superconducting cables used to wind the dipole and quadrupole
magnets that bend and focus particle beams, as shown in Figure 1.1. Especially for these mag-
nets, high magnetic fields and high current densities are key. The reason is shown by Equa-
tion (1.1) and in Figure 1.2:

BR (Tm) =
10

2.998
E (GeV ). (1.1)

The equation is valid for relativistic particles with an electric charge ±e [10]. B is the magnetic
field generated by the bending dipoles at the position of the beam, R the radius of a circular
collider and E the ultimate energy of the accelerated particles. The drive towards higher B is
explained by the decrease in size and hence cost of the accelerator that it allows. Indeed, the
equation straightforwardly shows that the cost of engineering works, e.g. the construction of
a tunnel, is inversely proportional to the magnetic field. The same holds for the number of
bending magnets.

However, a higher B also implies that more ampere-turns are needed per magnet. For a given
current density, the winding pack thickness increases linearly with B [10], so that the volume
of the winding pack, and hence of the superconducting material, increases as B2. Taking the
engineering and superconductor costs together, this means that there is an optimum field B in
terms of cost-effectiveness of a circular accelerator [11]. The relation between critical current
density Jc and magnetic field, as shown in Section 1.2, further complicates matters, but Figure
1.2, which surveys some past, present and planned circular accelerators in terms of their bend-
ing field and accelerator radius, clearly shows a trendline in which increasing particle energy

6



Chapter 1. Introduction

E is accompanied by an increase in bending field B, roughly as B ∼ E1/3.

Figure 1.2: Radius R and bending-dipole field B for some circular accelerators. Red symbols denote
machines that rely on copper dipole magnets (ISR [12] and SPS [13]), blue ones indicate superconducting
machines (RHIC [14], Tevatron [1], Hera [15] and LHC [8]). The open symbols indicate projects that
were halted (SSC [16]) or are still in an early design phase (FCC [17] and SppC [18]). The grey diagonal
lines are particle energy contours calculated with Equation (1.1).

In this chapter we briefly discuss what this call for higher magnetic fields implies in terms of
superconducting material- and cable choices, as shown in Section 1.2, and why these materials
are expected to be impacted by the higher transverse pressure levels in such magnets, as shown
in Section 1.3. Finally, in Section 1.4, the main research questions are formulated that steered
the research described in this thesis and present the thesis lay-out.

1.2 Future accelerators
With LHC now several years in successful operation and seeing that the realization of a new
collider typically involves a time-span of 20 years or more [19], the high-energy physics com-
munity is thinking ahead towards future machines. Arguably the most publicised success of
LHC has been the deepened validation of the Standard Model with the discovery of the Higgs
boson [20,21], but the further detailed study of this particle’s interactions as well as the search
for answers to open questions such as the nature of dark matter and - energy or the origin of
the matter/antimatter asymmetry call for even higher energies [22].

However, as illustrated in Figures 1.3 and 1.4, the bending magnets in the accelerators that
enable such energies will necessarily have to rely on other superconductors than NbTi. The
target fields and non-copper critical current densities of selected accelerator designs from Fig-
ures 1.2 and 1.3 are summarized in Table 1.1. NbTi, with an upper critical field Bc2 of 13.1 to
13.5 T at 1.9 K [23], is simply no longer superconducting at the fields required by the future
machine designs. Instead, the bending magnets in these colliders will need to be wound with
Nb3Sn or with one of the ceramic High Temperature Superconducting (HTS) materials.

7



Chapter 1. Introduction

Figure 1.3: Evolution of bending field strength in circular accelerators. The plot is taken from [19],
colouring and conductor material choices have been added. Precise boundaries between materials are
indicative only.

Figure 1.4: Critical current density versus magnetic field of various state-of-the-art commercial grade
superconducting materials, reported, unless stated otherwise, at 4.2 K. The plot is taken from [24].

Nb3Sn, withBc2 values in the range of about 26 to 28 T at 1.9 K and of about 24 to 26 T at 4.2 K,
depending on the precise wire composition and on the manufacturing process, [26] does allow
to construct magnets that generate fields well above 10 T. The high-magnetic-field critical cur-
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Chapter 1. Introduction

Table 1.1: Magnetic field- and critical current density targets of the bending magnets in selected collider
designs.

Collider Material Temperature
(K)

Magnetic field
(T) Jc (A/mm2) Source

LHC NbTi 1.9 8.33 2400 [25]
HL-LHC Nb3Sn 1.9 16 1000 [17]
FCC Nb3Sn 1.9 16 1500 [17]
HE-LHC HTS 4.2 20 50000 [19]

SppC Nb3Sn + 4.2 15 1500 [18]HTS 20 1300

rent density that can be achieved in Nb3Sn wires depends on their detailed composition and on
magnetic flux pinning [27]. ‘Bronze’ wire technology, where during the reaction heat treat-
ment Sn needs to diffuse from the metal matrix into the filaments, leads to significant spatial
gradients in the tin composition x throughout the Nb3Sn1-x filaments, with part of the material
having less-than-optimal properties [28]. This problem was circumvented with the ‘Internal
Tin’ [29] and ‘Powder-in-Tube’ [30] wire production processes, where the tin is brought in
much closer proximity of the Nb in the unreacted wires and compositional variations in the
final filaments are thus strongly reduced. Both processes have meanwhile been developed into
industrial manufacturing techniques [31, 32] producing wires with high-field Jc values well
exceeding those of bronze technology, see Figure 1.4. Note that the ‘Restacked-Rod-Process’
(RRP) is a descendant of the Internal Tin method). Indeed, the first Nb3Sn wide-bore dipole
magnet generating a field well above 10 T was realized with this type of wire [33].

The Nb3Sn cables presented in Chapter 4 of this thesis are based on such RRP and PIT strands
that are further introduced in Section 2.5. It should be noted that state-of-the-art Nb3Sn tech-
nology meets the requirements for HL-LHC in Table 1.1, see Figure 1.4, but not quite yet
those for FCC. However, recent developments seem to indicate that there is still room for im-
provement. Present commercial Nb3Sn wires rely on compositional control and doping with
Ta or Ti to ensure a high Bc2-value and on grain-boundary pinning to increase Jc values [34].
Internal oxidation of ternary material doped additionally with Zr not only further refines the
Nb3Sn grains but also forms finely distributed ceramic ZrO2 particles that act as artificial pin-
ning centers [35].

As Figures 1.3 and 1.4 show, accelerator designs going beyond about 16 T will need to rely
on HTS materials, at least for the inner magnet windings that are exposed to the highest mag-
netic fields. Although it is a robust conductor that is readily available in long lengths [36],
Bi2Sr2Ca2Cu3O10 (Bi-2223) is a less-likely candidate material because its multifilamentary
tape structure does not allow for the compact cabling which is one of the prerequisites of
accelerator magnet technology (see below). Bi-2212, on the other hand, has a similar high
irreversibility field Birr at low temperatures (Birr is the magnetic field at which pinning be-
comes ineffective and Jc becomes zero) [37] and can be melt-processed [38] in the form of
reinforced multifilamentary round wires [39] with low filament porosity and the high degree
of grain-to-grain connectivity [40] that is needed to achieve high Jc values in HTS. Especially
with heat-treatments in pressurized oxygen, current densities far exceeding the target values of
Table 1.1 have been demonstrated [41]. This has spurred an active programme aimed at high-
field NMR [42] and accelerator magnets [43–45]. However, with the focus of this program
mainly situated in the US [19], in this thesis Bi-2212 is not investigated.

9



Chapter 1. Introduction

One of the main advantages of Bi-2212 round wires in an accelerator context is the possibil-
ity to bundle them in a Rutherford-type cable, since accelerators require cables [3]. In order
to keep the bending magnets synchronised during the ramp-up of the beam energy, typically
several tens of them are energized in series. Such a string of magnets constitutes a sizeable
self-inductance and to keep induced voltages manageable during ramping, especially during
emergency powering-down following a quench, the number of turns in the windings must be
kept low. This is achieved by using cables that typically carry 10 to 20 kA. Furthermore, to keep
the cost of the bending and focussingmagnets acceptable, it is essential that the field-generating
current flows as close as possible to the beam pipe and hence that the overall (‘engineering’)
current density in the winding pack approaches as much as possible the engineering current
density in the wires. This implies that the cables must be highly compacted and that it must
be possible to stack them efficiently. Already the NbTi-based magnets in the Thevatron were
therefore assembled with a Rutherford-type cable [1], essentially a straightforwardly round
twisted-strand cable that is passed through a Turks head roller to deform it into a rectangular
shape and to compact it to a typical density of about 90% [3]. The layout of the Nb3Sn Ruther-
ford cables studied in this thesis is presented in Chapter 2.

ReBa2Cu3O7 (ReBCO, where Re stands for a rare-earth element such as Y or Gd) is a second
HTS material that can be assembled into a compact rectangular cable. The development of
ReBCO conductors is a remarkable story of science and technology feeding back into each
other [46, 47], starting in the late eighties with thin film deposition at highly specialized re-
search labs and maturing into the present production of hundreds of meters long piece-lengths
with tightly controlled properties commercialized by some ten manufacturers. Several man-
ufacturers already realize the requirements in Table 1.1, offering Jc-values in the range 40 to
50 kA/mm2 in magnetic fields of 20 T and at a temperature of 4.2 K [48].

By punching coated conductors (CC) into meandering zig-zag ribbon-shaped ‘strands’ and by
interlacing several of these strands together, ReBCO cabled structures can be made of typically
10 to 20 strands that, just like the Rutherford cables assembled from round NbTi, Nb3Sn or
Bi-2212 strands, carry currents of the order of 10 kA, have a rectangular cross-section with
a packing density close to 90% and in which the strands are fully transposed [49]. Transpo-
sition means that each strand experiences the same electro-magnetic environment over one
transposition ‘pitch’ length, which helps to ensure a uniform current distribution among them.
This ‘Roebel bar’ concept of a transposed multi-strand conductor is well-known in the electro-
technical community, where it is used for exactly the same reason. The further development
of ReBCO Roebel cables has been rapid [50]. Their production has been quasi-automized [51]
and can be combined with other CC processing techniques such as striation into filaments to
reduce AC loss [52]. Demonstrated or envisaged application areas range from transformers
[53] over electrical aircraft [54] and accelerator magnets [55] as shown in Figure 1.5, to fusion
magnets [56].

Figure 1.5: Picture of the 720 mm long HTS dipole coils Feather-M2.1-2, wound with ReBCO Roebel
cable within the frame of the European EUCARD-2 collaboration [19]. The picture is taken from [55].
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Chapter 1. Introduction

1.3 Transverse pressure in accelerator magnets
In Figure 1.6 the cross sectional lay-outs of the winding packs of several existing or designed
bending dipole magnets are shown. Classically, the winding pack of a long dipole is laid out to
approach a ‘cosine theta’ current distribution, with θ the azimuthal position of an axial current
line. For a mathematically perfect cosθ distribution, the field B in the aperture is perfectly
homogeneous. In reality, the cables are laid out in ‘sectors’ that are spaced by wedges [57].
For ease of stacking, the Rutherford cables discussed in Section 1.2 are often key-stoned, i.e.
they are not exactly rectangular but have one side slightly thicker than the other. The Lorentz
force on the conductors has radial and azimuthal components. The radial components are re-
acted against a collar, a steel or high-strength aluminium laminated cylindrical structure that
tightly encloses the winding pack, as shown in Figure 1.1 and keeps it together. The azimuthal
stresses, on the other hand, accumulate on the azimuthal midplane θ = 0 and put the cables
at this position under significant transverse compression. In principle, the magnitude of these
stresses can be estimated analytically [58, 59], but usually they are calculated numerically be-
cause the detailed magnet structure quickly becomes complicated [60]. Moreover, numerical
modelling allows to incorporate effects of the compressive pre-stress that is typically applied
during assembly as well as the thermal stresses that accumulate during cool-down [61]. Mod-
elled stresses on the azimuthal midplane of the designs shown in Figure 1.6 are reported in
Table 1.2 and summarized in Figure 1.7.

Table 1.2: Modelled transverse peak pressure on the cables of selected high-field magnet designs.

Collider Material Magnetic field
(T)

Pressure
(MPa) Design Institute Source

LHC NbTi 8.33 62 cosθ CERN [62]
HL-LHC Nb3Sn 12 124 cosθ CERN [63]
HL-LHC Nb3Sn 12 124 cosθ FNAL [69]
FCC Nb3Sn 15 170 cosθ FNAL [65]
FCC Nb3Sn 16 135 canted-cosθ-coil PSI [68]
FCC Nb3Sn 16 155 common-coil CIEMAT [67]
FCC Nb3Sn 16 180 cosθ INFN [64]
FCC Nb3Sn 16 194 block-coil CEA [66]
FCC Nb3Sn 17 224 cosθ CERN [70]
HE-LHC ReBCO 17 220 aligned block FNAL [65]

The dashed line in Figure 1.7 indicates a quadratic σ(B) relation, with σ the transverse peak
pressure on the cables, normalized to coincide with the reported LHC dipole values. The mod-
elled peak stress roughly follows this behaviour, as might be expected since the Lorentz force
scales as I× B, with I the current, and the magnetic field B itself is also proportional to I. Never-
theless, the 16 T designs fall below this LHC extrapolation, especially the CIEMAT common
coil and PSI canted-cosine-theta designs.

Based on modelling predictions, it can be stated that the nominal transverse pressure range
for Nb3Sn dipoles generating a bending field of 11 T may be expected to lie in the range of
100 to 150 MPa; for Nb3Sn at 16 T between 150 and 200 MPa; and for future HTS inserts
in 20 T class magnets between 250 and 300 MPa. To put these values into perspective, they
easily exceed the elastic-to-plastic limit of most annealed pure metals and approach it even for
several of the hardened alloys that are commonly applied in these magnet [71]. The impor-
tant question that then arises is whether the superconducting materials that were introduced
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(a) (b)

(c) (d)

(e) (f)

(g) (h)
Figure 1.6: Schematic cross-sectional layouts of the windings packs of various dipole magnets. The
picture is compiled from various publications: (a) LHC 8.3 T NbTi cos-theta magnet [62]; (b) HL-LHC
11 T Nb3Sn cos-theta magnet [63]; (c) and (d) FCC 16 T and 17 T Nb3Sn cos-theta designs [64, 65],
respectively; (e) FCC 16 T Nb3Sn block design [66]; (f) FCC 16 T Nb3Sn common-coil design [67]; (g)
FCC 16 T Nb3Sn canted-cos-theta design [68]; and (h) HE-LHC 20 T ReBCO insert magnet [55]. Notice
that the last magnet, which is also shown in Fig. 1.5, is just the insert of a hybrid Nb3Sn/ReBCO system.
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Figure 1.7: Transverse peak pressure on the cables in the dipole magnets that are presented in Fig-
ure 1.6 and in Table 1.2, plotted against the peak field generated by the magnet.

in Section 1.2 are able to withstand these elevated pressure levels, which is indeed the central
question investigated in this thesis.

In order to answer this question, it is important to make the distinction between reversible and
irreversible pressure effects on superconducting strands and cables. It is well-known that the
superconducting properties of Nb3Sn change when mechanical strain deforms its crystal lat-
tice. This is illustrated e.g. in Figure 1.8, which shows the variation of the upper critical field
Bc2 of a range of commercial wires with externally applied strain ε [72].

In Figure 1.9 the typical behaviour of the critical current Ic in Nb3Sn strands when they are
subjected to axial strain is shown [73]. Just like Bc2, Ic decreases with intrinsic strain, defined
as the applied strain corrected for residual thermal strain built up during cool-down. The dotted
lines in the figure indicate the sequence of the measurements: after each strain excursion, ε is
again released and Ic is measured at this zero applied strain level. Up till an intrinsic strain level
of 0.6%, Ic recovers to its original unstrained value. The origin of the strain-dependence in Bc2
and Ic, as well as in Tc, in this reversible regime is further discussed in Section 3.2. Closer
inspection of Figure 1.9 reveals how strain excursions that exceed an ‘irreversible strain limit’,
for this particular strand 0.6%, lead to irreversible degradation of the current. As illustrated in
Figure 1.10, the origin of this degradation is no longer an intrinsic electronic effect but rather
a micro-structural failure [74]. When the stress on the brittle Nb3Sn filaments exceeds their
ultimate strength, they crack and locally cease to transport current. Note that the exact moment
of filament failure is in general complicated to predict, since it tends to interact with the plastic
deformation of the copper matrix [75, 76]. In Section 4.1 it is further reviewed how all these
effects may also occur in Nb3Sn Rutherford cables.

Also ReBCO coated conductors exhibit an intrinsic reversible and a micro-structural irre-
versible strain dependence, although the situation is somewhat complicated by the highly
anisotropic layout of the tapes. In Figure 1.11 the excellent current retention under transverse
compressive pressure applied normal to the flat tape surface is shown [77], especially when the
metal substrate has a superior yield strength [78]. In axial tension or compression, the situation
is similar: as shown in Figure 1.12, the critical current varies significantly but reversible for
compressive strain as high as -0.9% and up to a tensile irreversible strain limit of +0.6% [79].
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Figure 1.8: Variation of the upper critical field
Bc2 of several industrial Nb3Sn strands at 4.2 K
when the wires are axially strained. The picture
is taken from [72].

Figure 1.9: Variation of the critical current of
a Nb3Sn strand at 12 T and 4.2 K when axially
strained. The picture is taken from [73].

Figure 1.10: SEM micrograph of a longitudinal
section of an internal-tin Nb3Sn strand subjected
to 0.5% bending strain. The picture is taken from
[74].

(a) (b)
Figure 1.11: Transverse pressure response of the critical current density in a coated conductor sample.
The pictures are taken from [77].

In terms of stress, these strain values correspond to an overall stress state of several hundreds
of MPa, depending mainly on the substrate composition [80]. Indeed, not unlike the Nb3Sn
case described above, the irreversible degradation at higher axial strain values has convinc-
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ingly been correlated to plastic yielding of the substrate, which cannot be accommodated by
the brittle ceramic ReBCO layer [81]. However, as shown in Figure 1.13, the situation is quite
different under tensile transverse forces which can cause delamination of the coated conductor
structure at stress levels as low as 10 to 20 MPa [82]. Also longitudinal [83] or transverse
[84] shear stresses between the layers of a few MPa can lead to delamination with severe irre-
versible Jc degradation. Although this type of stress can in principle be kept minimal in coiled
structures, they do come into play when stress concentration occurs [85] or when a winding
pack consists of different materials that exert thermal stresses on each other [86–88]. The im-
plications for Roebel cables are further discussed in Section 5.1.

Figure 1.12: Variation of the critical current
density at 77 K of a typical coated conductor un-
der compressive and tensile axial strain. The pic-
ture is taken from [79].

Figure 1.13: Variation of the critical cur-
rent at 77 K of different ReBCO coated con-
ductor under transverse tensile stress. The
picture is taken from [82].

1.4 Outline and research questions
The structure of the thesis is summarized in the flow chart shown in Figure 1.14.

Figure 1.14: Chart showing the interdependence of chapters and the flow of this thesis.
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The main topic of the thesis is the transverse pressure effect on superconducting Nb3Sn Ruther-
ford and ReBCO Roebel cables for accelerator magnets. A survey of experimental set-ups for
measuring the transverse pressure effects on the critical current is presented in Chapter 2, in-
cluding set-ups for single round wire or flat tape superconductor and cables. Then the direct
current transport method for determining the inter-strand resistance of impregnated ReBCO
Roebel cables is introduced. Moreover, the AC loss measurement methods, especially the
magnetic- and calorimetric methods are described. Next, the specification of the measured
cable samples is presented, e.g. cable layouts and impregnation methods, and the splice low-
resistance process when soldering the cable samples to the terminals of a superconducting
transformer for Ic(σ) measurement. Finally, the uncertainties in the critical current measure-
ment and transverse pressure calculation are estimated.

In Chapter 3, to support the experimental data analysis, a series of simplifiedmechanical Nb3Sn
cable models are developed for simulating the influence of the epoxy resin properties, glass
reinforcement and confinement geometry on the average deviatoric strain of the strand in a
Rutherford cable. Then, the electrical network model of the inter-strand resistance in ReBCO
Roebel cables is developed to analyze the component contributions to their overall inter-strand
resistance. In addition, AC loss models, comprising hysteresis-, coupling- and eddy current
loss, are introduced. All the modelling results are compared to experimental data presented in
Chapters 4 to 6.

A brief summary of the cause of critical current degradation due to cabling and transverse pres-
sure for Nb3Sn Rutherford cables is presented in Chapter 4. It is followed by a brief literature
review on critical current degradation in Nb3Sn wires and Rutherford cables when exposed to
transverse pressure. Then, the measurement results, including the critical current of witness
wires and cable samples, irreversible critical current degradation and decrease of upper critical
field due to transverse pressure are presented, as well as a single thermal-cycle and multiple
load-cycling effects on critical current of cable samples. In addition, a microscopic anaylsis of
the impregnated Nb3Sn Rutherford cable samples is shown.

Similar to Chapter 4, a review of critical curernt degradation due to Roebel strand prepara-
tion and transverse pressure is presented in Chapter 5, followed by a brief summary of critical
current degradation in ReBCO Roebel cable. The measurement results, including the critical
current of single Roebel strand and cable samples, the irreversible critical current degradation
and thermal-cycle effect on the critical current of cable samples, are presented. A microscopic
analysis of the impregnated ReBCO Roebel cable samples is also shown.

In Chapter 6, the measurement results of the inter-strand resistance of impregnated ReBCO
Roebel cable samples are presented and discussed. Then, the AC loss of the cable samples
measured in a perpendicular and parallel transverse magnetic field are shown. In addition, the
measurement data of the magnetic field angle dependence of AC loss of the cable samples is
presented and discussed.

A series of research questions are outlined and will be addressed in the concluding Chapter 7.
The following questions do not cover all details described in this thesis, but they represent a
fair summary of its highlights. Regarding the state-of-the-art Nb3Sn Rutherford and ReBCO
Roebel cables, the questions are:

1. Epoxy resin - Is it possible to fully impregnate the superconducting cables with various
epoxy resins?
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2. Critical current -What is the critical current of the impregnated superconducting cables?
How significantly is the critical current density degradation compared to the critical
current density of virgin witness wires?

3. Critical current versus transverse pressure - How significant is the reversible and irre-
versible critical current reduction of the impregnated cables, and is it possible to con-
struct high-field accelerator dipole magnets using these kinds of cables view of their of
transverse stress limit?

4. Ic(σ) of ReBCO Roebel cable - How does the critical current behave under transverse
pressure at 4.2 K when using various epoxy resins, cable layouts and type of tapes?

5. Bc2 of Nb3Sn Rutherford cable - How does the upper critical field of cable samples
perform when exposed to transverse pressure, is there some reduction, how significant
is it?

6. Simple thermal cycling - Is there any influence on the critical current of cable samples at
successive cool-down cycles? If there is some filaments cracking, is there any evolution
of the cracking due to load-cycling?

7. Load-cycling of Nb3Sn Rutherford cable - Is there any evolution of the critical current
reduction at high transverse stress level?

8. Inter-strand resistance of ReBCO Roebel cable - What is the inter-strand resistance of
impregnated cable samples over one transposition length at 4.2 and 77 K? How to esti-
mate the corresponding AC coupling loss in various magnetic fields?

9. AC loss of ReBCO Roebel cable - How does the AC loss of impregnated cable samples
perform in different magnetic field orientations?
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Chapter 2
Experimental aspects

In the chapter, the facilities used to measure the effect of transverse pressure on the criti-
cal current of superconducting wires, tapes and cables are presented. In addition, a direct
transport-current method used to measure the inter-strand contact resistance of impregnated
ReBCO Roebel cables is introduced. The traditional magnetic and calorimetric methods ap-
plied for measuring the AC loss of superconductors are briefly described. Furthermore, sample
preparation, methods for vacuum impregnation, and characteristics of the investigated cable
samples are presented. Finally, an estimate of the measurement errors is presented.
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2.1 Introduction

As described in Chapter 1, superconducting cables eventually used for future high-field ac-
celerator magnets have to withstand high-level transverse pressures ranging from 100 to over
200 MPa, which depend on the peak magnetic field and current density in the coil windings
[66, 67, 89–91]. The vacuum impregnation technique is generally used to enhance the toler-
ance of cables comprising brittle superconducting material like Nb3Sn to transverse pressure
[92]. It is essential to investigate and improve the susceptibility of these cables to transverse
pressure. By understanding the mechanism behind, it is possible to find a proper way to further
enhance the transverse pressure tolerance of cables.

Many groups have developed dedicated equipment for the examination of the critical current
in relation to transverse pressure of superconducting wires, tapes and cables. A survey of the
facilities is provided early in this chapter. A more detailed description of the set-up used in
this study is presented in Section 2.2.

The inter-strand resistance is a key parameter that influences the accelerator magnets’ dynamic
magnetic field quality. Many studies already reported relevant findings in Nb3Sn Rutherford
cables [93–99]. However, only a few publications concern the investigation of the inter-strand
contact resistance of ReBCO Roebel cables [100–102] performed on non-impregnated cables
at 77 K. The AC loss performance of such cables is reported as well but mostly investigated at
77 K [50].

A direct transport-current method for the determination of the inter-strand resistance of im-
pregnated ReBCO Roebel cables at 77 and 4.2 K is introduced in Section 2.3. The measured
inter-strand resistance is used to estimate the AC coupling loss in different orientations of
magnetic field. For validation purpose, also the AC loss of cables were examined in various
orientations of applied magnetic field at 4.2 K. The traditional methods for AC loss measure-
ment are briefly introduced in Section 2.4. In this research both magnetic and calorimetric
methods are used and described in detail in this section.

The transverse pressure susceptibility of Nb3Sn Rutherford- and ReBCORoebel cables was ex-
amined at 4.2 K in a solenoid magnet generating a background magnetic field up to 11 T. The
Nb3Sn strands in the Rutherford cables are based on two technologies: the ’Restacked-Rod-
Process’ (RRP) from Bruker-OST [103] and the ’Powder-In-Tube’ (PIT) process from Bruker-
EAS [104]. The characteristics of the examined conductors are presented in Section 2.5.1.

In this study, different epoxy impregnation methods are applied for investigating the effect of
impregnation on the transverse pressure dependence of the critical current in ReBCO Roebel
cables, as presented in Section 2.5.2.

For the critical current measurements of cables using a superconducting transformer, see Sec-
tion 2.2.2.4, it is important to maintain a low joint resistance that is smaller than 10 nW when
using the UT facility. The methods used for achieving a low joint resistance are presented in
Section 2.5.3.

In order to draw proper conclusions regarding the measurement data of the transverse pressure
dependence of the critical current, the uncertainties in the measurements are studied and eval-
uated. Type and sources of the measurement errors are briefly introduced, and a basic error
analysis is presented in Section 2.6.
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2.2 Survey of experimental set-ups for measuring the
transverse pressure effect on the critical current

2.2.1 Set-ups for single round wire or flat tape superconductor
Several facilities were developed worldwide to study the effect of transverse pressure on the
critical current of superconductors, for example the drag-free stress test apparatus at the Uni-
versity of Colorado [105], Walters springs at the University of Geneva [106–109] and Durham
University [110], the Short Sample Test Facilities (SSTF) at Fermi National Accelerator Lab-
oratory (FNAL) and Lawrence Berkeley National Laboratory (LBNL) [111–113], the straight
conductor test set-up at the Sophia University [114–119], and the two-component strain appa-
ratus at the University of Twente [120–122].

2.2.1.1 Drag-free stress test apparatus

The "drag-free stress test apparatus" was designed to simultaneously apply current perpendic-
ular magnetic field and transverse compressive stress to a superconducting wire or tape in a
liquid helium bath [105]. The schematic of the transverse stress test apparatus is shown in
Figure 2.1. The sample terminals are soldered to copper contacts connecting to a 900 A power
supply. The set-up is placed in a split-coil magnet with a magnetic field up to 10 T. The com-
pressive stress acts on short U-shaped samples along a straight length of 9.5 mm through two
stainless-steel anvil heads. One head is fixed and the other is connected to a pivot driven by a
servo-hydraulic system, which can provide a compressive force of 1.7 kN [123].

Figure 2.1: Transverse pressure test apparatus at the University of Colorado [105].

2.2.1.2 Walters spring devices

The "Walters spring devices" used for critical current measurements on round wires exerted to
transverse compressive stress at the University of Geneva have two configurations: a 2- and a
4-wall version shown in Figure 2.2. In the 2-wall version, non-impregnated wires, with cross
sections of up to 4 mm2, are fixed in a one-turn Walters spring and pressed by two parallel
stainless-steel walls [106–108]. The 4-wall version makes it possible to measure the critical
current of a wire either with or without impregnation under transverse compressive stress [109]
as shown in Figure 2.2 as well. The wire samples are constrained in a U-shaped groove at the
bottom and pressed by an upper anvil that fits the groove. The groove width is specific for the
wire diameter. The wire samples in both configurations are pressed along a length of 126 mm.
The probes are located in a 2.2 to 100 K variable temperature insert with a current lead capacity
of 1 kA. The spring, with a diameter of 39 mm, is inserted in a 21 T superconducting magnet.
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The transverse force up to 40 kN is supplied by a servo motor.

Figure 2.2: Walters springs for Ic measurements versus transverse pressure at the University of Geneva:
(a) 2-wall configuration [107, 108] ; (b) 4-wall configuration [109].

2.2.1.3 Short sample test facility

"Short sample test facilities" to assess the critical current performance of a selected strand
within a cable under transverse pressure were built at FNAL and at LBNL [111], as shown in
Figure 2.3. The cable samples are 53 mm long, with one longer single strand sticking out at
both sides. This strand is used for the critical current measurements as a function of transverse
pressure applied to the cable surface [112]. Both ends of the selected strand are 200 mm
long, which is long enough to ensure current transfer once soldered to the copper current leads
carrying current of up to 2 kA. The cable sample is compressed between two Inconel plates.
The top plate is welded to an Inconel tube, which is welded itself to the top flange. The bottom
plate is driven up by an Inconel rod assembly, which is pulled up by a 20 ton-load hydraulic
cylindermounted on the top flange. Amaximum transverse pressure of 200MPa can be applied
[112]. The device was designed to operate at 4.2 K in a 64 mm-bore superconducting solenoid
providing a background magnetic field up to 14 T [111,112].

(a) (b)
Figure 2.3: Short sample test facility, transverse pressure experimental setup at FNAL and at LBNL
[111,113]: (1) cable sample; (2) bottom plate; (3) Inconel rod; (4) top plate; (5) Inconel tube; (6) copper
current leads.
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2.2.1.4 Straight conductor test set-up

The "straight conductor test set-ups" were built at the Sophia University [114–119]. Two ap-
paratuses were designed for conductor measurements at 77 K in self-field and at 4.2 K in a
14 T background magnetic field, as shown in Figures 2.4 and 2.5. Samples are limited to a
length of 4 mm. For the apparatus in Figure 2.4, the sample is set horizontally and clamped by
pushing blocks from upper and lower sides. The top block is fixed, and the bottom block moves
upward. The ends of the sample are soldered to copper terminals connected to current leads
[116]. Two types of stainless-steel pushing parts covered with insulation film are available:
line-contact in Figure 2.4a and face-contact with 5 mm-wide contact surface in Figure 2.5b
[115]. The contact force tolerances are 0.3 and 1 kN, respectively. For the apparatus in Fig-
ure 2.5, the sample is placed on a glass-fiber reinforced plastic plate with its ends soldered to
copper current leads [118]. The sample is uniformly compressed by a pushing head from up-
per side, which is connected to a load cell to measure the applied compressive force. Various
width of pushing heads are available: 0.5, 1, 2, 3, 4, 5 and 6 mm. The maximum force applied
to the flat sample is 1.3 kN. This type of apparatus is relatively easy to realize. The Karlsruhe
Institute of Technology (KIT) has two similar systems as well, but only designed for 77 K use
[100].

Figure 2.4: Schematic of the "straight conductor test set-up" at the Sophia University: (a) line-contact
pushing parts; (b) assembled setup with face-contact pushing parts [116].

Figure 2.5: Schematic of the second "straight conductor test set-up" at Sophia University [117, 118].
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2.2.1.5 Two-component strain apparatus

To investigate the axial- and transverse strain susceptibility of a tape conductor, a two com-
ponent strain apparatus was developed by Ten Haken et al. [120] at the University of Twente,
as shown in Figure 2.6. The sample has a straight test length of 25 mm and corner bending
radius of 15 mm. The ends are soldered to two half-moon shaped pieces, which are connected
to copper current leads. The sample can be positioned in two directions as depicted in Fig-
ures 2.6a and 2.6b [121]. One of the two legs moves in the sample axial direction through a
parallelogram construction hidden inside. A maximum force of up to 0.5 kN can be generated.
On the other hand, a transverse press with maximum force of 6 kN can be applied through a
wedge driving a lever with an anvil head on top. The pressure surface of the anvil head has a
10 × 20 mm2 area. In practice, the load section of the tape can be reduced to less than 20 mm
by changing anvils. The measurements are carried out at 77 K in self-field and 4.2 K in a
60 mm-bore magnet providing a background magnetic field up to 15 T.

(a) Magnetic field parallel to the wide face of
tape samples.

(b) Magnetic field perpendicular to the
wide face of tape samples.

Figure 2.6: Schematic of the "two-component strain apparatus" for measuring the critical current as a
function of transverse load on flat tapes at the University of Twente [121].

2.2.2 Set-ups for cables
To the best of our knowledge, only four test facilities worldwide are presently capable to mea-
sure the critical current of accelerator-type cables under transverse pressure, located at: the Na-
tional High Magnetic Field Laboratory (NHMFL) in Tallahassee [124, 125], the Brookhaven
National Laboratory (BNL) [126,127], CERN [128] and the University of Twente [129].

2.2.2.1 NHMFL cable test station

Figure 2.7 shows the cross-sectional schematic of the sample holder used in the NHMFL cable
test facility [124], which comprises a stainless steel U-channel and a G-10 top plate. A stack of
two active cable samples are placed in the groove. The lower ends of the fixture, with insulation
removed, are sheathed in a 125 mm-long Cu box and soldered to create a closed current path
[124]. The outer two dummy cables provide a coil-winding block-like environment and protect
the active cables during assembly. At the upper end of the fixture, the active cables are extended
into a Cu bus plate to which they are soldered while the dummy cables are terminated. The bus
plates are connected to the NbTi current leads designed for 10 kA [125]. Two shims are added
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in the groove to guarantee sample alignment with the pressure bar. In Figure 2.8, the schematic
of the loading assembly is presented [125]. The transverse force is applied by a piston pushed
by helium gas. Up to 530 kN can be applied to the sample surface over an area of 122 ×
15 mm2. The force is measured by a capacitive pressure transducer positioned underneath the
center of the pressure plate. The facility is designed to operate at 4.2 K in a 150 mm-bore split
solenoid providing a background magnetic field up to 14 T.

Figure 2.7: Schematic cross section view of the ca-
ble press at the NHMFL [124].

Figure 2.8: Schematic of the NHMFL
transverse force generating system [125].

2.2.2.2 BNL cable test station

The sample holder used at BNL is similar to the one of the test facility at NHMFL [126,127],
as shown in Figure 2.9. One difference of the sample holder used at BNL is the cover plate,
which is made of stainless-steel instead of G-10 [126]. This sample holder is designed to
compress cable samples via the cover plate and restraining bolts over the entire cable length
of 970 mm, rather than using the pressure track. A pre-stress up to 290 MPa can be applied
to the cable broad face at room temperature. Since the thermal contraction of the cable stack
is higher than that of the holder, a 4 MPa lower stress acts on the cable surface at 4.2 K. The
facility is equipped with three 25 kA current leads allowing testing of two samples during the
same cool-down. The sample holder is placed in a 75 mm bore of a one meter long NbTi
superconducting dipole magnet, which can generate a background magnetic field up to 7.5 T
at 4.3 K and 9 T at 1.9 K. The uniform magnetic field region is 600 mm [127].

Figure 2.9: Sample holder used at the BNL cable test station [127].

2.2.2.3 CERN FRESCA transverse pressure apparatus

Figure 2.10 shows the setup used in the FRESCA test station at CERN [103, 104, 128]. An
external aluminum tube houses two pads, a titanium U-cage, two stainless steel keys and cable
samples up to 1.8 m long and 20 mm wide. Two active cable samples, placed between two
dummy cables, are soldered at the bottom with a joint length of 150 mm; while at the top
they are connected to a NbTi bus cable with a joint length of 200 mm. The NbTi bus cable is
connected to the current leads of the insert with a maximum current capacity of 32 kA [130].
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The pressure is applied at room temperature using the "bladder and key" technology [131].
The pressure bladder is inserted between the U-cage and the lower pad, and then the pads are
pushed to the tube. A transverse force up to 1.4 MN over a length of 700 mm can be applied to
the cable surface in a magnetic field of 10 T at 4.3 K [103]. Once the target stress is reached, the
keys are inserted. The applied stress changes after cooling down, and the thermal contraction
coefficients of different materials need to be considered to evaluate the final stress. The applied
strain is detected by 12 strain gauges, which are mounted to the inner wall of the aluminum
shell.

Figure 2.10: Sketch of the FRESCA sample holder for measurement of critical current under transverse
pressure: (a) cross section view of the pressed region; (b) overview of the whole assembly [104].

2.2.2.4 UT cable test station

The transverse stress measurement setup used extensively for the characterization of super-
conducting cables at the University of Twente consists of two main parts: a superconducting
transformer for injecting the sample current (Figure 2.11a) and an electro-magnetic press gen-
erating the transverse force exerted on the cable surface (Figure 2.11b) [129,132]. The primary
current of the transformer can be swept from -50 to +50 A, thereby inducing a maximum cur-
rent of 100 kA in the secondary coil. The mechanically loaded section of the sample is situated
in the center of an 11 T solenoid and all measurements are made at 4.2 K. The cable samples
are bent into a flat-bottomed “U”-shape, with corners of radius 10 mm for Nb3Sn Rutherford
cables and 20 mm for ReBCO Roebel cables. To reduce the influence of friction between the
anvil and the two-clamping side-plates, two layers of Kapton cover the inner face of the plates.
The ends of the cable sample are soldered to the secondary coil terminals over a length of
165 mm. The press is shown in Figure 2.11b and essentially consists of two anti-series con-
nected NbTi flat coils that repel each other. The top coil pushes the pressure anvil against the
sample via a piston; the bottom coil is connected to the sample holder by a thick steel sleeve
and fixation pins. A maximum force of 250 kN can be applied to the cable surface over a
length of 46 mm for Nb3Sn Rutherford cables and 26 mm for ReBCO Roebel cables. The pre-
cise force, also considering a correction for the interaction between the main magnet and the
press-coil, is determined with two independent methods [132]. The displacement of the upper
coil is measured with an extensometer. In addition, two strain gauges glued to the short sides
of the pressure anvil allow to monitor its deformation.

For this thesis, the transverse pressure susceptibility of superconducting cables were all inves-
tigated using the UT test apparatus.
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(a) Assembly of the superconducting trans-
former and electro-magnetic press.

(b) Schematic of the electromagnetic cryo-
press, sample holder and main solenoid.

Figure 2.11: The facility used for transverse pressure susceptibility investigations of cable critical
current at the University of Twente [129].

2.3 Determination of the inter-strand resistance

Inter-strand resistance of non-impregnated Roebel cables, characterized as a function of trans-
verse pressure, were presented and modeled by Otten et al. [100], who showed the resistance
to decrease with pressure in bare cables. Here, a series of transport current measurements
are presented to determine under self-field condition the tape-to-tape inter-strand resistance of
impregnated Roebel cables. The strand in the cable changes position along the longitudinal
direction, thus within one transposition length every strand is in contact with two neighbor-
ing strands, as shown in Figure 2.12. It is assumed that the ReBCO layer in the strand is in
equipotential state. One transposition length in a 15-strand cable can then be represented by
the equivalent electrical circuit shown in Figure 2.13. The nodes represent the ReBCO layers,
each at a potential Vi, while Rij represent the cross-over resistances between strands i and j.
The sensing wires soldered to all strands at the cable termination are used either as current
lead or voltage tap. In Figure 2.13, current is injected in strand 1 and extracted from strand
8, while the electrical potential of all other strands is measured using strand 15 as reference.
With the cable at 4.2 K and an injected current of 2 A, this configuration leads to the measured
voltage profile indicated by the solid circles in Figure 2.14.

Figure 2.12: Schematic of the strands layout in a Roebel cable [133].
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Figure 2.13: Equivalent circuit of a 15-strand Roebel cable.

Figure 2.14: Inter-strand potential differences measured within one transposition length of a 15-strand
Roebel cable sample. The symbols indicate different current leads used, e.g. strand 1 and strand 8 used
as current leads for the solid circles, strand 2 and strand 9 used as current leads for the hollow circles.

Indexes refer to strand pairs, with strand 15 as reference. In the example of Figure 2.13, the
current can flow from strand 1 to strand 8 through two parallel paths, either via strands 1-2
denoted as current I0102 or via strands 1-15 referred to as I0115, as shown in Figure 2.13, with
I0102 + I0115 = I. Note that Iij indicates the part of the current that flows from strand i to strand
j. Since I0102 and I0115 are a-priori unknown, the data are not sufficient to determine the inter-
strand resistances. Moreover, potentials V01 and V08 cannot be measured accurately, because
of the voltage drop over current leads and contacts. Nevertheless, from this set of potential
values we can determine the ratio between successive inter-strand resistances. Since the cur-
rent through R0203 and R0304 is the same I0102, the ratio of voltage drops over the two resistors
equals their resistance ratio:

V04−V03
V03−V02

=
R0304
R0203

. (2.1)

Repeating the measurement several times with successive wire pairs 2 and 9; 3 and 10;. . . 7
and 14 used as current leads, yields the other data in Figure 2.14. In this way all resistance
ratios Ri,i+1/Ri-1,i can be determined. Also the ratio between any pair of resistances is now
known, e.g.:

R0405/R0203 =R0405/R0304×R0304/R0203. (2.2)

28



Chapter 2. Experimental aspects

For the configuration with current leads 1&8, we can then also determine the ratio of the cur-
rents I0102 and I0115:

I0102
I0115

=
R0809+R0910+ ...+R1501
R0102+R0203+ ...R0708

=
R0809/R1415+R0910/R1415+ ...+R1501/R1415
R0102/R1415+R0203/R1415+ ...+R0708/R1415

,

(2.3)
where, arbitrarily, R1415 is chosen as the reference resistor. With the ratio I0102/I0115 worked
out and the sum I0102 + I0115 = 2 A known, we can determine I0102 and I0115 separately, and
finally translate the measured voltage drops to resistances, e.g. R0102 = (V02-V01)/I0102. The
inter-strand resistance results using this method are presented in Chapter 5.

2.4 AC loss measurement methods

Conventional methods for measuring the AC loss in superconductors include electric, magnetic
and calorimetric methods [134]. The electric method entails measuring the resistive voltage
component along the conductor with AC transport current over a range of frequencies and cur-
rent amplitudes [135]. For this purpose, lock-in-amplifier and pick-up coil techniques are nor-
mally used to separate the real and imaginary part of the conductor voltage [134]. The voltage
taps of conductor and compensation coil are then connected in anti-series before connecting
them to the input terminals of the lock-in amplifier. The loss generated by the alternating cur-
rent is called self-field or transport-current loss.

The magnetic method is used to measure the changes in the magnetic moment of the super-
conducting sample. The so-called magnetization loss, can be measured using pick-up coil-
[136] or calibration-free techniques [137]. In the first case, pick-up and compensation coils
are wound to the same dimension around the sample and around non-magnetic dummy cables,
respectively. The magnetization loss is calculated from the subtracted voltage from the two
coils. The measured loss has to be calibrated due to the demagnetization effect [138]. In the
calibration-free case, the method uses pick-up coils wound in parallel with the AC field magnet
[137]. Two identical systems are used, each consisting of an AC field magnet equipped with a
measuring coil. One of the magnets contains the sample and the other one is empty. The two
coils are connected in anti-series before connecting them to the lock-in amplifier.

Besides the electric and magnetic methods, a calorimetric method for measuring AC loss can
be used. The transport-current and magnetization losses result in temperature rise when the
sample in mounted adiabatically [134], which can be measured with a thermometer or by mea-
suring the evaporation of cryogen, the so-called boil-off method [139].

For this thesis, AC loss was measured at 4.2 K on cable samples positioned in a dipole magnet
[140], sweeping the transverse magnetic field between ±1.5 T with a frequency of 1 Hz maxi-
mum. The samples are immersed in liquid helium and exposed to a transverse magnetic field.
The AC loss is measured using the boil-off based calorimetric method as well as magnetic
method using pick-up coils [136]. The calorimetric loss data are absolute but less accurate,
while the magnetization data show a higher resolution, but require calibration due to the un-
certainty in the effective filling factor of the sample in the pick-up coil [138]. The calorimetric
method is applied at high loss for calibration purpose while the magnetization method is used
to extend the measurement to the low-loss range.
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2.4.1 Magnetic method
The lay-out of the 2 orthogonal sets of pick-up coils is shown in Figure 2.15. In-plane coils
wound around the wide face of the cable and dummy sample measure the magnetic moment
perpendicular to this face. The out-of-plane coils wound around the cable narrow face measure
the in-plane component of the magnetization. The in-plane coils and cables are clamped in be-
tween two G10 plates. Afterwards, the out-of-plane coils are wound around the cable narrow
face, including the two G10 plates. This whole sample assembly is fixed with nylon screws to
a Tufnol sample holder, which is inserted into the calorimeter.

Figure 2.15: Sample holder for the AC loss measurement of Roebel cable samples. The Roebel cable
sample length is 226 mm. The overall size of sample holder is 635 mm × 70 mm.

Figure 2.16: Equivalent circuit for the ACmagnetometer. Two power supplies (PS) are used for activat-
ing the heater and dipole magnetic field generation, respectively. The magnet direct current is detected by
a Hitec MACC Plus 600 A zero-flux, which keeps track of the field amplitude but also serves as reference
signal for the lock-in amplifiers that record the induced pick-up voltages. The lock-ins allow to measure
both amplitude and phase of the compensated signals from the orthogonal coil sets.

The electrical circuit of the magnetization method is schematically shown in Figure 2.16. Even
if the dummy sample is chosen such that the areas of pick-up and corresponding compensa-
tion coils are as similar as possible, they are not identical. Compensation of the out-of-phase
magnetization signal hence requires an extra voltage divider. The compensated signals from
the two coil sets are fed into a pair of lock-in amplifiers, which measure their amplitude and
phase. The volumetric loss density per cycle Q is calculated using formula [141]:

Q = µ0∫ HdM =
1

2f

⎡
⎢
⎢
⎢
⎢
⎣

(
VpuccH0
αNpuApu

)
⊥

+(
VpuccH0
αNpuApu

)
∥

⎤
⎥
⎥
⎥
⎥
⎦

, (2.4)
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withM andH the sample magnetization and applied magnetic field, f frequency, H0 magnetic
field amplitude, Vpucc amplitude of the in-phase component of the compensated pick-up volt-
age, Npu and Apu the number of turns and the area of the pick-up coil and α the sample fill
factor determined when calibrating with the calorimetrically measured loss. The values of Npu
and Apu under corresponding magnetic field orientations are presented in Table 2.1.

Table 2.1: Parameters of the pickup coils.
Unit FM-SP-II-B FM-SP-II-D

Apu⊥ mm2 226 × 13.30 225 × 12.00
Apu∥ mm2 233 × 5.15 233 × 5.10
Npu⊥ - 50 51
Npu∥ - 50 40
α⊥ - 0.06 0.07
α
∥

- 0.002 0.006

2.4.2 Calorimetric method
The calorimetric method is shown schematically in Figure 2.17. Liquid helium from the main
magnet bath can flow into the sample chamber through a U-shaped plastic tube at its bottom.
The U-shape prevents external bubbles from entering the chamber. An ohmic heater inside the
calorimeter allows for accurate calibration of the thermal mass-flow meter [142]. The helium
evaporated in the chamber flows through its top outlet to the mass-flow meter and then back
to the cryostat. This way, the pressures in and outside the chamber are kept equal so that the
liquid level inside remains constant.

Figure 2.17: Schematic of the calorimetric AC loss set-up.

2.5 Specification of cable samples
As explained in Section 1.2, accelerator magnets are built using high-current cables for achiev-
ing a compact efficient design and to reduce the self-inductance of magnets. In practice, all
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present high-field accelerator magnets use Rutherford-type cables. For use in future acceler-
ators, high-Jc Nb3Sn Rutherford cables are developed to built the dipole magnets generating
magnetic fields of 11 to 16 T [89,143]. One option for going higher in magnetic field, even up
to 20 T or more is using ReBCO Roebel cables, which feature a sufficiently high engineering
current density [144].

Rutherford-type cables, see Figure 2.18a, are fabricated applying a compaction step using a
Turks head on a hollow tubular multi-strand cable. The high compaction not only increases
the overall high current density but also reduces the average inter-strand contact resistance
[136].

Roebel-type cables, see Figure 2.18b, are manufactured by assembling multiple zig-zag shaped
tape-like strands, which are fully transposed. This is beneficial for limiting transient time con-
stants and it improves current sharing [91, 145].

(a) Nb3Sn Rutherford-type cable [146]. (b) ReBCO Roebel-type cable [133].

Figure 2.18: Cable types presently used for future accelerator magnets.

2.5.1 Cable layouts
Four different Nb3Sn type Rutherford cables were investigated to determine their transverse
pressure susceptibility. They are based on three types of Nb3Sn wire technology. Three differ-
ent ReBCO Roebel cables were investigated for the same purpose.

For the HL-LHC project, two Rutherford cables DS-PIT-I and -II developed for the 11 T dipole
magnets are investigated. Here DS stands for "Dispersion Suppression", a beam focusing mag-
net developed for the HL-LHC upgrade [147]. The cables comprise 40 PIT-114 Nb3Sn strands,
with a wire diameter of 0.7 mm and were made at CERN on their cabling machine. Cable DS-
PIT-I has a stainless-steel 316L strip core with a cross-section of 12 mm ×25 µm for coupling
loss suppression [148].

For the FCC-EuroCirCol project, four Rutherford cables for the development of 16 T dipole
magnets are investigated. Cables SMC-RRP-I and -II comprise 10RRP-132/169 high-Jc Nb3Sn
strands. Cables SMC-PIT-I and -II comprise 10 PIT-192 high-Jc Nb3Sn wires. SMC stands
here for "Short Model Coil", a series of coils built for the Nb3Sn magnet development program
at CERN [149]. The strand diameter in these four cables is 1 mm.

The cross-sections of the three Nb3Sn wires are shown in Figure 2.19. The wire characteristics
are presented in Table 2.2. The sub-element diameter and Cu/non-Cu ratio are 43 µm and 1.33
for PIT-114, 58 µm and 1.22 for RRP-132/169, 48 µm and 1.22 for PIT-192.
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(a) PIT-114. (b) RRP-132/169. (c) PIT-192.
Figure 2.19: Cross-section views of the three Nb3Sn wires: (a) PIT-114 wire with 0.7 mm diameter;
(b) RRP-132/169 wire with 1 mm diameter; (c) PIT-192 type wire with 1 mm diameter [150, 151]. Wire
details are listed in Table 2.2.

Table 2.2: Characteristics of strands used in the Nb3Sn Rutherford cables.
Property∖Project DS-PIT-I and DS-PIT-II SMC-RRP SMC-PIT
Strand type PIT-114 RRP-132/169 PIT-192
Dstrand, (mm) 0.700 1.000 1.000
Dfilament, (µm) ∼44 ∼58 ∼48
Cu/non-Cu ratio 1.25 1.22 1.22

The cross-sections of Nb3Sn Rutherford cables are shown in Figure 2.20. The key charac-
teristics of the cables are listed in Table 2.3. All investigated DS-PIT cables are keystoned,
with an angle of 0.71°. Their transposition length is 100 mm and cross-section area is 14.70
×1.25 mm2. The SMC cables feature a rectangular cross-section, with an area of 10 ×1.8 mm2.
The transposition length of these cables is 63 mm.

Table 2.3: Characteristics of the Nb3Sn Rutherford cables.
Parameter used in HL-LHC project used in FCC-EuroCirCol project
Serial number DS-PIT-I DS-PIT-II SMC-RRP SMC-PIT

Cable ID H15EC01
26AB

H15EC01
26AC

H03EC0
120A

H03EC0
140A

w / t (mm) 14.70 / 1.25 14.70 / 1.25 9.97 / 1.81 9.93 / 1.81
Strand type PIT-114 PIT-114 RRP-132/169 PIT-192
Core SS 316L - - -
Core size w / t (mm) 12 / 0.025 - - -
Number of strands 40 40 18 18
Keystone angle (°) 0.71 0.71 0 0
Transposition length (mm) 100 100 63 63
Number of samples 1 1 2 2

For the EuCARD2 project, six ReBCORoebel cables were investigated. Three FM-SP-I cables
comprise 10 zig-zag shaped strands made of SuperPower tapes with a transposition length of
126 mm. Cables FM-SP-II and -III comprise 15 SuperPower-type meandering strands within a
transposition length of 226 mm. Cable FM-BR consists of 15 Bruker-type meandering strands
with a same 226 mm transposition length. The top view of the cables are shown in Figure 2.21.
An additional copper layer was applied to the punched strands before the cable assembly pro-
cess in the case of Bruker-type cable, which is called punch-and-coat technique [152]. In the
case of SuperPower tape, one edge of the strand is left exposed after punching and may be
affected by the environment.

33



Chapter 2. Experimental aspects

(a) Nb3Sn Rutherford cable DS-PIT-I with 40 PIT-114 strands and SS central core. Note the asym-
metric position of the core in the cable and its "wrinkled" shape at its right end.

(b) Nb3Sn Rutherford cable DS-PIT-II with 40 PIT-114 strands.

(c) Nb3Sn Rutherford cable SMC-RRP with 18 RRP-132/169
strands.

(d)Nb3Sn Rutherford cable SMC-PIT with 18 PIT-192 strands.

Figure 2.20: Cross-section views of the four investigated Nb3Sn cables manufactured at CERN; cable
details are listed in Table 2.3.

Figure 2.21: Top view of Roebel cables with different transposition length.

Table 2.4: Characteristics of the ReBCO coated conductors used in the Roebel cables.
Property ∖ Cable FM-SP-I, -II and -III FM-BR
Manufacturer SuperPower Bruker
Conductor ID SCS12050-AP T284D
Substrate (material / thickness) Hastelloy / 50 µm Stainless-steel / 97 µm
Cu stabilizer (type / thickness) Electroplated / 40 µm Electroplated / 40 µm
Protection layer (type / thickness) Ag / 2 µm Ag / 1.8 µm
ReBCO layer thickness 1.0 µm 1.5 µm
Dimensions (Wt×tt) 12 mm × 0.10 mm 12 mm × 0.14 mm
Ic(77 K, S.F.) 398 A or 393 A 120 A

The characteristics of the coated conductors used for manufacturing Roebel strands are pre-
sented in Table 2.4. The substrate of the SuperPower tape is made of Hastelloy, whereas
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stainless-steel with a thickness of 97 µm is used for the Bruker tape. The thicknesses of the
copper stabilizer, silver and ReBCO layers for the two types of tapes are different. The average
critical current of the two batches SuperPower tape are 398 and 393 A at 77 K in self-field en-
vironment, respectively, while the Bruker tapes features a critical current of 120 A. All ReBCO
coated conductors have a width of 12 mm and are punched to zig-zag shaped Roebel strand.
The punched tape geometry is shown in Figure 2.22 and detailed in Table 2.5.

Figure 2.22: Roebel cable geometry.

Table 2.5: Parameters of the meandering strand of the EuCARD2 Roebel cable.
Description Symbol Value
Strand width ws 5.5 mm
Cable width wc 12.0 mm
Cross over width wb 5.5 mm
Channel width wg 1.0 mm
Cross over angle Φ 30°
Inner radius rin 6.0 mm
Outer radius rout 0.0 mm

(a) ReBCO Roebel cable with 10 SuperPower strands.

(b) ReBCO Roebel cable with 15 SuperPower strands.

(c) ReBCO Roebel cable with 15 Bruker strands.
Figure 2.23: Cross-section views of the investigated three ReBCO Roebel cables.

The cross-section of the investigated ReBCO Roebel cables are presented in Figure 2.23. The
main characteristics of the cables are listed in Table 2.6. Cables FM-SP-I and -II comprise the
same batch of SuperPower tape, while cable FM-SP-III consists of two batches of SuperPower
tape. The average critical current of the strands in cable FM-SP-III shows a hardly significant
6 A deviation from those in cables FM-SP-I and -II. Cable FM-BR is made of Bruker tape.
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The samples used for inter-strand resistance and AC loss measurements are of the type FM-
SP-II. Cables FM-SP-II-A, -B and -C were first used for inter-strand resistance measurements,
FM-SP-II-B and -D are used for AC loss measurements.

Table 2.6: Characteristics of ReBCO Roebel strands and cables.
Serial number FM-SP-I FM-SP-II FM-SP-III FM-BR
Cable width (mm) 12.0 12.0 12.0 12.0
Cable thickness (mm) 0.5-0.6 0.7-0.9 0.7-0.9 1.5-2.0

Strand batch number SP-KIT-
20131011

SP-KIT-
20131011

SP-KIT-
20131011
SP-KIT-

20141125-2

BR-KIT-
20150615

Cu electroplating after punching No No No Yes
Number of strands 10 15 15 15
Transposition length (mm) 126 226 226 226
Average Ic(77K, S.F.) of strands (A) 152 152 158 54*
Number of samples 3 1 1 1
* The value is not directly measured on the Roebel strand, only approximated from 12 mm tape
results, as most of the Roebel strands show 45% of the full tape current at 77 K in self-field.

2.5.2 Cable impregnation methods

Vacuum impregnation is commonly used in Nb3Sn type of accelerator magnet coils for provid-
ing turn-to-turn insulation, prevention of conductor movement, and mechanical reinforcement
to avoid Nb3Sn critical current degradation. It is delicate to choose the right combination of
methods due to the thermal expansion differences of the impregnation material and supercon-
ducting cable. As discussed in Section 1.3, in high-field accelerator type magnets, a fairly
large transverse pressure is applied to the surface of Nb3Sn Rutherford and ReBCO Roebel ca-
bles, which will affect the cable transport properties. The design requirements for sustaining
the transverse pressure are as follows. The Nb3Sn Rutherford cables investigated here have to
withstand 150 MPa at 11 T and 200 MPa at 16 T [153, 154]; ReBCO Roebel cables have to
withstand 110 MPa at 17 T and 150 MPa at 20 T [91].

As further elaborated in Section 3.2, it is well-known that Nb3Sn superconductors feature a
critical current and upper critical field that are intrinsically strain dependent [72, 155, 156].
The intrinsic strain reduction is reversible; but above its limit the superconducting filaments
start to crack, and the critical current is not recovered upon strain release and thus the conduc-
tor is degraded.

The critical current reduction caused by reversible transverse stress is associated to the de-
terioration of the upper critical field due to deflection of the Nb3Sn lattice. This intrinsic
susceptibility of the critical field to transverse compressive stress is significantly greater than
to axial stress, under which only less than 2% Ic reduction up to 200 MPa was observed [157].
The transverse stress susceptibility of a wire can be reduced significantly by providing a uni-
form stress distribution around the whole cross-section. Mondonico et al. [158] observed that
irreversible reduction, thus true degradation due to transverse pressure for epoxy impregnated
bronze route wire starts between 165 and 185 MPa at 4.2 K and 19 T, which is three times
more than for bare wires (<50 MPa). Comparing the impregnated PIT wire to a corresponding
wire, this value has increased to a level between 135 and 165 MPa from less than 20 MPa.
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Compared to single bare wire samples, the solder-filled and epoxy-impregnated Nb3Sn Ruther-
ford cables are significantly less susceptible to transverse stress. At 4.2 K and 10 T, the critical
current degradation at 100MPa decrease from 29% for the wire to 13% for the solder-filled flat
cable [157], and even to less than 2% for the epoxy-impregnated cable [159]. Therefore, the
transverse pressure susceptibility of Nb3Sn Rutherford cables can be significantly improved by
applying solder or epoxy to the cable. The evidence further showed that cable samples under
transverse pressure with a complete impregnation are less affected than with a partial impreg-
nation [160].

Although the flat ReBCO tape is much more resilient to transverse pressure than bare Nb3Sn
round wire, there are significant effects due to stress concentrations between the assembled
meander-shaped ReBCO strands [85, 161–163]. Therefore, Roebel cables used in accelerator
type coils must also be impregnated. However, resin impregnation of Roebel cable is not so
straightforward since epoxy resin has a different thermal contraction coefficient than ReBCO
tape, which can cause strand delamination [86]. Such delamination has further influence on
the transverse pressure susceptibility of Roebel cables, as well as on the inter-strand contact
resistance and AC loss. It is important that epoxy resin impregnation using proper fillers can
be better matched to the tape’s thermal contraction [164].

2.5.2.1 Impregnation of Nb3Sn Rutherford cables

The Nb3Sn cables DS-PIT-I and -II used in the 11 T accelerator dipole magnets were im-
pregnated with an Araldite epoxy resin of CIBA GEIGY with composition MY740 / HY906
/ DY062 [165, 166]. This epoxy resin system was used before for the impregnation of Nb3Sn
coils [167–170], and has a pot life of 6 hour at the processing temperature of 55 ℃. The spec-
ification is shown in Table 2.7.

Table 2.7: Characteristics of epoxy resin CIBA GEIGY MY740 / HY906 / DY062 [165,166].
Resin / MY740 Hardener / HY906 Accelerator / DY062

Viscosity at 25 ℃ (mPa.s) 12000 175-225 ≤10
Density at 25 ℃ (g / cm3) 1.16 1.14 0.90
Mixing ratio in mass 100 90 0.2
Pot life 6 h at 55 ℃
Curing schedule 4 h at 85 ℃+ 16 h at 110 ℃

However, epoxy resin for coil applications requires a long pot life and appropriate low viscos-
ity. CTD-101K [171] has a very low viscosity 400 mPa.s and an extremely long pot life of
60 hour. For this reason, it is used for the vacuum impregnation of large coils for accelerator
magnets [171]. The Nb3Sn cables SMC-RRP and SMC-PIT are impregnated using this epoxy
resin. The CTD-101K characteristics are shown in Table 2.8.

Table 2.8: Characteristics of epoxy resin CTD-101K [171].
CTD-101K

Viscosity at 40 ℃ (mPa.s) 400
Density at 25 ℃ (g / cm3) 1.03
Mixing ratio in mass Part A: Part B: Part C = 100: 90: 1.5
Pot life 60 h at 40 ℃
Curing schedule 5 h at 110 ℃ + 16 h at 125 ℃
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The CIBA GEIGY Araldite and CTD-101K epoxy resins have a thermal contraction of more
than 1.1% from room temperature to 4.2 K. The value is too big in comparison to heat treated
Nb3Sn Rutherford cables of 0.3% from room temperature to 4.2 K [164]. For this reason, S-2
glass-fiber sleeve is used to decrease the thermal contraction values of the epoxy resin.

For sample preparation, theNb3SnRutherford cables are bent around aU-shape reaction holder
with bending radius of 10 mm following the wind-and-react technology [172]. Next, the cable
is reacted following the heat-treatment protocol presented in Table 2.9. When completed, the
sample is carefully removed from the reaction holder and transferred to a comparable "Hair-
pin" test setup. The sample holder is covered with a Kapton tape for electrical insulation.
Several pairs of voltage taps are soldered to the edges of the Rutherford cable. As seen in Fig-
ure 2.24, two extra layers of glass-fiber tapes are added to increase the thickness of the cured
epoxy at the loading area. A Teflon block placed on the surface of the cable is fixed to the
loading area to apply pre-stress, which support the liquid epoxy during the vacuum impregna-
tion. Next, a Kapton tape is glued to the surface of the Teflon block, which is in contact with
the cable. This step is performed to provide a smooth interface to the impregnated cable. In
addition, three straps of glass-fiber tape are applied to each side of the U-shape sample holder
to fix the cable to the sample holder. A PT-100 temperature sensor and two resistive heaters are
used to control the temperature of the sample holder during vacuum impregnation and curing.

Table 2.9: Heat treatment protocols used in the Nb3Sn conductors.
Property∖Project DS-PIT-I and DS-PIT-II SMC-RRP SMC-PIT
Strand type PIT-114 RRP-132/169 PIT-192
Final HT step 200 h at 625℃* 50 h at 665℃** 120 h at 640℃***

Ramp rate 50℃/ h 50℃/ h 50℃/ h
* Intermediate temperature plateau: 100 h at 600℃, ramp 50 ℃/ h.

** Intermediate temperature plateau: 72 h at 210℃, ramp 25 ℃/ h and 72 h at 400℃, ramp 50 ℃/ h.
*** Intermediate temperature plateau: 100 h at 620℃, ramp 50 ℃/ h.

Figure 2.24: Nb3Sn U-shaped pressure sample prepared for vacuum impregnation.

The Nb3Sn Rutherford cable samples with different impregnation methods are listed in Ta-
ble 2.10. Two preparation methods for Nb3Sn Rutherford cables for transverse stress measure-
ments are used, as shown in Figure 2.25. The PIT-114 cables have a keystone angle of 0.71°
and are wrapped with a glass-fiber tape with 50% overlap, as shown in Figure 2.25a. The
SMC Rutherford cables are prepared as shown in Figure 2.25b, which is representative for coil
impregnation. Cables were first inserted into a glass-fiber sleeve where after a stack of two
cables were wrapped again with a glass-fiber tape with 50% overlap. A dummy cable is used
to transfer pressure to the measured sample placed on the top.

For the CIBA GEIGY Araldite, resin and hardener were heated to 40℃ and 45℃, respec-
tively. Before mixing, the hardener was degassed at 33 mbar for 30 minutes. Then the mixture
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Table 2.10: Nb3Sn cables with impregnation methods applied.
Test Cable samples Epoxy Additives

Transverse load

DS-PIT-I CIBA GEIGY MY740 /
HY906 / DY062 S-2 glass fiber tapesDS-PIT-II

SMC-RRP CTD-101K S-2 glass fiber sleeveSMC-PIT

Figure 2.25: Sketch of Nb3Sn Rutherford cable cross-sections in the force loaded area. (a) PIT-114
Rutherford cable. (b) RRP-132/169 and PIT-192 Rutherford cables. (c) Section views of sample holder
and side plate.

was heated to 55℃ and degassed at 33 mbar for 20 minutes. As to the CTD-101K epoxy, the
temperature is always kept at 60℃. Before mixing, Part-B is degassed at 0.4 mbar for 30 min-
utes and the mixture of Part-A, -B and -C is degassed at 0.4 mbar for 20 minutes. After the
preparation for impregnation, the sample holder is inserted with a speed of 1 mm / min into a
transparent chamber with epoxy resin, shown in Figure 2.26. Heaters and a PT100 temperature
sensor are fixed to the outer surface of the container to control the temperature of the epoxy
resin, which is at 55℃ for the CIBA GEIGY Araldite and 60℃ for CTD-101K. The vacuum
pressures are 30 and 0.4 mbar, respectively. After vacuum impregnation, the sample holder is
disassembled and put into an oven for the curing process.

Figure 2.26: Setup for vacuum impregnation of the U-shaped cable samples.
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In Figure 2.27 the vacuum impregnated samples are shown. In order to apply transversse
pressure, the relatively flat surface of Rutherford cables needs to be longer than 46 mm after
impregnation. In this case, the whole straight section of the cable is covered. The minimum
length of the flat surface after impregnation shown in Figure 2.27 satisfies this requirement.

Figure 2.27: Impregnated Nb3Sn Rutherford cables showing the area where the transverse pressure is
applied: (a) Cable DS-PIT-I; (b) Cable SMC-RRP.

2.5.2.2 Impregnation of the ReBCO Roebel cables

The layered architecture of ReBCO tapes is very susceptible to thermal stress. Takematsu et
al. [86] investigated the performance degradation of a ReBCO coil due to epoxy resin impreg-
nation. The observed critical current degradation was explained by the difference in thermal
contraction, from room temperature to 4.2 K, between the tapes of 0.25% and pure epoxy resin
1.33%. Kirby et al. [173] presented thermal contraction coefficients of ReBCO tapes and ca-
bles of -0.30% ± 0.05% from room temperature to 4.2 K. To match thermal contraction to
the ReBCO tapes, the epoxy resin was mixed with powder fillers by Otten et al. [174]. The
Araldite epoxy resin CY5538 / HY5571 filled to 50 wt% with fused silica powder was recom-
mended for the impregnation of Roebel cables, as shown in Table 2.11. The average particle
size of the powder is 4 µm. The epoxy resin has a low thermal contraction of 0.82% and a
viscosity of less than 4500 mPa.s at 80 ℃.

Table 2.11: Characteristics of Araldite CY5538 / HY5571 with 50 wt% with silica powder filler [174].
Araldite CY5538 / Araldur HY5571 / Silbond FW600 EST

Viscosity at 80 ℃ (mPa.s) < 4500
Mixing ratio in mass 1: 1: 2
Pot life 3 h at 80 ℃
Curing schedule 24 h at 100 ℃

Another way to influence the thermal contraction properties is adding glass fiber, as already
shown in the previous paragraph. Kirby et al. [173] demonstrated a thermal contraction of
0.2% for a mixture of CTD-101K resin and glass-fiber. This thermal contraction is closer to
ReBCO than the impregnation methods used by Otten et al. [174] and can also be easily ap-
plied for coil winding.

Since vacuum impregnation is essential for successful application of cables in magnets, three
impregnation methods were compared for the ReBCO Roebel cables see Table 2.12. Note that
a glass-fiber rope was inserted into the central gap of Roebel cables to prevent leakage of epoxy
resin during the curing process, as well as to decrease the epoxy resins thermal contraction.
The positioning of the ReBCO Roebel cables on the sample holder is comparable to Nb3Sn
Rutherford cables, which was described in Section 2.5.2.1. The U-shape sample holder for
Nb3Sn Rutherford cables has a 10mm bending radius. This value is too low for ReBCORoebel
cables. The minimum bending radius of ReBCO Roebel cables was measured by Otten et al.
[174,175]. Considering the asymmetry of ReBCO tapes and the corresponding asymmetry in
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Table 2.12: Vacuum impregnation schemes.
Test Cable samples Epoxy Additives

Transverse load FM-SP-I Araldite-CY5538 /
HY5571 Silica powderFM-SP-II

FM-SP-III CTD-101K S-2 glass fiber sleeve &
central ropeFM-BR

Inter-strand resistance
FM-SP-II-A

CTD-101K S-2 glass fiber sleeve &
central ropeFM-SP-II-B

FM-SP-II-C

AC loss
FM-SP-II-B CTD-101K S-2 glass fiber sleeve &

central rope

FM-SP-II-D CTD-101G Alumina powder & S-2
glass fiber sleeve

Roebel cables, the bending tests of the Roebel cables were performed with the superconducting
layer facing inwards and outwards. According to the bending test results, 20 mm is considered
a safe bending radius for ReBCO Roebel cables, not causing any Ic degradation. Therefore,
the corner radius of the sample holder for ReBCO Roebel cables was increased to 20 mm.

To reduce the joint resistance between the secondary coil of the superconducting transformer
and the Roebel cable sample, the ReBCO layer faces the sample holder. In addition, two
stainless-steel plates insulated with Kapton tape are used to fix the cable to both sides of the
U-shape sample holder, as shown in Figure 2.28. Tie wraps or glass-fiber tape are used to hold
the stainless-steel plates and the sample holder during cable impregnations.

Figure 2.28: Roebel cable sample before vacuum impregnation, top view and side view.

The impregnation setup and procedures for Roebel cables is comparable to those used for
Rutherford cables presented in Figure 2.26. In Figure 2.29 the vacuum impregnated samples
are shown. To be able to apply transverse pressure, the relatively flat surface of Roebel cables
needs to be longer than 26 mm after impregnation, and the sample in Figure 2.29 satisfy this
requirement.

Samples used for inter-strand resistance and AC loss measurements were prepared at CERN
using a different method. For this purpose a special mold for vacuum impregnation was built,
as shown in Figure 2.30. To measure the inter-strand resistances, all strands at one cable termi-
nal are connected to copper wires for voltage detection or current injection. A glass-fiber rope
was inserted into the central hole of the cable and the cable was inserted in a glass-fiber sleeve.
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Figure 2.29: Impregnated ReBCO Roebel cables showing the area where the transverse pressure will
be applied: (a) Cable FM-SP-II; (b) Cable FM-SP-III.

When clamped in the mold, about 5 MPa transverse pressure is applied to the cable surface to
make sure that the strands get in touch. As mentioned in Section 2.5.1, cables FM-SP-II-A, -B
and -C were prepared for inter-strand resistance measurements, while cables FM-SP-II-B and
-D are used for AC loss measurements. The procedure for impregnation of cable FM-SP-II-D
is similar as for FM-SP-II-B, but without using central glass-fiber rope and sense wires.

Figure 2.30: Roebel cable sample prepared for vacuum impregnation used for inter-strand resistance
and AC loss measurements.

2.5.2.3 Alignment impregnation for transverse pressure measurement

The force needs to be applied uniformly over the pressure area during transverse pressure mea-
surement for all cable samples. The alignment of pushing block and pressure surface is there-
fore crucial. The vacuum impregnation of the sample itself on the "Hair-pin" sample holder
with the Teflon block as "placeholder" cannot ensure that the surface is perfectly aligned with
the actual pushing block.

The misalignment of pushing block will result in a non-uniform stress distribution along the
impregnated cables. A further analysis of this effect is presented in Chapter 3. To improve the
alignment of pushing anvil and cable surface, an additional impregnation is applied, and shown
in Figure 2.31. Two layers of glass-fiber tapes brushed with degassed Stycast®2850FT / 23LV
are added to the impregnated cable. A layer of Kapton tape is glued on the bottom surface of
the anvil, as well as the inside faces of the two clamping plates. The anvil is positioned by us-
ing two spark eroded plates, which are fixed to the sample holder by two pins. After the epoxy
resin has cured, the side plates and stainless-steel strips are removed. The method ensures that
the anvil is now "perfectly" aligned to the pressed section of the sample holder. The transverse
pressure can now be applied uniformly on the impregnated cable sections.
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Figure 2.31: Schematic of the alignment impregnation, to guarantee uniform force distribution of pres-
sure block on the sample surface.

2.5.3 Splice low-resistance process
Once impregnated, the sample is connected to the superconducting transformer used to intro-
duce the sample current. The joints need to be as low-resistive as possible, since they determine
how long a steady test current in the sample can be maintained [129]. The low-resistivity sol-
der of Tin-Silver 96Sn4Ag, with a melting temperature 221 ℃, is used for the Nb3Sn samples.
Low temperature solder In97Ag03, which melts at 143 ℃, is used for the ReBCO since exces-
sive heat may cause current degradation in the strands [176]. Copper plates are used ensuring
a flat soldering surface of ReBCO cables, providing a homogeneous heat transfer and cable flat
soldering surface. The soldered joint is over one transposition length for the Nb3Sn Rutherford
and Roebel FM-SP-I cables, and half transposition length for the Roebel FM-SP-II, -III and
FM-BR cables, as shown in Figure 2.32. Glass-fiber tape straps soaked with Stycast and cured
are used to fix the splice.

Figure 2.32: “Hair-pin” sample holder with joints of Nb3Sn Rutherford cable and ReBCO Roebel
cable to the terminals of the transformer secondary coil.

Another factor to consider in the lay-out of the joints is the current distribution in the cable,
which has to be as homogeneous as possible. This requires identical contact resistances to indi-
vidual strands. For the 10-strand cable FM-SP-I with a transposition length of 126 mm, this is
achieved by making the soldered joint length equal to the transposition length, see Figure 2.33.
However, this is not possible for the 15-strand cables FM-SP-II, -III and FM-BR, whose trans-
position length of 226 mm exceeds the length of the secondary transformer terminals. This
implies that not every cable strand faces directly the current lead terminal. The solution is to
solder only half a transposition length of the cables to the current terminals, while keeping
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the cable section length in-between the joints equal to an integer multiple of the transposition
length. This way, half the strands face the terminal in one joint, while the other half in the
second terminal. As a consequence, all 15 strands will have about the same effective contact
resistance. Note that an extra copper plate is used to reduce the overall contact resistance and
to ensure a homogeneous heat distribution during soldering.

Figure 2.33: Schematic lay-out of the soldered joints to the secondary of the superconducting trans-
former for Roebel cables.

The joint resistances are calculated from the current decay data of the secondary closed loop.
The resistance values are listed in Table 2.13. All values are smaller than 10 nW, and retain a
relatively low level.

Table 2.13: Total joint resistance comprising two splices between the cable and secondary coil.
Cable Total circuit resistance (nW)

Nb3Sn Rutherford

DS-PIT-I 3.0 ± 0.2
DS-PIT-II 6 ± 1
SMC-RRP 3.5 (3) ± 1.0 (1)
SMC-PIT 3.0 (2.0) ± 0.5 (0.1)

ReBCO Roebel

FM-SP-I 6 ± 1
FM-SP-II 3.0 ± 0.5
FM-SP-III 3.0 ± 0.1
FM-BR 2.0 ± 0.1

2.6 Uncertainty estimates
When determining the critical current of the superconducting Nb3Sn and ReBCO cables under
transverse pressure in Chapters 4 and 5, we will typically compare their critical current value
at a given pressure with the value measured under ’zero’-stress conditions. To gauge whether

44



Chapter 2. Experimental aspects

observed variations are significant or not, e.g. to determine the onset of irreversible degrada-
tion, it is essential to estimate the uncertainty in the measured critical current value. In this
context it is required to differentiate between ‘random’ and ‘systematic’ measurement errors
[177].

Random errors may originate from limits on the instrumental resolution, from fluctuating envi-
ronmental factors or from slight variations in data processing. Systematic errors can occur due
to less-accurate instrument calibration, to uncertainties in exact voltage tap position, to inac-
curacies in models used for data processing etc. Such systematic errors will become especially
important when comparing data measured with different set-ups, e.g. cable Ic data obtained at
the University of Twente and at CERN; or when comparing experimental results with expec-
tations, e.g. predicting a cable Ic value from single-strand data. On the other hand, systematic
errors do not affect relative variations within the same experimental run on the same sample.
To gauge the significance of such variations, an estimate of random errors is more important.

Below, the uncertainties involved in the measurement of the two main quantities in Chapters 4
and 5, critical current and transverse pressure, are estimated.

2.6.1 Uncertainty in the critical current
As discussed in Section 2.2.2.4, the critical current is measured with a superconducting trans-
former set-up in the familiar 4-point configuration, gradually stepping-up the current and each
time measuring the corresponding cable voltage. An example of such an E-I curve is shown
in Figure 2.34. The measured voltage is converted into an electric field E by dividing it by the
voltage tap distance and the critical current is then determined as the current corresponding to
an electric field criterion Ec, which is 10-5 V/m for the Nb3Sn cables and 10-4 V/m for ReBCO.
This process involves several uncertainties, which are listed below.

Figure 2.34: Illustration of a typical E-I curve measured on one of the Nb3Sn DS cables with an applied
field of 10 T and a transverse pressure of 3 MPa. The blue symbols represent the raw data, the blue line
is the fitted ohmic ‘foot’. Subtracting this foot from the data, one obtains the red data points which can
then be fitted with the well-known power-law (red line). The open symbol represents the extrapolated Ic
value at an electric-field criterion of 10-5 V/m.

Instrumental calibration and offset (systematic error). The current is read out directly from
the control loop that maintains its value in the secondary of the transformer constant by slowly
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ramping up the primary current [178]. The control electronics sense the current via a Ro-
gowski coil coupled via a superconducting integrator to a Hall probe. At the beginning of each
measurement run, the read-out system is calibrated with a secondary loop that is inductively
coupled to the same Rogowski. The corresponding relative error is estimated at 1 to 1.5%.
Since the same calibration is used throughout a measurement run, this is a systematic error.

Resistive slope correction (random error). The blue data points below 20 kA in Figure 2.34
correspond to a resistive onset of the E-I curve. This resistive slope is typically present in
measurements on Nb3Sn cable samples and originates in inter-strand current re-distribution at
the corners of the U-shaped holder, where the relative orientation of the magnetic field changes
and at the edges of the pressure anvil, where the stress in the cable changes [136]. It needs to
be fitted and subtracted from the data in order to obtain the power-law type E-I curve represen-
tative for the superconducting transition itself, shown as the red data points in the Figure 2.34.
Since the transition from resistive to power-law is gradual, the choice of the fitting interval is
somewhat subjective. Trying out several intervals on several cables learns that the correspond-
ing uncertainty in the critical current value introduced by this choice is once more about 0.5
to 1%. Since this procedure is repeated for each E-I curve, this error is random.

Uncertainty in voltage tap position (systematic error). For Nb3Sn cables, the voltage taps
nominally span one half to one transposition length and are typically soldered to a single strand
on the side of the cable. The transposition length is 100mm for 40-strand DS cables and 63mm
for 18-strand SMC cables. The axial length of a strand along the cable side (Figure 2.18a) is
2.5 mm for DS cables and 3.5 mm for SMC cables, resulting in an uncertainty in the voltage
tap position estimated as 2 mm, i.e. 2 to 4%. This relative uncertainty translates directly into
an uncertainty in the electric field. However, since the exponent n of the power-law E-I curve is
typically 20 to 40, the corresponding uncertainty on the critical current is quite modest, about
0.1%. Since the voltage taps are soldered only once, this is a systematic error.

E-I power law fit / extrapolation (random error). The quality of the fit of the corrected E-I
curve to the power-law expression and of its extrapolation to the Ec criterion depends on the
number of measuring points and typically introduces a random uncertainty estimated at 0.3%.

Bath temperature (random error). The University of Twente uses a closed helium recov-
ery system, with all helium cryostats connected to a central storage balloon. Depending on
the number of users and on the stored gas volume, the pressure in the cryostats might vary as
much as 1 kPa during a day, leading to a boiling point variation of about 10 mK [179]. With
the Jc(T, B, ε) scaling relation discussed in Chapter 3 shown as Equation (3.1), this translates
for Nb3Sn at 4.2 K and 10 T to a modest relative uncertainty of about 0.1% on the critical
current value. Since these pressure fluctuations may occur within a given measurement run,
this error is considered random.

Magnetic peak field value (systematic error). The magnetic field values reported in Chap-
ters 4 and 5 are peak magnetic fields, i.e. the maximum magnetic field value occurring on the
superconductor within the cable. As discussed in these result chapters, the peak magnetic field
is estimated by superposition of the applied background magnetic field and the sample’s self-
field. The self-field is calculated with an electro-magnetic model that assumes a homogeneous
current distribution throughout the cable. However, on a local scale the magnetic field value
may vary significantly. Assuming that a strand typically carries a current of 500 to 700 A and
has a filamentary zone of diameter 600 µm, the self-field contribution of this strand will vary
± 0.3 to 0.5 T from one side of the zone to the other. Since this is the uncertainty in the peak
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magnetic field and once more using the scaling relation expressed as Equation (3.1) discussed
in Chapter 3, this translates to a significant critical current uncertainty of about 2 to 4% at a
temperature of 4.2 K and an overall field of 10 T. Since the self-field calculation is performed
just once for each sample, this error is systematic.

Adding up all the error contributions, we estimate a typical systematic uncertainty of 3 to 5%
and a typical random uncertainty of 1 to 1.5% in the Ic-values reported in Chapters 4 and 5.
The corresponding error estimates are summarized in Table 2.14.

Table 2.14: Estimated errors in the critical current measurement.

Source Type Relative error
(rand. / syst.) (%)

Instrumental calibration and offset systematic 1 to 1.5
Resistive slope correction random 0.5 to 1
Uncertainty voltage tap position systematic 0.1
E-I power law fit / extrapolation random 0.3
Uncertainty bath temperature random 0.1
Uncertainty peak field value systematic 2 to 4
Total systematic error 3 to 6
Total random error 1 to 1.5

Especially this latter estimate has a direct impact on the determination of the irreversible pres-
sure limit in the results chapters. At this point, the filaments start to crack and the critical cur-
rent degrades irreversibly. Similar as with the single-strand experiments shown in Figure 1.9,
this is detected by cycling the transverse pressure back to a reference critical current at low-
level stress, repeating the low-stress critical current measurement and comparing the outcome
with its earlier value. For a possibly observed reduction in critical current to be significant, it
has to be larger than the random uncertainty 1 to 1.5%. Hence in Chapters 4 and 5 the criterion
for determining the irreversible pressure limit is set as the pressure that causes an irreversible
critical current reduction of 2%.

2.6.2 Uncertainty in the transverse pressure

To determine the uncertainty in the transverse pressure a different approach is taken. Rather
than estimating different contributions a-priori, e.g. the friction acting on the force transmitting
piston in Figure 2.11b, two independent methods are compared to measure the pressure and
use the difference between them as an error estimate.

The pressure exerted on the cable can be derived by simply dividing the force with which
the two NbTi flat coils described in Section 2.2.2.4 repel each other by the surface area of
the pressure anvil. The force is calculated from the current with which the NbTi coils are
excited, from their dimensions and from the distance separating them. Measuring this distance
accurately with an extensometer and factoring in a correction due to the interaction between the
electro-magnetic press and the main magnet [180], the force can be obtained with an accuracy
of 2% [132]. The second method to measure the pressure is to monitor the deformation of the
steel pressure anvil with the two strain gauges that are glued to its sides and to combine this
information with its known Young’s modulus to determine the stress state of the anvil, which
is assumed to be uniaxial. The estimated accuracy of this method is similar to that of the force
calculation, which is 3% [132].
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If all the force exerted by the press coils is transmitted friction-less to the anvil and balanced
there by the reaction force generated by the cable sample, plotting the outcome of these two
pressure measurements against each other should in principle yield a curve with unit slope.
Such a curve is indeed all but observed in Figure 2.35 for the SMC-RRP-II cable. In most cases
some deviation will occur between the force-derived pressure value and the one determined
from the strain gauge readings, e.g. for the DS-PIT-I cable in Figure 2.35. We will use the
average intercept of these curves (one for each gauge) with the x-axis as an estimate for the
uncertainty in the applied pressure. From Figure 2.35, this estimate is 3 MPa for cable sample
SMC-RRP-II and 10 MPa for cable sample DS-PIT-I. In view of the observed linearity of the
curves, we take this error to be systematic within a given measurement run.

Figure 2.35: Transverse stress calculated from the strain gauges, plotted against the transverse stress
calculated from the current in the press and displacement of the upper press coil detected by the exten-
someter. The two different colors correspond to the two different strain gauges, one on either side of the
pressure anvil.

This analysis was carried out for all the experiments presented in Chapters 4 and 5, with the
resulting uncertainty estimates reported in Table 2.15.

Table 2.15: Estimated errors in the transverse pressure.
Cable sample Pressure uncertainty (MPa) Cable sample Pressure uncertainty (MPa)
DS-PIT-I * ± 10 FM-SP-A -
DS-PIT-II * ± 30 FM-SP-B ± 5
SMC-RRP-I * ± 32 FM-SP-C ± 15
SMC-PIT-I * ± 23 FM-SP-II ± 3
SMC-RRP-II ± 3 FM-SP-III ± 5
SMC-PIT-II ± 3 FM-BR ± 3
* The cable samples were not prepared with an alignment impregnation, as described in Section 2.5.2.3. For
sample SMC-PIT-II, one of the strain gauge readings deviated about 100 MPa from the other one and from the
force-derived pressure. This improbable value was likely due to a fault in the gauge wiring and was discarded.
The gauge readings for sample FM-SP-I-A were not recorded.
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2.7 Summary
Various facilities have been designed worldwide to investigate the critical current degrada-
tion of superconducting wires, tapes and cables when exposed to transverse pressure. The test
station at the University of Twente is unique worldwide, as the effect of applying transverse
pressure on a sample surface of 20 mm × 40 mm with a force of 250 kN at 4.2 K and magnetic
field up to 11 T can be investigated while varying the pressure in-situ. The UT test station
is equipped with a superconducting transformer to supply the current to cable samples with
maximum current capacity of 100 kA, which is much higher than in other test stations. A
maximum pressure of 370 MPa for 15 mm-wide and 550 MPa for 10 mm-wide Rutherford
cables are applicable, while this is approximately 690 MPa for 12 mm-wide Roebel cables.

The inter-strand contact resistance measurements for impregnated ReBCO Roebel cables were
carried out using a direct transport-current method at 77 and 4.2 K in self-field environment.
The magnetic method based on the pick-up coil technique and the calorimetric method based
on boil-off technique are used in this research to examine the AC loss of impregnated Roebel
cables at 4.2 K in a dipole magnet generating an AC field up to ±1.5 T and frequency up to
1 Hz.

Six Nb3Sn Rutherford cables, including two so-called DS cables and four SMC cables, were
investigated for their transverse pressure effect. Six ReBCO Roebel cables made from Super-
Power and Bruker tapes were investigated as well. The DS and SMC cables are impregnated
with CIBA GEIGY Araldite and CTD-101K, respectively. For Roebel cables FM-SP-I and -II,
the Araldite CY5538 / HY5571 epoxy resin is used. Cables FM-SP-III and FM-BR are impreg-
nated with CTD-101K. All the epoxy resins are mixed with proper fillers, e.g. glass-fiber or
silicon powder, to better match the thermal contraction of insulator and tapes. To improve the
alignment between pushing block and surface of the impregnated cables, an additional align-
ment impregnation is applied at room temperature. A low joint resistance, smaller than 10 nW
is required for maintaining sufficiently long the test current in the sample. For this purpose,
the low-resistivity solder 96Sn4Ag is used for Nb3Sn Rutherford cables. For ReBCO Roebel
cables, a low-temperature solder like In97Ag03 is used to avoid damage caused by the exces-
sive heat.

The threeReBCORoebel cables FM-SP-II-A, -B and -C impregnated with CTD-101K are used
for the inter-strand resistance measurements. Afterwards, two cables FM-SP-II-B and -D are
used for AC loss investigation in different magnetic field orientations. Cable FM-SP-II-D has
the same architecture as cable -B, but is impregnated with a different epoxy resin CTD-101G,
filled with alumina powder.

The random uncertainty in the cable’s critical current values was estimated at 1 to 1.5%. Based
on this estimate, an irreversible current degradation of 2% was selected as criterion for the de-
termination of the irreversible pressure limit. The systematic uncertainty in Ic was estimated
at 3 to 6%. This error value is relevant when comparing measurement results between labs and
between cable- and strand data. The systematic uncertainty in the transverse pressure applied
to the Nb3Sn cables is 10 to 30 MPa before the introduction of the alignment impregnation.
With this second impregnation, the uncertainty significantly reduced to about 3 MPa. For the
ReBCO cable samples, the error in the pressure readings is estimated at 5 to 15 MPa.
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Chapter 3
Modelling

In this chapter, three types of models are presented that support the later discussion of the
results described in Chapters 4 to 6. First, in Section 3.2, three simplified finite-element models
of Nb3Sn Rutherford-type cables are described to demonstrate how their mechanical response
is influenced by resin impregnation and by the details of their confinement. Next, in Section 3.3,
an electrical networkmodel is drawn up to estimate the various contributions to the inter-strand
resistance in a ReBCO Roebel-type of cable. Finally, in Section 3.4, several analytical AC loss
models are represented from literature, allowing to estimate and compare the different loss
contributions that may occur in Roebel-type of cables.
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3.1 Introduction

The mechanical models that are first discussed in this chapter, are aimed at understanding the
influence of epoxy resin impregnation, of glass-fiber reinforcement and of the detailed ca-
ble confinement on the transverse pressure tolerance of the critical current density in Nb3Sn
Rutherford cables presented in Chapter 4. It is well-understood how the critical current density
in Nb3Sn strands is determined, besides by temperature and magnetic field, by the deviatoric
strain that is experienced by the strand’s filaments [120, 181]. In accelerator magnets, such
strain will typically be due to a combination of stresses imposed during cable- and magnet
assembly, of differential thermal contraction during cool-down and of Lorentz force when the
magnet is excited. Modelling the resulting strain state of the micron-sized filaments taking
into account all the components of a meter-sized magnet as well as their thermo-mechanical
history is a daunting task [182–186], which falls beyond the scope of this thesis.

Instead, we limit ourselves in Section 3.2 to strongly simplified 2D plane-strain models of the
cable, which we solve numerically using COMSOL Multiphysics. These solutions give semi-
quantitative insight in the effect of impregnation and reinforcement on the average deviatoric
strain that is experienced by transversely compressed strands, as well as in the importance of
possible misalignment of the cable and the resulting stress concentration that may occur in the
transverse pressure experiment presented in Section 2.2 of the previous chapter, but also in the
winding pack of actual magnets.

The second type of model is an electrical one, aimed at understanding which factors dominate
the strand-to-strand contact resistance in the ReBCO Roebel cables presented in Chapter 6.
Earlier literature on the electrical tape-to-tape resistance in coated conductors mainly focused
on soldered or welded lap joints that are needed for current leads or to extend the length of
magnet windings [187–195]. However, recent interest in no-insulation pancake- or racetrack-
type coils for stationary applications [196–200] as well as the steady development of various
ReBCO cable types [100, 102, 201–204] has raised the question of how the direct contact re-
sistance between two tapes, i.e. the electrical resistance without intermediate soldering or
welding layer, is influenced by the internal layout of the coated conductor and by external fac-
tors such as temperature, transverse pressure or surface condition. This question, which has
a direct impact on issues such as current sharing, thermal stability and AC loss, is addressed
experimentally in Chapter 6.

To answer this question a-priori, in Section 3.3 a straightforward resistor network model is
proposed, in which the current path from the superconducting layer in one tape to the follow-
ing layer in the neighboring tape is split up into several components. The magnitude of each
of these components is then estimated based on the layout and on the material properties of a
typical ReBCO coated conductor.

The third type of models presented in this chapter are analytical predictions of the AC loss
in ReBCO Roebel cables exposed to an external magnetic field. Such loss is well under-
stood and documented for cabled structures assembled from round multi-filamentary strands
[136, 205, 206]. They can be subdivided into three parts: hysteresis loss due to the motion of
magnetic flux inside the filaments; ohmic eddy-current loss due to the currents that are induced
in metallic parts of the strands and the cable; and coupling loss due to currents that cross over
between the filaments within the strands or between the strands within the cable.

For cables based on coated conductors, this classification still holds but the situation is com-
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plicated by the intrinsic anisotropy of the ReBCO material and by the high aspect ratio of the
strands [133]. For these reasons, authors often resort to numerical models to predict the loss
in ReBCO cables [141, 207–213]. In this thesis however, we limit ourselves to analytical esti-
mates, which are presented in Section 3.4 and compared to the measured data in Chapter 6.

3.2 Mechanical Nb3Sn cable modelling

3.2.1 Introduction
The inherent assumption behind the mechanical modelling of superconducting cables in order
to predict their critical current is the existence of a unique relation between the critical current
density Jc and mechanical strain ε. In Nb3Sn, the establishment of such a relation started with
the observation by Ekin et al. [214] that the strain susceptibility of Nb3Sn wires increases as
one approaches the upper critical field Bc2. This lead him to suggest that Bc2(T, ε) itself was
strain-susceptible and to formulate a Fietz-Webb type [215] of scaling approach to describe
the strain susceptibility of Jc(T, B, ε) throughout the temperature-magnetic field domain [155].
Ten Haken et al. [121] picked up on this idea and showed that the key factor in this description
is the deviatoric strain component εdev . Meanwhile, this type of scaling description has been
refined by further experimental observations [216, 217] and the role of deviatoric strain has
been understood a-priori in terms of the disruption that it causes in the crystal structure and
hence in the electronic density of states [181, 218–220].

A widely-used form of the strain scaling relation is [216]:

Jc (T,B,ε) =
C1
B
s(εdev)(1− t1.52)(1− t2)bp (1−b)q , (3.1)

where the strain function s(εdev) describes the strain-dependence not just of Jc, but also of the
critical field Bc2(T, ε) and of the critical temperature Tc(B, ε). It can be expressed as:

s(εdev) =
Jc (T,B,εdev)

Jc (T,B,0)
=
Bc2 (0,εdev)
Bc2 (0,0)

= [
Tc (0,εdev)
Tc (0,0)

]

3

, (3.2)

where s(εdev) depends on what is often loosely referred to as the ‘deviatoric strain’, more
precisely on the square root of the second strain invariant [221]:

εdev =
2
3

√

(εx− εy)2+(εy − εz)2+(εz − εx)2, (3.3)

while t and b are the reduced temperature and magnetic field, respectively:

t =
T

Tc(0,εdev)
; b =

B

Bc2(T,εdev)
. (3.4)

C1, p and q are strand-specific fitting parameters. Several forms of varying sophistication and
complexity have been proposed for the strain function s(εdev) [216]. For the purpose of our
Jc estimates in Section 3.2.4, we use the straightforward form that was originally suggested in
[120]:

s(εdev) = 1− Cdev
Bc2 (0,0)

√
ε2dev + ε

2
0,d, (3.5)
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where Cdev is a fitting constant and ε0,d is the residual strain.

Having established the current-strain relation, we can turn our attention to the influence of im-
pregnation on the deviatoric strain. To investigate the effect of epoxy resin on the strain state
of a single Nb3Sn wire, Ten Haken et al. [120] modeled a homogeneous cylinder surrounded
by epoxy resin and pressed between two rigid plates, as shown in Figure 3.1. He found that
impregnation reduces the deviatoric strain throughout the cylinder considerably, especially on
its mid-plane, and becomes nearly uniform already for epoxies with a moderate Young’s mod-
ulus (>10 GPa).

Figure 3.1: Straightforward model of a single strand embedded in epoxy resin and pressed, laterally
unconstrained, between two plates with a pressure of 100 MPa. The dashed lines in the right graph
represent the limit where the Young’s modulus of the epoxy resin equals the one of the strand (from
[120]).

More recently, at CERN [222] and at the University of Geneva [109] more detailed 2D FE
modelling of a similar transverse loading situation essentially has led to the same qualitative
conclusion, with taking into account the internal strand architecture. However, these detailed
simulations also yield the strain distribution among the filaments and can be combined with
the current-strain relation presented in Figure 3.1 to predict the reversible critical current re-
duction of the transversely stressed impregnated strands quantitively. When comparing such
predictions with experimental data on various PIT-type strands, both papers report satisfactory
agreement with experiments, certainly for un-twisted filaments. Moreover, by comparing the
modelled VonMisses stress with the elastic-to-plastic yield limit of the copper matrix and with
the ultimate strength of the filaments, the University of Geneva group was also able to predict
the irreversible strain limit, including its correlation with strand diameter [109] and with stress
concentrations at filament voids [223]. Turning our attention to impregnated Rutherford-type
cables, Van Oort et al. [224] also used a straightforward 2D FE model with homogeneous
cylindrical strands to investigate the effect of the epoxy. He reported a decreasing stress sus-
ceptibility of reversible Jc with increasing epoxy stiffness and a higher irreversible stress limit
with increasing yield strength of the resin. Lately, this was confirmed at CERN on more real-
istic cable lay-outs by comparing FE modelling both with measured stress distribution profiles
[146] and with measured critical current data [184].

From this brief and far from comprehensive literature review, it is clear that FE modelling has
evolved into a powerful tool that is able to predict the critical current of mechanically loaded
Nb3Sn Rutherford-type cables quantitatively, especially when combining detailed knowledge
of cable- and strand layouts and accurate material properties with state-of-the-art computation
power. However, as the earlier work in [120,224] shows, even relatively straightforwardmodels
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yield a semi-quantitative insight into the role of the various geometrical and material-specific
parameters involved. Below, we follow such a semi-quantitative approach to evaluate the role
of the epoxy stiffness and Poisson ratio; of the glass reinforcement that is used both in the
experiments in this thesis and in actual magnets; and of the details of the cable’s geometrical
confinement.

All mechanical models in this chapter are constructed with COMSOL Multiphysics as 2D
plane-strain problems, i.e. assuming that the tensile strain εz , the shear strains εyz and εzx are
zero taking z as the axial cable direction [221]. This assumption is appropriate for the exper-
iments described in Chapters 4 and 5, where the cable samples are axially fixed on a holder
over a length that is much larger than their thickness and width. To simplify modelling fur-
ther, the mechanical properties of Nb3Sn are applied uniformly across the cross-section of the
strands, just like in [120,224]. The impact of this uniform-strand assumption is investigated in
the 18-strand cable model of Section 3.2.4, where the deviatoric strain variations due to mis-
alignment angle are modelled with and without internal strand structure. All models assume
a symmetrical cable architecture. The cross-section of the glass-fiber sleeve is assumed to be
rectangular with round corners following the diameter of the strands.

3.2.2 Influence of the epoxy properties on the deviatoric strain
The straightforward isotropic 2-strand model presented in Figure 3.2 is a simulation of the
‘hair-pin’ sample holder that is used in the transverse pressure experiments. The uniform
strands have a diameter of 1 mm and are fully surrounded by an epoxy resin with a Young’s
modulus ranging from 1 to 40 GPa and a Poisson’s ratio ranging from 0.1 to 0.4. A normal
pressure of 100 MPa is applied to the top of the impregnated sample over a section of 1.2 ×
46 mm2 with a stainless-steel anvil. The total thickness of the impregnated stack is 2.6 mm,
with a distance of 0.1 mm in-between the two strands. The assumed mechanical properties of
various materials at 4.2 K are presented in Table 3.1. The bottom edge of the epoxy is fixed,
the left and right sides of the stack and of the anvil are modelled as ‘sliding boundaries’, which
implies that no displacement in horizontal direction can occur at these boundaries.

Table 3.1: Mechanical properties of various materials used in the 2-strand model.
T = 4.2 K E (GPa) ν

Nb3Sn 75[225] 0.36[109]
Epoxy 1 to 40 0.1 to 0.4
Stainless steel 316L 207[225] 0.284[225]

Due to the symmetry in the model, only the average deviatoric strain <εdev> acting on strand-1
is calculated and presented in Figure 3.3 as a function of the Young’s modulus Eepoxy and the
Poisson’s ratio νepoxy of the epoxy resin. With increasing Young’s modulus and Poisson’s ra-
tio, <εdev> decreases. This can be understood intuitively. As the epoxy becomes stiffer (larger
Eepoxy) it carries a larger fraction of the force and the stress exerted on the strand becomes
smaller, causing a corresponding reduction of the strain in the strand. A larger Poisson’s ratio
of the epoxy resin on the other hand, increases its bulk modulus [221], as defined following
Equation (3.6), and thus renders the stress distribution more hydrostatic:

kepxoy =
Eepoxy

3(1−2νepoxy)
. (3.6)
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Figure 3.2: 2D mechanical model compris-
ing a stack of two Nb3Sn strands.

Figure 3.3: Variation of average deviatoric strain
acting on strand-1 with respect to the Young’s mod-
ulus and Poisson’s ratio of epoxy resin.

Correspondingly, the x- and y-strains inside the strand become more similar, which also results
in a reduction of <εdev> . It can thus be concluded that using an epoxy resin with either a large
Young’s modulus or a large Poisson’s ratio reduces the deviatoric strain component acting on
the strand and hence increases its critical current. In the transverse pressure experiments of
Chapters 4 and 5, the epoxy resin CTD-101K is used, with a reported Young’s modulus Eepoxy
of 6.44 GPa and a Poisson’s ratio νepoxy of 0.3 at 4.2 K [144]. These values are indicated by
the dot in Figure 3.3.

3.2.3 Influence of a glass reinforcement on the deviatoric strain
As discussed in Section 2.5.2, vacuum impregnation with epoxy is commonly applied in accel-
erator magnets to enhance the coils’ mechanical properties. For large-scale magnets, the epoxy
resin CTD-101K [171] is often used due to its long pot life and low viscosity at 40 ℃ (60 h and
400 mPa.s, respectively, as presented in Table 2.8). In addition, a glass-fiber sleeve is often
applied around the cables to ensure adequate electrical turn-to-turn isolation. As added ad-
vantages, compared to the pure epoxy resin the combination of CTD-101K and glass-fiber not
only has a thermal contraction coefficient that is much closer to the one of the Nb3Sn cables,
but also a larger Young’s modulus. The orthotropic mechanical properties of the glass-resin
composite are presented in Table 3.2.

Table 3.2: Mechanical properties of CTD-101K with S-2 glass-fiber sleeve [144].
T = 4.2 K Ex / Ey / Ez (GPa) νx / νy / νz Gx / Gy / Gz (GPa)

CTD-101K & glass-fiber sleeve 39.4 / 19.7 / 32.9 0.21 / 0.12 / 0.22 9 / 4.917 / 9

We can adapt our simple cable model of Figure 3.2 to include the glass and thus to estimate
the change in the average deviatoric strain in the strand due to the glass-fiber. The resulting 2D
mechanical model is presented in Figure 3.4. It has the same size and boundary constraints as
the 2-strand model of Figure 3.2, but this time the medium enclosing the strands has three dif-
ferent regions: the epoxy resin mixed with glass-fiber, the pure epoxy resin inside- and outside
the glass-fiber. The thickness of the glass-fiber is taken to be 50 µm, the minimum distance
between glass-fiber and strand is also 50 µm. As before, transverse pressure is applied to the
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top surface of the impregnated sample stack through the anvil.

The average deviatoric strain <εdev> acting on strand-1 with and without the glass-fiber is plot-
ted against applied pressure in Figure 3.5. The difference in deviatoric strain with and without
glass is proportional to the applied pressure, with the strands in the sample impregnated with
CTD-101Kmixed with glass-fiber experiencing a 5% lower average deviatoric strain compared
to the sample impregnated with pure CTD-101K.

Figure 3.4: 2-strand model including epoxy
resin & glass-fiber sleeve.

Figure 3.5: Average deviatoric strain acting on
strand-1 with and without using the glass-fiber (left
axis) and the difference between both (right axis)
plotted against the applied pressure.

3.2.4 Influence of the confinement geometry on the deviatoric strain
(effect of the alignment impregnation)

As discussed in Chapter 4, the Nb3Sn cable samples SMC-RRP-I and -PIT-I initially showed
an irreversible pressure limit 170 ± 25 and 125 ±10 MPa, respectively, which is considerably
lower than expected. A possible reason for this is a misalignment between the impregnated
cable and the pressure anvil. For cable samples SMC-RRP-II and -PIT-II, an additional ‘align-
ment impregnation’ step, described in Section 2.5.2.3, was introduced to improve the interface
parallelism. As a result, the measured transverse pressure tolerance of these two types of cable
improved significantly to an irreversible pressure limit larger than 190 ± 3 and 150 ± 3 MPa,
respectively.

To estimate how significant the effect of misalignment is on the deviatoric strain in the strands
of the measured Nb3Sn cables, as well as to understand better how the alignment impregnation
improves the transverse stress tolerance of the cables, a 2D mechanical model for impregnated
cables was developed, as shown in Figure 3.6. Just like in the previous models, a constant
force is applied to the stainless steel anvil while the left and right boundaries of both the anvil
and the impregnated cable sample are defined as sliding. Also like in the models above, the
strands are represented as uniform Nb3Sn cylinders. The input variable ds in the COMSOL
simulations is the vertical displacement of the anvil, while gs is the initial vertical gap that is
left on the "non-touching" edge of the cable when ds is zero, the anvil first comes into contact
with the sample at the other edge. θ is the misalignment angle between the anvil and the sample
surface.
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Figure 3.6: 2D mechanical model with misalignment interface.

The various geometrical parameters of the cable model of Figure 3.6 are summarized in Ta-
ble 3.3. The 1 mm diameter strands are surrounded by pure CTD-101K epoxy resin. The
minimum distance dc.i between strands and the glass sleeve is 50 µm. Within one strand layer,
neighboring strands are separated a distance da of 50 µm apart while the vertical distance dc
between the strands in the two layers is 100 µm. This structure is enveloped in a glass-fiber
sheet with a thickness tc.g of 50 µm. An additional 100 µm thick pure epoxy resin layer is
assumed outside the glass at the top and the bottom of the resulting sample stack. Nb3Sn,
epoxy resin and glass-fiber properties are taken the same as in the previous models, as listed
in Tables 3.1 and 3.2.

Table 3.3: Dimensional parameters of the 2D mechanical model of the cable architecture.
Parameter Description Unit Value
r Radius of the strand mm 0.5
tc.o Thickness of the outer CTD-101K mm 0.1
tc.g Thickness of CTD-101K & glass-fiber µm 50
dc.i Distance between strand and glass-fiber µm 50
da Distance between neighboring strands in the same layer µm 50
dc Distance between neighboring strands in different layers mm 0.1

In Figure 3.7 the calculated average deviatoric strain acting on the strands in the top layer of
the cable is shown for a perfectly aligned experiment (θ = 0°) and for an experiment with a
small misalignment angle (θ = 0.2°). In both cases, the force applied by the anvil is 20 kN,
corresponding to a nominal pressure of 40 MPa. Strikingly, in the misaligned case the devi-
atoric strain in strand 9, the strand situated directly below the ‘first contact’ area of the anvil,
is about 3 to 3.5 times higher than in the ‘perfect’ experiment. As we move from the right to
the left (from strand 9 to strand 3 in Figure 3.6), the deviatoric strain decreases approximately
linearly. For the left-most strands 1 and 2 the strain becomes less position-dependent. These
observations can be understood in terms of geometrical factors, as sketched in Figure 3.8. For
a non-zero misalignment and relatively low anvil displacement ds, only part of the anvil is in
contact with the sample, with an “overall” strain εy(x) that decreases linearly from right to left
over the width of the contact area wc. As long as ds < gs, wc will be smaller than the sample
width and a gap remains between the anvil and sample on the left-hand side.

In reality, the strain concentration shown in Figure 3.7 can be expected to be even larger on a
filament level. The figure shows the modelled deviatoric strain in homogeneous Nb3Sn cylin-
drical ‘strands’, not taking into account the internal strand composition. More detailed FE
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Figure 3.7: Comparison of the average deviatoric strain distributions.

Figure 3.8: Schematic geometry of the compressed sample in the case of a non-zero misalignment angle
θ.

modelling shows that further stress- and strain- concentrations occurs within the filamentary
zone of the strands [109,186,223]. Asmentioned in the Section 3.1, such detailed level of mod-
elling falls outside the scope of this thesis, but also here we can get a feeling for the magnitude
of this effect from a strongly simplified model. The strain calculation using the cable model
shown in Figure 3.6 was repeated, but this time replacing the homogeneous Nb3Sn cylinders
by strands modelled as in Figure 3.9.

In this simple refinement, the 1mmdiameter strand is modelled as an octagonal uniformNb3Sn
zone surrounded by a cylindrical copper matrix, and containing a central copper core. The Cu
to non-Cu ratio of 1.22 is taken from the SMC-RRP strand presented in Section 2.5 (Fig-
ure 2.19 and Table 2.2). The diameter of the copper core ri is 200 µm. The Young’s modulus
and Possion’s ratio of the copper are set to 137 GPa and 0.35 [109], respectively. Running the
calculations of the model in Figure 3.6 again and comparing the average deviatoric strain in the
filamentary zone of this refined strand model with the one in the homogeneous strand, reveals
a further increase of <εdev> with about 33%, as shown in Figure 3.10.

The model outcomes presented in Figures 3.7 and 3.10 can now be combined with the strain
scaling relation for the critical current density Jc(T, B, ε) introduced in Section 3.2.1, follow-
ing Equation (3.1), to obtain a rough estimate of the effect of sample-anvil misalignment on
the critical current measured in the press experiment, as described in Section 2.2.2.4. Once
more, we take an as simple as possible approach: the calculated average deviatoric strain in the
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Figure 3.9: Layout of the refined strand model. Figure 3.10: Average deviatoric strain in the
filamentary zone of the refined strand model,
plotted against the average deviatoric strain in
the uniform strand model.

filamentary zone of model strand 9 is inserted in Equation (3.1), using the typical scaling-law
parameters given in Table 3.4, and is assumed to dominate the overall pressure response of
the critical current of the whole cable. Note that this is a rather crude approximation, neglect-
ing possible effects of current redistribution among filaments or strands and assuming that the
magnetic peak-field location, see Section 4.2.1, coincides with the region of maximum stress
concentration. The result is shown as the solid lines in Figure 3.11. The blue line is calculated
for perfect alignment when θ is 0°, while the green curve is obtained with a misalignment an-
gle θ of 0.15°. Strikingly, even this small a misalignment causes a 13% lower Ic value at a
transverse pressure of 200 MPa compared to the perfectly aligned case.

Table 3.4: Scaling-law parameters (Equation (3.1)) used to calculate the effect of strain on Ic [120].
Parameter Description Unit Value
Bc2(4.2 K, 0) Upper critical magnetic field at 4.2 K and zero strain T 26.38
Tc2(0, 0) Critical temperature at zero field and strain K 16.8
B Applied magnetic field T 11.63
T Operation temperature K 4.2
C1 Scaling constant AT/mm2 46300
Cdev Strain constant - 1000
p Low field exponent of the pinning force - 0.5
q High field exponent of the pinning force - 2
e0d Residual strain component % 0.09

The symbols in Figure 3.11 represent measurements on SMC-RRP cables that will further be
discussed in Chapter 4. Here we suffice to say that the only difference between the two ca-
ble experiments is the alignment impregnation, as shown in Section 2.5.2.3, that was applied
to cable sample SMC-RRP-II but not to the identical cable SMC-RRP-I. The exact shape of
the calculated Ic(σ) curve when θ is 0.15° differs from the detailed trend in the SMC-RRP-I
data, which is not too surprising given the crudeness of the mechanical and electrical models.
But at higher pressures the Ic magnitude of the calculated reduction compared to the simula-
tion when θ is 0° and of the measured SMC-RRP-I data compared to the SMC-RRP-II data
is similar. This suggests that the alignment impregnation is indeed effective in avoiding strain
concentrations in the cable samples.
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Figure 3.11: Normalized critical current versus transverse stress. Influence of a small misalignment
angle on the pressure-dependence of the critical current. The lines represent model calculations, the
symbols experimental data obtained for cable samples SMC-RRP-I without the alignment impregnation
and -RRP-II with the alignment impregnation.

To investigate the effect of the alignment impregnation further, the calculations on the cable
model of Figure 3.6 are repeated once more, but this time filling the gap between the anvil
and the sample with a mixture of Stycast 2850FT and glass fiber, as shown in Figure 3.12. No
literature data was found on the mechanical properties of a Stycast and glass-fiber mixture at
4.2 K. Instead, we used data published in [146], reporting a Young’s modulus of pure Stycast
at 77 K in the range 22 to 29 GPa. To account for the lower temperature of 4.2 K and for the
glass layers, we assume a high-end value of 30 GPa. Since no published data was found for
the Poisson’s ratio, two extreme values are used: 0.1 and 0.4.

Figure 3.12: 2D mechanical model with alignment impregnation.

The results calculated for this model are presented in Figure 3.13, including, for comparison,
also the previously shown results of the model in Figure 3.6. Both models were simulated
assuming a misalignment angle θ of 0.2°. Clearly, also in the model the alignment impreg-
nation virtually eliminates the effect of the misalignment angle, reducing the variation of the
deviatoric strain between the strands to less than 1%, and yielding a <εdev> value that is near-
identical to the one found for θ is equal to 0°.
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Figure 3.13: Average deviatoric strain variation among strands with and without misalignment and
with and without alignment impregnation.

3.3 Electrical network model of the inter-strand resistance
in ReBCO Roebel cables

In Chapter 6, experimental values of the inter-strand resistance in ReBCO Roebel cables are
presented and discussed in terms of the properties of the copper-to-copper interface between
two neighboring strands. However, the current path involved in these measurements actually
runs from the superconducting ReBCO layer within one strand to the neighboring layer inside
the next strand. In order to separate out just the copper-to-copper interface resistance, we need
to be able to estimate the internal resistance contributions to this overall current path. To do
this, a network model of the strands is constructed and the various components of the current
path are considered one by one.

A schematic of the cross-sectional layout of two neighboring strands in a Roebel cable, as
shown in Figure 2.23 and the corresponding resistor network connecting them, are sketched in
Figure 3.14. The points “A” and “G” represent the ReBCO layers. The electrical resistance Ra
between them can be expressed as:

Ra =
1

1
RAB +RBC +RCD +RDE

+
1

RAE

+REF +RFG. (3.7)

The first term on the right-hand side of Equation (3.7) is the resistance between the ReBCO
layer in the upper tape and the bottom part “E” of its copper stabilizer. In principle, the current
can follow two paths. RAE represents the direct path through the Hastelloy substrate, while
RAB + ... + RDE is the resistance of the path from the ReBCO into the upper part of the copper
stabilizer RAB, along the stabilizer to the non-punched edge of the tape RBC, down this edge
RCD and finally along the bottom part of the stabilizer RDB. Since the electrical resistivity
of Hastelloy is at least three (at 77 K) to four (at 4.2 K) orders of magnitude higher than the
resistivity of silver and copper [226] at those temperatures, the direct path through the substrate
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(a)

(b)

Figure 3.14: Schematic of current path from one ReBCO strand to an adjacent one in cross-sectional
view. a) Cross-section view of two adjacent ReBCO strands, b) Mechanism of coupling current path
between two adjacent ReBCO strands.

can be neglected. Equation (3.7) can then be simplified to the simple serial form:

Ra =RAB +RBC +RCD +RDE +REF +RFG. (3.8)

The current path A→B→C is described by the well-known problem of current transfer from a
superconductor to a normalmetal [205,227,228]. In such a configuration, the current density in
the metal will increase exponentially from the center of the tape to its edge over a characteristic
length scale λ, the current transfer length. The corresponding contact resistance between the
ReBCO layer and its silver layer is calculated following [205]:

RReBCO/Ag =
R◻

A
=
R◻

wscl

wsc
λ
cotanh(

wsc
λ

) , (3.9)

where R◻ given in Wm2 is the surface resistance per unit area of contact and A is the effective
contact area. wsc and l are the transverse width and axial length of the superconducting layer,
respectively. Limiting cases for Equation (3.9) can be written as:

RReBCO/Ag =
R◻

wcl
, whenλ≫wsc,

RReBCO/Ag =
R◻

λl
, whenλ≪wsc. (3.10)

Typical R◻ values for an interface between ReBCO and Ag range from 1 to 100 × 10-14 Wm2

at 4.2 K and 0.7 to 4 × 10-11 Wm2 at 77 K [227, 229, 230]. With these literature values, the
current transfer length λ can be determined using the model originally proposed by Lucas et
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al. [231]:

λ =

√
R◻t

ρ
, (3.11)

where t is the silver layer thickness of 2 µm and ρ in Ωm its resistivity, which is 2 nΩm at 4.2 K
and 2.5 nΩm at 77 K. These values yield an estimated transfer length λ of 3 to 30 µm at 4.2 K
and 70 to 100 µm at 77 K. λ is thus 500 to 50 times smaller than the width of the supercon-
ducting layer wsc ≈ 5 mm, as listed in Table 6.2, so that the limiting case of Equation (3.10)
applies. Physically, this means that the current only leaves the ReBCO layer in a narrow region
at the edge of the tape, i.e. on the right-hand side in the sketch of Figure 3.14a with a width of
10 µm at 4.2 K and of 100 µm at 77 K. The corresponding resistance then becomes:

RAB +RBC ≈
R◻
wscl

wsc
λ
cotanh(

wsc
λ

)+
ρCuλ

ltCu
≈
R◻
λl
, (3.12)

where ρCu is the electrical resistivity of copper. Based on the data presented in Chapter 6, the
RRR value of the copper stabilizer in the Roebel cables investigated in this thesis is 10, which
corresponds to a resistivity of 1.5 nWm at 4.2 K and of 3.5 nWm at 77 K [232]. tCu is the 20 µm
thickness of the copper stabilizer.

The resistance of the downward current path through the stabilizer at the non-punched side of
the tape, RCD, is estimated straightforwardly as:

RCD ≈
ρCuts
ltCu

, (3.13)

where ts ≈ 100 µm is the tape thickness, as listed in Table 6.2.

Next, the current has to flow back from the side towards the center of the tape through the
bottom layer of the stabilizer of the top strand and then across the actual copper-to-copper in-
terface between the two strands. This case is a similar to the one encountered at the ReBCO/Ag
interface described above. Just how far the current flows towards the center before it crosses
over to the other tape, depends on the balance between the Cu stabilizer resistance and the
interface resistance. The general Equation (3.9) also here yields the combined resistance of
RDE and REF:

RDE +REF =
R◻,tt

wscl

wsc
λtt

cotanh(
wsc
λtt

) , (3.14)

where R◻,tt is the surface resistivity of the copper-to-copper interface and λtt is the correspond-
ing transfer length:

λtt =

√
R◻,tttCu

ρCu
. (3.15)

Note that the value of R◻,tt is a-priori unknown and indeed it is exactly this parameter that we
aim to derive from the data in Chapter 6. Also note that the use of the Equation (3.14) only
holds for this metal-to-metal case on condition that the resistance RFG is negligible, i.e. on
condition that the top layer of the Cu stabilizer in the bottom tape can be considered to be in
equipotential with its underlying ReBCO layer. The justification of this assumption is deferred
to Chapter 6, in the discussion of the interstrand-resistance data.

To estimate the resistance of this final contribution to the current path, RFG, it is assumed that
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the current flows straight down, which will be the case if the tape-to-tape transfer length λtt is
much larger than the tape width wsc. Also this assumption will be justified in Chapter 6. RFG
is then the straightforward series addition of the resistance of the stabilizer and of the contact
resistance between the stabilizer and the ReBCO layer:

RFG ≈
ρCu ∗ tCu+R◻

l∗wsc
. (3.16)

To summarize the resistor network model, the derived expressions for the various contributions
in the ReBCO layer-to-layer current path in terms of the tape’s geometrical factors and material
properties are presented in Table 3.5.

Table 3.5: Overview of the resistance components that contribute to the inter-strand resistance.

Component Description Formula Equation

RAB + RBC ReBCO layer to strand edge R◻
lλ

3.12

RCD Strand edge ρCuts
ltCu

3.13

RDE + REF Strand edge to next stabilizer
R◻,tt

λl
cotanh(wsc

λ
) 3.14

RFG Stabilizer to ReBCO layer ρCutCu+R◻
lwsc

3.16

RAE Hastelloy ∞ -

3.4 Analytical AC loss models for ReBCO Roebel cable
The AC loss of ReBCO Roebel cables is presented in Chapter 6. The basic mechanisms caus-
ing AC loss in superconductors are well understood. Under influence of time-varying magnetic
self- or applied magnetic fields, quantized magnetic flux lines move in or out of the filaments
but are hampered by flux pinning, leading to viscous loss and hysteresis. On a macroscopic
level, this magnetic behavior is accurately described by Bean’s Critical State Model [233].
A second mechanism involves induced currents that flow partly through the filaments, partly
through metallic parts of the strands or of the cable. The corresponding ohmic loss in the metal
is called coupling loss [234, 235]. The third contribution is caused by induced eddy current
loss in purely metallic parts of strands and cables.

Although the loss mechanisms themselves are well-described, the accurate prediction of AC
loss in a cabled structure can become complicated, typically due to the system’s geometry,
due to non-linear interactions between various currents and magnetic fields or due to intrinsic
anisotropy of the material involved. This is especially the case for HTS materials [133]. As
mentioned in Section 3.1 these complications, together with advances in numerical methods
and with the availability of ever-increasing computation power, have led to a clear trend to-
wards numerical modelling of AC loss. However, as with the detailed mechanical modelling
in Section 3.2, such a detailed numerical approach falls outside the scope of this thesis. In-
stead, analytical expressions that allow to incorporate the main features of ReBCO cables are
selected from literature and their predictions are compared to the measured data in Chapter 6.
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Hysteresis loss

Hysteresis loss in superconductors with various cross-sectional shapes exposed to high-symmetry
magnetic field directions is extensively presented in literature [205,233,236–240]. Here, three
analytical models for infinite long superconductors are considered: an ellipse model developed
by Ten Haken et al. [239] for conductors with an elliptical transverse cross-section; a rectan-
gle model for strips reported by Carr [240] and the original slab model from Bean [233]. The
ellipse model and rectangle models are, in principle, applicable to magnetization loss for fields
applied both perpendicular and parallel to the cable’s broad face. The slab model ignores de-
magnetizing effects at the edges of the strands and cables and is thus only suitable for parallel
applied magnetic fields.

When the applied magnetic field is perpendicular to the wide face of a superconductor that
has a large cross-sectional aspect ratio, these demagnetizing effects play an important role and
the loss depends on its cross-sectional shape. For an elliptical cross-section, Ten Haken et al.
[239] predict the loss as:

Qh(H0) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4µ0MpHp(β)[
2

1−m′

0
((1−b)1−m′0 −1)+b(1−b)−m

′

0 +b] ,

when 0 ≤ b < 1,

4µ0MpHp(β)(b−
2

1−m′

0
) , when b ≥ 1,

(3.17)

where β is the aspect ratio of the cross-section,w is its width and βw is its thickness. Mp in A/m
is the magnetization of the fully penetrated ellipse and µ0Hp(β) in tesla is the shape-dependent
penetration field; b is the normalized field amplitude and m0

′ is a geometrical factor:

Mp =
2

3π
Jcw, (3.18)
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b =
H0

Hp(β)
, (3.20)

m′

0 = −
1+β
β

Hp

Mp
, (3.21)

whereµ0 in J⋅A-2⋅m-1 is the vacuum permeability, µ0H0 is the applied magnetic field. Due to
magnetic coupling of the strands in a Roebel cable [241], the aspect ratio β depends on the
direction of the applied magnetic field in a non-trivial way. With the magnetic field perpen-
dicular to the broad face of the cable, the strands that lie stacked on top of each other are fully
coupled and the aspect ratio becomes:

β =
Ns+1

2 tRe

ws− tCu
≈
Ns+1

2
tRe
ws

, (3.22)
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where Ns the number of strands in the cable, ws their width and tRe or tCu the thickness of the
ReBCO layer and of the copper stabilizer, respectively. Thus in the 15-strand cables considered
in this thesis, seven or eight ReBCO layers contribute to the effective thickness. In the parallel
field orientation, the ReBCO layers of individual strands are magnetically decoupled and the
aspect ratio becomes:

β =
ws− tCu
tRe

≈
wsc

tRe
. (3.23)

AC magnetization loss in a superconducting strip with a rectangular cross-section of width w
and thickness t is treated by Carr [240]. We refer to this as the rectangle model. When the
magnetic field is applied normal to the broad face of the strip, the hysteresis loss is derived as:

Qh⊥(B0) =

⎧⎪⎪⎪⎪
⎨
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1
3µ0wJc

H3
0

H2
p⊥

, whenH0 <Hp⊥

µ0wJc (H0−
2
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(3.24)

The penetration field Hp⊥ is calculated as:

Hp⊥ = Jc
t

π
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w
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arctg

t

w
} . (3.25)

With the magnetic field parallel to the wide face of strip, Carr predicted for the hysteresis loss:

Qh∥(H0) =

⎧⎪⎪⎪
⎨
⎪⎪⎪⎩

4µ0H
3
0

3ιc
, whenH0 <Hp∥

ιcµ0 (H0−
1
3 ιc) , whenH0 >Hp∥ ,

(3.26)

where ιc = jc*2t is the critical sheet current. The penetration field is:

Hp∥ =
Jct

2
, (3.27)

where t in meter is the thickness of the ReBCO layer.

The third model that will be compared to the data in Chapter 6 is the original Bean model,
which gives an estimate for the hysteresis loss in a superconducting slab placed in a parallel
magnetic field [237]. In this thesis, we refer to it as the parallel slab Model. The parallel loss
Qh∥ in J⋅cycle-1⋅ m-3 is written as [205,238]:

Qh∥(H0) =
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(3.28)

where Hp once more given by Equation (3.27).

Eddy current loss

Since the low-temperatue electrical resistance of the Hastelloy substrate in the strands is several
orders of magnitude larger than of copper [226], eddy current loss in ReBCO Roebel cables is
mainly generated in the copper stabilizer layers of the strands. Lakshmi et al. [242] estimated
this loss as:

Qeddy (H0,f) =
π2Nsµ

2
0H

2
0f

6ACuρCu
∑
m

w3
m

tm
, (3.29)
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where f is the frequency, Ns is the number of strands, ACu is the cross-sectional area and ρCu
is the resistivity of the copper in the strands, wm is the width and tm is the thickness of the
individual copper layers in the strands.

Coupling loss

Coupling loss in a ReBCO Roebel cable can be calculated from the inter-strand resistance Ra
and from the area A of the elementary inductive pick-up loop formed by two coupled strands.
It is expressed as:

Qc =
2π2µ2

0H
2
0fnA

2

V Ra
, (3.30)

where V is the volume of the sample and n is the number of elementary loops present in the
tested length [243].

In Chapter 6, independent measurements of the inter-strand resistance are presented. The cou-
pling current loop area A depends on the magnetic field direction and can be derived from
the cable geometry, as shown in Figure 6.1. Some authors use the center-to-center spacing of
the strands in the cable to estimate the coupling loss in the normal magnetic field direction
[242]. However, as shown by several model calculations [141, 244], magnetization currents
mainly run along the edges of the zig-zag shaped ReBCO layers and are relatively high in the
cross-over section. The area of the coupling current loop between adjacent strands is therefore
simply put equal to:

A⊥ = lgwg, (3.31)

where lg and wg are length and width of the central gaps in-between the crossing strands, as
indicated in Figure 6.1 and given in Table 6.2. Within one transposition length, there are two of
such coupling current loops between two adjacent strands, so that the area value is multiplied
by two.

When the applied magnetic field is parallel to the broad face of the cable and perpendicular
to its axis, we assume the coupling current flows along the broad surfaces of the ReBCO layer
and transfers to neighboring strand along the whole transposition length. Consequently, the
corresponding area is estimated as:

A∥ = (Ltp−2lg)∗ds, (3.32)

where ds is illustrated in Table 6.2. The value of ds can be approximated as 2tc/Ns, where tc is
the thickness of the cable and Ns is the number of strands.

3.5 Conclusion
The simplified 2D FE modelling of impregnated and transversely loaded Nb3Sn Rutherford
cables presented in Section 3.2 shows that the average deviatoric strain acting on its strands
decreases with increasing Young’s modulus of the epoxy resin, as the resin increasingly car-
ries part of the transverse load. An increasing epoxy resin Poisson’s ratio, and therefore an
increasing bulk modulus, renders the stress on the strand more hydrostatic and thus also re-
duces the deviatoric strain component. Since the deviatoric strain of Nb3Sn filaments has a
direct impact on their critical current density, the use of a stiff and relatively incompressible
resin significantly improves the pressure tolerance of the cables. The mechanical effect of an
insulating glass sleeve around the cable is relatively small.
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The same type of mechanical model was also used to quantify the effect of a possible mis-
alignment between the cable surface and the pressure anvil used in the experiments that are
presented in Chapters 4 and 5. For a typical Nb3Sn cable layout, even a misalignment angle as
small as 0.2° can cause a strain concentration with a factor 3 in the strands at the side of the ca-
ble that comes into contact with the anvil first. It should be noted that similar imperfect stress-
and strain concentrations may well occur also in the winding pack of real magnets, which the
experiment is designed to mimic. The alignment impregnation described in Chapter 2 sig-
nificantly improves the strain homogeneity in the transverse press experiments, rendering it
essentially equal to the strain modelled for the perfectly aligned situation.

With the electrical network model of Section 3.3, the different contributions to the inter-strand
resistance between adjacent strands in impregnated ReBCORoebel cables were estimated. The
direct path through the Hastelloy substrate plays no role, instead the current transfers from the
ReBCO layer to the copper stabilizer in a narrow zone at the edge of the strand, flows down
the edge and then spreads out evenly through the bottom layer of the stabilizer before crossing
over to the next strand across the actual copper-to-copper interface between the stands.

In Section 3.4, three analytical models were presented that are used to predict hysteresis loss
in strongly asymmetric structures such as ReBCO Roebel cables. Also eddy current loss in
the stabilizer of the flat strands can be analytically estimated based on the geometry, while
inter-strand coupling loss may be estimated based on the measured inter-strand resistance and
on the cable architecture.
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Chapter 4
Transverse pressure affecting the critical

current of Nb3Sn Rutherford cables

In this chapter the transverse pressure influence on the critical current of Nb3Sn Rutherford ca-
bles is presented. The reversible critical current reduction or irreversible degradation effects
known in literature are described. The average non-copper current density of virgin witness
wires is compared to the critical current density of cable samples. No significant critical cur-
rent degradation due to cabling and impregnation is observed, except in cable DS-PIT-I with
a stainless-steel core, which showed a 20% critical current degradation. Measured data of
critical current versus transverse pressure and the effect of a thermal cycle, as well as of load
cycling for selected cable samples are presented. The various cross-sections of measured cable
samples are analyzed microscopically afterwards.
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4.1 Introduction

In the frame of the High-Luminosity LHC upgrade and the Future Circular Collider develop-
ment program, the magnetic field in the accelerator dipole magnets is enhanced to 11 T and
15-16 T level, respectively [89,143]. For this purpose, advanced Nb3Sn conductors, with non-
copper critical current density exceeding 2500 A/mm2 at 4.2 K and 12 T, are being developed
using the "Restacked-Rod-Process" (RRP) [245] and "Powder-In-Tube" (PIT) process [246]
technology from Bruker-OST and Bruker-EAS, respectively. Nb3Sn is a brittle material, and
it is a significant challenge to construct high-field dipole magnets with such strain-susceptible
superconductor. Two approaches for fabricating Nb3Sn magnet coils were developed: React-
and-Wind (R&W) [247] and Wind-and-React (W&R) [248]. The R&W technique is some-
times used for large coils with a large bending radius like the common coil type of dipole
magnets [249–252]. Even then, it is still difficult to avoid conductor damage introduced in
the coil winding process. The W&R technique is therefore widely used for Nb3Sn coils that
involve relatively tight conductor bending [253–259]. The investigation of Nb3Sn conductors
presented in this chapter is focused on the W&R technique.

For high-field accelerator magnets, the high-level of stress acting on the wide face of the
Rutherford cables of 125 to 200 MPa [66, 67, 89, 90, 260] generated by the high Lorentz force
initially causes a reversible reduction and at higher stress level eventually a permanent degra-
dation of Jc. This study sets out to examine the critical current and upper critical field perfor-
mance of state-of-the-art RRP and PIT Nb3Sn type Rutherford cables exposed to transverse
pressure.

The cause of the critical current degradation in Nb3Sn strands of Rutherford cable is briefly
presented. The relevant literature on the transverse pressure dependence of the critical cur-
rent of wires and Rutherford cable samples is reviewed. First a comparison of non-copper
Jc(Bpeak) results of witness strands and impregnated Rutherford cables is presented in Sec-
tion 4.2.1. Then, in Sections 4.2.2 and 4.2.3 the irreversible critical current reduction of cable
samples under transverse pressure, and the effect of one thermal-cycle on the critical current,
as well as the load-cycling effect on the critical current are presented. Finally, a microscopic
analysis of sample cross-sections is presented in order to check for the presence of visible voids
and strand damage.

4.1.1 Cause of Ic degradation due to Rutherford cable preparation and
transverse pressure

All present high-field accelerator magnets use Rutherford-type cables, in which the strands
are fully transposed and a large engineering critical current density can be achieved with high
cable compaction [261]. Although the unreacted Nb3Sn wire is robust enough to withstand
the plastic deformation due to tension, bending and compaction during the cabling process,
sub-elements in strands close to the edge of the cable are significantly deformed, as shown in
Figure 4.1, resulting in locally degraded superconductivity. Defining the compaction factor as
the thickness at a certain point of the cable divided by two times the strand diameter in virgin
state, in the crosssection of a key-stoned cable it increases from the thick edge towards the thin
edge:

Ct =
t

2∗d
, (4.1)
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where t is the thickness at a certain position in the cable, and d is the diameter of the strand. The
compaction factor of a whole Rutherford cable is proportional to the cross-sectional area of
the cable divided by the cross-sectional area of the strands in the virgin state. For a key-stoned
cable, it can be calculated following [262]:

Cc =
2w(t1+ t2)cosϕ

nπd2 ⋅
π

4
⋅100%, (4.2)

where w is the cable width, t1 is the thin-edge thickness, t2 is the thick-edge thickness and ϕ is
the cabling pitch angle defined as:

ϕ = arctan
2w
Ltp

, (4.3)

where Ltp is the transposition length. In order to avoid damage to the diffusion barriers in the
strands and to safeguard the engineering critical current density of the magnet coil windings,
the Nb3Sn Rutherford cables require to be compacted appropriately [263,264]. Moreover, ad-
ditional thermal strain is generated in the Nb3Sn strand during the heat treatment due to the
diverse thermal expansion coefficients of the various material components in the strand. Af-
terwards, compressive stress is applied to the coil and vacuum impregnation with epoxy resin
is implemented to prevent possible quench training caused by micro-movement or deflection
of cable strands or entire coil windings. Another function of the impregnation is to reduce the
stress concentrations caused by Lorentz force when energizing the dipole magnet. The Lorentz
force acting on the wide surface of coil conductors can, just like with the strands discussed in
Section 1.3, cause a reversible reduction of the critical current and upper critical field at stress
levels below the irreversible transverse stress limit, beyond which a permanent critical current
reduction occurs due to cracks in filaments.

Figure 4.1: Deformed Nb3Sn strands nominal diameter 0.7 mm at the edge of a Rutherford-type cable.

The cause of strain-induced critical current reduction in Nb3Sn conductors during dipole mag-
net fabrication can be summarized as follows: (1) mechanical stress applied to strands and ca-
bles during cabling, coil winding and magnet assembly process; (2) thermal strain generated
during conductor and coil heat-treatments and cool-down; (3) Lorentz force acting on the wide
surface of the impregnated coil turns. The pre-stress applied on the heat-treated coils has to be
kept to below the irreversible transverse stress limit, taking into account the possible thermal
stress generated during cool-down. For high-field Nb3Sn dipole magnets, ensuring that the su-
perconducting Nb3Sn in the coils is capable to sustain the high-level transverse stress caused
by the Lorentz force remains a significant challenge.
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4.1.2 Review of Ic degradation of Nb3Sn wire due to transverse pressure

The unreactedNb3Snwires are significantly compacted in the cabling process, which can cause
a decrease of the critical current in the reacted strands of the Rutherford cable. Therefore, it
is essential to control the wire deformation within a reasonable range, in order to balance the
reduction of the critical current against the gain in engineering critical current of Rutherford
cables. Barzi et al. [265] investigated the critical current performance of various RRP Nb3Sn
wire samples with respect to wire deformation at 4.2 K and 14 T. The wire deformation is
defined as the reduction of wire thickness divided by the initial diameter of the round wire.
The unreacted RRP wires were rolled with 10% and more wire deformation, then heat treated
on a grooved cylindrical barrel. No critical current reduction was observed at wire deformation
below 20% for various RRP Nb3Sn wire samples. However, at more than 30% deformation,
a decrease in the Residual Resistance Ratio (RRR) occurred. At 40% wire deformation, more
than 20 to 40% Ic reduction and 60%RRR decrease were observed. The RRR of the stabilizing
copper strand matrix is well known as an important factor affecting the quench performance of
superconductors and stability of magnets [266]. Brown et al. [267] observed that wire rolling
induces non-uniform shear bands that generate greater distortion of inner ring filaments, which
locally causes damage of the diffusion barrier and leads to local Sn leakage during the reaction
heat treatment, causing a degradation of RRR. It is concluded that in order to preserve RRR in
the investigated RRP and PIT conductors, the wire deformation needs to be kept below 10%.

Note that the critical current reduction of different strand designs can behave quite differently,
which was observed in early work by Turrioni et al. [268]. It was found that ciritical current
degradation due to cabling depends more on to strand design than on cable geometry. Another
comparison of the critical current and RRR performances between RRP and PIT Nb3Sn wires
with respect to wire deformation was reported by Bordini et al. [150, 269]. The unreacted
round wires were rolled to reduce their thickness permanently by 15% or more. The rolled
wires were then reacted on their sample holders and finally Ic was measured at 4.2 K. It is
concluded that RRP type Nb3Sn wire is very robust in terms of critical current performance
and no Ic degradation was observed when rolling the wire up to 20% deformation. However,
about 1 to 4% and 5 to 8% of Ic degradation occurred in PIT Nb3Sn wires when rolled to 15
and 20% deformation. All wires showed significant RRR degradation between 35 and 50% for
15 and 20% rolling-deformed RRP wires, and from 45 to 55% and 65 to 75% for 15 and 20%
rolled PIT wires, respectively.

For reacted bronze-processed [270,271] Nb3Sn round wires and flat tapes, a study from Ekin et
al. [157] showed that critical current and upper critical field of the Nb3Sn conductors are more
susceptible to transverse stress when compared to axial stress at 4.2 K in transverse magnetic
field of 8 and 11 T. Both conductors showed a critical current reduction of 20 to 30% and an
upper critical field reduction of 10 to 15% at a transverse stress up to 100 MPa, but less than
1% reduction of both properties was observed at the same level of axial stress.

In order to reduce the transverse stress susceptibility of Nb3Sn roundwire samples, Mondonico
et al. [158] studied the critical current performance of bronze-processed and PIT Nb3Sn wire
samples with respect to transverse pressure using the 2- and 4- wall Walters spring setups
presented in Section 2.2.1.2. A permanent critical current reduction occurred at a transverse
pressure of 20 MPa for "bare" bronze-processed sample and as low as 5 MPa for the "bare"
PIT sample when transverse pressure is applied with the anvil in the 2-wall Walters spring
at 4.2 K and 19 T. These transverse stress limits increase to 50 and 15 MPa, respectively,
when transverse pressure is applied with the anvil in the 4-wall Walters spring. Eventually,
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the transverse stress limit reached to 165 and 135 MPa for epoxy resin impregnated bronze-
processed and PIT wire samples, respectively, which were also measured in the 4-wall Walters
spring. From these observations, it is concluded that the transverse pressure susceptibility can
be reduced by providing a relatively uniform stress distribution around the entire wire cross-
section. Also, Calzolaio et al. [109] investigated the critical current performance of three PIT
Nb3Sn round wire samples at 4.2 K and 19 T, all wire samples were impregnated with epoxy
resin in the U-shaped groove of the 4-wall Walters spring. The impregnated PIT round wire
samples showed irreversible transverse stress limits of 110 ± 6% to 145 ± 4% MPa. A finite
element mechanical model analysis further indicated that the improvement in the transverse
stress limit is due to the different stress sensed by the superconducting filaments. Bordini et
al. [151] also reported the transverse stress limit of an impregnated PIT round wire sample of
110MPa is enhanced by 40MPawhen the unreacted wire sample is rolled to 15% deformation;
and even bymore than 50MPawhen the round wire is covered with a glass-fiber sleeve or using
the loaded epoxy resin Stycast instead of a pure epoxy resin.

4.1.3 Review of Ic degradation of Nb3Sn Rutherford cable due to
transverse pressure

Comparing the bronze-processed Nb3Sn single round strand data reported by Ekin et al. [157]
with the results on solder-filled rectangular Rutherford cables made from the same wires pre-
sented by Jakob et al. [272], the experimental results indicated that, at least up to 150 MPa,
the cable samples (30% Ic reduction) exhibited less degradation than round wire samples, i.e.
40% Ic reduction, when subjected to the same transverse stress at 4.2 K and 10 T. Moreover,
the critical current of a similar cable without solder-filler started to degrade significantly be-
yond 70 MPa and critical current reduction reached to 60% at 150 MPa. The reason for this
behavior may be that in the cable with a relatively soft solder matrix, the load is distributed
between different strands. This can result in a lower local pressure on strands in the solder-
filled cable compared to a cable subjected directly to the transverse force. Further research on
the same type of key-stoned Rutherford cables by Jakob et al. [273] indicated that with epoxy
resin impregnation, the critical current reduction of cables is reduced to 5% at 150 MPa.

As mentioned in Section 4.1.1, a significant transverse force is applied to strands in the cabling
process in order to increase the engineering critical current density and mechanical stability
of the Nb3Sn Rutherford cables, as reported by Andreev et al. [274]. For a key-stoned cable,
the transverse force varies along the cable width direction. This results not only in difference
in mechanical stability [275], but also in variations in transverse stress susceptibility between
the edge and the center of the cable. Pasztor et al. [276] presented that the thin-edge exhib-
ited 15% more critical current reduction than the center in a bare bronze-processed Nb3Sn
Rutherford cable at 160 MPa at 4.2 K, 11.5 T. After filling with solder, variation in reduction
decreased to 3% at the same level stress. The critical current reduction of the thin-edge in the
cable decreases from 35% to 16%.

To reduce the transverse stress susceptibility of Nb3Sn Rutherford cables, a complete and per-
fect epoxy resin impregnation is very important. Boschman et al. [160] compared the critical
current performance of a key-stoned cable with a rectangular cable. Both cables were manu-
factured using PIT strands. For key-stoned cables, only the outside was covered with Stycast
2850 FT; while the rectangular cable was fully impregnated. It was observed that about 30%
critical current reduction appeared in the cable sample with full impregnation at 160 MPa at
4.2 K and 11 T, while 80% reduction was found in a cable sample with partial impregnation.
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All the transverse stress susceptibility investigations mentioned above are based on the typical
method by which the ratio of the critical current measured at applied transverse pressure and
the critical current measured at ’zero’-stress is compared. Another method, which is a more
accurate representation of the physical process, refers to the reversible degradation as the dif-
ference between the irreversible reduction ∆Ic = Ic(0→σ→0)/Ic(0) and the normalized critical
current reduction Ic(σ)/Ic(0). A quantitative investigation byVanOort et al. [224] on transverse
stress susceptibility of Rutherford cables manufactured with different types of Nb3Sn wires,
i.e. Modified Jelly-roll (MJR) [277], Internal-Tin (IT) [278] and PIT, indicated that the re-
versible critical current reduction and irreversible critical current degradation due to transverse
stress varies in Rutherford cables with different strand-type and cable-layout, and is difficult to
predict. Other relevant researches to determine the reversible and irreversible critical current
reduction of different types of Nb3Sn cables were presented in [103,104,129,279–281].

4.2 Transverse pressure susceptibility of Nb3Sn Rutherford
cables

The exploration of critical current and upper critical field reduction of state-of-the-art high-Jc
Nb3Sn Rutherford cables is one of the key issues that require deeper understanding to support
the dipole magnet development programs underway. The comparison of the critical current
of wires and Rutherford cables also provides valuable experimental data for optimizing the
cabling parameters, like the rolling compaction factor and key-stone angle. Finally the charac-
terization of advanced Nb3Sn properties also generates further experimental data, that fosters
the material technology development.

The critical current performance of six state-of-the-art Nb3Sn Rutherford cables subjected to
transverse pressure are presented here. Two key-stoned cable samples comprising 40 strands
of PIT-114 are representative for the cable layout used in the Dispersion Suppression (DS)
demonstrator dipole magnet studies. The first cable sample DS-PIT-I contains a 25 µm-thick
stainless-steel core, in order to control the inter-strand resistance in the cable to reduce the
coupling current during a magnet current ramp, while the second cable sample DS-PIT-II has
no core. Four rectangular cable samples comprising 18 RRP-132/169 and PIT-192 strands are
typical examples of the cables used in the Short Model Coil (SMC) demonstrator dipole mag-
nets. The characteristics of the cables and corresponding Nb3Sn wires are listed in Tables 2.2
and 2.3, respectively. All cable samples are fully impregnated with epoxy resin to enhance their
mechanical properties. The epoxy resins Araldite of CIBA GEIGY and CTD-101K were used
in combination with glass-fibers. More detailed information was presented in Section 2.5.2.1.

All measurements were carried out in boiling liquid helium at 4.2 K, focusing on four aspects:
(1) critical current of witness wires and cables in various transverse magnetic field strengths,
as well as the RRR of their stabilizing copper matrix at 20 K; (2) transverse pressure suscep-
tibility of cable samples in a background magnetic field of 10 T; (3) comparison of the upper
critical field of cable samples with and without transverse stress; (4) effect of one thermal cy-
cle and load-cycling on the critical current performance of cable samples. As explained in
Section 2.6 the critical current is determined as the current corresponding to an electric-field
criterion Ec of 10-5 V/m. The 3 to 6% systematic error in the critical current is applied when
comparing data measured with different set-ups or experimental results of different samples.
The 1 to 1.5% random error in the critical current is applied when analyzing the experimental
results within one experimental run. The identification of the samples and measurements are
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listed in Table 4.1.

Table 4.1: Identification and type of critical current measurements on Nb3Sn witness wire and Ruther-
ford cable samples.

Sample * Number
of strands Impregnation material Alignment

impregnation Measurement Figure

Wire
DS-PIT - - -

Ic(B)
4.6

SMC-RRP - - - 4.7
SMC-PIT - - - 4.7
Cable
DS-PIT-I 40 Araldite CIBA GEIGY No Ic(σ) 4.10DS-PIT-II
SMC-RRP-I 18 CTD-101K No Ic(σ) 4.12SMC-PIT-I

SMC-RRP-II 18 CTD-101K Yes

Ic(B) 4.8
Ic(σ) 4.11
Bc2(σ) 4.13

thermal-cycle 4.15

SMC-PIT-II 18 CTD-101K Yes
Ic(B) 4.9
Ic(σ) 4.13
Bc2(σ) 4.14

∗ DS = Dispersion Suppression magnet, SMC = Short Model Coil magnet.

4.2.1 Critical current of witness wires and cables
By comparing the critical current of witness wires and cable samples, the effect of cabling and
vacuum impregnation on the current transport properties of cable samples can be investigated.
The virgin wire sample is wound on a titanium ITER-type barrel [26], as shown in Figure 4.2.
It was heat treated together with a U-shaped cable sample and two protected 300 mm-long
straight wire samples used for RRR measurement following the recipe listed in Table 2.9. Af-
ter heat-treatment, the witness wire is soldered to the copper terminals of the sample holder
and is mechanically fixed with Stycast 2850FT / 23LV. Excess epoxy is wiped off to maximize
heat transfer from the wire to the liquid helium bath. The wire samples were measured in a
15 T solenoid, with a magnetic field oriented practically transverse to the wire sample.

Figure 4.2: Standard Ti-6Al-4V helical sample holder [26]. Dimensions are in mm.
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In order to compare the critical current of wire and cable samples directly, it is customary to
report the critical current data not in terms of the background magnetic field Ba, but rather in
terms of the peak magnetic field Bpeak, the maximum value of the total magnetic field experi-
enced by the superconducting filaments. For a wire sample on the sample holder, the location
of the peak field is at the outer edge of the filamentary zone and the self-field correction is
made using the widely used formula [282]:

Bpeak,wire =Ba+Bsf,wire =Ba+(
µ0

2πR
−0.09)Iwire×10−3, (4.4)

where Bsf,wire in tesla is the self-field of the wire sample, µ0 in H/m is the magnetic permeabil-
ity of the vacuum, R in mm is the radius of the fliamentary zone, Iwire in ampere is the current
flowing in the sample. The formula is valid only when the Lorentz force tends to push the
sample onto the barrel. This equation comprises two terms: the first represents the self-field
of a straight wire and the second is a correction of the self-field taking in account the helical
shape of the sample. The value of R is 0.29 mm for PIT-114, 0.4 mm for RRP-132/169 and
0.42 for PIT-192 wire samples estimated by using the cross-section views of the virgin wires,
as shown in Figure 4.3.

(a) (b) (c)
Figure 4.3: Cross-section views of the virgin wire samples [150, 151]: (a) PIT-114, φ = 0.7 mm; (b)
RRP-132/169, φ = 1.0 mm; (c) PIT-192, φ = 1.0 mm.

In the case of cable, a 2D finite element COMSOL model was used to estimate the peak mag-
netic field in the filaments, as shown in Figures 4.4 and 4.5, yielding a self-field correction
of:

Bpeak,cable =Ba+η×Icable, (4.5)
where Icable is the current flowing in the cable sample and η is 0.061 mT/A for DS-PIT cable
samples and 0.078 mT/A for SMC-RRP and -PIT cable samples.
For further ease of a direct comparison between strand- and cable data, “non-copper” critical
current density values Jc,wire are reported. For a strand, this value is calculated following:

Non−copperJc,wire =
Ic,wire(1+ζ)

Awire
, (4.6)

where Ic,wire in ampere is the measured critical current of a wire sample, Astrand in mm2 is the
cross-sectional area of the wire and ζ is its Cu to non-Cu ratio, as listed in Table 2.2. In the
case of a cable, Jc,cable is calculated following:

Non−copperJc,cable =
Ic,cable(1+ζ)
N ∗Awire

, (4.7)
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Figure 4.4: Calculated y-component (i.e. perpendicular component) of the self-field of the cable sample
DS-PIT with injection current of 10 kA pointing out from the page.

Figure 4.5: Calculated y-component (i.e. perpendicular component) of the self-field of the SMC cable
sample with injection current of 10 kA pointing out from the page.

where Ic,cable in ampere is the cable’s measured critical current and N is the number of strands
in the cable, as listed in Table 2.3. For reference, the Jc(Bpeak) curves are also fitted to a widely
used variation on the Kramer expression [283] introduced in Section 3.2:

Non−copperJc(Bpeak,T ) =
C

Bpeak
×Bc2(T )

2
×hp(1−h)q, (4.8)

h =
Bpeak

Bc2(T )
, (4.9)

where C in A/(mm2⋅T) is a fitting constant, Bc2(T ) is the upper critical field at temperature T, p
and q are the low- and high-field exponents of the pinning force for a specific wire, respectively.
In the Kramer extrapolation used in this thesis, p and q are fixed at 0.5 and 2 [284], respectively.
The fit curves are added to the Jc(Bpeak) graphs below and the fit parameters are reported in
Table 4.2.

4.2.1.1 PIT-114 Nb3Sn wire and cables

The field-dependent critical current density of the PIT-114 wire used for the DS-PIT cables
is shown in Figure 4.6. The critical current density points of cable samples DS-PIT-I with a
stainless-steel core and -II without core are added in the graph for comparison. The critical
current of the cables were also measured when exposed to transverse pressure, reported in
Section 4.2.2, and no magnetic field dependence was characterized. Nevertheless, the Ic(σ)
measurements were carried out in a background magnetic field of 10 T and the relevant non-
copper Jc were determined at the low-level pressure of 3 MPa for cable sample DS-PIT-I and
2 MPa for cable sample DS-PIT-II. The critical current density is 2480 ± 75 A/mm2 at 11.1 ±
0.3 T and 2860 ± 85 A/mm2 at 11.2 ± 0.3 T for cable samples DS-PIT-I and -II, respectively.
Given the 3% systematic error in the critical current as described in Section 2.6.1, a significant
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non-copper Jc degradation of some 20% was observed in cable sample DS-PIT-I when com-
pared to the wire sample in the same magnetic field. No significant degradation was observed
in cable sample DS-PIT-II. It is concluded that the cabling of the PIT-114 wires caused about
20% critical current degradation in cable sample DS-PIT-I, but no reduction in cable sample
DS-PIT-II.

Figure 4.6: Non-copper critical current density of the DS-PIT witness wire (circles), plotted against the
peak magnetic field on the sample. The discrete symbols represent the experimental data, the solid line
is a fit of the data following the Kramer expression Equation (4.8). Also indicated is the upper critical
field Bc2 value that results from this fit. For comparison, non-copper Jc values of the DS-PIT cables
(squares, at one single magnetic field) are also included in the graph, measured at low-level stress in the
Ic(σ) campaign. The critical current density and peak magnetic field error bars are determined using
the systematic errors of 3% and 0.3 T, respectively, as described in Section 2.6.1.

The thick- and thin edge compaction are 4.2% and 17.2%, respectively, estimated following
Equation (4.1). The overall compaction of the DS-PIT cable samples is about 10% calculated
following Equation (4.2). Referring to the investigation by Fleiter et al. [285] on the critical
current degradation of PIT cable samples, cable sample DS-PIT-I has a 10% larger critical
current degradation at the same thin-edge compaction, which is not understood. The possi-
ble cause of this significant Ic degradation is the abnormally positioned stainless-steel core,
as shown later in Figure 4.16. The upper critical field is 25.8 ± 0.2 T estimated following
Equation (4.8).

4.2.1.2 RRP-132/169 and PIT-192 Nb3Sn wires and cables

In Figure 4.7 the non-copper Jc(B) behavior of two types of Nb3Sn wires used for the SMC
cables are compared. Two RRP-132/169 and two PIT-192 witness wires were heat treated in-
dependently and measured at the University of Twente. For comparison, the non-copper Jc of a
third RRP-132/169 virgin wire prepared, heat treated and measured at CERN [103] is included
in the graph.

The three RRP-132/169 wire samples behave in a very similar way, critical current density
differences between them fall within the 6% systematic error estimate and are thus negligible.
The critical current density at 12 T is 3200 ± 190, 3180 ± 190 and 3100 ± 190 A/mm2 for
’CERN’, ’UT wire1’ and ’UT wire2’ RRP-132/169 wire samples, respectively. This increases
confidence in both sample-to-sample and lab-to-lab reproducibility of the measurements, as
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well as in the level of quality control mastered by the wire producer. A similar conclusion can
be drawn for the PIT-192 witness wire samples: no significant difference in the critical current
density between two PIT wire samples is observed. The non-copper Jc values at 12 T are 2490
± 150 and 2460 ± 150 A/mm2 for ’UT wire1’ and ’UT wire2’ wire samples, respectively.

Figure 4.7: Non-copper critical current density of the SMC witness wires, plotted against the peak
magnetic field on the strands. The discrete symbols represent the experimental data, the solid lines are
fits of the data following the Kramer expression Equation (4.8). Also indicated are the upper critical field
Bc2 values that result from these fits. The topmost three curves correspond to RRP-132/169 wire samples.
For comparison, an independently measured data set of this type of wire recorded at CERN is included
in the plot. The two lower curves correspond to PIT-192 wire samples. The critical current density and
peak magnetic field error bars are determined using the systematic errors of 6% and 0.5 T, respectively,
as described in Section 2.6.1.

When comparing the SMC-RRP- and PIT wire samples, it is concluded that both Nb3Sn pro-
duction processes yield the same average Bc2 values, but the PIT wire samples have an average
non-copper Jc at 12 T that is about 15% lower than the one offered by the RRP wire samples
with taking into account the 6% systematic error.

In Figure 4.8 the non-copper Jc(B) values of cable sample SMC-RRP-II and RRP-132/169
wire sample ’UT wire1’ are compared. The two data sets of the cable sample SMC-RRP-II
correspond to different cool-down cycles.

Differences between wire- and cable samples performance are minor. The average Bc2 for the
cable sample SMC-RRP-II is 25.9 ± 1.1 T. When comparing to the average Bc2 of the three
wire samples of 26.3 ± 0.3 T, the deviation is still within the estimated uncertainty and no sig-
nificant difference is observed. A similar conclusion can be drawn regarding the comparison
of the non-copper Jc values between the wire- and cable samples. It is concluded that there
is no significant influence of the cabling process. Differences both in upper critical field and
non-copper Jc between the two cool-down runs for the cable are also negligible.

In Figure 4.9 the non-copper Jc(B) of cable SMC-PIT-II and of the PIT-192 virgin wire sam-
ple ’UT wire1’ is presented. The upper critical field of the cable is about 5% lower than the
average value found in the wire samples, but their critical current density values within the
measurement range are similar when taking into account the 6% systematic error. It is con-
cluded that the cabling process has no significant influence on the current-carrying capacity of
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the material.

Figure 4.8: Non-copper critical current density of the SMC-RRP witness wire (circles) and cable
(squares and diamonds), plotted against the peak magnetic field on the samples. The discrete symbols
represent the experimental data, the solid lines are fits of the data following the Kramer expression Equa-
tion (4.8). Also indicated are the upper critical field Bc2 values that result from these fits. The wire sample
data are repeated from Figure 4.7. The two sets of cable data are obtained on the same sample, but in
different cool-down runs. The critical current density and peak magnetic field error bars are determined
using the systematic errors of 6% and 0.5 T, respectively, as described in Section 2.6.1.

Figure 4.9: Non-copper critical current density of the SMC-PIT witness wires (circles) and cable
(squares), plotted against the peak magnetic field on the samples. The discrete symbols represent the
experimental data, the solid lines are fits of the data following the Kramer expression Equation (4.8).
Also indicated is the upper critical field Bc2 value that results from the fits. The strand data are repeated
from Figure 4.7. The critical current density and peak magnetic field error bars are determined using
the systematic errors of 6% and 0.5 T, respectively, as described in Section 2.6.1.

For ease of reference, all fitted Bc2 and Jc(4.2 K, 12 T) values discussed above are summarized
in Table 4.2.

The thermal and electrical conductivities of stabilizing copper of the high-Jc Nb3Sn strand
are important parameters to evaluate the stability of a superconducting magnet [266]. The
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Table 4.2: Kramer extrapolation of the upper critical field Bc2 and the non-copper critical current density
Jc(4.2 K, 12 T ) of the various cables and witness wires, obtained by fitting expression Equation (4.8) to
the measured data.

Bc2 (T) Jc (A/mm2) Figure

DS-PIT Wire
PIT-114 25.8 ± 0.2 2620 ± 80 4.6

SMC-RRP

Wire
RRP-132/169 (CERN) 26.6 ± 0.4 3200 ± 190 4.7 and 4.8
RRP-132/169 (UT wire1) 26.2 ± 0.3 3180 ± 190 4.7 and 4.8
RRP-132/169 (UT wire2) 26.2 ± 0.3 3100 ± 190 4.7 and 4.8
Cable
SMC-RRP-II (1st cool-down) 26.4 ± 1.1 3120 ± 190 4.8
SMC-RRP-II (3rd cool-down) 25.4 ± 1.1 3080 ± 185 4.8

SMC-PIT

Wire
PIT-192 (UT wire1) 26.1 ± 0.4 2490 ± 150 4.7 and 4.9
PIT-192 (UT wire2) 26.0 ± 0.4 2460 ± 150 4.7 and 4.9
Cable
SMC-PIT-II 24.3 ± 0.6 2520 ± 150 4.9

copper conductivity at liquid helium is quantified by its RRR value. A larger RRR means
a larger conductivity of the copper. An adequate stabilizer for accelerator magnet features a
RRR (273.15 K/4.2 K) in excess of 100 [286]. Therefore, the RRR of virgin wire and extracted
strand samples of RRP-132/169 and PIT-192 were measured as well and the results are pre-
sented in Table 4.3.

Table 4.3: RRR of the virgin wires and extracted strand samples of SMC cables.
SMC cable RRR(273.15K/20K)

RRP-132/169 PIT-192
Virgin wires Extracted strands Virgin wires Extracted strands
#1 #2 #3 #4 #1 #2 #3 #4

-I 138 125 148 147 178 160 122 168
-II 173 140 109 113 - - - -

Table 4.3 indicates that all measured SMC samples have an adequate copper stabilizer. The
measured RRR values for virgin wire samples of cable SMC-RRP-I and cable SMC-PIT-I are
reproducible within 10%, which is about 20% for cable SMC-RRP-II. No RRR reduction was
found in the extracted strands in comparison with the virgin wires of cable SMC-RRP-I, but up
to 40% RRR degradation was observed in the extracted strands of cable SMC-RRP-II. One of
the measured extracted strands of cable SMC-PIT-I shows a maximum 30% RRR reduction,
while the other one performs similar to the virgin strands. The significant differences do not
seem caused by measurement errors, and a possible explanation is that the extracted strand
samples were taken from the ends of cable sample, where the cable was bent. Any diffusion
barrier damage can cause a decrease of the RRR value. Regardless, the conclusion is that the
RRR values of virgin wire and extracted strand samples fulfill the magnet design requirement.
Since the Jc(B) of the SMC-RRP cables performs identical to the virgin wires, no critical cur-
rent degradation due to cabling was observed. The relatively low RRR values of the extracted
strands for cable samples SMC-RRP-II and -PIT-I are considered not representative.
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4.2.2 Irreversible Ic degradation
A typical measurement session run consists of measuring the critical current of the cable sam-
ple at a discrete number of gradually increasing transverse stress. After each measurement,
the stress on the cable is released and the critical current at ‘zero’-stress is determined. A light
pressure is always maintained on the cable sample to prevent various parts in the set-up from
losing contact and shifting. The value is compared to the initial critical current at ‘zero’-stress,
so that possible irreversible Ic reduction due to the earlier pressure excursion can be detected
and quantified.

4.2.2.1 PIT-114 Rutherford cables

Figure 4.10: Transverse pressure response of the DS-PIT cable samples in a peak magnetic field of 11.1
± 0.3 T on cable sample DS-PIT-I and 11.2 ± 0.3 T on cable sample DS-PIT-II. The ’zero’-stress initial
critical current is 17.1 ± 0.5 kA for cable sample DS-PIT-I and 19.8 ± 0.6 kA for cable sample DS-PIT-II.
The left y-axis corresponds to the normalized critical current Ic(σ)/Ic(0) as function of transverse stress
σ (solid symbols). The right y-axis reports the irreversible reduction ∆Ic of the critical current referring
its unstressed initial value (open symbols). The solid lines are polynomial fits to the data. The critical
current random error is ±1.5%; the transverse pressure uncertainties are ±10 and ±30 MPa for cable
samples DS-PIT-I and -II, respectively, as described in Section 2.6.

The initial critical current of cable sample DS-PIT-I with a stainless-steel core, at 4.2 K and a
peak magnetic field of 11.1 ± 0.3 T is 17.1 ± 0.5 kA. For DS-PIT-II at a peak magnetic field
of 11.2 ± 0.3 T it is 19.8 ± 0.6 kA. The critical current performance of the two cables with
respect to transverse pressure is shown in Figure 4.10. Both cables display a relatively steep
Ic(σ) dependence, falling to 90% of their unstressed value already at 100 ± 10 MPa fore cable
sample DS-PIT-I and at 70 ± 30 MPa for cable sample DS-PIT-II. The onset of irreversible
critical current reduction is observed at 90 ± 10 MPa for cable sample DS-PIT-I and 70 ±
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30 MPa for cable sample DS-PIT-II taking into account the 1.5% random error of critical
current measurement and using 2% reduction of the critical current measured at ’zero’-stress
as the criterion, as motivated in Section 2.6.1.

4.2.2.2 RRP-132/169 and PIT-192 Rutherford cables

In the case of cable samples SMC-RRP and -PIT, similar Ic(σ) measurements were carried
out on two samples for each type of cable. Cable samples SMC-RRP-I and -PIT-I were im-
pregnated with CTD-101K. Cable samples SMC-RRP-II and -PIT-II were also first impreg-
nated with CTD-101K but then the ’alignment’ impregnation was applied, as described in
Section 2.5.2.3, in order to reduce the interface misalignment between anvil and cable sur-
face, which was observed in the impregnated cable samples SMC-RRP-I and -PIT-I. The Ic(σ)
behavior of cable samples SMC-RRP-II and -PIT-II are reported first in Figure 4.11. Their
un-loaded initial Ic is 21.1 ± 1.3 kA for SMC-RRP-II and 18.2 ± 1.1 kA for SMC-PIT-II. 90%
of the un-loaded Ic value is reached at 130 ± 3 MPa for SMC-RRP-II and at 90 ± 3 MPa for
SMC-PIT-II. The irreversible transverse pressure limit is larger than 190 ± 3 MPa and 150 ±
3 MPa for cable samples SMC-RRP-II and -PIT-II, respectively.

Figure 4.11: Transverse pressure response of the second set of SMC cables. The peak magnetic field
is 11.6 ± 0.5 T for cable sample SMC-RRP-II and 11.4 ± 0.5 T for cable sample SMC-PIT-II. ‘Zero’-
pressure initial currents Ic(σ=0) are 21.1 ± 1.3 kA for SMC-RRP-II and 18.2 ± 1.1 kA for SMC-PIT-II.
Solid symbols represent the normalized critical current Ic(σ)/Ic(0) as a function of the transverse stress
σ (left axis), open symbols the irreversible degradation ∆Ic (right axis). The solid lines are polynomial
fits of the data. The uncertainties in the critical current is ±1.5%; the uncertainties in the transverse
pressure is ±3 MPa for cable samples SMC-RRP-II and -PIT-II, as described in Section 2.6.
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For ease of reference, all obtained transverse stress limits of the measured Nb3Sn Rutherford
cables are listed in Table 4.4.

Table 4.4: Summary of the transverse stress limit for measured Nb3Sn Rutherford cables.
Cable sample σ(∆Ic = -10%) / MPa σ(∆Ic,irrev. = -2%) / MPa
DS-PIT-I 100 ± 10 90 ± 10
DS-PIT-II 70 ± 30 70 ± 30
SMC-RRP-II 130 ± 3 >190 ± 3
SMC-PIT-II 90 ± 3 >150 ± 3

Figure 4.12: Transverse pressure response of the first set of SMC cables demonstrating that non-
representative measurement results can easily be obtained when anvil and cable surface are not well
aligned. The peak magnetic field is estimated at 11.6 ± 0.5 T for cable sample SMC-RRP-I and 11.4 ±
0.5 T for cable sample SMC-PIT-I. ‘Zero’-pressure initial currents Iq(σ=0) are 20.7 ± 1.2 kA for SMC-
RRP-I and Ic(σ=0) 18 ± 1.1 kA for SMC-PIT-I. Solid symbols represent the normalized Iq(σ)/Iq(0) or
Ic(σ)/Ic(0) as function of transverse stress σ (left axis), open symbols the irreversible degradation ∆Iq or
∆Ic (right axis). The solid lines are polynomial fits of the data. The uncertainties in the critical current is
estimated at ±1.5%; the uncertainties of the transverse pressure is ±32 and ±23 MPa for cable samples
SMC-RRP-I and -PIT-I, respectively, as described in Section 2.6.

As discussed also in Section 3.2, the mentioned "alignment" impregnation turned out to be es-
sential to collect reliable transverse pressure results. In order to demonstrate what can happen
when this step is omitted an erroneous measurement is presented next. The Ic(σ) behavior of
cable samples SMC-RRP-I and -PIT-I with no ’alignment’ impregnation is presented in Fig-
ure 4.12. Note oncemore, that the results in this figure do not correctly show the true transverse
pressure effect due to an imperfectly aligned pressure block and cable surface. Unfortunately,
the V-I curved based critical current of cable sample SMC-RRP-I could not be measured, so
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instead its quench current performance as function of transverse pressure is used. It is ob-
served that the quench and critical current decrease relatively steeply with applied pressure.
The reversible critical current reaches 90% of its un-loaded value already at 100 ± 30 MPa for
cable sample SMC-RRP-I and at 60 ± 20 MPa for cable sample SMC-PIT-I. Also irreversible
reduction sets in quite early, exceeding a level of 2% current degradation at 170 ± 25 MPa
for SMC-RRP-I and 125 ± 10 MPa for SMC-PIT-I. The ‘zero’-pressure initial quench current
of SMC-RRP-I is 20.7 ± 1.2 kA at 11.6 ± 0.5 T. The ‘zero’-pressure initial critical current of
SMC-PIT-I is 18.0 ± 1.1 kA at 11.4 ± 0.5 T. Both values are similar to the critical currents of
the second set of cable samples presented in Figure 4.11. A closer ‘post-mortem’ inspection
of the samples revealed a problem with the alignment between the pushing anvil and the cable
surface. Although visual inspection revealed only a small angle of about 0.2°between both,
subsequent modelling, as reported in Section 3.2.4, nonetheless indicated that this can have a
significant impact on the stress distribution on the cable. It was therefore decided to prepare
a second set of cable samples SMC-RRP-II and -PIT-II from the same ‘green’ cable material
and to adopt an extra step in the impregnation procedure to improve parallelism, as presented
in Figure 4.11.

4.2.3 Decrease of Bc2 due to transverse pressure
Additional Ic(B) measurements were carried out on the SMC-RRP-II and -PIT-II cable samples
to gauge the reversible effect of pressure on their upper critical field Bc2. These are reported
in Figures 4.13 and 4.14. The un-loaded Jc(Bpeak) data are discussed in Section 4.2.1, where
they are compared to witness strand data and to similar measurements carried out at CERN
in the FRESCA test station. The data were obtained with the cables subjected to a transverse
pressure of 150 MPa.

Figure 4.13: Non-copper critical current density Jc(B) versus magnetic peak field of the SMC-RRP-II
cable sample with ‘zero’ applied stress (about 1 MPa, ‘unloaded’) and exposed to a transverse pressure
of 150 MPa (‘loaded’). The unloaded data are measured twice in subsequent cool-down cycles. Solid
lines represent the Kramer fit through the data following Equation (4.8). The uncertainties in critical
current is ±1.5%, the peak magnetic field error is ±0.5 T, as described in Section 2.6.1.

The data sets were characterized in terms of upper critical field and non-copper critical current
density at 12 T by fitting them to the Kramer-type expression following Equation (4.8), intro-
duced in Section 4.2.1. The results are reported in Table 4.5.
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Figure 4.14: Non-copper critical current density Jc(Bpeak) versus magnetic peak field of the SMC-PIT-
II cable with ‘zero’ applied stress (1 MPa, ‘unloaded’) and exposed to a transverse pressure of 150 MPa
(‘loaded’). Solid lines represent a Kramer fit through the data following Equation (4.8). The error in
critical current is ±1.5% while the error in peak magnetic field is ±0.5 T, as described in Section 2.6.1.

Table 4.5: Upper critical field and critical current density of SMC cables at 4.2 K, 12 T and different
transverse pressure levels.

Cables σ (MPa) Bc2 (T) Jc (A/mm2)
SMC-RRP-II (1st cool-down) 2 26.4 ± 1.2 3120 ± 190

SMC-RRP-II (3rd cool-down) 2 25.4 ± 1.0 3080 ± 180
150 ± 3 23.5 ± 0.8 2630 ± 160

SMC-PIT-II 2 24.2 ± 0.5 2520 ± 150
150 ± 3 21.8 ± 0.3 1900 ± 110

Given the 1.5% random error in the critical current measurements, the Bc2 extrapolation shows
±1.0 T error. Taking into account this, some significant reduction in Bc2 and 15% reduction in
Jc at 12 T were observed in the SMC-RRP-II sample by application of a transverse pressure of
150 MPa. For sample SMC-PIT-II, these values for the same pressure level are 6% and 25%,
respectively.

4.2.4 One thermal-cycle and load-cycling effects
Cable sample SMC-RRP-II was cooled down a second time and the measurement of critical
current versus pressure was repeated in order to check for an influence of thermal relaxation on
the pressure-tolerance, as shown also in Section 4.2.1, and to measure the onset of irreversible
degradation more accurately. The result is shown in Figure 4.15. No significant increase in
Ic was found and also the pressure dependence of the critical current remained virtually the
same.

Also, a series of measurements was performed by which the pressure was cycled between 2 and
150 MPa, in order to check for evolution in the irreversible degradation of the cable samples
under cyclic loading / unloading, e.g. due to crack growth in the Nb3Sn filaments. The results
are reported in Tables 4.6 and 4.7. No significant evolution was observed.
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Figure 4.15: Second measurement of the Ic(σ) behavior of cable sample SMC-RRP-II, in order to
check for the influence of a thermal cycle and to narrow down the onset of irreversible degradation
more accurately. The solid lines are polynomial fits to the data. Solid symbols represent the normalized
critical current Ic(σ)/Ic(0) as a function of the transverse stress σ (left axis), open symbols the irreversible
degradation ∆Ic (right axis). The solid lines are polynomial fits to the data. The error in critical current
is ±1.5%; the error in transverse pressure is ±3 MPa for cable samples SMC-RRP-II and -PIT-II, as
described in Section 2.6.

Table 4.6: Evolution of the critical current of the SMC-RRP-II cable under cyclic loading and unloading.
The initial unloaded Ic of SMC-RRP-II is 21.1 ± 1.3 kA.

Cycle
SMC-RRP-II (2nd cool-down) SMC-RRP-II (3rd cool-down)
Ic(150MPa) Ic(2 MPa) Ic(175MPa) Ic(2 MPa)

(kA) (kA) (kA) (kA)
1 18.7 ± 1.1 20.9 ± 1.3 18.1 ± 1.1 21.1 ± 1.3
2 18.9 ± 1.1 20.9 ± 1.3 18.1 ± 1.1 21.1 ± 1.3
3 18.7 ± 1.1 20.9 ± 1.3 18.1 ± 1.1 21.1 ± 1.3
4 18.7 ± 1.1 20.9 ± 1.3 18.1 ± 1.1 21.1 ± 1.3

Table 4.7: Evolution of the critical current of the SMC-PIT-II cable under cyclic loading and unloading.
The initial unloaded Ic of SMC-PIT-II was 18.2 ± 1.1 kA.

Cycle
SMC-PIT-II (1st cool-down)
Ic(150MPa) Ic(2 MPa)

(kA) (kA)
1 14.8 ± 0.9 17.6 ± 1.1
2 14.7 ± 0.9 17.6 ± 1.1
3 14.7 ± 0.9 17.5 ± 1.1
4 14.7 ± 0.9 17.5 ± 1.1
5 14.7 ± 0.9 17.5 ± 1.1

4.2.5 Microscopic analysis of impregnated Nb3Sn Rutherford cables

After the transverse pressure effect measurements, the samples were carefully removed from
the U-shaped holder, cut transversely at the pressed section, embedded in casting epoxy resin
and polished. The cross-sections were examined under an optical microscope to verify the
impregnation quality and to investigate for damage of the filaments.
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(a) (b) (c)
Figure 4.16: Cross-sectional views of the pressed section of cable sample DS-PIT-I. A general overview
of the cable layout is presented on the top, while close-ups of strands a, b and c at the thin-edge of the
cable are shown in the bottom pictures.

In Figure 4.16 the cross-sectional views of the pressed section of cable sample DS-PIT-I are
shown. The images show that the cable was successfully impregnated as no visible voids are
observed. It is found that the stainless-steel core is packed much closer to the left side of the
cable with an abnormal "wrinkled-up" shape. The thin-edge of the cable is deformed most
where most probably the filament damage occurs. The close-ups of strands a, b and c are
presented in Figures 4.16a to 4.16c. Although significant deformations are observed in the
three strands, as well as in some filaments, no visible damages can be found.

In the case of cable sample DS-PIT-II, a similar conclusion can be drawn. The cable sample is
successfully impregnated and no visible voids and filament damages are observed, as shown
in Figure 4.17.

(a) (b) (c)
Figure 4.17: Cross-sectional views of the pressed section of cable sample DS-PIT-II. A general
overview of the cable layout is presented on the top, while close-ups of strands a, b and c at the thin-edge
of the cable are shown in the bottom pictures.
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(a) (b)
Figure 4.18: View of the pressed section of cable samples SMC-RRP-II and -PIT-II: (a) SMC-RRP-II;
(b) SMC-PIT-II.

In Figure 4.18 the cross-section of the pressed sections of cable samples SMC-RRP-II and -PIT-
II are shown. A stack of dummy and measured cable samples were vacuum impregnated with
CTD-101K in each measurement. Both SMC cable samples are successfully impregnated, no
visible voids were observed. In Figures 4.19 and 4.20 the close-ups of cross-sectional views of
a, b, c strands in cable samples SMC-RRP-II and -PIT-II are shown, the corresponding position
of these strands are shown in Figure 4.18. Once more, it is concluded that no filament damages
can be found.

(a) (b) (c)
Figure 4.19: Close-ups of cross-sectional views of strands a, b and c at the thin-edge of the cable
sample SMC-RRP-II.

(a) (b) (c)
Figure 4.20: Close-ups of cross-sectional views of strands a, b and c at the thin-edge of the cable
sample SMC-PIT-II.
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4.3 Conclusion

Two key-stoned Nb3Sn cable samples DS-PIT-I with a stainless-steel core and -II without
core comprising 40 PIT-114 type of strands were vacuum impregnated with epoxy resin CIBA
GEIGY Araldite. Four rectangular Nb3Sn cable samples SMC-RRP-I, -II and -PIT-I, -II com-
prised of 18 RRP-132/169 and PIT-192 types of strands were vacuum impregnated with epoxy
resin CTD-101K. In addition, a second set cable samples SMC-RRP-II and -PIT-II were given
an ’alignment’ impregnation considered necessary in order to collect reliable measurements of
the transverse pressure effect on the critical current [163,287]. All cables are successfully im-
pregnated, without leaving bubbles or significant residual voids, as reported in Section 4.2.5.
The thermal contraction of CIBA GEIGY Araldite and CTD-101K epoxy resins with glass-
fiber is about 0.2% from room temperature to 4.2 K, which is similar to the 0.3% of the reacted
Nb3Sn Rutherford cable samples. Both epoxy resins can be used to successfully enhance the
transverse pressure tolerance of Rutherford cables. However, in view of actual coils insulation
requirements and the longer pot-life of CTD-101K of 60 h at 40 ℃ in comparison to the silica
filled Araldite featuring just 3 h at 80℃, the CTD-101Kwith glass-fiber sleeve is more suitable
for impregnation of large-size magnets.

The critical current of all Nb3Sn Rutherford cable samples was measured at 4.2 K in a perpen-
dicular applied magnetic field of 10 T. For comparison, the critical current of a virgin witness
wire of each cable was measured as a function of the magnetic field. No significant critical
current degradation of the cable samples was observed, with exception of cable sample DS-
PIT-I that showed a 20% current degradation. The possible reason is due to the abnormal
distribution of the stainless-steel core, that may have caused a unwanted stress concentrations
during cabling. The 0.7 mm PIT-114 round wire has a non-copper Jc of 2620 ± 80 A/mm2

at 4.2 K and 12 T. The 1 mm RRP-132/169 round wire has a relatively high non-copper Jc of
3160 ± 190 A/mm2, while the same size PIT-192 round wire has a lower non-copper Jc of 2480
± 150 A/mm2. The RRR values of the SMC virgin wires and extracted strands in the cable
samples are larger than 100. Together these satisfy the minimum conductor critical current
density and RRR requirements of the 11 and even 16 T accelerator magnet designs presently
under development (see also Section 1.2).

Concerning the transverse stress susceptibility of the cable samples, the critical current de-
creases reversibly to 90% of the initial ’un-loaded’ values at 100 ± 10 MPa for cable sample
DS-PIT-I, 70 ± 30 MPa for cable sample DS-PIT-II, 130 ± 3 MPa for cable sample SMC-
RRP and 90 ± 3 MPa for cable sample SMC-PIT. This reversible critical current reduction
has to be taken into account when designing the magnets. The onset of irreversible critical
current degradation is determined at 90 ± 10 MPa for cable sample DS-PIT-I and 70 ± 30 MPa
for cable sample DS-PIT-II. No irreversible critical current reductions are observed for cable
samples SMC-RRP and -PIT for a transverse pressure up to 190 and 150 MPa, respectively.
The minimum transverse pressure that Rutherford cable need to sustain is estimated at 100 to
150 MPa for 11 T and 150 to 200 MPa for 16 T dipole magnets (Section 1.3). Therefore, it
appears indeed possible to build dipole magnets using the PIT-114 and RRP-132/169 wires
provided sufficient margin is taken into account. However, as yet there is insufficient statisti-
cal data to draw a solid conclusion. It would be desirable to perform more measurements on
similar cables to confirm these results.

The RRR-132/169 wire is more robust than PIT-192 wire. No significant upper critical field
reduction is observed at 150 MPa in cable sample SMC-RRP, but 6% reduction occurred in
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cable sample SMC-PIT at the same stress level. Since at this pressure no irreversible critical
current was observed in cable samples SMC-RRP-II and -PIT-II, this probably means there
is no significant filament cracking in the strands of the Rutherford cable due to the transverse
pressure. This is also reflected in the effect of load-cycling on the critical current as no signif-
icant critical current reduction evolution was observed.

The comparison of the first and second sets of SMC cable samples, supported by the 2D mod-
elling results in Section 3.2.4, shows that special care is needed to avoid stress concentrations.
An interface misalignment angle as small as 0.2° can cause the transverse pressure limit to de-
crease by at least 20 MPa. This demonstrates that measurements of the transverse stress effect
on the critical current are delicate and a nearly perfect alignment of pressure block and cable
surface must be guaranteed.
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Chapter 5
Transverse pressure affecting the critical

current of ReBCO Roebel cables

In this chapter the transverse pressure influence on the critical current of ReBCORoebel cables
is presented. First, the critical current degradation effects described in literature are reviewed.
The local average current density of single Roebel strand is compared to the critical current
density of cable samples. The crossover section in the strand shows about 20% lower critical
current density than the straight section measured in the magnetic field range of 9 to 12 T.When
comparing the bare (not impregnated) SuperPower-type cable sample to the corresponding
crossover strand data, no critical current density degradation due to cabling is observed. Also,
the results of critical current versus transverse pressure and thermal cycling for selected cable
samples are presented. The various cross-sections of cable samples that were compressed are
analyzed microscopically after the measurements.
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5.1 Introduction

As sketched in Section 1.2, ReBCORoebel cables are being developed to pave the way towards
high field magnets for future particle accelerators of 20 T and beyond. The Lorentz force gen-
erated in such magnets leads to sizeable transverse pressure on the superconducting cables, in
the present 15 to 20 T magnet designs of the order of 150 MPa or even above [91]. Contrary to
single ReBCO coated conductors, a bare Roebel cable, starts to degrade already under trans-
verse stress below 50 MPa due to stress concentrations [161–163]. In order to use this type of
cable in high field magnets additional reinforcement is thus required.

In this chapter, the cause of critical current degradation in ReBCO strands of Roebel cable is
presented. The Jc(Bpeak) results of single strands in SuperPower-tapeReBCORoebel cables are
presented in Section 5.2.1, as well as the average critical current density of cables under trans-
verse pressure. Next, the V-I performance of different strands in cable samples is analyzed.
Then, in Sections 5.2.2 and 5.2.3 the irreversible critical current reduction of cable samples
under transverse pressure, as well as the effect of a thermal-cycle on the critical current are
investigated. Finally, a microscopic analysis of sample cross-sections is presented in order to
check for the possible presence of visible voids or strand damage.

5.1.1 Review of Ic degradation due to Roebel strand preparation and
transverse pressure

Roebel cables feature a sufficiently high engineering current density to satisfy the requirements
for 20+ T accelerator magnets. Moreover, their flat strands are fully transposed, which is bene-
ficial for limiting transient time constants and improving current sharing [91,145]. Two meth-
ods are developed to fabricate the zig-zag strand either by mechanical punching or picosecond-
infrared laser cutting technology. The laser cutting produces less defects but is presently not
economically attractive in terms of production speed. Therefore, punching has been identified
as the best method for manufacturing a Roebel strand with a speed of 50 m/h [50].

The punching die can be replaced according to specific strand-dimensional requirements. Both
production methods cause 50 to 60% material loss. Besides material loss, there is a 2 to 3%
current reduction due to edge effects such as delamination variation in width. Therefore, a
perspective method to reduce the cost of Roebel strand in the future is producing the zig-zag
strand already during the ReBCO synthesis process using for example a chemical solution de-
position, by which the substrate is cut to a zig-zag shape where after buffer layers, as well as
the ReBCO layer are deposited on the pre-prepared shape [288,289].

For ReBCO tape, a uniform transverse compressive pressure well over 100MPa can be applied
with no irreversible critical current degradation, as reported e.g. by Senatore et al. [290]. How-
ever, the irreversible stress limit strongly depends on the direction of the force with respect to
the broad face of ReBCO tape [118,122]. In SuperPower coated conductor, Otten et al. [122]
have shown that tape can withstand more than 240 MPa transverse stress when the force is
applied to the ReBCO side at 77 K and self-field. The limit is as low as 110 MPa when the
force is applied to the Hastelloy side. For ReBCO Roebel strands, less than 2% critical current
degradation was observed when transverse pressure is up to 200 MPa applied to the ReBCO
side [161].
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5.1.2 Sources of Ic degradation in ReBCO Roebel cable
In order to identify sources of Ic degradation in Roebel cable used in coils, the process of coil
preparation is shortly described. The bending radius and winding direction with respect to
the position of the ReBCO layer in the tape have an effect on the cable samples’ critical cur-
rent performance and have to be taken into account before winding coils. Bending of coated
conductors and Roebel cables in the "easy" bending direction was investigated by Otten et al.
[175], and in this case, bare Roebel cables exhibit similar properties as a coated conductor. Af-
ter coil-winding, compressive stress is applied to compact the windings, and the critical current
degradation might occur if over-stress is applied to the assembly. Then, vacuum impregnation
is required to insulate the coil windings electrically and to fix them. In the case of coated con-
ductor, thermal contraction differences between epoxy resin and tapes do cause critical current
reduction due to the thermal stress generated after cooling down [50, 88, 291, 292], see also
Section 2.5.2.2. Finally, during excitation of the magnet, the Lorentz force generated in the
coils can also affect the critical current performance of the cables.

For achieving optimal performance the Roebel cable is wound in the central section with its
broad face parallel to the local magnetic field, the so-called "aligned-block" concept [91]. In
the coil heads, the cable is wound with 5°angle with respect to the parallel magnetic field. This
structure yields the highest in-field critical current of coated conductor, but also results in a
large perpendicular Lorentz force [91]. The bare (not-impregnated) ReBCO Roebel cables are
much less tolerant to transverse stress than isolated strands, due to local stress concentrations
at strand crossovers [85,88,161–163]. Fleiter et al. [85] investigated the transverse stress dis-
tribution locally in two non-impregnated ReBCO Roebel cables and showed that the 10-strand
cables manufactured by KIT under transverse compression have an effective surface of only
24%, which implies that they locally experience a much higher stress than the average value
calculated using the full cable surface. Uglietti et al. [161] investigated the critical current
under transverse stress of a bare 10-strand ReBCO Roebel cables fabricated by the Robinson
Research Institute. A significant critical current reduction of some 20% was observed at an av-
erage pressure as low as 10MPa. Further investigation from Talantsev et al. [88] showed that a
non-impregnated 5-strand Roebel cable has a rather low transverse stress limit in the range of 4
to 34 MPa at 77 K and self-field condition, while more than 270 MPa was measured for cables
impregnated with epoxy resin filled with SiO2 nanopowder. The addition of nanopowder to
the epoxy resin leads to a similar thermal contraction coefficient as the metallic substrate of
the strands.

5.2 Transverse pressure tolerance of ReBCO
Roebel cables

In this work, two ReBCO Roebel cable samples were vacuum impregnated with a mixture
of epoxy resin and fused silica [174] in order to improve their tolerance to transverse stress.
Also, a reference cable sample without impregnation is investigated. The three cables comprise
10 SuperPower ReBCO Roebel strands. Next, three 15-strand cable samples with an archi-
tecture directly relevant for the EuCARD-2 accelerator demonstrator magnet, see Figures 1.5
and 1.6, were impregnated using two methods. The samples comprise either SuperPower (SP),
or Bruker (BR) coated conductor. For comparison, one of the 15-strand SuperPower-tape based
cables was impregnated with the same resin as the one used for the 10-strand SuperPower ca-
ble samples. The other cable samples were impregnated with the preferred and familiar CERN
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method using CTD-101K [171], as described in detail in Section 2.5.2. After impregnation,
the critical current of the cable samples is measured when exposed to a variable transverse
mechanical load at 4.2 K and a 10.5 T perpendicular magnetic field. For reference purpose,
as well as to understand the impact of the impregnation on the critical current, the measured
field-dependent Ic of short single Roebel cable strands are presented as well. The identification
of the samples and measurements are listed in Table 5.1.

Table 5.1: Identification and type of critical current measurements on ReBCORoebel strand and cable
samples.

Sample * Number
of strands Impregnation method Measurement Figure

SP-Roebel-strand - - Ic(B) 5.2
FM-SP-I-A

10 Araldite CY5538 / HY5571 Ic(σ) 5.9FM-SP-I-B
FM-SP-I-C Bare

FM-SP-II

15

Araldite CY5538 / HY5571 Ic(σ) 5.9
Thermal cycling 5.13

FM-SP-III
CTD-101K

Ic(σ) 5.9

FM-BR Ic(σ) 5.9
Thermal cycling 5.12, 5.13

∗ FM = Feather-M0&M2 magnet, SP = SuperPower, BR = Bruker.

5.2.1 Critical current of single Roebel strands and cables
By comparing the critical current of the cable samples with the critical current of single strands
at 4.2 K, the effect of vacuum impregnation on the transport properties of the cables can be
investigated. The SuperPower strand samples used for the FM-SP cables were taken before
assembling the Roebel cables. The strand samples from Bruker-type cable FM-BR were ex-
tracted from the cables’ end section. All strands were characterized with pairs of voltage taps
positioned across both straight- and ‘crossover’ sections of the punched strands, as shown in
Figure 5.1, in a perpendicular magnetic field of up to 11.5 T. The Jc values presented in Fig-
ure 5.2, are determined by dividing the critical current by the cross sectional area of the ReBCO
layer.

Figure 5.1: Single strand of SuperPower-type Roebel cable.

In order to correctly compare the critical current of cables and strands, the self-field contribu-
tion to the total magnetic field of both was calculated using COMSOL Multiphysics. A peak
self-field factor of 0.24 mT/A was once more calculated for the straight strand section and
0.30 mT/A for the crossover section. For cables FM-SP-I, -II, -III and FM-BR, the values are
0.091, 0.090, 0.087 and 0.098 mT/A, respectively. With these corrections to the background
magnetic field applied, the critical current density values of cables FM-SP-I, -II and -III are
compared to the Jc(Bpeak) data of the SuperPower strands, as shown in Figure 5.2. The mea-
sured Jc values of the crossover strand section are 20% lower than those of the straight sections,
illustrating how the crossover sections can affect the overall strand Ic. A possible explanation
is that the current in the highly textured ReBCO layer of coated conductors displays an in-plane
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anisotropy with the current along the tape higher than across the tape. In the crossover section
the situation is in-between [293]. Another contributing effect may be the reduced effective
width at the crossover section and locally increased damage introduced by the punching pro-
cess [294]. Comparing the bare sample of cable FM-SP-I with the ’crossover’ strand data, no
Jc degradation due to cabling is observed. The deviation is within the 6% systematic uncer-
tainty discussed in Section 2.6 and is therefore not significant. Also, the impregnated cable
sample FM-SP-I-A shows no Jc degradation due to cabling and impregnation compared to the
’crossover’ strand. However, about 1.5% extra critical current density difference between cable
samples FM-SP-I-A and -C was observed in excess of the 6% systematic error. This deviation
might be caused by non-homogeneity of the current in the tape along the length, which has a
standard deviation of 1.5% at 77 K and self-field. The other impregnated cable sample FM-SP-
I-B, on the other hand, does show a Jc-reduction of 10% compared to the ’crossover’ strand.
Similarly, a reduction of about 10% was found in the impregnated cable sample FM-SP-III.
For cable FM-SP-II, since the Jc deviation is within the systematic error, no significant critical
current density reduction was observed. Cable samples FM-SP-I-A, -B and -II are impreg-
nated with Araldite CY5538 filled with silica powder, while cable FM-SP-III is impregnated
with CTD-101K. The comparison indicates that impregnation with Araldite CY5538 doesn’t
cause critical current degradation in the SuperPower-type Roebel cables. However, whether
the 10% critical current degradation in cable sample FM-SP-III is caused by the impregnation
with CTD-101K cannot be concluded from a single sample measurement.

Figure 5.2: ReBCO layer critical current density versus peak magnetic field in SuperPower-tape single
strands and Roebel cables made thereof. The critical current density of cable samples (open squares,
diamonds, and stars) was measured when exposed to a transverse stress of 3 MPa. The impregnation
of the samples is described in Tables 2.12 and 5.1. Symbols represent the measured data, solid curves
represent the curve-fitting. The error bar is taken from the 6% systematic error estimated in Section 2.6.1.

Unfortunately, a similar analysis for the Bruker-type cable FM-BR was not possible due to
limited availability of non-impregnated strand material for measurements.

For the cable measurements, at least three voltage tap pairs are attached, each probing a single
strand, over exactly half or one transposition length. In addition, the voltage on the quench
detection taps is measured as well and also displayed in the figures. These quench detection
signals show partly a resistive behavior since the taps are not positioned on the same strands.

99



Chapter 5. Transverse pressure affecting the critical current of ReBCO Roebel cables

Typical voltage versus current curves measured on the Roebel cables are shown in Figures 5.3
to 5.8. All data were measured at 4.2 K in a perpendicular applied magnetic field of 10.5 T
with a rather low 3 MPa transverse pressure applied, just enough to keep the anvil in contact
with the sample. In cable FM-SP-I-A and in non-impregnated cable FM-SP-I-C, voltage mea-
surements on several strands did not yield useful data, like strand-1 of cable FM-SP-I-A and
strand-3 of cable FM-SP-I-C. Strand-3 of cable FM-SP-II showed a premature transition with
a low n-factor, presumably related to a delamination effect, which was confirmed in a post-
mortem microscopy analysis. The variations in the onset of the transition are less important
for the other cables (about 20% for FM-SP-III and about 10% for FM-BR) and become even
insignificant (about 1%) when only the higher-voltage part of the transition is taken into ac-
count. The Ic-values are determined at the criterion of 100 µV/m assuming a power-law like
V-I behavior. The thus determined Ic-values of Roebel cables are presented in Table 5.2. Com-
pared to the impregnated cables FM-SP-I-A and -B, the non-impregnated cable remarkably has
a 10 to 20% higher critical current. The critical current of cable FM-SP-II is 15% higher than
cable FM-SP-III. The possible explanation is that cable FM-SP-II is made of the same batch
of tapes, while cable FM-SP-III comprises two different tape batches. In cable FM-SP-III, ten
strands are from the same tape batch as in cable FM-SP-II and five strands are from another
batch of tapes. When comparing cables FM-SP-II and -III with cable FM-BR, a three times
higher critical current was observed in cable FM-BR.

Table 5.2: Measured critical current of ReBCO Roebel cables at 4.2 K, 10.5 T.
Cable samples Ic(kA)
FM-SP-I-A 2.2 ± 0.1
FM-SP-I-B 1.9 ± 0.1
FM-SP-I-C (bare) 2.5 ± 0.2
FM-SP-II 3.2 ± 0.2
FM-SP-III 2.7 ± 0.2
FM-BR 7.7 ± 0.5

It has to be emphasized that this striking difference in Ic values at low-temperature, high-
magnetic field between SuperPower-tape cables FM-SP-II or -III and the Bruker-tape cable
FM-BR directly reflects the different R&D strategies followed by both tape manufacturers.
Bruker primarily aims for application in the ultra-high field NMRmarket at 4.2 K [295], while
SuperPower tapes are developed mainly for electrical power applications at low magnetic field
and higher operating temperature [296].

5.2.2 Irreversible Ic degradation
Similar to training in some magnets, in order to performing Ic(σ) measurements on cable sam-
ples correctly, the sample needs to ’settle’ against the lateral side-plates after each cool-down
before a proper V-I characteristics can be recorded. Once the sample’s training behavior sub-
sides and the voltage transition can be measured reproducibly at a 10 to 100 µV level, the
transverse pressure susceptibility of the critical current can be measured by gradually stepping
up the force transferred by the pressure anvil. The results for all four cables are presented in
Figure 5.9.

The difference in critical current between the two impregnated samples A and B of the 10-
strand cable FM-SP-I is smaller than 10%. The difference between the two impregnated 15-
strand cables FM-SP-II and -III is about 10%. Moreover, the ratio between the Ic-values of
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Figure 5.3: Voltage-current curves measured
on impregnated cable FM-SP-I-A at an initial
reference pressure of 3 MPa.

Figure 5.4: Voltage-current curves measured
on impregnated cable FM-SP-I-B at an initial
reference pressure of 0.5 MPa.

Figure 5.5: Voltage-current curves measured
on bare (not impregnated) cable FM-SP-I-C at
an initial reference pressure of 10 MPa.

Figure 5.6: Voltage-current curves measured
on impregnated cable FM-SP-II at an initial ref-
erence pressure of 3 MPa.

Figure 5.7: Voltage-current curves measured
on impregnated cable FM-SP-III at an initial
reference pressure of 3 MPa.

Figure 5.8: Voltage-current curves measured
on impregnated cable FM-BR at an initial ref-
erence pressure of 3 MPa.
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Figure 5.9: Critical current at T = 4.2 K, Ec = 100 µV/m and B = 10.5 T versus applied transverse
pressure of four Roebel cables. The design target of the transverse pressure for the aligned block coil
shown in Figure 1.5 when operated as insert in an external magnetic field of 20 T is indicated as well.

impregnated 15-strand cables FM-SP-II, -III and the 10-strand cables FM-SP-I-A, -B is close
to 1.5, i.e. close to the ratio of the number of strands in the cables. This observation shows that
the performance of these cables for a given strand type is reproducible, irrespective the cable
architecture, used epoxy resin and surrounding insulation material.

Provided the vacuum impregnation is correctly performed, both resins are suitable to enhance
the pressure tolerance of the critical current of the cables in comparison to bare cable. All
impregnated cable samples easily withstand a transverse pressure of 150 MPa, which is the
criterion imposed by the so-called Feather-M2 magnet design [55], see Section 1.2. The crit-
ical current reduction of the impregnated cable samples is less than 1% at 150 MPa, at which
stress level the critical current of bare cable FM-SP-I-C has already degraded to 65% of the
initial critical current, as shown in Figures 5.10 and 5.11. Almost no critical current reduction
is observed until the transverse stress reaches 275 MPa for cable sample FM-SP-I-A, 440 MPa
for cable sample FM-SP-II and 425 MPa for cable sample FM-BR. The initial decrease of Ic
in cable sample FM-SP-I-B between 20 and 50 MPa, its recovery and then second step down
at 180 MPa is not explained, however, the effect is within the measurement uncertainty and
strictly speaking insignificant. On the other hand, cable sample FM-SP-III displays a some-
what fluctuating critical current with respect to transverse stress, which was not observed in
other ReBCORoebel cables investigated. The initial 5% critical current increase when increas-
ing the transverse pressure from 0 to 50 MPa in cable sample FM-SP-III is not understood, but
is once more within the measurement error and therefore not statistically insignificant.

The irreversible critical current is determined by repeating the critical current measurement
at a relatively low-level transverse stress, i.e. 100 MPa for cable samples FM-SP-I-A and -B,
3 MPa for cable sample FM-SP-II and 50 MPa for cable samples FM-SP-I-C, FM-SP-III and
FM-BR, after a measurement at a given stress. The irreversible reduction ∆Ic is derived by
calculating the critical current reduction at the cyclic transverse pressure divided by the initial
critical current values at the same transverse pressure. As described in Section 2.6, the crite-
rion for determining the irreversible stress limit is taken as 2%, given the 1.5% estimate for the
random uncertainty in the critical current. Based on this 2% criterion, the values found for the
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Figure 5.10: Normalized critical current and irreversible critical current reduction versus applied
transverse pressure of impregnated cable samples FM-SP-I-A, -B and bare cable -C. The left-hand axis
corresponds to the normalized critical current Ic(σ)/Ic(0) in percentage. The right-hand axis reports the
irreversible reduction ∆Ic of the critical current with respect to its unstressed initial value. The discrete
symbols denote the measurement data with proper curve fitting.

reversible Ic reduction limit are listed in Table 5.3.

Table 5.3: Irreversible transverse stress limit of ReBCO Roebel cables.
Cable samples Transverse stress limit (MPa)
FM-SP-I-A <275 ± 10
FM-SP-I-B 170 ± 10
FM-SP-I-C (bare) <100 ± 15
FM-SP-II >440 ± 3
FM-SP-III 400 ± 5
FM-BR 455 ± 3

Compared to Nb3Sn Rutherford cables, the critical current of impregnated ReBCO Roeble ca-
bles is much less susceptible to transverse stress. However, beyond the irreversible transverse
stress limit, no recovery of the critical current is observed when transverse stress is released in
ReBCO Roebel cables, which is different from the behavior of Nb3Sn Rutherford cables.
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Figure 5.11: Normalized critical current and irreversible critical current reduction versus applied
transverse pressure of impregnated cable samples FM-SP-II, -III and FM-BR. The left-hand axis cor-
responds to the normalized critical current Ic(σ)/Ic(0) in percentage. The right-hand axis reports the
irreversible reduction ∆Ic of the critical current with respect to its unstressed initial value. The discrete
symbols denote the measurement data with proper curve fitting.

5.2.3 Single thermal-cycle effect

In Figure 5.12, a comparison between V-I curves registered after the first and the second cool-
down (Figure 5.9) of cable FM-BR is shown. Strikingly, from the first to the second cool-down,
the critical current degraded by 18%, from 9.5 to 7.8 kA.

The cable samples assembled from SuperPower tapes did not show this effect. Figure 5.13
compares the training quench currents of cable samples FM-SP-II and FM-BR. No reduction
in training current is observed from one cool-down to the next for cable FM-SP-II, while ca-
ble FM-BR clearly shows the 18% reduction mentioned above. The cause of this temperature
cycling effect and its relation to tape architecture and epoxy properties need to be further in-
vestigated. It has to noted though that only one single thermal cycle was performed, so there is
not enough statistics to make conclusive statements, and further thorough investigation of this
issue is needed.
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Figure 5.12: First (solid markers) and sec-
ond (open markers) V-I curves of cable sample
FM-BR illustrating some 18% Ic degradation
after one thermal cycle at 4.2 K and 10.5 T.

Figure 5.13: Quench current versus number
of training steps showing the effect of a sin-
gle thermal cycle on cable FM-SP-II and cable
FM-BR at 4.2 K and 10.5 T.

5.2.4 Microscopic analysis of impregnated ReBCO
Roebel cable samples

After the transverse presssure effect measurements, the samples were carefully removed from
the U-shaped holder, cut transversely at the pressed section, embedded in casting epoxy and
polished. The cross-sections were examined under an optical microscope to verify the impreg-
nation quality and to investigate for visible damage of the strands.

(a) Left (b) Middle (c) Right
Figure 5.14: Cross-sectional views of the pressed section of cable FM-SP-I. A general overview of the
cable layout is presented on the top, while close-ups of the edges (a, c) and center of the cable (b) are
shown in the bottom pictures.

Figures 5.14 to 5.17 indicate that all cables are fully impregnated, with the epoxy resin filling
all intertape space without significant residual voids. In the alignment impregnation Stycast
layer of the cable layout overview in Figures 5.14 and 5.17, there are some voids visible be-
cause no vacuum impregnation was used to apply this layer. Note that, the impregnated cable
is thicker on the left side than on the right side in Figure 5.14. The difference in height is cor-
rected for by gluing the pressure anvil using the so-called alignment impregnation step at room
temperature. The only visible damage is delamination of the tape close to the sample holder,
clearly visible in the close-ups of the central cable part in Figure 5.14. Several tapes in cable
FM-SP-II show clear signs of such layer delamination, especially near to the surface of the

105



Chapter 5. Transverse pressure affecting the critical current of ReBCO Roebel cables

(a) Left (b)Middle (c) Right
Figure 5.15: Cross-sectional views of the pressed section of cable FM-SP-II. A general overview of the
cable layout is presented on the top, while close-ups of the edges (a, c) and center of the cable (b) are
shown in the bottom pictures.

(a) Left (b)Middle (c) Right
Figure 5.16: Cross-sectional views of the pressed section of cable FM-SP-III. A general overview of
the cable layout is presented on the top, while close-ups of the edges (a, c) and center of the cable (b) are
shown in the bottom pictures.

(a) Left (b)Middle (c) Right
Figure 5.17: Cross-sectional views of the pressed section of cable FM-BR. A general overview of the
cable layout is presented on the top, while close-ups of the edges (a, c) and center of the cable (b) are
shown in the bottom pictures.

106



Chapter 5. Transverse pressure affecting the critical current of ReBCO Roebel cables

cable shown in Figure 5.15. This might be related to the premature V-I transition of strand-3
shown in Figure 5.6. Also cable FM-SP-III shows some signs of delamination in its outermost
tapes (Figure 5.16). This is likely a consequence of thermal stress between strands and resin,
as discussed in [163] and further corroborated by the difference in the zero-pressure Ic values
of bare and impregnated samples of cable FM-SP-I (Figure 5.9). Cable FM-BR does not show
any obvious signs of delamination as shown in Figure 5.17. Whether this is a consequence of
the different tape architecture or of the extra electroplating step that these strands received after
punching, described earlier as the punch-and-coat technique [152], is not clear at this point.

5.3 Conclusion

Two 10-strand ReBCO Roebel cable samples FM-SP-I-A and -B were vacuum impregnated
with a mixture of epoxy resin and fused silica powder. The critical current of the impregnated
cables, as well as a reference bare cable sample FM-SP-I-C, was measured as a function of
transverse pressure at 4.2 K and 10.5 T. Also, three new magnet-relevant 15-strand Roebel
cable samples were investigated for the effect of vacuum impregnation with epoxy resin on the
transverse pressure dependence of the critical current. In order not to change more than one
parameter at a time, the 15-strand cable FM-SP-II is assembled from SuperPower tape like the
earlier 10-strand cable FM-SP-I and impregnated using the same method. Cable sample FM-
SP-III is assembled from the same tape, but impregnated with a different method using CTD-
101K and glass fiber. Cable FM-BR comprises Bruker tape using the so-called punch-and-coat
process by which the strand is copper plated after punching. The impregnation method used
for cable FM-BR is the same as for cable FM-SP-III.

All cables were impregnated successfully, without leaving bubbles or significant residual voids.
As reported in Section 2.5.2.2, the thermal contraction of CTD-101K with glass-fiber sleeve is
about 0.2% from room temperature to 4.2 K, which is similar to ReBCO tapes showing 0.30%
± 0.05%. The value for silica filled Araldite is 0.82%. Both epoxy resins can be used to suc-
cessfully enhance the transverse pressure tolerance of Roebel cables. However, regarding the
coils’ insulation requirement and the long pot-life of CTD-101K of 60 h at 40 ℃ in compari-
son to the silica filled Araldite featuring 3 h at 80 ℃, the CTD-101K with glass-fiber sleeve is
more suitable for impregnation of large-size magnets. The critical current of the Roebel cables
was measured at 4.2 K in a perpendicular applied magnetic field of 10.5 T. Compared to the
’crossover’ region of witness strands, no critical current density reduction was observed in bare
cable sample FM-SP-C and only minor and likely insignificant reduction occurred in Araldite
CY5538 impregnated cable samples FM-SP-I-A and -II. However, cable samples FM-SP-I-B
and -III showed a 10% Jc reduction, which is presently not understood. These observations
indicate that the impregnation with Araldite CY5538 doesn’t cause the critical current reduc-
tion in SuperPower type Roebel cables. No conclusion can be drawn for impregnation with
CTD-101K due to lack of sufficient data.

Layer delamination was observed in cable FM-SP-II impregnated with Araldite CY5538 filled
with fused silica powder. Whether this is due to the combination of tape punching, which
leaves edges of the strands directly exposed to impregnation materials, or to the build-up of
thermal stress between resin and strands during cool-down is yet unclear. However, no signif-
icant delamination was observed in cables FM-SP-III and FM-BR, which were impregnated
using CTD-101K and glass fiber. Therefore, the new impregnation method using a combina-
tion of CTD-101K and glass fiber suitable for application in coil windings was convincingly
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demonstrated.

A single thermal cycle had no further effect on the critical current of the SuperPower tape
based cables, but caused a 20% critical current reduction between first and second cool-down
in the Bruker-tape based cable. Since statistics is not sufficient, no further conclusion can be
drawn as yet.

In cable FM-SP-I, impregnation caused an increase in the transverse pressure tolerance of
the critical current dramatically from <100 to 275 MPa. No critical current degradation was
observed in impregnated SuperPower-tape based cables FM-SP-II and -III when loaded with
applied transverse pressure up to a record value of 440 MPa. The transverse stress suscep-
tibility of 15-strand SuperPower-tape cables is similar for both impregnation methods. The
transverse pressure above which irreversible current reduction starts, is more than 150 MPa
higher than for the 10-strand impregnated SuperPower-tape cables. The results are at first in-
stance independent from the type of coated conductor. No critical current degradation was
observed for impregnated cable FM-BR up to the very high stress level of 425 MPa. All these
values are far beyond the 150 MPa design requirement of the state-of-the art ReBCO dipole
magnet demonstrator based on using aligned block type of coils and designed for providing 15
to 20 T.

The main conclusions of this study are:

• Epoxy resin CTD-101K is suitable for vacuum impregnation of large-size magnets com-
prising ReBCO Roebel cables enveloped in glass-fiber.

• Provided a correct resin, i.e. CTD-101K and filler-glass-fiber combination, is chosen for
vacuum impregnation, ReBCO tape based Roebel cables enable the construction of high
current density, high-field and thus high-stress magnets i.e. 20+ T class accelerator type
magnets.

• 10 and 15-strand ReBCO Roebel cables with correct vacuum impregnation are able to
withstand transverse pressures far beyond 150 and 300 MPa, respectively, without no-
ticeable degradation in critical current.

• For the first time the transverse pressure effect was measured on 15-strand Roebel cables
made from Bruker coated conductor and no critical current degradation was found up
to the record of 425 MPa, the irreversible transverse limit was observed up to a record
level of 455 MPa.

• The transverse pressure tolerance of 15-strand SuperPower tape based Roebel cables was
demonstrated up to 440 MPa.

The transverse pressure effect on the critical current of ReBCO Roebel cables presented here
are the first ones ever at high stress levels and the number of samples is rather limited. Conse-
quently, it is too early to generalize the unique observations, made and draw hard conclusions
with respect to systematic effects, correlation to certain makes of ReBCO tape and impregna-
tion constituents. Further investigation are required to broaden the experience database.
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Inter-strand contact resistance and AC loss

In this chapter, the inter-strand resistance of ReBCO Roebel cables measured at 4.2 and 77 K
is presented. The samples are impregnated with epoxy resin to reduce the effect of critical
current degradation due to Lorentz forces acting on the strands in the Roebel cables. The
measured inter-strand resistance is then used to estimate the coupling loss in different magnetic
field orientations. Moreover, the contributions of diverse interface contact resistances to the
overall inter-strand resistance of Roebel cables were also estimated a-priori using the model
presented before in Section 3.3. For validation purpose, the AC loss of cables was examined in
various orientations of applied magnetic field at 4.2 K. With three analytical models described
earlier in Section 3.4 the hysteresis loss was calculated and compared to the measured data.
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6.1 Introduction
Besides a degradation-free critical current behavior under transverse stress, the ReBCO cables
for accelerator type magnets also require adequate magnetic field quality as well as an optimum
balance of coupling loss and current sharing. The work presented here aims to improve and
validate the understanding of the relation between inter-strand resistance and coupling loss in
impregnated ReBCO Roebel cables for magnet applications.

The inter-strand contact resistance of ReBCO Roebel cables was reported by several authors
[100–102], but mainly on non-impregnated cables. AC loss performance of Roebel cables is
reported as well but mostly concentrating on 77 K [50].

Application-oriented Roebel cables when used in accelerator type coils must be impregnated
with some loaded resin to enhance the mechanical properties, as described in Chapters 2 and 5.
However, resin impregnation of Roebel cable is not straightforward since epoxy resins have a
different thermal contraction coefficient to ReBCO tape, which can cause layer delamination in
cable strand [86]. Resins with proper filler can be better matched to the tape’s thermal contrac-
tion, as reported by Kirby et al. [164]. Two impregnation variants based on using CTD-101K
resin [171] with glass-fiber sleeve and CTD-101G resin [297] with Al2O3 powder as filler were
developed.

Cables FM-SP-II-A, -B and -C with a glass-fiber braid in the central channel, were insulated
by a glass-fiber sleeve and vacuum impregnated with epoxy resin CTD-101K, as listed in Ta-
ble 6.1. The cable samples were impregnated over a length slightly longer than one transposi-
tion length. Thin Kapton foils are insulating the excess lengths of strands at one termination,
where instrumentation wires are soldered to each strand. The three cables were examined for
inter-strand resistance at 4.2 and 77 K, which is defined in this work by the contact resistance
over a single tranposition length Ra and determined using a direct transport current measure-
ment, as described in Section 2.3.

Table 6.1: List of ReBCO Roebel cables investigated.
Impregnation ∖ cable FM-SP-II-A FM-SP-II-B FM-SP-II-C FM-SP-II-D
Epoxy resin CTD-101K CTD-101G
Glass-fiber sleeve Y Y
Glass-fiber central rope Y N
Measurements
Ra measured Y N
AC loss measured N Y N Y

After the inter-strand resistance measurements, cable FM-SP-II-B was shortened to one trans-
position length in order to measure its AC loss. A same length of cable FM-SP-II-D was
impregnated with CTD-101G filled with alumina powder for AC loss measurements. For all
cable samples examined, a 5 MPa transverse pressure was applied perpendicular to their wide
face during impregnation. This pressure was chosen to roughly mimic the conditions during
magnet coil preparation. All four cable samples have the same geometry using strands made
from SuperPower tape with characteristics that were presented in Table 2.4. The cable sample
architecture and geometric parameters are shown in Figure 6.1 and Table 6.2, respectively. All
AC loss measurements were carried out in a dipole magnet facility at the University of Twente
[140], sweeping the transverse magnetic field between ±1.5 T with a frequency of 1 Hz maxi-
mum.
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Figure 6.1: Roebel cable geometry. The cyclic arrows denote the induced current paths used to clarify
the estimation of the coupling current loop area of cables. The analytical model was presented in detail
in Section 3.4.

Table 6.2: Parameters of the impregnated SuperPower tape based ReBCO Roebel cable.
Description Symbol Value
Number of strands Ns 15
Strand thickness ts 0.1 mm
Cable thickness tc 0.8 mm
Insulation thickness ti 0.1 mm
ReBCO layer thickness tRe 1.0 µm
Copper plating thickness tCu 20 µm
Strand width ws 5.5 mm
Cable width wc 12.0 mm
Cross over width wb 5.5 mm
Channel width wg 1.0 mm
Cross over angle Φ 30°
Transposition pitch Ltp 226 mm
Hole length lg 4.1 mm
Cross-over length lb 11 mm
ReBCO layer distance ds 0.11 mm
Inner radius rin 6.0 mm
Outer radius rout 0.0 mm

The inter-strand resistance and AC loss results were used to validate the electrical network
model developed by Van Nugteren et al. [141], that allows calculation of the dynamic mag-
netic field quality, stability and normal zone propagation in Roebel cable. To use the model
for exhaustive simulation of various Roebel cables, measured input data as contact-resistance
and magnetization are required.

In order to understand the relative contribution of the various layers in a single coated conductor
Roebel strand to the overall inter-strand resistance in a cable, the various component materi-
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als in the tape were considered separately and a-priori estimates were made of their electrical
resistance, see Section 3.3. Also, estimates of the hysteresis loss behavior of the cables based
on the analytical ellipse-, rectangle- and slab models described in Section 3.4 are analyzed.

6.2 Inter-strand resistance, results and discussion

6.2.1 Measurement data
The inter-strand resistance per transposition length Ra measured on Roebel cables FM-SP-II-
A, -B and -C are shown in Figure 6.2 and summarized in Table 6.3. At 77 K, the resistance
ranges from 3 to 16 µW, with a standard deviation of 1 to 5 µW, depending on the cable. At
4.2 K, the values are about 2 times lower, ranging from 1.5 to 9 µW with a standard deviation
of 0.5 to 3 µW. To check for parasitic contacts at the cable ends, possibly caused by sample
cutting, the cable end with no Kapton insulation of sample FM-SP-II-A was polished. The
cable sample was measured again and no significant resistance increase was observed.

The resistance ratio of Ra between 77 and at 4.2 K is about 2, see Table 6.3. This corresponds
to a RRR value of 10 for the copper stabilizer layer when extrapolating to room temperature
using electrical resistivity data of copper [232].

Table 6.3: Ra measured between neighboring strands at 77 and 4.2 K.

Temperature cable FM-SP-II
A B C

77 K (µΩ) 16 ± 5 2.9 ± 0.9 10 ± 3
77 K polished (µΩ) 18 ± 6 - -
4.2 K (µΩ) 9 ± 3 1.4 ± 0.5 5 ± 1
Ra(77 K) / Ra(4.2 K) 1.9 ± 0.1 2.1 ± 0.1 2.2 ± 0.4

6.2.2 Discussion
As described in Section 3.3, a resistor network model is used to estimate the inter-strand re-
sistance components inside ReBCO conductors. In Table 3.5, the estimated resistance compo-
nents that contribute to the inter-strand resistance normalized with respect to the axial length
of the superconducting layer l, were summarized. For Roebel type cable samples, two adjacent
tapes are in contact everywhere except in the cross-over regions. Since tapes cross twice per
transposition length, and for a 15-strand cable it takes 1/15 of transposition length before they
cross, the axial length l over which adjacent tapes are in contact can be estimated straightfor-
wardly to be 13/15 of the transposition length Ltp, i.e. 196 mm.

Table 6.3 shows that measured Ra values range from 2.9 ± 0.9 to 18 ± 6 µΩ at 77 K and from
1.4 ± 0.5 to 9 ± 3 µΩ at 4.2 K. With the estimates for the different resistance components
given in Table 3.5, RAE has such a high resistance that it hardly contributes to the inter-strand
resistance current flow. For other resistance components, all but RDE and REF are too low to
contribute significantly to the inter-strand resistance. In other words, we can conclude for the
calculated Ra:

Ra ≈RDE +REF =
R◻,tt

λttl
cotanh(

wsc
λtt

) , (6.1)

where R◻,tt is the surface resistivity of the tape-to-tape interface and λtt is the corresponding
current transfer length. At 77 K, we can derive from the measured Ra, that R◻,tt is in the range
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Figure 6.2: Inter-strand resistances measured at 77 and 4.2 K in the three CTD-101K impregnated
Roebel cables. The horizontal axis denotes the interface between strands, i.e. 0102 represents the inter-
face between strands 1 and 2.

of 1 to 20 nΩm2 and that λtt is 4 to 16 mm. This implies that the current transfer length λtt is
indeed larger than or equal to the width of the ReBCO layer wsc, so that our earlier assumption
made to derive Equation (3.14) in Section 3.3 holds and RFG is negligible. At 4.2 K, R◻,tt is
0.5 to 10 nΩm2 corresponding to a λtt of 3 to 11 mm.

Similar contact surface resistivity values at 77 K were measured by Otten et al. [100]. With a
5 MPa transverse pressure, the value for SuperPower ReBCO tapes is between 7 and 20 nΩm2,
and for a 10-strand bare Roebel cable 5 to 25 nΩm2. These coherent results obtained in dif-
ferent laboratories with different measurement methods show that surface resistivities can be
measured reliably.

The resistance of the impregnated copper to copper interface is determined by the effective
contact area between the tapes, which is significantly affected by the roughness of the tape
surface, surface copper-oxidation level, applied transverse pressure during impregnation and
strand-misalignment. It is difficult to determine analytically what the effective contact between
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the surfaces.

6.3 AC loss results and discussion
The AC loss data of the impregnated cable samples FM-SP-II-B and FM-SP-II-D are presented
in Figures 6.3 to 6.5. Figure 6.3 shows the loss measured with the AC magnetic field applied
perpendicular to the wide face of the cables. In Figure 6.4 the magnetic field is applied par-
allel to this face, but still perpendicular to the cable axis. Figure 6.5 shows the loss when
the magnetic field is rotated in a plane perpendicular to the cable axis and makes an angle θ
with the normal to the wide face. All data were collected with the cables fully submerged in
boiling helium at a temperature of 4.2 K. In all figures the discrete symbols represent mea-
sured data points, while the solid and dashed lines were calculated with the analytical models
for hysteresis- and coupling losses, respectively, that were presented in Section 3.4, except for
Figures 6.3c and 6.4c, where the lines are just polynomial fits that are used to determine the
maximum of the loss function.

In Sections 6.3.1 to 6.3.3, we simply present the data and make some key observations about
the observed amplitude-, frequency- and orientation dependences. A more detailed discussion
of the measured losses, comparing the cables to each other and commenting on the model
predictions, is referred to Section 6.3.4.

6.3.1 Measurement results in perpendicular transverse magnetic field
In Figure 6.3a, the losses of the two cables in a perpendicular AC magnetic field are reported
as a function of magnetic field amplitude at several fixed frequencies. Also the frequency-
independent hysteresis losses that are predicted by the ellipse- and rectangle models, Equa-
tions (3.17) and (3.24) respectively, are presented. The dot-dashed lines correspond to inter-
strand coupling loss predictions at selected frequencies, calculated with Equation (3.30) using
the independently measured inter-strand resistance Ra of 1.4 µW of cable FM-SP-II-B, as pre-
sented in Table 6.3 of Section 6.2. We can make several observations:

• The measured AC loss in the two cables are quite similar, especially at magnetic fields
above 50 mT;

• Up to 500 mT the measured loss increases with the third power of the magnetic field
amplitude, as predicted by most hysteresis loss models for magnetic field amplitudes
below the penetration field;

• The amplitude dependence of the loss in cable FM-SP-II-B measured at two different
frequencies, 10 and 100 mHz, shows the same result across the investigated range;

• Qualitatively, the model predictions for hysteresis loss follow the shape of the measured
data quite well, but quantitatively they over-estimate the perpendicular magnetic field
loss, by more than two decades for the ellipse model and by about a factor 4 to 5 for
the rectangular model. Note that a penetration field of 1 T was assumed in these model
predictions (see below);

• Even at higher frequency, the coupling loss predictions remain several orders of magni-
tude below the measured data.
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Figure 6.3: Measured and calculated AC loss of cables FM-SP-II-B and -D at 4.2 K in perpendicular
transverse magnetic field: (a) amplitude dependence of AC loss at selected frequencies: symbols repre-
sent the measured data, lines represent model predictions of the hysteresis- (solid line) and coupling loss
(dot-dashed line); (b) frequency dependence of the loss at selected amplitudes; (c) amplitude-dependent
loss factor Γ of cable FM-SP-II-B, measured at 0.01 Hz: symbols represent the measured data, the solid
line is a polynomial fit made to help determine the maximum in the curve.

In Figure 6.3b, the measured frequency-dependence of the AC loss in perpendicular magnetic
field is presented at a number of selected amplitudes. Again, some straightforward conclusions
can be drawn:

• In both cables, the loss does not vary significantly with frequency throughout the in-
vestigated amplitude range of 20 to 400 mT. This confirms the main conclusion from
Figure 6.3a, that the perpendicular magnetic field loss is dominated by hysteresis loss;
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• At 20 mT, the loss level in cable FM-SP-II-D is about a factor 2 lower than in cable FM-
SP-II-B, but the losses in both cables virtually coincide at a higher amplitude of 400 mT.
Whether or not this is related to the different impregnation resins used in both cables is
not clear.

We conclude that for both cables hysteresis is the dominant loss mechanism in perpendicular
magnetic field throughout the investigated amplitude- and frequency ranges.

In Figure 6.3c, the amplitude dependence of the measured loss factor Γ of cable FM-SP-II-B
is shown, defined as:

Γ =
Q

2µ0H2
0
, (6.2)

where Q is the loss per unit volume per cycle, µ0 is the vacuum permeability and H0 is the
applied field amplitude. The solid line is a polynomial fit to the data, which allows to estimate
a perpendicular penetration field of 1.0 ± 0.2 T at 4.2 K, corresponding to the maximum in Γ.
Note that this value was used to calculate the hysteresis predictions in Figure 6.3a.

6.3.2 Measurement results in parallel transverse magnetic field
When the AC magnetic field is applied parallel to the wide face of the cables, but still per-
pendicular to their axis, quite a different loss behavior is observed. Figure 6.4 shows the loss
at 4.2 K in this field configuration. Like in Figure 6.3, the amplitude- and frequency depen-
dences were measured separately at selected frequencies and amplitudes, respectively. Also
here symbols represent measured data, lines calculated model predictions and the third plot
gives the amplitude-dependent loss function of cable FM-SP-II-B.

With reference to the amplitude dependence shown in Figure 6.4a, it is observed that:

• The loss in cable FM-SP-II-B measured at different frequencies of 0.2, 0.5 and 1 Hz
coincide within the uncertainty of the measurement;

• Just like in the perpendicular orientation presented above, the amplitude dependence
of the loss in this cable follows the hysteresis loss trend also in parallel magnetic field
(increasing with the third power of H0 for amplitudes below 30 mT); At higher ampli-
tudes the loss in this cable FM-SP-II-B changes over to a linear amplitude dependence,
in agreement with the well-known fully-penetrated hysteresis behavior described in Sec-
tion 3.4;

• The hysteresis model calculations, assuming a parallel penetration field of 30 mT, follow
the measured data of this cable quite closely, irrespective of the model details (ellipse or
rectangle);

• Also in this configuration, the calculated coupling loss of cable FM-SP-II-B using an Ra
of 1.4 µW lies more than an order of magnitude below the measured data.

We thus conclude that, just like in the perpendicular magnetic field case, the parallel field loss
of cable FM-SP-II-B is dominated by hysteresis.

Cable FM-SP-II-D, on the other hand, behaves qualitatively quite different. For this cable
the amplitude dependence of the loss, measured at 0.5 Hz, follows a power-law with power
two rather than three. Unfortunately, the inter-strand resistance value of this cable was not
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Figure 6.4: Measured and calculated AC loss of cables FM-SP-II-B and -D at 4.2 K in magnetic field
applied perpendicular to the cables’ axis but parallel to their wide face: (a) amplitude dependence of the
AC loss at selected frequencies: symbols represent the measured values, lines represent model predictions
of the hysteresis- (solid line) and coupling loss (dot-dashed line); (b) frequency dependence of the loss in
both cables at selected magnetic field amplitudes; (c) amplitude-dependent loss factor Γ of cable FM-SP-
II-B, measured at 0.2 Hz: symbols are the measured data, the solid line is a polynomial fit to determine
the position of its maximum.

measured independently so that the data cannot be compared with an a-priori prediction of the
inter-strand coupling loss. However, following the opposite route, we can take the measured
loss and use the coupling loss Equation (3.30) to deduce an inter-strand a contact resistance
value of 55 nW.

In Figure 6.4b no significant frequency dependence of the loss is observed in cable FM-SP-II-
B, confirming the dominance of hysteresis loss in this sample. Cable FM-DP-II-D, however,
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shows a weak but significant frequency dependence in the amplitude range of 20 to 400 mT.

Finally, from Figure 6.4c we conclude that the parallel penetration magnetic field of cable
FM-SP- II-B is 30 ± 5 mT at 4.2 K.

6.3.3 Magnetic field angle dependence of AC loss
Figure 6.5 shows the angular dependence of the loss Q(θ) in the two cables, measured at 4.2 K
with a fixed magnetic field amplitude of 20 mT and frequency of 1 Hz. θ is defined as the
angle between the applied magnetic field, which is kept perpendicular to the cable axis, and
the wide face of the cables, i.e. θ = 90° corresponds to the perpendicular case presented in
Section 6.3.1 and θ = 0° to the parallel configuration of Section 6.3.2. The diamond- and
circle-shaped symbols represent the measured data, which were obtained by processing the
voltage signals from the in- and out-of-plane pickup coils separately using Equation (2.4), as
described in Section 2.4.1, taking only the applied magnetic field component perpendicular to
the corresponding coil, H0sinθ for the in-plane coil and H0cosθ for the out-of-plane one, and
using the corresponding fill factors (α⊥ and α∥, respectively) that were determined from the
calorimetric calibration during the ‘pure’ perpendicular or parallel loss measurements. The
open-square symbols represent the sum of the two contributions. The lines in both graphs are
model calculations that are discussed in Section 6.3.4.

Figure 6.5: Angular dependence of the measured and calculated AC loss at a fixed magnetic field
amplitude 20 mT, frequency 1 Hz and temperature 4.2 K: (a) cable FM-SP-II-B, the blue and red symbols
are the loss detected by the in- and out-of-plane coils separately, the green ones are the sum of both. The
solid curves represent hysteresis loss calculated with the ‘rectangle model’; (b) cable FM-SP-II-D, also
with blue and red symbols for the measured data obtained from the two separate coil sets and the green
ones representing the sum of both. The solid line is also here calculated with the ‘rectangle’ model, the
dashed one with a coupling loss model.
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Figure 6.5a presents the angular dependence of the loss in cable FM-SP-II-B. From the pre-
vious sections we know that in both, in the perpendicular- and in the parallel configuration,
the losses in this cable are dominated by hysteresis. Therefore, we model the angle-dependent
losses with the same rectangle model Equations (3.24) (the blue line) and (3.26) (the red line)
as in Figures 6.3 and 6.4, using the perpendicular and parallel penetration fields found in the
previous sections (1 and 0.03 T, respectively, see Figures 6.3c and 6.4c), but this time taking
into account the field angle by using the appropriate magnetic field component rather than its
full amplitude. In other words, the blue curve is proportional to |sin3θ| and the red one to
|cos3θ|. The green line is simply the sum of both. The data follow these model predictions
reasonably well, especially in the vicinity of θ = 0°. Closer to the perpendicular situation θ =
90°, the correspondence is less good, with a deviation between data and model that is similar
to the one observed in the ‘pure’ perpendicular experiment of Section 6.3.1.

Figure 6.5b shows the measured angular dependence of the loss in cable FM-SP-II-D. From
Section 6.3.2 we know that the parallel loss in this cable is dominated by inter-strand coupling.
Hence we use coupling loss Equation (3.30) to model the influence of the parallel field com-
ponent, yielding the red dashed line which is proportional to |cos2θ|. For the perpendicular
component (the blue line), we still use the hysteresis Equation (3.24) predicting a |sin3θ| be-
havior. The perpendicular penetration magnetic field is taken to be 1.6 T, reported for similar
cable samples that were measured at the University of Southampton [298,299].

6.3.4 Discussion
Hysteresis loss

The perpendicular and parallel penetration fields of cable FM-SP-II-B were measured to be
1.0 ± 0.2 T and 30 ± 5 mT, as presented in Figures 6.3c and 6.4c, respectively. The perpen-
dicular penetration field of cable FM-SP-II-D was reported by the University of Southampton
[298, 299] as 1.6 T. From these measured penetration field values and the cable dimensions
presented in Table 6.2, the critical current density Jc can be estimated using the analytical
model Equations (3.19), (3.25) and (3.27) for the ellipse, rectangle and slab, respectively. The
resulting Jc values are shown in Table 6.4. The ellipse- and rectangle models yield similar
values in perpendicular magnetic field, which also closely corresponds to the Jc value derived
from the parallel penetration field for all models.

Table 6.4: Derived critical current densities for cable FM-SP-II-B.

µ0Hp(T) jc(×1010 A / m2) Model External field direction

1
4.3 Ellipse

µ0H⊥
4.2 Rectangle

0.03 4.8 Ellipse / rectangle / slab µ0H∥

The hysteresis loss in the 15-strand ReBCO Roebel cables can then be calculated and these
results were presented in Figures 6.3a and 6.4a as solid lines. In perpendicular field, see Fig-
ure 6.3a, the rectangle model approaches the measured data best. This is most likely due to the
local magnetization of the cable edges, which is not represented correctly in the elliptic model.
In the parallel case, shown in Figure 6.4a, all three analytical models correspond quite closely
with the measured data. This is not too surprising, since demagnetization effects at the sample
edges only play a minor role in this configuration. In the partial-penetration regime, all mea-
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sured losses increase with the cube of the magnetic field amplitude H0
3. The H0

4 dependence
predicted for low magnetic fields by the thin strip model proposed in [236] is not observed in
our data set.

Since Carr’s rectangle model corresponds best to the measured cable data, the model intro-
duced to describe the angular dependence of the loss in Figure 6.5 is derived from this rectan-
gle model, using the measured penetration fields and jc-values described above.

To the best of our knowledge, there is no analytical model available that describes the hysteresis
loss in a superconductor with an aspect ratio different from 1 as a function of the magnetic field
angle. Since the experimental data in Figure 6.5 were obtained with separate in- and out-of-
plane coils, we modelled them by simply taking the in-plane and out-of-plane components of
the applied magnetic field and inserting these for the amplitude µ0H0 in the rectangle model.
Remarkably, the results of such analysis follow the measured data reasonably well, reproducing
the parallel component of the magnetization closely and the perpendicular component with the
same deviation as the pure perpendicular field case measurement results shown in Figure 6.3.
Note that this observation is far from trivial, since the Critical State Model is highly non-linear
and the magnetic field penetration profile for intermediate angles could thus be expected not
to obey the simple superposition that is inherently assumed in our modelling approach. How-
ever, since this assumption does yield a reasonable correspondence to the data, it can be used
to make a first straightforward estimate of the loss, e.g. when pre-designing a magnet.

Eddy current loss

The eddy current loss in perpendicular and parallel magnetic fields is calculated from Equa-
tion (3.29). Similar to coupling loss, eddy current loss increases with the square of the ampli-
tude at a constant frequency. For example, the eddy current loss in a perpendicular magnetic
field of 0.1 T at 0.1 Hz and 4.2 K is calculated to be 1.0 × 10-3 J/(cycle⋅cm3), about 200 times
higher than the estimated coupling loss 5.5 ×10-6 J/(cycle⋅cm3) but is only 10% of the mea-
sured hysteresis loss. In a parallel magnetic field, the eddy current loss at 1 Hz and 0.1 T is
estimated at 6.3 × 10-9 J/(cycle⋅cm3), about 1000 times lower than the corresponding coupling
loss 4.6 × 10-6 J/(cycle⋅cm3). In both orientations, the estimated eddy current loss is lower than
the measured AC loss throughout the investigated experimental window.

Coupling loss

Using Equation (3.30), the AC coupling loss can be derived from the measured inter-strand
resistance Ra and from the area A of the elementary inductive ‘pick-up loop’ formed by two
coupled strands. The value of A in perpendicular and parallel magnetic field orientations are
reported in Table 6.5, estimated using Equations (3.31) and (3.32).

Table 6.5: Parameters used in coupling model calculation.

Unit Value n

A⊥ mm2 4.1 2*Ns

A
∥

mm2 24 Ns

Ra of cable FM-SP-II-B µΩ 1.4 -

Using the loop areas and average measured Ra value reported in Section 6.2.1, the coupling
loss in cable FM-SP-II-B was calculated. The results are included in Figures 6.3 and 6.4 as dot-
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dashed lines, yielding for all investigated amplitudes, frequencies and field orientations, loss
values that are several orders of magnitude lower than the measured ones. This simple model
thus confirms the dominance of hysteresis loss in cable FM-SP-II-B. For cable FM-SP-II-D, on
the other hand, a clear signature of coupling loss is observed in the parallel field orientation.
Unfortunately, the inter-strand resistance Ra of this cable FM-SP-II-D was not measured, but
can be estimated to be 55 nW from Equation (3.30) and the loss data presented in Figure 6.4.
Note that this is about 30 times lower than the measured Ra values in cable FM-SP-II-B. Pos-
sibly, this is related to the different impregnation: in cross-sectional microscopy of the cables
no voids were observed in the CTD-101K resin that was used with cable FM-SP-II-B, while
in cable FM-SP-II-D the central channel does not contain resin, as shown in Figure 6.6. Pre-
sumably, the higher viscosity of the CTD-101G resin with filler particles hampered proper
penetration of the epoxy in this cable. Whether this scenario is correct and indeed related to
the lower inter-strand resistance needs to be investigated further.

(a)

(b)
Figure 6.6: Cross-sectional views of the center section of investigated Roebel cables: (a) cable FM-
SP-II-B; (b) cable FM-SP-II-D. Note that the ReBCO layer is facing upwards in both pictures.

6.4 Conclusion
Application of ReBCO Roebel cable in magnets require characterization of various cables to
arrive at high performance coil windings. For enabling accurate ReBCO Roebel cable sim-
ulation needed for the design of 20+ tesla class superconducting accelerator type magnets,
accurate model input is essential. For this reason, the experimental data base has to be ex-
tended since the volume of data is quite limited.

Novel resin-filler impregnated ReBCORoebel cables proposed by CERNwere characterized in
terms of inter-strand contact resistance and AC loss. The inter-strand resistance values within
one transposition length of three cables at 77 K, range from 3 to 18 µW and the derived mean
contact surface resistivity is in the range of 1 to 20 nWm2. The inter-strand resistance mea-
sured at 4.2 K is in the range of 1 to 10 µW, leading to a surface resistivity of 0.5 to 10 nWm2.
Variations in inter-strand resistance values between cables are within 30% and may be caused
by variations in strand alignment. The variation in average inter-strand resistance for samples
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of three cables is within a factor 6. Analysis of the several contributions to the intra-strand
contributions determining the overall inter-strand contact resistance clearly indicates the dom-
inant contribution of the copper-to-copper surface resistance.

AC loss at 4.2 K in impregnated Roebel cables was measured calorimetrically and inductively
with alternating magnetic field applied either perpendicular or parallel to the wide face of the
cable. In perpendicular field, both amplitude- and frequency dependence of the two cable types
show that their loss is dominated by hysteresis. The same is valid for the loss in cable FM-SP-
II-B in parallel field, while cable FM-SP-II-D shows a clear sign of inter-strand coupling loss
in this orientation. In parallel field, the hysteresis loss of cable FM-SP-II-B is well described
by the infinite slab model, while in perpendicular field the best possible description is given
by the rectangular strip model. Calculation of the coupling loss in this cable, based on the
measured inter-strand contact resistance, confirms that hysteresis loss is dominant for all ori-
entations of magnetic field. Although the inter-strand contact resistance of cable FM-SP-II-D
was not measured directly, the observed coupling loss in this cable in parallel magnetic field
remarkably shows that it is two orders of magnitude lower than in cable FM-SP-II-B, possibly
due to incomplete impregnation.

Magnetization loss in both cable types was also measured as a function of applied magnetic
field angle, using an orthogonal set of pick-up coils to record the in-plane and normal com-
ponents of the magnetization. Somewhat surprisingly, the loss at intermediate magnetic field
angles can be predicted quite well by considering the perpendicular and parallel components
of the applied magnetic field separately and taking the sum of the corresponding losses.

The inter-strand resistance and magnetization loss experimental results are important as input
for advanced electrical cable network simulation models by Van Nugteren et al., for calculating
for example the dynamic magnetic field quality, thermal stability and normal zone propagation
of ReBCO Roebel cables.
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Conclusion

In the previous Chapters several topics important for understanding the transverse pressure
effect on superconducting Nb3Sn Rutherford and ReBCO Roebel cables for accelerator mag-
nets, were presented. In this chapter the main findings and conclusions are summarized. The
Chapter ends with recommendations for future research.
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7.1 Transverse pressure effect on the critical current of
Nb3Sn Rutherford cables

DS-typed key-stoned Nb3Sn Rutherford-type cables, comprising 40 PIT-114 strands with a
wire diameter of 0.7 mm and impregnated with the CIBA GEIGY Araldite epoxy resin, show
a non-copper critical current density at 4.2 K of 2480 ± 75 A/mm2 at 11.1 ± 0.3 T for the
cable sample with a stainless-steel core and 2860 ± 85 A/mm2 at 11.2 ± 0.3 T for the cable sam-
ple without core. No critical current reduction was observed in the cable sample without core
when compared to a virgin witness wire. However, the cable sample with core showed a 20%
critical current reduction, which might be due to the uneven positioning of the stainless-steel
core causing unwanted stress concentrations in the cabling process. SMC-type rectangular
Nb3Sn Rutherford-type cables, comprising 18 RRP-132/169 and PIT-192 strands with a wire
diameter of 1 mm and impregnated with CTD-101K epoxy resin, have a non-copper critical
current density at 4.2 K of 3160 ± 190 A/mm2 and 2480 ± 150 A/mm2 at 12 T for RRP- and
PIT-type cable samples, respectively. No significant differences in critical current density were
observed between both cables and their virgin witness wires. These observations indicated that
the impact of the cabling process for Nb3Sn Rutherford cables can be minimized when using
an appropriate cabling method. In addition, the measurement results of RRR values on virgin
witness wires and extracted strands of the rectangular cable samples are larger than 100, which
satisfies the minimum RRR requirement for a 16 T accelerator magnet design presently under
development and confirms the adequate deformation control during cabling.

For the transverse pressure susceptibility of the cable samples, the characterization of both
reversible and irreversible critical current reduction is crucial. The measurement results show
a 90% critical current retention compared to the initial ’un-loaded’ values at 100 ± 10 MPa for
the key-stoned DS-PIT cable sample with a stainless-steel core; 70 ± 30MPa for the key-stoned
DS-PIT cable sample without core; 130 ± 3 MPa for the rectangular SMC-RRP cable sample
and 90 ± 3 MPa for the rectangular SMC-PIT cable sample. This reversible critical current
reduction caused by Nb3Sn lattice deformation must be taken into account when designing
magnets. In addition, the measurement results illustrate that the DS-PIT cable sample with a
stainless-steel core is less susceptible to transverse stress than the DS-PIT cable sample with-
out core for key-stoned Rutherford cables. For the rectangular cable samples, the SMC-RRP
cable sample is more robust than the similar cable sample comprising SMC-PIT wires. The
onset of irreversible critical current reduction due to filament cracking is determined by using
2% reduction of the critical current measured at ’zero’-stress after unloading as criterion. The
measurement results of the irreversible critical current reduction of these cables lead to similar
conclusions as the results of the reversible critical current reduction. The maximum transverse
pressure that a cable can sustain without permanent critical current reduction is 90 ± 10 and
70 ± 30 MPa for key-stoned DS-PIT cable samples with and without core, respectively. The
transverse pressure limit for rectangular SMC-RRP and -PIT cable samples are larger than 190
and 150 MPa, respectively.

Theminimum transverse stress requirements for designing 11 and 16 T accelerator dipole mag-
nets are 150 and 200 MPa, respectively. Therefore, it is possible to construct dipole magnets
using the PIT-114 and RRP-132/169 wires provided sufficient margin is taken into account.
However, there is not sufficient statistical data available yet to draw a solid conclusion and
more similar experiments need to be performed in order to confirm these results.

The results mentioned above were measured after applying an extra so-called ’alignment’ im-
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pregnation. Earlier experiments where this extra precaution was not included yielded more
scattered data and significantly poorer critical current performance versus the transverse pres-
sure. This illustrates the importance of avoiding stress concentrations in the experiments de-
scribed in this thesis, but certainly also in magnet windings constructed with these cables.

The upper critical field of cable samples is estimated by fitting the critical current data with
respect to the peakmagnetic field using the Kramer extrapolation function, as described in Sec-
tion 4.2.1. When comparing the upper critical field values of the rectangular Rutherford SMC
cables between ’zero’-stress and 150 MPa, no significant reduction is observed at 150 MPa in
the RRP cable sample, but a 6% reduction occurred in the PIT cable sample at the same stress
level. In addition, load-cycling of cable samples causes no significant evolution of the critical
current reduction. It is concluded that no significant filament cracking occurred in the strands
of these rectangular Rutherford cables when transverse pressures reach to 190 and 150 MPa
for RRP and PIT cable samples, respectively.

The vacuum impregnation using epoxy resins of either CIBY GEIGY Araldite or CTD-101K
is successful as no visible voids in the cable were observed. Both impregnation methods re-
inforce the transverse pressure limit of Rutherford cables. The use of glass-fiber in magnet
coil windings not only ensures adequate electrical turn-to-turn insulation, but also reduce the
difference in thermal contraction between the pure epoxy resins and the cable itself. Model
estimates show that the mechanical effect of an insulating glass-fiber sleeve around the cable
is relative small.

7.2 Transverse pressure effect on the critical current of
ReBCO Roebel cables

For a ReBCO Roebel strand, mechanically punched from the investigated SuperPower tapes of
12 mmwide produced in 2016-2017, the critical current density is 55 ± 3 and 42 ± 3 kA/mm2

for its ’straight’ and ’crossover’ sections, respectively, at 4.2 K and 10.8± 0.3 T. The ’crossover’
part of the strand has a 20% lower critical current compared to the ’straight’ part, which indi-
cates that the overall strand critical current is affected and limited by the critical current locally
at the ’crossover’ sections. The possible explanation for the critical current deviation is that
the critical current in a coated conductor is anisotropic and in-plane direction dependent with
the current along the tape higher than across the tape. In the ’crossover’ section the situation
is somewhere in between.

In the case of the bare (non-impregnated) cable sample, assembled with the same SuperPower
ReBCO Roebel strands, the critical current density at ’zero’-stress is 47 ± 3 kA/mm2 at 10.7
± 0.3 T. Compared to the ’crossover’ strand sample, no critical current density reduction was
observed. A similar conclusion can be drawn regarding most cable samples impregnated with
CY5538 Araldite filled with fused silica powder: no significant critical current density re-
duction occurred in one cable sample comprising 10 SuperPower tape based zig-zag strands.
However, a second similar Roebel cable sample impregnated with the same epoxy resin showed
a 10% critical current density reduction, which is not understood and might be due to the non-
homogeneity in the tape of the critical current along the length. For the 15-strand SuperPower
tape based cable samples, one was impregnated with CY5538 Araldite filled with fused sil-
ica powder, while the other one was enveloped with a glass-fiber sleeve and impregnated with
CTD-101K. Compared to the ’crossover’ strand sample, the first one did not show any sig-
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nificant critical current reduction, but the second one showed a 10% current reduction. This
might be explained by the fact that the second cable sample was not entirely assembled from
the same batch of SuperPower tape based strands. These observations indicate that the im-
pregnation with CY5538 Araldite very likely does not cause a critical current reduction in
SuperPower tape based cable samples, but no solid conclusion can yet be drawn on impregna-
tion with CTD-101K due to the rather limited number of samples. In addition, compared to
the impregnated SuperPower tape based cable samples, the Bruker tape based cable sample,
impregnated with CTD-101K, has a 30% larger critical current density at 4.2 K and 11 ± 0.3 T.

Regarding the transverse pressure susceptibility of Roebel cable samples, the results show a
90% critical current retention compared to the initial ’un-loaded’ values at 80 ± 15MPa for the
bare SuperPower tape based cable sample. In the case of impregnated Roebel cable samples,
unlike the bare cable, no significant reduction in critical current appears until the transverse
pressure is larger than 170 MPa. The impregnated Roebel cables are less susceptible to trans-
verse pressure than impregnated Nb3Sn Rutherford cables. The irreversible reduction ∆Ic is
determined by using the same 2% criterion as for the Nb3Sn cables in view of the 1.5% ran-
dom error in critical current measurement. The transverse stress limit was observed at <100
± 15 MPa for the bare SuperPower tape based cable sample, 170 ± 10 to 275 ± 10 MPa for
similar cable samples but impregnated with CY5538 Araldite, and ≥400 ± 5MPa for 15-strand
SuperPower tape base cable samples impregnated with either CY5538 Araldite or CTD-101K.
Most importantly, it is the first time the transverse pressure effect was measured on 15-strand
Roebel cables made from Bruker coated conductor and no reversible critical current reduction
was found up to the record value of 425 ± 3 MPa, while the irreversible transverse limit was
observed up to a record value of 455 MPa.

It is concluded that 10- and 15-strand ReBCO cables with correct vacuum impregnation are
able to withstand transverse pressure far beyond 150 and 300 MPa, respectively, without no-
ticeable degradation in critical current. From a mechanical viewpoint, it is therefore a realis-
tic perspective to build 20+ T class accelerator dipole magnets using state-of-the-art ReBCO
Roebel cables provided a correct epoxy resin impregnation is applied.

A single thermal cycle had no further effect on the critical current of the SuperPower tape
based cables, but a 20% critical current reduction was surprisingly observed between first and
second cool-down in the Bruker tape based cable. No solid conclusion can be drawn about the
cause due to the insufficient statistics.

Vacuum impregnation using epoxy resins of CY5538 Araldite filled with fused silica powder
and CTD-101K with glass-fiber sleeve are both successful as no visible voids were observed
in the cable samples. Epoxy resin CTD-101K with glass-fiber sleeve is suitable to impregnate
large-size magnets regarding the coils’ insulation requirement and its long pot life of 60 h at
40℃ in comparison to the silica filled Araldite featuring 3 h at 80℃ only. Layer delamination
was observed in a 10-strand SuperPower tape based cable sample impregnated with CY5538
Araldite filled with fused silica powder. Whether this is due to the combination of the tape
punching and the subsequent impregnation, which leaves edges of the strands directly exposed
to impregnation materials, or to the build-up of thermal stress between resin and strands during
cool-down is yet unclear. No significant delamination was observed in cable samples impreg-
nated using CTD-101K and glass-fiber. Therefore, it was convincingly demonstrated that the
epoxy resin CTD-101K with glass-fiber sleeve seems suitable for application in coil windings
comprising ReBCO Roebel cables.
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7.3 Inter-strand resistance and AC loss of ReBCO Roebel
cables

The inter-strand resistance measured within one transposition length of three Roebel cables,
assembled from 15 standard SuperPower ReBCO tape based strands and impregnated with
CTD-101K mixed with glass-fiber, ranges from 3 to 18 µW at 77 K and from 1 to 10 µW at
4.2 K. The corresponding contact surface resistivities are estimated from an electrical network
model, presented in Chapter 3. The values are in the range of 1 to 20 nWm2 and of 0.5 to
10 nWm2 at 77 and 4.2 K, respectively. The resistivity values at 77 K are comparable to the
measurement results from Otten et al. [100], who reported resistivity values of 7 to 20 µW
for SuperPower ReBCO tapes and 5 to 25 µW for a 10-strand Roebel cable. These coherent
conclusions show that surface resistivities can be measured reliably and reproducibly. In ad-
dition, analysis of the several contributions to the intra-strand contributions determining the
overall inter-strand contact resistance clearly indicate the dominant contribution of the copper-
to-copper surface resistance.

The AC loss at 4.2 K in impregnated ReBCO Roebel cable samples in various orientations of
the applied AC magnetic field, is dominated by hysteresis loss. In the impregnation cables,
coupling loss can mostly be ignored, only one cable sample, impregnated with CTD-101G and
filled with alumina powder, shows a clear sign of inter-strand coupling loss when the magnetic
field is parallel to the broad face of the cable sample. Three analytical models taken from
literature are used to estimate the hysteresis loss in various magnetic field orientations. The
estimates are comparable to the measurement data in a parallel magnetic field, but at least 10
times higher than the measurement data in a perpendicular magnetic field.

Magnetization loss in both cable types was also measured as a function of applied magnetic
field angle, using an orthogonal set of pick-up coils to record the in-plane and normal com-
ponents of the magnetization. Somewhat surprisingly, the loss at intermediate magnetic field
angles can be predicted quite well by considering the perpendicular and parallel components
of the applied magnetic field separately and taking the sum of the corresponding losses.

7.4 Recommendations
7.4.1 Experiments
The critical current performance at 4.2 K of superconducting cables when exposed to trans-
verse pressure are measured using a superconducting transformer and electromagnetic press
system at the University of Twente. The applied force was determined with two independent
methods, one is to measure the current that powers the press coils with a zero-flux meter and
the displacement of the upper press coil with an extensometer; the second is to monitor the
deformation of the pressure anvil with two strain gauges glued to the its short sides. The ex-
tensometer can measure with an accuracy of 1 µm within a range of a few millimeters and
a sensitivity of 1.046 mV/mm [132]. However, during the cable sample measurement, the
extensometer value is fluctuating in a certain range. The first recommendation is to check
how significantly the variations of extensometer data affect the calculated force. A method of
adding two additional extensometers to the upper press coil is suggested. Three extensometers
can be placed at the point of an equilateral triangle and the average value of the extensometer
readings used to calculate the applied force. In this case, the error of the force calculation
can be further minimized. The misalignment between the upper press coil and piston can be
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reduced as well.

As described in Section 2.5.2.3, the contact surface of the side plate is covered with Kapton
tapes to decrease the friction between the pressure anvil and two side plates, especially in the
case of using the ’alignment’ impregnation. The question of how significantly the Stycast ap-
plied during the alignment impregnation affects the force applied on the cable sample needs to
be answered. Additional stress-strain measurements on samples with a steel-Kapton-Stycast-
steel layout are suggested. Another method to reduce the possible friction between the pressure
anvil and two side plates is to shorten the current side plates, resulting in less contact surface
with the anvil. In this case, more strain gauges can be glued on the long side of the anvil. Then,
the stress distribution both along the sample length and -width can be monitored.

In the impregnated ReBCORoebel cable samples used for inter-strand resistance measurement
in this thesis, the strands are not aligned with each other and the distances between neighbor-
ing strands are not the same. This may cause the observed variation in inter-strand resistances
within one cable. To minimize this variation, special care needs to be taken to prepare the
cable before impregnation.

The present calorimetric method for measuring the low-level AC loss is not sensitive enough
and is easily influenced by the enclosed helium cycle system. It is suggested to use a flow
meter with a better resolution or measure the AC loss of stacks of cable samples instead of a
single cable sample. Also, the calorimetric data is much more reliable when the pressure of
the enclosed helium cycle system is stable, a pressure regulator can be connected to the helium
cycle system.

7.4.2 Modelling
The simplified 2D FE mechanical model Ic(σ) results, as shown in Section 3.2.4, yields only
a semi-quantitative agreement with the measured data. In order to fit better with the measure-
ments data, a more detailed strand model including the filament layout is probably required.

An electrical network model can be developed to estimate the effective length of strands in a
Nb3Sn Rutherford cable determining the overall critical current of the cable, taking into ac-
count the deviatoric stain and local magnetic field distributions of the cable.

In the case of AC loss models of ReBCORoebel cables, as described in Section 3.4, the analyt-
ical model estimates deviate significantly from the experimental data. Further implementation
of the numerical model reported by Van Nugteren et al. [141] on different cable layouts, tape
types and inter-strand resistance values for ReBCO Roebel cables is suggested.

7.4.3 Nb3Sn Rutherford cables
For key-stoned DS-type Nb3Sn Rutherford cables, multiple voltage taps can be soldered on
both the thin- and thick sides of a cable sample. By switching the orientations of the peak
magnetic field position from one side to the other, the critical current performance of both
sides when exposed to transverse pressure can be measured. Thereby, the transverse stress
susceptibility of both sides in the cable sample can be determined.

To determine the current redistribution in a cable sample, a selected strand can be used for the
critical current measurement as a function of transverse pressure applied to the cable surface.
The current is injected to the selected strand in the cable sample, and voltage of the strand and
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its neighboring strands is detected.

To validate the measurement results in this thesis, more measurements need to be performed on
similar cable samples. To determine the irreversible critical current more precisely, small steps
of increasing the transverse pressure are needed and a high transverse pressure level needs to be
reached. In addition, more critical current measurement as a function of magnetic field when
exposed to the transverse pressure can be considered, in order to determine more precisely the
relation between upper critical field and transverse pressure.

As to magnet construction, proper methods to monitor and avoid unwanted stress concentra-
tions in magnet assembly are of key importance. One conclusion from this thesis is that the
reacted Nb3Sn Rutherford cables are extremely susceptible to interface misalignment, which
causes stress concentrations. This is the essential for the success of high-field Nb3Sn magnet
construction.

To reduce the transverse stress susceptibility of Nb3Sn wires and cables, one option is using
an epoxy resin with a large Young’s modulus and Poisson’s ratio to impregnate the sample;
the second option is to improve the structure of the strands themselves and make it much more
robust; the third option is using a different cable architecture, i.e. using rectangular cable with
lower cabling compaction instead of a key-stoned cable.

7.4.4 ReBCO Roebel cables
Compared to Nb3Sn based Rutherford cables, the main issue with ReBCO coated conductor
presently is the relatively high cost. To manufacture a Roebel cable, the traditional methods
causes more than 50% material loss. A perspective method to reduce the cost of Roebel strand
in the future is producing the zig-zag strand already during the ReBCO synthesis process using
for example a chemical solution deposition method.

Investigation of current redistribution on ReBCO Roeble cables just like Nb3Sn Rutherford
cables is suggested. In general, but in particular, for Bruker tape based Roebel cable, more
investigation of the thermal cycling effect on the critical current is also highly recommended.

The investigation of the transverse stress effect on the inter-strand resistance and AC loss of
impregnated ReBCO Roebel cables with various cable layouts and tape types is suggested as
well.
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Summary
This thesis seeks to expand the understanding of the transverse pressure effects on state-of-
the-art Nb3Sn Rutherford and ReBCO Roebel cables for application in accelerator magnets.
Various cable samples are exposed to transverse pressure and their critical current is measured
at 4.2 K in a perpendicular applied magnetic field of 10 to 10.5 T. For impregnated ReBCO
Roebel cables, the inter-strand resistance at 4.2 and 77 K, as well as the AC magnetization loss
at 4.2 K for different applied magnetic field direction were measured as well.

In view of accelerator upgrades such as the High-Luminosity Large Hadron Collider (HL-
LHC) or plans for next-generation machines such as the Future Circular Collider, the magnetic
field generated by the dipole magnets needs to be enhanced from the present 8.33 to 11 and to
16 T, respectively. NbTi can no longer deliver these magnetic fields. Instead, the latest Nb3Sn
wire technology, offering a non-copper critical current density in excess of 2500 A/mm2 at
4.2 K and 12 T, is used to assemble Restacked-Rod-Process (RRP) and Powder-In-Tube (PIT)
based Rutherford cables. However, since the electronic properties of Nb3Sn are strain-sensitive
and furthermore the material is mechanically brittle, it is a significant challenge to construct
high-field dipole magnets with these advanced conductors. The correspondingly high Lorentz
force results in a perpendicular stress level of 120 to 200 MPa that act on the wide face of the
Rutherford cables. Such a stress causes a significant reversible reduction and eventually even
a permanent degradation of the critical current. This thesis sets out to examine the critical
current and the upper critical field of resin-impregnated state-of-the-art RRP and PIT cables
in terms of transverse pressure at 4.2 K in a background magnetic field of 10 T. Also possible
variation of the critical current and upper critical field due to thermal- and mechanical cycling
is investigated. For reference, the magnetic field-dependent critical current of witness wires
has been measured as well.

Two epoxy resins, CIBA GEIGY Araldite and CTD-101K, are successfully used for the vac-
uum impregnation of Nb3Sn Rutherford cables prepared at CERN. Key-stoned 40-strand PIT-
114 cables with wire diameter of 0.7 mm designed for the HL-LHC 11 T dispersion suppres-
sion magnets, were impregnated with the CIBA GEIGY Araldite resin. Rectangular 18-strand
Short Model Coil (SMC) cables comprising 1 mm diameter RRP-132/169 or PIT-192 strands
were impregnated with CTD-101K. The latter epoxy resin is better suited for impregnating
large-sized coils due to its substantially longer pot life. Glass sleeve for electrical turn-to-turn
insulation causes a decrease of the thermal contraction difference between the resins and the
reacted cables.

The measured non-copper critical current density at 4.2 K, 12 T for the RRP and PIT witness
strands is 3100 and 2500 A/mm2, respectively. Critical current degradation due to cabling is
found to be negligible. Under transverse pressure, the intrinsic and reversible critical current
reduction reaches 10% at 130 and at 70 to 100 MPa for the RRP- and the PIT-type SMC ca-
bles, respectively. Irreversible degradation of the critical current for both cable types sets in
at a transverse pressure larger than 190 MPa and 90 to 150 MPa, respectively. The RRP cable
samples are thus concluded to be more robust than similar PIT cables and are suitable for the
construction of high-field dipole magnets. However, the experiments also reveal significant
critical current reduction due to stress concentrations when the pressure anvil and the impreg-
nated cable surface are misaligned as little as 0.2°, illustrating that great care is needed to avoid
stress concentrations during Nb3Sn coil assembly.

153



ReBCO Roebel cables represent one of the promising routes towards future accelerators that
operate with bending magnetic fields beyond 16 T. The Lorentz force generated in such mag-
nets leads to sizeable transverse pressure on the cables of the order of 100 to 150 MPa in the
present 15 to 20 T magnet designs. Contrary to single ReBCO coated conductors, bare Roebel
cables start to degrade already at 40 MPa due to their uneven surface and corresponding lo-
cal stress concentrations. Proper vacuum impregnation with a suitable epoxy resin strongly
improves the transverse pressure susceptibility of ReBCO Roebel cables in the first instance,
independent of the tape- and cable layout.

Both CY5538 Araldite with silica filler and CTD-101K with glass-fiber sleeve are found to
be suitable for vacuum impregnation of ReBCO Roebel cables. Six cable samples with an
architecture that is directly relevant for CERN’s Feather demonstrator magnets were investi-
gated exposed to a variable transverse pressure at 4.2 K in a perpendicular magnetic field of
10.5 T. Three cables comprise 10 SuperPower strands with a transposition length of 126 mm.
Two were impregnated with CY5538 Araldite while the third one is a bare control sample. A
further three cables comprise 15 strands of either SuperPower or Bruker tape and feature a rel-
atively long transposition length of 226 mm. One of the SuperPower cables was impregnated
with the filled Araldite, the others using CTD-101K.

The measurements show that the critical current of the SuperPower Roebel strands is limited
by the local critical current density in the ’crossover’ sections, which is 42 kA/mm2 at 4.2 K
and 10.8 T. Compared to these ’crossovers’, the critical current density reduction of the straight
sections of the SuperPower ReBCO Roebel cables is insignificant with an appropriate strand
punching and cable assembly process. The critical current density at 4.2 K, 11 T of the Bruker-
tape cable is 30% higher than in SuperPower-tape with a similar architecture. Remarkably, no
critical current reduction was observed up to transverse pressure levels exceeding 170 MPa in
the 10-strand SuperPower cables. In the 15-strand cables, transverse pressure limits as high as
≥400 MPa for the SuperPower tape and 455 MPa for Bruker tape were observed for the first
time. These values by far satisfy the design requirements of the presently envisaged 20 T class
accelerator demonstrator magnets.

For accelerator magnets, also the dynamic magnetic field quality is a key parameter which is
affected by the cable’s inter-strand resistance Ra. Therefore, direct transport measurements of
inter-strand resistance in impregnated ReBCO Roebel cables were carried out at 4.2 and 77 K.
These data also constitute essential input for cable simulation models. Various intra-strand
contributions to the overall inter-strand resistance value are estimated with a straightforward
electrical network model. The measured inter-strand resistances are used to estimate AC cou-
pling losses in different magnetic field orientations. For validation, the AC loss of Roebel
cables is also measured at 4.2 K. Three analytical models are used to calculate the hysteresis
loss and the results are compared with the measured data.

The average inter-strand resistance of the cable samples impregnated with the unfilled epoxy
resin CTD-101K ranges from 3 to 18 µW at 77 K and from 1 to 10 µW at 4.2 K, respectively.
The corresponding contact surface resistivity is estimated at 1 to 20 nW m2 at 77 K and 0.5 to
10 nW m2 at 4.2 K, respectively. The copper to copper interface between the tapes dominates
the overall inter-strand resistance between the ReBCO layers in the impregnated Roebel cables.

Both analytical estimates andmeasured data on the CTD-101K impregnated Roebel cable show
that the AC coupling loss is lower than the hysteresis loss throughout the investigated measure-
ment range. However, a similar cable impregnated with the alumina-filled resin CTD-101G

154



showed considerable coupling loss when exposed to magnetic field parallel to the wide cable
face of the cable. The AC loss in both cables was also measured in terms of the applied mag-
netic field angle, using an orthogonal set of pick-up coils to record the in- and out-of-plane
components of the magnetization separately. Somewhat surprisingly, the loss at intermediate
magnetic field angles can be predicted quite well by considering the perpendicular and parallel
components of the applied magnetic field separately and by taking the sum of the correspond-
ing losses.
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Samenvatting (Summary in Dutch)
Het werk in dit proefschrift streeft een beter begrip na van het effect van transversale druk op
demeest recente supergeleidendeNb3Sn-Rutherford enReBCO-Roebel kabels voor versneller-
magneten. Voor dit onderzoek zijn verschillende testkabels transversaal onder druk gezet en is
hun kritieke stroom gemeten bij 4,2 K in een loodrecht magneetveld van 10,0 tot 10,5 T. Van
de geïmpregneerde ReBCO Roebel kabels is ook de elektrische weerstand tussen individuele
draden gemeten bij 4,2 en 77 K, alsook de AC-magnetisatieverliezen bij 4,2 K in verschillende
veld oriëntaties.

Het opwaarderen van bestaande deeltjesversnellers, zoals de ‘High-Luminosity Large Hadr-
on Collider’ (HL-LHC); of nieuwe versnellers die op de tekentafel liggen, zoals de ‘Future
Circular Collider’ (FCC), vereist een fikse verhoging van het magneetveld in de dipoolmag-
neten, van de huidige 8,33 T naar 11 T (HL-LHC) en zelfs 16 T (FCC). NbTi-supergeleiders
kunnen zulke hoge velden niet leveren. In plaats daarvan worden de nieuwste generatie Nb3Sn
draden gebruikt, met kritieke stroomdichtheden van 2500 A/mm2 in een magneetveld van 12 T.
Deze supergeleidende draden worden geproduceerd met het ‘Restacked-Rod-Process’ (RRP),
of met de ‘Powder-In-Tube’ methode (PIT) en worden dan tot Rutherford kabels geslagen. De
elektrische eigenschappen van Nb3Sn variëren sterk wanneer het materiaal vervormd wordt en
bovendien is Nb3Sn bros. Dit maakt het uitdagend om met deze kabels hoog-veld dipoolmag-
neten te maken. De Lorentzkrachten in de geplande magneten resulteren in een mechanische
druk van 120 tot 200 MPa loodrecht op de brede zijde van de Rutherford kabels. Deze druk
veroorzaakt eerst een omkeerbare afname en later een permanente degradatie van de kritieke
stroom. Dit proefschrift draagt bij aan het wetenschappelijke onderzoek om deze afname beter
te begrijpen, door de kritieke stroom en het kritieke veld van RRP en PIT kabelmonsters te
meten na impregnatie onder vacuüm met epoxyhars als functie van de transversale druk bij
4,2 K en in een achtergrondveld van 10,0 T. Ook de mogelijke invloed van cyclische variatie in
temperatuur en druk op de kritieke stroom en het kritieke veld wordt onderzocht. Ter vergeli-
jking is ook de veldafhankelijke kritieke stroom gemeten in onbelaste, maagdelijke draden na
dezelfde warmtebehandeling als de kabels.

Om de Nb3Sn Rutherford kabels met succes te impregneren onder vacuüm gebruikt CERN
twee epoxyharsen, CIBA GEIGY Araldite en CTD-101K. De eerste hars is gebruikt in de 40-
aderige PIT-114 kabels met een trapeziumvormige doorsnede (‘keystoned’) en een draaddiam-
eter van 0,7 mm, die ontworpen is voor de HL-LHC 11 T dispersie-onderdrukkin-gsmagneten.
De 18-aderige rechthoekige kabels voor de ‘ShortModel Coil’ (SMC), geslagen uit 1mmdikke
RRP-132/169- of PIT-192-draden, zijn geïmpregneerd met CTD-101K. Deze laatste hars is
beter geschikt voor het impregneren van grote spoelen vanwege de langere verwerkingstijd in
vloeibare toestand. De glasvezelkous die om de kabel wordt geschoven om deze elektrisch
te isoleren verkleint het verschil in thermische contractie tussen het hars-glas mengsel en de
metallische kabel.

De kritieke stroomdichtheid van de maagdelijke referentiedraden werd bij 4.2 K en 12 T geme-
ten als 3100 A/mm2 voor de RRP en 2500 A/mm2 voor de PIT draden. De afname in kri-
tieke stroom bij het slaan tot een kabel blijkt verwaarloosbaar klein. Onder transversale druk
bedraagt de intrinsieke, omkeerbare afname in kritieke stroom 10% bij 130 MPa voor de RRP-
en 10% bij 70 tot 100MPa voor de PIT-SMC kabels. Een onomkeerbare afname van de kritieke
stroom treedt op bij een transversale druk boven 190 MPa voor de RRP- en van 90 tot 150 MPa
voor de PIT kabels. RRP kabels zijn dus robuster en daarom beter geschikt voor gebruik in
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hoogveld-dipoolmagneten. De experimenten tonen echter ook aan dat spanningsconcentraties
een significante afname van de kritieke stroom kunnen veroorzaken wanneer het drukblok en
het oppervlak van de geïmpregneerde kabel niet goed zijn uitgelijnd. Dit treedt al op bij een
hoekafwijking van 0,2°, zodat grote zorg is geboden om te voorkomen dat zulke spanningscon-
centraties ook in werkelijke Nb3Sn spoelen een probleem vormen.

Het gebuik van ReBCO Roebel-type kabel is een veelbelovende optie voor toekomstige deelt-
jesversnellers waarvoor magneetvelden ver boven de 16 T nodig zijn. De Lorentzkracht in
zulke magneten leidt tot een transversale druk van 100 tot 150 MPa. In tegenstelling tot
enkelvoudige ReBCO tapes, degradeert de kritieke stroom van kale, niet met hars geimpreg-
neerde, meeraderige Roebel kabels al bij zo’n 40 MPa omdat het niet perfect vlakke kabel op-
pervlak lokale spanningsconcentraties op de geleiders veroorzaakt. De tolerantie van ReBCO-
Roebelkabels voor hoge transversale druk kan echter sterk worden verbeterd door de kabel te
impregneren met een passende epoxyhars, onafhankelijk van het ontwerp van de tape en van
de kabel.

Zowel CY5538 Araldite gevuld met SiO2 of Al2O3 als CTD-101K met glasvezelkous zijn
geschikt voor het vacuüm impregneren van ReBCO-Roebel kabels. Zes kabelmonsters van
een type dat direct relevant is voor CERN’s ‘Feather’ demonstratiemagneten zijn blootgesteld
aan een variabele transversale druk bij 4,2 K in een loodrecht magneetveld van 10,5 T. Drie
monsters bestaan uit 10 SuperPower tapes, verkabeld met een spoed van 126 mm. Twee ervan
zijn geïmpregneerd met CY5538 Araldite, een derde is een niet-geïmpregneerde referentie ka-
bel. De andere drie monsters van 15-aderige kabels van SuperPower of Bruker tape en hebben
een relatief lange spoed van 226 mm. Één van de SuperPower kabels werd geïmpregneerd met
Araldite, de andere met CTD-101K.

De gemeten kritieke stroom van de met SuperPower tapes gemaakte kabel wordt begrensd door
de plaatselijke kritieke stroomdichtheid daar waar de geleider van de ene naar de andere kant
van de kabel springt (42 kA/mm2 bij 4,2 K en 10,8 T). Vergeleken met deze dwarsstukken is de
afname in de kritieke stroomdichtheid van de rechte delen van de SuperPower ReBCO-Roebel
kabels verwaarloosbaar, mits een correcte pons- en wikkelmethode wordt gevolgd. De kri-
tieke stroomdichtheid bij 4,2 K en 11,0 T van de Bruker-tape kabel is 30% hoger dan die van
de SuperPower-tape kabel met een vergelijkbaar ontwerp. De 10-aderige SuperPower kabels
laten geen afname zien van de kritieke stroom tot dat de druk hoger is dan 170 MPa. De druk
op de 15-aderige kabels kan worden opgevoerd tot 400 MPa (SuperPower) en zelfs 455 MPa
(Bruker) voordat de kritieke stroom significant afneemt. Deze waardes overtreffen ruim de
eisen aan de geleiders voor toepassing in 20 T versnellermagneten.

De dynamische veldkwaliteit is een belangrijke parameter voor versnellermagneten, die wordt
beïnvloed door de elektrische contactweerstand tussen naast elkaar gelegen tapes in de kabel.
Daarom werd deze contactweerstand met een directe transportmethode gemeten in geïmpreg-
neerde ReBCO-Roebel kabels bij zowel 4,2 als 77 K. De resultaten leveren essentiële gegevens
die nodig zijn voor elektromagnetische simulaties van de kabels. De bijdrages van de verschil-
lende lagen in de tape structuur aan de totale weerstand tussen twee naburige ReBCO lagen zijn
afgeschat met een eenvoudig elektrisch netwerkmodel. De gemeten contactweerstand is ook
gebruikt om de koppelverliezen onder invloed van een alternerend magneetveld in verschil-
lende oriëntaties af te schatten. Om het kabelsimulatiemodel te valideren zijn AC-verliezen
van Roebel kabels gemeten bij 4,2 K. Ook drie analytische modellen zijn gebruikt om de hys-
tereseverliezen af te schatten en te vergelijken met de meetgegevens.
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De gemiddelde contactweerstand in de kabelmonsters geïmpregneerd met CTD-101K varie-ert
van 3 tot 18 µW bij 77 K en van 1 tot 10 µW bij 4,2 K. De bijbehorende contactweerstand wordt
geschat op 1 tot 20 nWm2 bij 77 K en 0,5 tot 10 nWm2 bij 4,2 K. Het koperen buitenoppervlak
van de tapes is dominant in de totale contactweerstand tussen de ReBCO lagen in geïmpreg-
neerde Roebel kabels.

Zowel de analytische modelvoorspellingen als de meetgegevens van de met CTD-101K geïm-
pregneerde Roebel kabels tonen aan dat binnen het gemeten bereik, de koppelverliezen lager
zijn dan de hystereseverliezen. Een vergelijkbare kabel geïmpregneerdmet SiO2-gevulde CTD-
101G toont hogere koppelverliezen wanneer het magneetveld parallel staat aan het brede ka-
beloppervlak. AC-verliezen in beide kabels zijn ook gemeten als functie van de richting van
het aangebrachte magneetveld, waarbij twee magnetisatie-componenten afzonderlijk werden
gemeten met een orthogonaal stel oppikspoelen. Verrassend genoeg wordt het verlies bij
tussenliggende hoeken redelijk voorspeld door de parallelle en loodrechte componenten van
het magneetveld apart te beschouwen en de corresponderende verliezen eenvoudigweg op te
tellen.
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