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2 High-field magnets

2.1 Executive summary
High-field magnets (HFM) are among the key technologies that will enable the search for new physics
at the energy frontier. Approved projects (HL-LHC) and potential future circular machines such as
proton-proton Future Circular Collider (FCC-hh) and Super proton-proton Collider (SppC) require the
development of superconducting (SC) magnets that produce fields beyond those attained in the LHC.
The programme proposed here will advance beyond the results achieved over the past twenty years
in past European and international programmes such as EU FP6 Coordinated Accelerator Research in
Europe (CARE), EU FP7 European Coordination for Accelerator Research & Development (EuCARD),
EU FP7 Enhanced European Coordination for Accelerator Research & Development (EuCARD2), EU
FP7 Accelerator Research and Innovation for European Science and Society (ARIES), and current work
such as HL-LHC, EU H2020 Innovation Fostering in Accelerator Science and Technology (I-FAST),
CERN-HFM and US Magnet Development Program (US-MDP).

Lead times for the development of high-field magnets have a typical duration of a decade. It is
therefore important to pursue R&D in parallel with scoping studies for new machines. The development
of high-field magnets naturally spans over many fields of science and engineering, requiring a wide range
of expertise, and involving strong and coordinated partnership between national laboratories, university
and industry. Finally, the development of novel SC magnet technology at the high field frontier requires
specialised infrastructure, often of large scale. These considerations mandate a sustained and inclusive
R&D programme as a central element of the future European programme, as underlined by the strong
recommendations contained in the ESPPU.

The proposed R&D programme has two main objectives. The first is to demonstrate Nb3Sn mag-
net technology for large-scale deployment. This will involve pushing it to its practical limits in terms
of ultimate performance (towards the 16 T target required by FCC-hh), and moving towards production
scale through robust design, industrial manufacturing processes and cost reduction, taking as a refer-
ence the HL-LHC magnets, i.e. 12 T). The second objective is to demonstrate the suitability of high-
temperature superconductor (HTS) for accelerator magnet applications, providing a proof-of-principle
of HTS magnet technology beyond the range of Nb3Sn, with a target in excess of 20 T. The above goals
are indicative, since the decision on a cost-effective and practical operating field will be one of the main
outcomes of the development work.

The roadmap comprises three focus areas (Nb3Sn and HTS conductors, Nb3Sn magnets, and HTS
magnets) enabled by three cross-cutting activities (materials, cryogenics and models, powering and pro-
tection, and infrastructure and instruments).

The conductor activities, besides the necessary procurements, will focus on two aspects. Nb3Sn
R&D will push beyond the state-of-the-art to consolidate the critical current capability (target non-copper
current density of 1500 A/mm2 at 16 T and 4.2 K), establishing robust wire and cable configurations with
reduced cost. These will then be the subject of a four-year period of industrialisation, which will be
followed by a similar period of industrial optimisation. On the HTS side, the intention is to identify
and qualify suitable tapes and cables, and follow up with industrial production to ensure the feasibil-
ity of large unit lengths (target 1 km) of HTS tapes with characteristics tailored to accelerator magnet
applications. This HTS conductor R&D phase is expected to last for seven years.
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2. High-field magnets

The Nb3Sn magnet development will improve areas of HL-LHC technology that have been found
to be sub-optimal, notably the degradation associated with the fragile conductor, targeting the highest
practical operating field that can be achieved. The plan is to work jointly with wire and cable development
to mitigate degradation associated either with length or electro-thermo-mechanical effects. The R&D
will explore design and technology variants to identify robust design options for the field level targeted.
The magnet technology R&D will progress in steps over a projected period of seven years, but is intended
to provide crucial results through demonstration magnets in time for the next update of the European
Strategy for Particle Physics (ESPP). Another five years are expected to be necessary to extrapolate the
demonstrator results to full-length units.

R&D plans for HTS magnets focus on manufacturing and testing of sub-scale and insert coils
as a vehicle to demonstrate performance and operation beyond the range of Nb3Sn. Special attention
will be devoted to the possibility of operating in an intermediate temperature range (10 to 20 K). The
projected duration of this phase of test magnets, i.e. not yet accelerator designs, is seven years. By
this time the potential of HTS for accelerator operation will be clear. At least five more years will be
required to develop HTS demonstrators that include all the necessary accelerator features, surpassing
Nb3Sn performance or working at temperatures higher than liquid helium.

The cross-cutting technology activities will be a key seed for innovation. The scope includes mate-
rials and composites development using advanced analytics and diagnostics, new engineering solutions
for the thermal management of high-field magnets, and the development of modelling tools within a
unified engineering design framework. We propose to explore alternative methods of detection and pro-
tection against quench (especially important for HTS) including new measurement methods and diag-
nostics. Finally, dedicated manufacturing and test infrastructure required for the HFM R&D programme,
including instrumentation upgrades, needs to be developed, built and operated through close coordination
between the participating laboratories.

2.2 Introduction

2.2.1 Historical perspective

Starting with the Tevatron in 1983 [1], through HERA in 1991 [2], RHIC in 2000 [3] and finally the
LHC in 2008 [4, 5], all recent energy-frontier hadron colliders have been built using SC magnets. These
machines made use of a highly optimised alloy of niobium and titanium [6] and it is accepted that
the LHC dipoles, with a nominal operating field of 8.33 T when cooled by superfluid helium at 1.9 K,
represent the end of the line for the use of this material in a particle accelerator1.

Near-future and longer-term machines call for the development of SC magnets that produce fields
beyond those attained in the LHC [12]. These projects include the high-luminosity LHC upgrade (HL-
LHC) [13–16], currently under construction at CERN and collaborating laboratories, and the Future Cir-
cular Collider (FCC) design study [17], structured as a worldwide collaboration coordinated by CERN.
Similar studies and programmes are ongoing outside Europe, including the Super Proton-Proton Col-
lider (SppC) in China [18]. Significant advances in SC accelerator magnets were driven by past stud-
ies such as the Very Large Hadron Collider at Fermilab [19] and the US-DOE Muon Accelerator pro-
gramme [20, 21]. First considerations of ultra-high-field (20 T) HTS dipoles were fostered by the High-
Energy Large Hadron Collider study at CERN [17, 22]. Finally, new accelerator concepts such as muon
colliders [23] pose significant challenges for their magnet systems (see also chapter 5). These initiatives
provide a strong and sustained motivation for to the development of SC accelerator magnet technology
beyond the LHC benchmark.

Having reached the upper limit of Nb-Ti performance, projects and studies are turning to other

1Nb-Ti can produce fields well in excess of the LHC dipoles [7–10]. This implies however reduced operating margin, winding
current densities that are significantly smaller than in an accelerator magnet, or magnetic configurations that are more effective
than a dipole [11].
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superconducting materials and novel magnet technology, and encompassing both low-temperature and
high-temperature superconductors. It is important to recall the coordinated efforts that have led to the
present state of the art in HFM for accelerators. The largest effort over the past 30 years was the de-
velopment of Nb3Sn [24] conductor and related magnet technology, with a strong focus at the end of
the 1990’s by the US-DOE programmes [25–27]. These programmes evolved as a collaboration among
the US-DOE accelerator laboratories and associated institutions and continue in consolidated form under
the US Magnet Development programme, with the added goal of developing HTS materials and mag-
nets [28, 29]. On the EU side, the first targeted activities were initiated under the EU-FP6 CARE [30]
initiative and in particular in the Next European Dipole Joint Research Activity (NED-JRA) [31]. NED-
JRA ran from 2004 to 2009 and was followed by the EU-FP7 EuCARD [32]. The main fruit of these
collaborations is Facility for Reception of Superconducting Cables (FRESCA2), the dipole magnet that
still retains with 14.6 T the highest field ever produced in a clear bore of significant aperture; it is a test
facility magnet, designed with a large operating margin and does not include some of the crucial features
of a practical accelerator dipole.

HL-LHC is presently the forefront of accelerator magnet technology and construction, with the
highest field ever attained at an operating collider. The preliminary results achieved with the 11 T
dipoles [33] and QXF quadrupoles [34] demonstrate that Nb3Sn has the ability to surpass the state of
the art represented by Nb-Ti. It is however clear that the solutions used for the HL-LHC Nb3Sn magnets
will need to evolve to improve robustness, industrial yield and cost.

Finally, the interest in the exceptional high-field potential of HTS for many domains of applied
superconductivity has also reached accelerator magnets. Cuprates containing either rare earths, i.e. rare-
earth barium copper oxide superconductor (REBCO) [35], or bismuth bismuth strontium calcium copper
oxide superconductor (BSCCO) [36] are in an early stage of technical maturity and their application to
the generation of ultra-high magnetic fields was recently proven. Laboratories and industry have shown
that HTS are capable of producing fields from 28 T in commercial nuclear magnetic resonance (NMR)
solenoids [37] to 45.5 T in small experimental solenoids in a background field [38]. As discussed later
in detail, HTS technology for accelerator magnets is only at its beginning [39]. This is an area where we
expect to see fast progress, along the path initiated in various laboratories and fostered in Europe by the
EuCARD [32], EuCARD2 [40], ARIES [41] and I-FAST [42] EU projects.

2.2.2 Highest fields attained
The steady increase of field produced by dipole magnets built with Nb3Sn over the past forty years is
summarised in Fig. 2.1. The data is a collection of results obtained with short demonstrator magnets
(i.e. simple configurations that lack an aperture for the beam and are not built with other constraints such
as field quality), short model magnets (i.e. short version of magnets that are representative of the full-size
accelerator magnets) and full-size accelerator magnets.

The first significant attempts date back to the 1980s, at BNL [43] and LBNL [44]. This work
eventually led to the achievement of D20, a dipole model with 50 mm bore, in the 1990s [45]. The HD
programme at LBNL in the 2000s reached a field of 16 T in the simpler racetrack configuration [46].
Fields in the 16 T range were obtained at CERN [47] in 2015 and exceeded in 2020 [48] in a racetrack
configuration, as a result of the push provided by FCC-hh. This body of work [49] laid the foundations
for the construction of the HL-LHC Nb3Sn magnets. The progress shown in Fig. 2.1 is relatively slow.
It took about ten years for CERN and associated laboratories [30–32] to reproduce the results obtained
in the US.

The conductor R&D initiated in 2004 led to significantly improved powder-in-tube (PIT) conduc-
tor [50], with high-field performance comparable to rod-restack process (RRP) conductors, though more
sensitive to mechanical loading and with lesser industrial maturity. PIT was used in racetrack model
coil (RMC), achieving a field of 16.2 T in 2015 [47] and bringing the EU efforts to a comparable level
of maturity with the US. This gives a good benchmark for the time scales intrinsically to this field of
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technology, including the procurement of the required infrastructure (e.g. heat treatment furnaces, im-
pregnation tanks) and the development of the necessary skills. The result of this work is the record
magnet FRESCA2, built in collaboration between CERN and CEA and generating a field of 14.6 T in an
aperture of 100 mm diameter [51]. As indicated earlier, FRESCA2 is a test-facility magnet, built with a
large operating margin and low engineering current density. This field level has been reproduced recently
by the high-field model dipole MDPCT1 built within the US-MDP programme [52] as a step towards
the highest field attainable with a cos-theta coil configuration (four layers) and features relevant to an
accelerator magnet, including high operating engineering current density.

Finally, the plot shows the remarkable achievement in the development of Nb3Sn accelerator mag-
nets and in particular the MBH 11 T dipole for HL-LHC built at CERN in collaboration with industry
(GE-Alstom) [33]. Initiated in 2010, and profiting from the developments outlined above, it took a
decade to produce the first magnet unit. The first magnet, MBHB002, was tested in July 2019 and holds
the record for his class [53]. Though successful in achieving the specified performance, the 11 T pro-
gramme has also demonstrated that there are still questions to be resolved in the long-term reliability
of this specific design as well as in the robustness of the manufacturing solutions. These need to be
addressed and resolved before this class of magnets can be used in an operating accelerator.

Fig. 2.1: Fields attained with Nb3Sn dipole magnets of various configurations and dimensions, either at
liquid (4.2 K, red) or superfluid (1.9 K, blue) helium temperature. Solid symbols are short demonstrators,
i.e. ‘racetracks’ with no bore, while open symbols are short models and long magnets with bore. For
comparison, superconducting collider dipole magnets past and present are shown as triangles.

While Nb3Sn is the baseline for the high field magnets of HL-LHC, as well as the next step in ac-
celerator magnet technology, significant progress has been achieved recently in HTS technology, reported
graphically in Fig. 2.2. The general interest in the potential of this class of material coalesced in the mid-
2000s in the EU and US. The US-DOE Very High Field Superconducting Magnet Collaboration [54]
targeted BSCCO as an HTS high-field conductor. This activity has now been drawn into the scope of
US-MDP [28, 29] which addresses both BSCCO and REBCO in Rutherford and conductor-on-round-
core (CORC) cables and various magnet (racetrack and canted cos-theta) configurations [55–57]. In the
EU, the first work was within the EU-FP7 EuCARD [32], EuCARD2 [40], and EU-H2020 ARIES [41]
programmes. The conductor effort in Europe was directed to REBCO, a conscious choice driven by the
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perceived potential and presumably simpler magnet technology [39]. The outcomes of these activities
are small demonstrator magnets that have reached bore fields from 3 to 5 T in stand-alone mode. Fig-
ure 2.2 shows that this is the beginning of a path that will hopefully lead to results exceeding Nb3Sn.
The next step, complementary to the further development of the technology, is to use these small-size
demonstrators as inserts in large-bore low-temperature superconductor (LTS) background magnets to
boost the central field and quantify the ability to exceed LTS magnet performance, while at the same
time exploring this new range of fields and related forces.

Fig. 2.2: Fields attained with HTS short demonstrator magnets of various configurations, producing a
dipole field. All tests performed in liquid helium (4.2 K). Solid symbols are racetrack magnets with no
bore, while open symbols are magnets with bore. Round symbols are magnets built with REBCO, square
symbols with BSCCO.

2.3 Motivation
Several conclusions arise from the previous section’s simplified account of achievements.

• Lead times for the development of high-field magnets are long. The cycle to master new tech-
nology and bring novel ideas into application has a typical duration in excess of a decade. It is
hence important to pursue R&D in parallel with scoping studies of new accelerators, to anticipate
demands and guarantee that specific technology is available for a new facility when the decision
to construct is taken.

• The development of novel SC magnet technology at the high-field frontier requires specialised
infrastructure, often of large size. The necessary investment is considerable. Continuity is hence
important in a programme that requires such investment.

• The development of high field magnets naturally spans over many fields of science and requires
a broad mix of competencies, implying a research team assembled as a collaboration across
academia and industry. As with the infrastructure, such research teams need investment for their
setup and operate most effectively with continuity.

These considerations indicate the need for a sustained and inclusive R&D programme for high-
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field superconducting accelerator magnets as a crucial element for the future of HEP, reinforced by the
strong recommendation made by the European Strategy [58]. Such a programme must respond to the de-
mands of specific projects and studies, but it should also unfold as a continuous line of structured R&D,
ready to respond to future requests, and capable of feeding the particle physics programme with opportu-
nities. The programme should include both LTS and HTS materials in a synergistic manner, encompass
the spectrum from conductor to accelerator magnets, and include the key technologies necessary for the
realisation of its goals. Having dedicated teams established for a period of a decade or more will allow
focus and provide results. This matches the timeline of the European Strategy process, with an update in
around five years.

The costs of the programme include not only the construction cost of magnets, which is a very
significant challenge for future accelerators, but also the cost of the R&D itself, which may tend to limit
the scope and stretch the timeline, working against the wish for a fast turn-around. This is especially true
for HTS materials, which explains why the scale of the demonstrators described earlier, as well as that of
future ones, has been kept intentionally small. The planning of an effective R&D programme must deal
with practical considerations of cost.

Given the ambitious scope, the long-term engagement, and the cost, the programme will have to
be of collaborative nature, with partnership among national laboratories, universities and industry. The
R&D programme should capitalise on the state of the art and achievements obtained so far, continuing
the ongoing work presented earlier. An R&D programme with the characteristics outlined is consistent
with the plans of other organisations in HEP already mentioned earlier [28,59], as well as other research
fields relevant to our discussion [60–63]. Last but not least, it will be important to measure the impact of
the R&D programme in other applications in science and society.

2.4 Panel activities
The HFM expert panel has held a series of sixteen meetings. These are collected under an Indico cate-
gory [64]. Two open international workshops were organised and held virtually:

• ‘HFM State-of-the-Art’ (SoftA) workshop, that took place from 14–16, 2021 [65];

• ‘HFM Roadmap Preparation’ (RoaP) Workshop, that took place on 1 and 3 June, 2021 [66].

The workshops included an expert evaluation of the state of the art in HFM for accelerators, topical
reviews and technical roadmaps and an overview of the strategic positioning of the main EU actors,
including laboratories, universities and industry. The proceedings of the above workshops constitute the
main body of the wide and open consultation of the community. The collected inputs were discussed in
a restricted roadmap workshop, limited to the panel members, that took place from 15–16, 2021. The
proceedings of this workshop are the basis for this report.

2.5 State of the art
2.5.1 Superconductor
The primary challenge in achieving the high magnetic fields of interest for accelerators is to have a con-
ductor with sufficiently high engineering current density (Je), with good mechanical properties. Based
on experience from previous accelerators, a target of Je ≈ 600 A/mm2 at operating field and tempera-
ture is appropriate to yield a compact and efficient coil design for an affordable magnet [49]. The Je
target should be reached with no degradation and limited training and making use of the highest possible
fraction of the current carrying capacity of the conductor. All known high field superconductors (Nb3Sn
and HTS) are brittle, and it is of paramount importance that the state of stress and strain be controlled
throughout all magnet fabrication and operation conditions.

An overview of the state-of-the-art Je for LTS and HTS technical superconductors is reported in
Fig. 2.3. The performances reported there refer to the best industrial products, not necessarily produced
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in large scale. The LTS materials of interest are Nb-Ti, an industrial commodity, and Nb3Sn, whose
production is restricted to a single established manufacturer for the high-performance wires required by
particle physics. On the HTS side, two high-field superconductors are currently available on the market:
BSSCO, also produced at a single location worldwide, and REBCO, with several established producers
in Europe and worldwide.

In the case of Nb3Sn the target of Je can be translated into a minimum critical current density
(JC) in the superconductor of the order of 1500 A/mm2 at 16 T and 4.2 K [67]. This target, which is
a mandatory performance requirement for a compact accelerator magnet, is at the upper boundary of
the state-of-the-art best wire performance (see Fig. 2.3) and exceeds by about 50% the performance
specified for the industrial production of HL-LHC Nb3Sn. This implies pursuing and industrialising
the R&D work launched in the framework of the CERN FCC Conductor Development programme and
undertaken over the last five years on basic material and wire fabrication [68]. Results are encouraging
and open the route for novel Nb3Sn with high in-field electrical performance. In particular, the internal
oxidation route has shown the feasibility of exceeding the FCC target in multi-filamentary wires [69,70].

For HTS, the target Je is actually common practice for the present production industrial standards
of REBCO and BSCCO materials (see Fig. 2.3), so we do not envision a focused effort in the direction of
increasing JC . However, other aspects of the conductor require tailored developments. It is interesting
to note that recent developments have demonstrated that the target Je can be achieved by REBCO at
temperatures of 10 to 20 K.

Fig. 2.3: Engineering current density Je vs. magnetic field for several LTS and HTS conductors at 4.2 K.
Latest results for REBCO tapes are reported both at 4.2 K as well as 20 K.

Besides Je, other performance parameters need to be met for both LTS and HTS. In particular, the
mechanical strength and tolerance of wires, tapes and cables to stress and strain is of key importance,
specifically to mitigate the risk of brittle fracture under electro- and thermo-mechanical loads. Field
quality aspects, and in particular equivalent filament size, for Nb3Sn and impact of the large width of
HTS tapes must be studied. The latter is of key importance for confirming suitability of HTS tape for use
in accelerator quality magnets. Finally, quench protection aspects need to be addressed starting at the
level of conductor, and then for cables and eventually at the magnet level. While Rutherford cables are
the choice for LTS accelerator magnets, high current HTS cables suitable for use in accelerator magnets
need to be developed and qualified.

Industrialisation of high-quality conductor for large scale application and its cost are challenges to
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be addressed for both Nb3Sn and HTS. Large scale production of conductor would help in the optimisa-
tion of the manufacturing processes and therefore reduction of cost. In the development phase, selection
of processes and technology must take into account the future requirement for industrialisation. At the
time of writing, several manufacturers of HTS tape exist worldwide, in Europe, USA, Korea, Russia and
China. However, only one manufacturer to date can produce long lengths of state-of-the-art HL-LHC
Nb3Sn wire. Effort still has to be made to guarantee availability of high-performance Nb3Sn wire and
build up credibility for potential large scale production.

2.5.2 Mechanics
2.5.2.1 Stress and strain in the coil composite

All high-field superconductors are strain- and stress-sensitive and brittle. Besides the known reversible
critical current dependency on applied strain, the main concern is that stress or strain exceeding allowable
limits for any of the constituents of a wire or tape generally leads to a permanent reduction of critical
current and eventual damage through fracture of the superconducting phase. An example of a degradation
mechanism is the plastic deformation of the Cu matrix in Nb3Sn wires, which takes place at moderate
stress (range of 150 MPa), and which can freeze a strain state and lead to irreversible JC reduction.
At higher applied longitudinal and transverse stress, the brittle Nb3Sn can fracture, which reduces the
cross-section available to current transport and the wire critical current. Degradation mechanisms for
multi-filamentary BSCCO are broadly similar; the Ag resistive matrix has even lower yield strength than
a Cu matrix. On layered REBCO tapes, in-plane shear or peeling forces can lead to delamination at stress
as low as a few MPa.

Given these considerations, it is paramount to minimise stress concentrations on the conductor.
This is why the coils wound from brittle conductor or cable are cast in a matrix material such as glass
fibre wraps impregnated with epoxy resin. The fibre increases strength and reduces cracking at cryogenic
temperature. The coil becomes a composite material made of conductor, glass and resin. The sources of
stress and strain in the coil composite are divided according to their external or internal origin. External
sources include the electromagnetic (Lorentz) forces and forces or displacements transmitted at the coil-
structure interface. Lorentz forces scale with the magnetic field in the center of the aperture and the
ampere-turns, i.e. approximately quadratically with the field in the aperture, as shown in Fig. 2.4. In some
quench scenarios, such as quench protection transients with fast current pulses driven by the coupling loss
induced quench (CLIQ) system, or in non-insulated or partially insulated coils, Lorentz force patterns
may vary significantly from the nominal configuration. Stress and strain transmission at the coil-structure
interface is discussed in more detail below in the context of pre-load. We note that tight geometrical
tolerances on the coil shape as well as on the structure’s interfaces are required in order to avoid local
stress-concentration points or excessive overall constraints.

Internal sources of stress are induced by differences in coefficient of thermal expansion (CTE)
between the constituents of the coil composite. For example, a differential stress inside the conductor is
already present after the heat treatment of Nb3Sn. More stress is accumulated due to a CTE mismatch
between the conductor and the glass-resin matrix during the cool-down from the resin-curing temperature
down to cryogenic conditions. The thermal expansion of the coil as a consequence of a quench is the
source of additional internal and external stresses, where the internal stresses are due to temperature
gradients in the coil and the external stresses are due to the constraint on the coil shape on the boundary.

The local stress and strain in the coil composite follow from the sum of all internal and external
contributions. Good engineering requires the knowledge of critical values of stress and strain in the com-
posite to produce a design that implements appropriate safety margins within realistic tolerances. Critical
values may vary widely between conductor types and material compositions. Experimental studies and
multi-scale modelling are required to establish reliable input into the design workflow. Moreover, for
a given central field, the level and orientation of stress and strain in the coil composite varies widely
between coil types, coil sizes, materials, and mechanical structures. Indeed, whatever the coil and struc-
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Fig. 2.4: Horizontal forces per quadrant in dipole accelerator magnets (built and tested or design studies).

ture, the status of strain and stress is a tensor. R&D in materials and composites, complemented by full
3D modelling, is mandatory to relate the true mechanical state to the experimental data accessible to
measurements.

2.5.2.2 Structures, pre-load and stress management

The transverse and axial forces from the loads identified above are reacted on a stiff internal or exter-
nal structure, whose aim is to control and minimise the deformation of the coil under Lorentz forces.
It is customary to design the mechanical structure so that it applies a coil compression (or pre-load) at
cryogenic temperature. This pre-load is introduced to reduce relative movement between the coil and
the structure under Lorentz forces. A commonly used design technique is to provide enough pre-load at
cryogenic conditions that all interfaces remain in compression up to the ultimate design current. While
this is frequently observed in the design phase, it is rarely rigorously applied in R&D practice, espe-
cially during the initial magnet assembly and powering. The extent of required pre-load at cryogenic
temperature is a matter of debate.

To meet requirements, an external structure must have a CTE identical to the coil composite (to
match dimensional change) or higher (to introduce additional load at cool-down). In the case of an
external structure made from material with lower CTE compared to the coil, as is the case of several
high-strength alloys, the structure can be tensioned, and the coil pre-compressed at room temperature,
so that the structure remains in contact with the coil throughout the cool-down. An internal structure
may be used to increase the coil’s stiffness and to transmit the external structure’s stiffness into the inner
windings of the coil. An internal structure (often denoted ‘stress management’) may be a path towards
reduced or no pre-load and overall lower coil stresses. It comes at the price of a lower engineering current
density and diverse coil-structure interfaces that may be subject to electrical or mechanical failure.

2.5.2.3 Mechanical engineering challenges in magnets

Nb3Sn magnets. The performance of Nb3Sn magnets relies upon mastery of the magnet me-
chanics. This can be quantified by looking at the extent of magnet training (i.e. the number of training
quenches required to reach the desired operating current) and the performance retention (e.g. the need
for re-training after thermal cycling).

Magnet training is usually assumed to be linked to one or several of the following mechanical
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phenomena: (1) cracks in the glass-epoxy insulation, (2) resin-metal debonding, and (3) stick-slip move-
ment between the coil and the structure. A performance limitation of mechanical origin, i.e. a failure
to reach the design current, may be due to (1) repetitive stick-slip movement, or (2) reduced conductor
performance due to excessive stress or strain.

Studies of Nb3Sn under stress and strain demonstrate relatively low tolerance to mechanical loads.
Depending on the specific wire architecture and properties, permanent current reduction due to plastic
deformation of the annealed-copper stabiliser starts at around 150 MPa transverse pressure, if applied ho-
mogeneously in cryogenic conditions. Filament fracture in these conditions may occur beyond 200 MPa.
At room temperature, filament breakage may already happen at 150 MPa. This range of stress is typical
of the average pre-load required by high-field Nb3Sn magnets. It should be underlined that components
and assembly tolerances affect the local stress and strain state, resulting in a spread which should be
taken into account in the design and manufacturing.

Cyclic loads, be it powering cycles or cool-down/powering/warm-up (CD-PO-WU) cycles, can
lead to degradation when a combination of relative movement (due to Lorentz forces and/or CTE mis-
match) and friction leave the coil-structure interface in a different state than the original one. Repeated
CD-PO-WU cycles may lead to detrimental ratcheting. Repeated quenching may lead to fatigue degra-
dation of the insulation system and quenches could lead to softening if the local temperature approaches
the glass temperature of polymer components.

HTS Magnets. HTS coils at low temperature have enthalpy margins up to 100 times larger
than those observed in LTS coils. Consequently, energy release and associated training due to cracking,
debonding, or stick-slip motion are much less of a concern than in LTS coils. Still, the increased field
reach of HTS magnets with respect to LTS ones results in a significant increase of Lorentz force and
poses an acute challenge to the composite coil and structural design.

High-strength materials are required to react forces within the relatively compact footprint of an
accelerator tunnel. As for the coil composite, any stress concentrations on the HTS wire or tape must
be avoided, either by design or via a supporting filler material. In the absence of stress concentrations,
REBCO tape will typically withstand very high transverse stress of up to 400 MPa. Much lower values
are observed if the stress is localised. At the same time, it has been observed that a CTE mismatch with
a filler such as epoxy resin can lead to tape delamination and severe degradation.

Screening currents in REBCO tapes, i.e., non-zero dipolar induced current configurations, can
reach high amplitudes in the low-field regions of a coil. Lorentz forces acting on screening currents
produce shear and peeling forces, and have been linked to tape deformations and crack propagation in
solenoid magnets and need to be considered in the magnet design.

Lastly, coil-wide current-sharing mechanisms such as no insulation (NI), partial insulation (PI),
and other advanced-insulation schemes, lead to hard-to-predict current and force patterns in the event
of a quench. Such configurations may be exceedingly stable in almost all situations, but also see their
mechanical integrity compromised if a quench takes place.

Hybrid magnets. Hybrid LTS+HTS magnets are relevant for cost reasons. All of the above
force-related challenges for Nb3Sn and REBCO coils apply to hybrid magnets. In addition, the Lorentz
forces of the insert must be reacted against the external structure via the intermediary of the Nb3Sn
outsert. Some version of an internal structure is likely required to manage the stress on the outsert coil.
Moreover, a potentially risky mechanical scenario arises if a quench in one part of the coil is allowed to
induce a rise in current in the other part.
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2.5.3 Stored energy and magnet protection
In Fig. 2.5, we have collected the values of the stored energy per unit length (measured or computed) for
a set of existing and conceptual magnet dipoles. The energy stored increases as B2.5, consistent with the
dependence of energy and field for ideal dipoles. Consequently, aiming at the range of 16 to 20 T, the
increase in stored energy with respect to the LHC will be a factor of four to ten, ranging from 1 to 3 MJ/m
per aperture. This has implications for magnet design and technology, stemming from considerations of
powering (inductance and voltage required to ramp the string of dipoles), as well as magnet protection
(energy density and dump time).

Fig. 2.5: Scaling of stored energy per unit length for dipole magnets built or designed (values refer to
one aperture in the case of the LHC, 11 T, FCC and HE-LHC). The line is proportional to B2.5

A second element of interest is the energy per unit volume, a main driver for the maximum temper-
ature reached during a quench. As we see in Fig. 2.6, the energy density also increases with field strength.
The LHC dipole magnets have a stored energy density of 50 MJ/m3. This reaches 80 to 100 MJ/m3 for
the HL-LHC Nb3Sn magnets, and 200 MJ/m3 for the most compact 16 T FCC designs, i.e. a factor four
larger than the LHC magnets.

Considerations of magnet ramping would favour large voltage or current, or a combination of
both, to power the magnets of large stored energy. Increasing either terminal voltage or cable current
is however not a trivial matter and powering considerations need to be included from the start in the
magnet design. Furthermore, in order to keep the hot-spot temperature in the coil after a quench below
acceptable values (around 300 to 400 K, but actual damage limits are not well-assessed), the quench
detection and active dump need to act at least three to five times faster than in the LHC. This is already
challenging for Nb3Sn, and potentially far harder still for HTS, for which the quench propagation speed
is an order of magnitude slower than in LTS and quench detection based on established instrumentation
would thus take an order of magnitude longer. In reality, quench initiation and evolution in the case of
HTS is a different process to the well-characterised behaviour of LTS. Though relatively unexplored, this
may actually be an opportunity to develop alternative schemes, e.g. profiting from the early low voltage
quench precursors arising during the current sharing process to anticipate the evolution, or the relatively
long time scales of voltage development to improve measurement sensitivity.

The challenges posed by magnet powering and protection have multiple aspects and they need to
be addressed in an integrated manner. There is a parallel between the challenges of magnet protection and
mechanical design. Firstly, detection and protection in the regime of stored energy and energy density de-
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Fig. 2.6: Scaling of stored energy density for the dipole magnets considered in Fig. 2.5

scribed above will require new concepts, especially for HTS (e.g. non-insulated or ‘controlled-insulation’
windings). Secondly, measurement and characterisation of the thermo-mechanical and dielectric proper-
ties and limits of coils and structures will be a mandatory step to ensure that the design is safely within
engineering limits.

2.5.4 Cost
Cost is the final challenge for high field accelerator magnets. The main cost drivers and associated
opportunities are outlined below.

• The conductor is the primary cost driver for high field magnets. This was already the case for the
Nb-Ti based LHC, where the superconductor cost was about 25% of the total cost of the magnet
(excluding the external services like power supply and other ancillaries). The cost of Nb3Sn for
an FCC-hh is projected to be half of the cost of the magnet system. Conductor R&D should
focus on solutions such as scalable architectures, or designs that are more tolerant of raw material
properties, as a route to reducing the cost of the superconductor. Similarly, magnet designs should
strive to make the most efficient use of the superconductor cross-section, encouraging engineering
solutions that go in this direction.

• The second largest cost is associated with the construction of the coil. Winding is the dominant
part, but coil manipulation from winding to coil assembly should not be neglected, especially for
Nb3Sn. In general, magnet design should aim at reducing construction complexity. Coil winding is
at present an essentially manually driven operation, assisted by some level of automation1. Given
the experience gained in coil winding in recent projects (e.g. ITER and JT-60SA) and given the
number of coils to be wound for a future accelerator (e.g. 20 000 identical coils for the FCC-hh
dipoles) robotics seems a crucial R&D topic to reduce cost. The analysis of benefits of automation
and robotics should go beyond coil winding, i.e. coil handling for operations such as insertion in
the heat treatment oven, splicing, impregnation, metrology, etc. This work can be staged to take
place in a second phase of R&D or in the pre-industrialisation phase.

• The third cost driver is the magnet mechanical structure. The choice among available options

1Given the rapid evolution of the field it is not advisable at this stage to heavily invest in robotised tooling, but rather to assess
the areas that would benefit. Construction quality and uniformity of production may also benefit, resulting in improved yield
and cost reduction. The proposed study should consider the time at which introducing robotisation would be optimally useful.
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(e.g. collars, bladders and keys, yoke-as-restraint and others) shall be based not only on field
reach, but also on cost consideration of tooling and operation. Some structures seem more suitable
to automation and robotisation (e.g. collar assembly), while others rely on simpler tooling (e.g.
bladders and keys). The above considerations should be injected early in the magnet R&D study
to guide the best structured selection decision when the time comes.

The main challenge can be summarised as finding the true optimum between magnet performance
and total cost, not only for the initial investment but also including costs of operation. This tends to favour
operation at higher temperatures (e.g. 4.2 K for Nb3Sn and 20 K for HTS) where, besides the improved
cryogenic efficiency, the enthalpy margin is higher and the burden of training is reduced, thus improving
availability and reducing operation cost. Similarly, a robust magnet design, with large operating margin,
is a way to avoid rejection, increase yield during production, while increasing operating availability,
thus reducing both capital and operation cost. Simpler designs should be favoured, built with repeated
operations that might be more suitable to automation as described earlier, even if they perform slightly
less well. In order to forecast costs correctly, industry should be involved as soon as possible in an
efficient manner2. Industry involvement can complement laboratory efforts made using existing large
facilities. Regardless of industry engagement, it is important that work in laboratories, especially on
long magnets, is tracked using a detailed budget accounting system that could be used as a basis to
estimate industrial production costs.

HTS optimisation is quite different from Nb3Sn and deserves a special mention. HTS conductor
cost is currently much higher than Nb3Sn. However, contrary to Nb3Sn, HTS price is decreasing, driven
by demand and steady funding from fusion research (in particular two privately funded initiatives in EU
and US) and the energy sector. Appreciable material quantities, far exceeding particle physics needs, are
in order to satisfy the needs from these initiatives. In this respect, high energy physics (HEP) should
rather focus on cable and magnet engineering, leaving the cost of superconductor aside, at least in this
phase.

Concerning magnet construction and operation, depending on the HTS material (REBCO) there is
no need of heat treatment. Mechanical properties are better and stability much higher than LTS. Consid-
ering this, HTS magnet technology could at some point be significantly less expensive than Nb3Sn. This
needs to be verified since it could lead to a change in paradigm for a FCC-hh or a muon collider, should
the cost of HTS conductor attain the same level as Nb3Sn. These considerations can be included in the
R&D programme; as well as the step-by-step validation of the technology, it is important to include a
near-full size HTS dipole (1 m long) to be manufactured and tested. This will allow an assessment of the
true cost of an HTS accelerator magnet by tracking material and personnel investment throughout the
construction process. A suitable target for one such magnet could be a typical HL-LHC model magnet
size and field (e.g. 50 to 60 mm aperture, field in the 11 to 12 T range) for which cost is well established.

2.6 R&D objectives

2.6.1 Technical goals

Based on the current state of the art and the challenges described above, the following are the long-term
technical goals of the HFM R&D:

1. Demonstrate Nb3Sn magnet technology for large scale deployment, pushing it to its practical limits
in terms of maximum field and production scale. The drivers of this first objective are to exploit
Nb3Sn to its full potential, developing design, material and industrial process solutions that are
required for the construction of a new accelerator based on this technology. We separate the

2We believe that industry will consider an involvement seriously only if: (a) there is continuity of work and funding, since
industry needs to make plans with at least five years horizon to be effective; (b) the issue of IP is clarified, since it is unlikely
that industrial IP will be available if issues protection and sharing are not settled from the start.
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search for maximum field from the development of accelerator-magnet technology by defining the
following two dependent sub-goals:

(a) The effort to quantify and demonstrate the Nb3Sn ultimate field comprises the development
of conductor and magnet technology towards the ultimate Nb3Sn performance. The projected
upper field limit for a dipole is presently 16 T (the reference for FCC-hh). This field is the
target against which the performance of a series of short demonstration and model magnets
should be measured.

(b) Develop Nb3Sn magnet technology for collider-scale production, through robust design, in-
dustrial manufacturing processes and cost reduction. The present benchmark for Nb3Sn ac-
celerator magnets is HL-LHC, with an ultimate field in the range of 12 T and a production of
the order of a few tens of magnets. Nb3Sn magnets of this class should be made more robust,
considering the full spectrum of electro-thermo-mechanical effects and the processes adapted
to an industrial production on the scale of a thousand magnets. The success of this devel-
opment should be measured through the construction and performance of long demonstrator
and prototype magnets, targeting the 12 T range.

2. Demonstrate the suitability of HTS for accelerator magnet applications providing a proof-of-
principle of HTS magnet technology beyond the reach of Nb3Sn. The goal of this programme
is to break from the evolutionary changes of LTS magnet technology, from Nb-Ti to Nb3Sn, by
initiating a revolution that will require significant innovation in materials science and engineering.
A suitable target dipole field for this development is 20 T, significantly above the projected reach
of Nb3Sn. Besides answering the basic questions on field reach and suitability for accelerator ap-
plications, HTS should be considered for specific applications where not only high field and field
gradient are sought, but also higher operating temperature, large operating margin and improved
radiation tolerance.

In addition, it is also important to underline that the HFM R&D programme is intended as a fo-
cused, innovative, mission-style R&D in a collaborative and global effort, targetting specific results rel-
evant to future accelerators, with well-defined timeline, deliverables and milestones, and paying special
attention to novel engineering solutions.

The main objectives are represented in Fig. 2.7, where we plot the length of dipole magnets pro-
duced (i.e. magnet length times the number of magnets) versus the bore field. The blue line gives an idea
of the state of the art, bounded on one side by the nearly 20 km of Nb-Ti LHC double-aperture magnets in
the range of 9 T ultimate field and at the high-field end by single model magnets with approximately 1 m
length and 14.5 T maximum field. The HL-LHC point marks the production of 6 dipoles of 5.5 m length
with 12 T ultimate field. The objectives listed above can be represented in this plot as an extension of the
field reach by moving along the horizontal axis (magnetic field) thanks to advances in Nb3Sn and HTS
magnet technology, as well as an extension of the production capability by moving along the vertical axis
(magnet length) thanks to the development of robust and efficient design and manufacturing processes.
The symbols at higher field (Nb3Sn at 16 T, HTS at 20 T) and longer magnet length (5 km) represent
targets, providing the desired R&D direction and they should not be read as specified performance.

The parallelism in the development is an important aspect of the programme. We believe this is
necessary to provide significant advances towards the long-term goals within a five to seven year time
frame, i.e. responding to the notion of mission-style R&D that needs to feed into the next update of the
European Strategy for Particle Physics.

The graphical representation of Fig. 2.7 discussed above only defines the first phase in the R&D
from 2021–2027. Once it is proven that the field reach can be extended and the actual level is demon-
strated, we foresee a follow-up phase. This should occupy 2027–2034, and will prove the new generation
of high field magnets at a scale of accelerator-magnet prototype, i.e. several meters of total magnet length.
This is represented by the green arrow in Fig. 2.7, whereby the choice of the field level, and the actual

22



CERN Yellow Reports: Monographs, CERN-2022-001

Fig. 2.7: Graphical representation of the objectives of the HFM R&D programme from 2021–2027.
Both fronts of maximum field (red for Nb3Sn, purple for HTS) and large-scale production (blue) will be
advanced. Also represented, in green, is a possible evolution for the longer term, 2027–2034.

magnet length to be realised are again only indicative, and will depend on the results of the first phase of
R&D.

The R&D targets respond directly to the demand of principal stakeholders. The HFM R&D targets
formulated for Nb3Sn magnets stem directly from the requirements of FCC-hh [17], and are compatible
with the schedule of an integrated FCC programme [71]. The parallelism proposed has the advantage
that it will provide early results for a decision on magnet technology towards the construction of the next
hadron collider.

It is also recognised that the development of capture, cooling, acceleration and collider magnets
for a muon collider [23] remains a formidable task. This will be addressed by targeted studies, but the
R&D on high-field Nb3Sn and HTS magnets will be highly relevant in developing suitable solutions.
Examples are: (a) HTS conductor and coil winding technology towards a 20 T goal, including partial-
and no-insulation windings, whose results could be applied to the ultra-high-field capture solenoids,
or to the high-field collider magnets; (b) the study of stress management in Nb3Sn magnets towards
their ultimate performance, directly applicable to large aperture dipoles and quadrupoles for the high-
energy muon collider main ring and interaction region (IR)—see e.g. Section 5.6 (in particular Tables 5.2
and 5.3); and (c) HTS magnet operation at temperatures above that of liquid helium, relevant to operation
in the high heat load and radiation environment of the muon collider ring—see e.g. Section 5.6.5.

2.6.2 Programme drivers

To define the work necessary to meet the objectives above, a number of practical questions can be priori-
tised. These questions are the R&D programme drivers, and they can be broadly divided into questions
of relevance for Nb3Sn, for HTS, and common to both lines of development.

For Nb3Sn, taking into account the pioneering developments already in place:
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• Q1: What is the practical magnetic field reach of Nb3Sn accelerator magnets, driven by conduc-
tor performance, but bounded by mechanical and protection limits? Is the target of 16 T for the
ultimate performance of an affordable Nb3Sn accelerator magnets realistic?

• Q2: Can we improve robustness of Nb3Sn magnets, reduce training, guarantee performance reten-
tion, and prevent degradation, considering the complete life cycle of the magnet, from manufac-
turing to operation?

• Q3: Which mechanical designs and manufacturing solutions, including basic materials, compos-
ites, structures, and interfaces need to be put in place to manage forces and stresses in a high-field
Nb3Sn accelerator magnet?

• Q4: What are the design and materials limits of a quenching high-field Nb3Sn magnet, and which
detection and protection methods need to be put in place to remain within these limits?

• Q5: How can we improve design and manufacturing processes for Nb3Sn accelerator magnets to
reduce risk, increase efficiency and decrease cost for industrial production on large scale?

For HTS high-field accelerator magnets, the questions are more fundamental to the potential and
suitability for accelerators, with the awareness that the body of work in progress is not yet at the point
where a reference technology can be defined:

• Q6: What is the potential of HTS materials to equal and surpass the present and projected limits
of Nb3Sn, and in particular is the target of 20 T for HTS accelerator magnets realistic?

• Q7: Besides magnetic field reach, is HTS a suitable conductor for accelerator magnets, considering
all aspects from conductor to magnet and from design to operation?

• Q8:What engineering solutions, existing or yet to be developed and demonstrated, will be required
to build and operate such magnets, also taking into account material availability and manufacturing
cost?

Finally, common to Nb3Sn and HTS:

• Q9: What infrastructure and instrumentation are required for successful HFM R&D, taking into
account aspects ranging from applied material science to production and test of superconductors,
cables, models and prototype magnets?

• Q10: What is the quantified potential of the materials and technologies that will be developed
within the scope of the HFM R&D programme towards other applications to science and society
(medical, energy, high magnetic field science) and by which means could this best be exploited?

2.7 Delivery plan
2.7.1 Innovation through a fast-turnaround R&D programme
The HFM R&D Programme must achieve decisive progress in the three areas of performance, robustness,
and projected cost. This applies in principle to both Nb3Sn and HTS magnets, though different weights
will be put on each aspect. Any technology demonstration should meet the required goals in each of
the three areas, though finding the right balance between cost-efficiency, maximum field, and robustness
may imply some compromises. The specification of the three areas will need to consider the following
issues:

• Performance consists not only of attaining the required central field strength, with swift training
exhibiting no performance limitation, but also in retaining such performance, and in particular
preventing degradation under all foreseeable operating conditions including quenches and repeated
thermal cycles. A crucial element of performance is a successful quench detection and protection
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strategy, avoiding overheating or electrical breakdown. Finally, the field quality demanded for
accelerator operation, and an efficient thermal management are important performance indicators
of a specific design and technology

• Robustness covers several aspects of magnet design and manufacturing, and revolves mainly
around the engineering knowledge and margin of a specific technology. Going beyond the present
focus of robustness, driven by considerations of magnet performance retention, we measure its
effectiveness by looking at the scalability of a given technology both in terms of length and units.
This implied a wider acceptable range of material and component tolerances, suitability for au-
tomation, improved reproducibility and a high yield of conforming coils and magnets.

• A cost target will be defined based on a projected accelerator-scale production. Having such a
target will be helpful to influence and steer design, process and material optimisation.

The R&D programme must be holistic in nature: a compatible selection of electromagnetic, me-
chanical and thermal design approaches, conductors, materials, and manufacturing processes and meth-
ods needs to be integrated seamlessly with instrumentation and protection into a specific magnet solution
responding to the required specification. Various such selections are possible, and although an absolutely
objective comparison of technical solutions is difficult, starting from a unique design basis allows for a
fair technology selection. In this context, it is important that sufficient time and resources are allocated
to ensure that all developments are thoroughly tested and analysed.

Despite the broad existing body of knowledge in accelerator magnet technology, we believe that
demonstrating ultimate performance will require innovation beyond the state of the art in most areas.
This, in turn, will call for a period of basic technology R&D, followed by a multi-year magnet design,
construction and testing process, with duration from three to four years. In a serialised program, the ex-
perimental feedback would come late in the process, likely too late for substantial changes to the selected
technologies. Only a few iterations could be implemented and tested within the available timeline, with
minor tweaks and improvements. We conclude that the innovation potential of this approach is limited
due to the slow turnaround.

This reflection leads to a third characteristic element of the R&D Programme. We propose to
structure the magnet R&D as a succession of meaningful fast-turnaround demonstrations, ranging from
non-powered material and composite samples, to powered sub-scale samples and mechanical models, to
racetrack coils and/or demonstrator coils in short and long mirror configurations, to accelerator magnet
demonstrators at intermediate fields and, eventually, towards ultimate specifications. In this way, new
technologies can be tested under realistic conditions at the earliest possible stage, the smallest relevant
scale and cost, and the fastest pace.

We represent this process schematically in Fig. 2.8. The different levels of the pyramid represent
the stages of an innovation climb, providing means for a constant bi-directional stream of feedback
between technology and magnet R&D. In this scheme, technology R&D does not stop once the first
demonstrator magnet is designed. Demonstrations can go through steps of increasing performance (and
complexity). The most efficient technologies naturally rise to the top of the pyramid in due time and
are implemented when judged mature. Access to testing infrastructure of course becomes a particularly
important issue when planning for multiple multi-scale fast-turnaround R&D programmes. Multiple tests
provide opportunities for the application of novel instrumentation to be developed in the HFM program.
To make full use of this opportunity, timely data analysis is vital and requires dedicated resources.

For the programme to remain focused, it is important that all technologies developed, and all
demonstrators built, are compatible with the ultimate design specifications. Only then can a success in
the experimental results at a smaller scale be translated into a credible statement on the technical and
financial feasibility of ultimate specification magnets. We suggest that, for this purpose, each magnet
R&D programme accompany their multi-scale R&D from the earliest days with an evolving ultimate-
specification conceptual design that is regularly updated in the light of the most recent developments and
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Fig. 2.8: Schematic representation of the innovation pyramid concept, supporting fast turnaround tech-
nology development.

experimental results. It is understood that the HFM programme will extend far beyond the immediate
five-year period, and will extend to double-aperture magnets as well as long magnets in the years follow-
ing the next ESPPU. For long magnets, a logical first step in the scale-up to 15 m is the maximum length
that can be tested in vertical or horizontal bath cryostats.

Using this approach, each contributor to the R&D programme can profit from a number of specific
R&D vehicles, focusing on a selected subset of the ultimate specifications mentioned above. As an ex-
ample, some R&D teams may place their initial focus on the demonstration of technologies for enhanced
robustness at lower cost, others may aim towards innovations enabling higher performance targets. Such
a complementary approach, carefully coordinated among all actors, can achieve the parallelism that is
key to swift advancement.

In practice, it is likely that some national or institutional programmes will seek to build upon
the wealth of experience from previous programmes, such as the EU R&D initiatives and the HL-LHC
magnet construction, and opt for an evolutionary approach. Others will pursue a more radical departure
from the state of the art. The overall HFM programme must have a balanced approach risk, maximising
the chances of overall success on a broad front. Eventually, the results from all studies will inform a
single coherent and evidenced position, such that the combined results constitute the required demon-
stration of technical and financial feasibility of the magnet system for a future collider. To enable this,
the HFM programme shall foster a structured exchange among magnet engineers from all laboratories to
coordinate their efforts and discuss their respective challenges. Moreover, the programme shall ensure
a regular exchange between researchers in other R&D areas, so that engineers can communicate their
most pressing technological needs, while receiving creative input from technology specialists across all
participating institutes. These structured meetings shall trigger further informal exchanges resulting in
interdiscplinary joint research embedded in a vibrant R&D network.

2.7.2 Programme structure

The structure of the programme is represented graphically in Fig. 2.9. We have identified three focus
areas, in foreground, covering the R&D work specific to: (a) Nb3Sn magnets; (b) HTS magnets; and (c)
Nb3Sn and HTS conductors. Activities in these areas comprise deliverables and milestones consisting ei-
ther of demonstrators and critical decisions (e.g. field reach of the magnet technology) or of specifications
(e.g. for superconductor procurement). Work in the focus areas will be supported by three cross-cutting
R&D activities: (a) structural and composite materials, cryogenics and thermal management, and mod-
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elling; (b) powering and protection; and (c) infrastructure for production and test as well as instruments
for diagnostics and measurement. The cross-cutting activities are intended to proceed in the background,
responding to the challenges identified by the focus areas and supporting the programme in its progres-
sion towards the main deliverables. An indicative overview of activities in the form of a top-level timeline
is shown in Fig. 2.10. The dates shown in the ’Top-level milestones and deliverables’—Sections 2.7.3.3
through 2.7.9.3—are necessarily indicative, as they are resource and progress dependent.

Fig. 2.9: Schematic representation of the structure of the proposed programme, consisting of three focus
areas pursued with the support of cross-cutting activities.

2.7.3 Nb3Sn conductor
2.7.3.1 Scope and objectives

The Nb3Sn conductor R&D has two main goals: (a) to advance performance of Nb3Sn wire beyond
present state of the art, and (b) to consolidate performance and ensure industrial availability of state-of-
the-art HL-LHC Nb3Sn wire. The necessary performance corresponds to the full set of requirements,
including manufacturing, electrical, magnetic and mechanical properties as well as cost, specified for the
FCC Conductor Development programme [67]. R&D is still needed to achieve these targets, which will
require seven to ten years, with significant results from the R&D work during the first five years.

A key objective will be to develop optimised manufacturing processes for enhancing JC to the
target 1500 A/mm2 at 16 T and 4.2 K [68]. The methodologies proven to reach JC at laboratory scale
need to be scaled up, in parallel with study of electromagnetic stability, e.g. achieving high enthalpy
margin, and improvement of the mechanical properties of the novel wires and cables as a mitigation of
the brittle nature of Nb3Sn and degradation risk. These studies are mandatory to exploit the full JC
potential.

The experience from the CERN FCC Conductor Development programme is that R&D activity in
laboratories is a prime source of innovation in materials [69, 70], especially when control and analysis
of properties at the nanoscale are needed. Novel concepts have been generated in laboratories, whose
agility and focus have proven crucial for the initial R&D phase. Work in industry, however, must start
at an early stage to enable identification technologies that have potential for industrialisation. This will
be pursued via the production of novel wires, and through studying the feasibility of large billets for
large-scale production. This is a key step towards cost reduction, with a goal of 5 C/kAm at 16 T and
4.2 K.

The development of Rutherford cables is included in this activity, as well as extensive measure-
ment of their electro-mechanical performance. The reference targets for successful cabling are a critical
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Fig. 2.10: Indicative timeline of HFM R&D activities.

current degradation of the wire in the cable of less than 5% and retention of the stabiliser resistivity ratio
above 100. The study of mechanical stability and windability for use in coils is of particular relevance,
especially for wide cables with high in-field current capability, including the optimisation of their electro-
mechanical performance. The latter shall include the impact of impregnation process. The activity will
be naturally interacting closely with Nb3Sn magnet developments.

Similarly, development and qualification of low-resistance splices between LTS cables, both in low
and high fields, are essential to enable high-field magnet designs, and to simplify and increase robustness
of the manufacturing process. This study will also require tight interaction with Nb3Sn magnet R&D.

2.7.3.2 Identified tasks

• MAG.LTSC.SOAP: Procurement of Nb3Sn wires in industry, cable manufacturing, and qualifica-
tion of wires and cables as required by the magnet programme. The initial phase will be based on
state-of-the-art specifications (HL-LHC).

• MAG.LTSC.COND: Development and characterisation of novel Nb3Sn wires with improved per-
formance beyond the state of the art, towards robust high-JC wires. This effort explores materials
and architectures via effort in laboratories and industry, and interacts closely with magnet devel-
opment to integrate electro- and thermo-mechanical results in relevant geometries and conditions.

• MAG.LTSC.CABL: Development and characterisation of cables using novel wires and geome-
tries (e.g. large number of strands). This activity includes study and qualification of electrical,
magnetic and mechanical properties as well as iteration with the magnet designers to quantify
cable wind-ability for different coil layouts.

• MAG.LTSC.ADVP: Evolution of the procurement activity in the direction of advanced wire com-
position and architecture, as a result of the wire R&D activity, including an effort to enlarge the
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industrial manufacturing base.

2.7.3.3 Top-level milestones and deliverables

• MAG.LTSC.M1: Launch procurement of state-of-the-art Nb3Sn conductor, Q1 2022.

• MAG.LTSC.M2: Launch development of novel Nb3Sn wires, Q1 2022.

• MAG.LTSC.D1: ∼2 tons of cabled and qualified state-of-the-art conductor, Q4 2023.

• MAG.LTSC.M3: Assess feasibility of targets for production of at least 100 m unit lengths of novel
wires, Q3 2024.

• MAG.LTSC.D2: Advanced Nb3Sn wire in unit lengths of about 100 m, Q1 2025.

• MAG.LTSC.M4: Assess results from R&D and update performance of HFM reference wire, Q2
2025.

• MAG.LTSC.M5: Industrialise novel wires, Q1 2025.

• MAG.LTSC.D3: Novel generation of cables in unit length of at least 100 m, Q4 2025.

2.7.4 HTS conductor
2.7.4.1 Scope and objectives

R&D on HTS conductor is considered essential for a subsequent successful implementation of HTS coils
and magnets. The first objective is the definition of performance targets adapted to accelerator magnet
applications, which will guide the development. We propose that activities in Europe are focused on
REBCO tapes. The reason, as mentioned earlier, is that very high in-field electrical performance is
already available in commercial REBCO tapes, with upper values of industrial production reaching Je
(4.2 K, 20 T) up to 2000 A/mm2 (see Fig. 2.3) [72]. Material engineering at the nanoscale and artificial
pinning techniques are well controlled, and several industrial suppliers on the market are able to produce
unit lengths of tape of several hundred meters.

Given the exceptional state-of-the-art values of Je, the R&D work should focus on achieving
controlled, homogeneous and reproducible electro-mechanical and geometrical properties along the full
tape length, e.g. low internal electrical resistance between layers, high internal adhesion strength among
layers, low electrical resistivity of the copper stabiliser, and controlled geometry. Innovation will be
required for designing and qualifying novel high-current cables made from tape conductor. This study
must be performed in conjunction with the design of HTS magnets and with understanding of their
requirements.

The results of this work will provide direct feedback to industrial manufacturers, raising their
awareness of needs, identified problems and potential solutions. Industry will be crucial in the demon-
stration of feasibility of long lengths and low cost. Indeed HTS cost reduction is mandatory to make
future large-scale applications affordable. Some routes towards cost reduction may be process optimisa-
tion, use of new technology, and production scale-up. We remark here that the scale of production needed
for HTS accelerator magnet R&D will not be sufficient to significantly influence cost. However, we will
benefit from relatively large ongoing procurement of HTS conductor by other communities, e.g. fusion
and energy.

Finally, a crucial aspect of the HTS conductor R&D will be the identification, development and
qualification of cable configurations suitable for accelerator-quality magnets, taking into account a pos-
sible evolution of the needs of beam dynamics. Existing cable concepts (e.g. stacks [73,74], CORC [75],
Roebel [76], stacked tapes assembled in rigid structure (STAR) [77]) and alternative novel concepts will
be studied, considering their electro-dynamic performance (e.g. the need for transposition), quench de-
tection and quench protection (to be addressed at the level of tapes and cables before coils), the effect
of insulation and impregnation, and the development of low-resistance joints (with procedure scalable to
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magnet construction). As for Nb3Sn, HTS conductor development and qualification will have to act in
synergy with the R&D on magnets.

2.7.4.2 Identified tasks

• MAG.HTSC.SOAP: Procurement of REBCO tapes in industry, qualification and extensive char-
acterisation of electro-mechanical properties, including response to quench.

• MAG.HTSC.COND: Development of REBCO tapes with improved performance beyond the
state-of-the-art, tailored to accelerator applications. R&D on other HTS materials, including multi-
filamentary HTS wires.

• MAG.HTSC.CABL: Conceptual development, assembly and extensive characterisation of RE-
BCO cables for use in HTS magnets. Development of splice technology at the level of the tape
and cable, suitable for integration in HTS magnets.

2.7.4.3 Top-level milestones and deliverables

• MAG.HTSC.M1: Launch procurement of HTS conductor, Q1 2022.

• MAG.HTSC.M2: Review performance of REBCO tape for accelerator magnets, Q4 2023.

• MAG.HTSC.M3: Select cables’ layout for winding magnet demonstrators, Q3 2024.

• MAG.HTSC.D1: ∼20 km of qualified tape (12 mm equivalent width) by Q1 2025.

• MAG.HTSC.D2: Unit lengths of representative cables (∼50 m) by Q1 2025.

2.7.5 Nb3Sn magnets

2.7.5.1 Scope and objectives

Nb3Sn magnet R&D is the most prominent cross-cutting, and integrated activity in the proposed pro-
gramme. The scope of this activity corresponds directly to the ESPPU recommendation to “investigate
the technical and financial feasibility of a future hadron collider at CERN with a centre-of-mass energy
of at least 100 TeV”. This goal translates into a major push to provide robust and cost-effective magnet
performance near the ultimate limits of Nb3Sn superconductor.

Performance is defined in terms of a maximum field in the magnet aperture, a high initial training
quench with few training quenches up to ultimate field, and the absence of degradation under cyclic load
and repeated cool-down/powering/warm-up cycles. Appropriate electro-mechanical margins need to be
implemented, for which the community habitually uses ‘margin on the loadline’, as well as a generic
mechanical design limit for the coil composite of 150 MPa von Mises stress at room temperature and
200 MPa von Mises stress under cryogenic conditions. To mitigate the risks of excessive training, critical
current reduction, and degradation, we suggest in the medium term to re-define appropriate engineering
margins based on local stress-strain states in the conductor and composite, and to establish a multi-scale
framework of experimental results and numerical models that inform the design process.

Robustness is defined based on scalability of the technology, i.e. a technology that works equally
well for short magnets and 15 m long magnets, and can be applied at an industrial scale with high pro-
duction yield. Present experience shows that scaling up the length may come with challenges related to
deformation and residual strain in the coil after heat treatment and to the differential contraction mis-
match of individual magnet components during cool-down. Due to the strain sensitivity of Nb3Sn, this
mismatch can lead to conductor degradation. Moreover, the magnet production for HL-LHC shows that
the yield and methodology are not yet suitable for upscaling, and require a decisive improvement.

Cost relies critically on economies of scale and on the introduction of industrial processes that
will include the automation of specific process steps. Neither economies of scale, nor the automation
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of process steps will be achievable in the present project period. Nonetheless, every design choice and
process development must consider the potential impact on cost and the prospect of future automation.

Finding the right balance between cost efficiency, maximum field, and robustness is at the core
of this R&D activity, and progress in all three areas is crucial to provide satisfactory input into the next
ESPPU.

This progress is likely not going to come from a merely evolutionary change of existing Nb3Sn
technology. Rather, it will be the product of a vigorous innovation and R&D programme that involves
all other activities described in this document. Fast turnaround testing at the smallest possible scales is
key to an effective innovation funnel that may enable decisive breakthroughs in performance, robustness,
and even cost. To this end, we propose to structure the program as outlined in Fig. 2.11, by making use
of the development vehicles described below.

Fig. 2.11: Schematic representation of the technology pyramid towards the development of Nb3Sn ul-
timate dipole magnets. The first tasks are shared, then two final objectives are pursued in parallel: on
the left, the path towards ultimate-field Nb3Sn accelerator magnets; on the right, the path towards long
Nb3Sn robust accelerator magnets, eventually joining in the final objective of highest practical field with
robust performance.

• Non-powered standardised samples for electrical and thermo-mechanical characterisation. The
samples will be developed jointly with the conductor development activity, aiming at material and
composite properties, validation tests for new technology variants, and design parameters. Work
on these samples goes hand in hand with the cross-cutting activity on material testing.

• Powered samples, testing at the smallest possible scale at which the challenges of HFM can be ad-
dressed and studied, e.g. cable degradation, bonding and sliding properties, techniques for reliable
jointing of SC cables, etc.

• Sub-scale magnets, which constitute a first step in magnet technology implementation, identifying
strengths and weaknesses of specific technology integrated in a coil winding. A sub-scale magnet
aims at reproducing the performance margins, but not the main field, in a small (essentially hand-
held) magnet assembly. New conductors can be validated at this scale (e.g. designs resilient against
degradation).

• Short magnets, which are a true representation of magnet design and construction except for the
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length, are a mandatory demonstration step before long magnets. It is likely that short magnets will
be built with two coil layers/decks first, aiming for 12 T in the aperture. This step is followed by an
ultimate performance design. The short magnet scale R&D will benefit from the faster turnaround
of mirror configurations in the early stages of the programme.

• Long magnets, which demonstrate the suitability of a technology in terms of length scale-up.
Special attention is paid at this stage to the prospect of industrialisation and automation. Mirror
configurations, as well as cool-down/warm-up cycles with dummy coils can be a valuable tool to
intercept difficulties at the earliest possible stages.

2.7.5.2 Identified tasks

We define here tasks on the basis of a single development site (laboratory). Tasks of sample measure-
ments are likely to be shared among laboratories, while demonstrator tasks will run in parallel to cover
the respective design and technology variants selected.

• MAG.LTSM.SMPL: Sample construction, test and evaluation. We include in this activity non-
powered samples as well as powered samples and mechanical models representative of magnet
conditions.

• MAG.LTSM.SUBS: Construction, test and analysis of sub-scale magnets.

• MAG.LTSM.SD12: Design, construction, test and analysis of short 12 T demonstrator magnets
as an intermediate step towards ultimate performance, and to develop robust designs.

• MAG.LTSM.SD16: Design, construction, test and analysis of short ultimate-field Nb3Sn demon-
strator magnets.

• MAG.LTSM.LD12: Design, construction, test and analysis of long 12 T demonstrator magnets.

The ultimate goal, long robust dipole magnets at ultimate performance is beyond the horizon of
the next European Strategy Update.

2.7.5.3 Top-level milestones and deliverables

In the staged fast-turnaround programme devised, milestones are reached every time an R&D vehicle
on the next-higher scale becomes available for exploitation. Milestones are attached to each of the
scales and are reached when the first deliverable on each scale is tested, analysed, and the corresponding
concept validated. Corresponding deliverables at each scale are produced at the respective appropriate
time intervals, as listed below. We define here milestones and deliverables on the basis of a single
laboratory. Milestones and deliverables are intended to be multiplied by the number of laboratories
contributing to the specific task.

• MAG.LTSM.SMPL.Dx: Ten to several tens of deliverables per year;

• MAG.LTSM.SUBS.Dx: Three to four deliverables per year;

• MAG.LTSM.SD12.Dx: One to two deliverables per year;

• MAG.LTSM.LD12.Dx and MAG.LTSM.SD16: One deliverable every one to two years.

The cadence of deliverables at each scale naturally slows down when the next milestone is reached.
The smaller-scale R&D objects are then mostly needed to address problems encountered at a higher level,
or to feed forward potential breakthrough technologies.

In addition to the above fast-turnaround multi-scale milestones and deliverables, one milestone
and one deliverable are added:
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• MAG.LTSM.Mα: At the beginning of the programme, an in-depth knowledge transfer from past
and ongoing Nb3Sn magnet R&D programmes will take place. This initial milestone will be likely
organised through a series of technical meetings and laboratory visits. The transfer shall focus on
what we know works well, what we know could or should be improved, and what we know we do
not know. Planned for Q4 2022.

• MAG.LTSM.Dω: This final deliverable takes the form of a summary document, weaving all
available results from the individual programmes together into one coherent and credible position,
arguing whether the sum of all magnets built and tested constitutes the required demonstration of
technical and financial feasibility of the FCC-hh magnet system. Planned by Q4 2026.

2.7.6 HTS magnets

2.7.6.1 Scope and objectives

As with HTS materials and cables, this R&D is of an exploratory nature. HTS magnets are the only
option to generate fields beyond the reach of Nb3Sn. Consideration of only engineering current density
would suggest that magnetic fields in the range of 25 T could be generated by HTS, both with BSCCO
and REBCO, as shown in Fig. 2.3. This needs to be moderated by the fact that mechanics and quench
management may not be feasible, or practical, at the projected forces, stresses, stored energy and energy
density. The actual limits of a feasible HTS accelerator magnet need to be established.

A second element of this R&D is triggered by the consideration that with the current cost of HTS,
a full-HTS winding may not be affordable. A hybrid solution may be considered, where LTS are used in
the lower magnetic field area (e.g. below 15 T), and HTS is used above. A hybrid configuration requires
the use of liquid helium as coolant. At the same time, as we can clearly see in Fig. 2.3, performance
of HTS in the range 10 to 20 K has reached values of Je well in excess of 500 to 800 A/mm2, i.e. the
level that is required for compact accelerator coils. The exploration of magnet designs working in an
intermediate temperature range (e.g. 10 to 20 K) and dry magnets (conduction cooled) is of considerable
interest, because it would open a pathway towards a reduction of cryogenic power, a reduction of helium
inventory (e.g. dry magnets), or the use of alternative cryogens, e.g. gaseous helium (GHe), or liquid
hydrogen (LH2). In this case, obviously, the magnet would have to be wound completely from HTS.

For HTS, where technology is relatively immature, the work on magnet design and technology
will go hand in hand with tape and cable development. As already mentioned in the R&D on HTS
conductors, good uniformity of the current density over long unit lengths (from present state of the art
of 200–300 m, to 1 km), and development of features matching magnet challenges (e.g. good adhesion
of layers, low internal electrical resistance) or facilitating them (e.g. a ‘current flow diverter’ to increase
quench propagation speed) should be prioritised above increased critical current.

The issue of HTS cables is of special importance for the magnet R&D. Cables with high current ca-
pacity are required to decrease the magnet inductance for powering and protection reasons. High-current-
density options being considered are tape stacks [73,74], Roebel [76], CORC [75], and STAR [77]). The
work of the coming years should determine the most suitable cables to fit the needs of accelerator mag-
net construction and operation. Besides the practical matter of coil winding (see below), a fundamental
question to be addressed is the need for transposition. Though possibly secondary from the point of
view of field quality, which is expected to be dominated by the large persistent currents contribution, the
impact of transposition on performance needs to be studied. Finally, full characterisation at the scale
of the cable will accompany design and analysis of demonstrator magnets. Example of high-priority
activities, besides critical current, are current sharing and transfer length among tapes, basic mechanical
properties, and current density dependence on angle, stress and strain. Joint technology (resistance value
and joint robustness) is of utmost importance for magnet technology. Though already included in the
HTS conductor R&D, this needs to be directly linked to the magnet design from the beginning of the
process. Finally, the HTS conductor design may require including features necessary or beneficial to
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magnet protection, such as detection systems based on conductor temperature or voltage sensing and
compensation.

The design of the future magnets should take into account particular characteristics of HTS tapes
and cables. REBCO winding geometry tends to be constrained by the use of tapes. The end design is the
main focus area, due to the tape aspect ratio making a hard-way bend difficult. Several magnet design
options have emerged in the past (e.g. aligned blocks, cloverleaf and CCT) and the effort should strive
to improve them, or find new ones. The coil shape should be optimised to maximise the efficient use of
superconductor (e.g. reducing the field components normal to the tape), avoiding excessive margins.

Inspired by R&D on ultra-high-field solenoids, NI or PI winding configurations could be con-
sidered. This configuration, generally referred to as controlled insulation (CI), would benefit magnet
protection, potentially reaching the limit of self-protection. However, we are not yet certain that CI
windings are applicable to accelerator magnets, especially with regard to transient effects and stability
when compared to solenoids. A design study needs to be followed by development of the necessary
technology, and in particular the possibility to achieve a preset contact resistance, reproducible from coil
to coil. Tests of such windings should be at reasonable parameters for accelerators (e.g. a ramp rate of
20 mT/s corresponding to 20 T in 1000 s), possibly extended to higher ramp rates relevant for other ap-
plications (e.g. 1 to 100 T/s range for ion therapy synchrotrons or the fast acceleration section of a muon
collider). This question is very important since it can change dramatically the design principle not only
of the magnet but also of the conductor.

HTS magnet R&D will also have to address the effects of screening currents on field quality.
Magnetisation magnitude and temporal stability are one of the major drawbacks of HTS tapes and could
be an issue for accelerator magnets. Control of these effects may require overshoot, vortex shaking, or
temperature increase, some of which may not be compatible with accelerator operation. This has been
only partially addressed in ultra-high-field solenoids, which are mainly focused on the field magnitude.
While different cables and magnet designs will be explored to find the best way of achieving good
field quality, we also recognise that alternative methods to control field harmonics (i.e. passive or active
shimming, stronger correcting magnets) and innovative beam optics and controls may be required, to
cope with features typical of HTS.

The R&D work on HTS magnets, similar to Nb3Sn, will depend on advances in computational
capability, described in detail below. Specifically, persistent currents and controlled insulation windings
will require tailored developments. Several codes are already available to compute these effects, and we
must pursue this effort. In the case of HTS the tape aspect ratio of 10−4 is a challenge when attempting to
model complete cables and whole magnets. A close interaction between design, modelling, and testing
will be key to foster development and understanding.

Finally, there is an obvious need for a near-future facility providing a background field for testing
of HTS demonstrator magnets. FRESCA2, Supraleiter Test Anlage (SULTAN), and the planned Euro-
pean dipole (EDIPO) reconstruction are possible European test infrastructures, but in their present con-
figurations they do not allow HTS dipole tests. A rapid alternative could be to realise a new FRESCA2
type magnet dedicated to this task, or join forces with other programmes to realise a background field
magnet and test facility.

The structure of the program on HTS magnets is once again based on an innovation climb shown in
Fig. 2.12. The first steps are exploratory and depend heavily on the result of the proposed design studies.
As for Nb3Sn, sub-scale magnet work will precede the work on the two identified routes of hybrid or
all-HTS magnets. Results of this R&D will eventually join in the definition, design construction and test
of HTS demonstrator magnets.
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Fig. 2.12: Schematic representation of the innovation pyramid concept for HTS dipole magnets.

2.7.6.2 Identified tasks

• In synergy with the R&D on HTS conductors (tasks MAG.HTSC.COND and
MAG.HTSC.CABL), and in parallel to HTS magnet design studies (task MAG.HTSC.DSGN),
clarify and specify needs based on magnet design options and suitable technology towards the
selection and qualification of cables geometry suitable for accelerators. Address at magnet level
issues such as margin and mechanical effects, transposition, persistent current effects, current
sharing and quench.

• MAG.HTSC.DSGN: Pursue a design study of HTS magnet options, including hybrid LTS/HTS
for operation at liquid helium temperature (e.g. 4.2 K), or a full-HTS dipole for potential operation
at higher temperature (e.g. 4.2 to 20 K). The study should include exploration of coil cross sections,
end design, optimisation of tape alignment, and CI schemes.

• Participate in the development of models (tasks MAG.MCM.MDLS and MAG.PETP.MDLS),
contributing test results on sub-scale and insert coils, to improve understanding and control of
quench and field quality in HTS magnets, including CI winding schemes and with focus on persis-
tent currents magnitude and stability.

• MAG.HTSC.SUBS: Design and manufacture sub-scale and insert coils for technology R&D, rep-
resentative of the HTS magnet design being pursued, and practical for achieving a fast turnaround
R&D cycle. Test the sub-scale and insert coils to validate cable (various configurations) and tech-
nology (e.g. insulation or CI, winding shape and end design, joints).

• MAG.HTSC.SRDM: Engineer and manufacture an HTS R&D dipole magnet as a preliminary
step towards a demonstrator, with parameters to be set once a basic technology selection is reached.

2.7.6.3 Top-level milestones and deliverables

• MAG.HTSM.M1: Design sub-scale and insert coils for technology R&D by Q4 2023.

• MAG.HTSM.M2: Results of design study of hybrid LTS/HTS dipole by Q4 2024.

• MAG.HTSM.M3: Results of design on a full-HTS dipole by Q4 2025.
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• MAG.HTSM.M4: Results of sub-scale and insert coil manufacturing (winding, insulation, joints,
etc.) and tests performed in the period 2023–2026, completed by Q4 2026.

• MAG.HTSM.D1: Define a magnet specification, including field performance, of HTS accelerator
dipole magnets by Q4 2026.

• MAG.HTSM.D2: Conceptual design of an HTS accelerator magnet by Q4 2027.

• MAG.HTSM.M5: Initiate the engineering, construction and first test of a HTS dipole demonstra-
tor by Q4 2028.

2.7.7 Insulation systems, components, cryogenic and modelling technologies
2.7.7.1 Scope and objectives

Development of composite and structural magnet components. We group in this R&D activ-
ity the work on all materials and components entering in the construction of magnets, including work
on samples (e.g. 10-stacks and multi-scale mock-ups) with the exclusion of superconductors, addressed
elsewhere. R&D programmes are already in place in the EU and the USA on composite and structural
materials and must be reinforced. A specific focus of this part of the programme is on the development
and characterisation of insulation systems (polymers and reinforcement) for both Nb3Sn and HTS mag-
nets. The global strategy is to identify the key parameters, understand how to characterise them, measure
the effect of these parameters, and possibly implement them in finite element models in the form of
a shared results database. The mechanical, electrical, thermal, and tribological characterisation should
be systematically undertaken from room to cryogenic temperature on different scales: single material,
insulated conductor, and coil assembly integrated into a magnet. Among others, elastic modulus, stress
distribution, adhesion, toughness, and thermal properties during assembly and cooling down should be
investigated. Friction between the insulator and conductor components and its impact on the stress dis-
tribution within a magnet assembly should be addressed. The impact of the impregnation process and
system on other parameters (such as stress distribution, internal adhesion, and interface friction) and
the role of interfaces and discontinuities within the coil assembly should be explored. This programme
should identify the structural and physical parameters for optimised coil assemblies under working con-
ditions. The use of advanced imaging techniques is recommended as an aid towards understanding the
nature of magnet degradation.

Thermal management of high field magnets. The cryogenic system of the next circular col-
lider will have to cope with significantly higher thermal loads than the LHC. The choice of the FCC is
to use superfluid helium at 1.9 K for cooling the cold mass of the 16 T Nb3Sn superconducting magnets,
similar to the LHC. Although superfluid helium cooling at 1.9 K is at least twice as expensive as the use
of liquid helium at 4.5 K, also a possible choice for Nb3Sn, this extra cost is largely compensated by the
saving on the magnet cost and comes at the benefit of excellent heat transfer in the magnet string. A
drawback is the helium inventory, which increases by a factor of six with respect to the LHC (800 tonnes
of liquid helium in FCC-hh).

Using HTS magnets could be a game-changer since they can be operated at a higher temperature
for at least equivalent magnetic performance. Higher temperature operation (10 to 20 K) would imply a
drastic reduction of cost for the cryogenics due to a higher system efficiency, especially if novel cryogenic
designs and thermal management are employed. At these temperatures, the cooling strategy will be
different from the one used in the LHC, and the structure of the HTS magnets will have to contain
adapted features. Thermal management of high field magnets (internal heat transfer, heat transfer to
coolant, and external heat transfer to cryoplant) will require new engineering solutions, integrated from
the start of the magnet design. The need for experimental validation of thermal characteristics of coil
packs and the modelling of complete cold-mass designs to guide and optimise heat extraction paths under
expected accelerator load are indispensable tools.
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Multiscale and multi-physics modelling. A change in modelling approach is required to bridge
the gap between modelling and design methodology and profit from advances in computer aided engi-
neering (CAE). As in other fields, CAE is providing a standard for design and manufacturing, including
practical cost optimisation. At the same time, mastering the challenges identified earlier will require a
significant extension of modelling capabilities and a high degree of synergy between design and simula-
tion tools.

The community has shown that the most relevant physical phenomena for HFM can be captured
with multi-scale modelling and multi-model analysis. However, some of the modelling needs to be aug-
mented, including new physics as well as multi-scale capability from the meso-scale of multi-physics
analysis of a conductor to the macro-scale of a full magnet string. This applies in particular to quench
initiation and propagation, a relatively new playground. Multi-model analysis and co-simulation are
modern integrated design techniques, demonstrated so far at development level. We believe that the next
step is to translate this progress into improved design techniques for HFM. The core idea is to focus
on ‘making models talk to each other’ with the concept of model-based system engineering (MBSE)
as a platform for collaborative modelling. This is the formalised application of modelling to support
system requirements, design, analysis, verification, and validation activities, beginning in the conceptual
design phase and continuing throughout development and later life cycle phases. MBSE moves from a
document-centric paradigm for sharing of information to a model-based sharing of information. Mod-
els become repositories of data, queried to provide relevant information, and can be concatenated into
automated workflows. We expect that adoption of this methodology will also lead to a more profound
understanding of our magnets from the earliest stages of design onwards.

2.7.7.2 Identified tasks

• MAG.MCM.MTRL: Pursue the measurement and characterisation (constitutive equations) of the
mechanical and thermo-physical properties of materials, components and composites, including
new classes of materials such as metamaterials and additive fabrication materials. As a high pri-
ority activity, develop and characterise electrical insulation systems, especially relevant for wind-
and-react Nb3Sn magnets but also applicable to HTS magnets. Upgrade the facilities required for
the measurement and characterisations described above, facilitate sharing, and make available the
associated data repository as a reference database for magnet design.

• MAG.MCM.THME: Support design, construction and analysis of magnet performance in spe-
cific aspects of electro- and thermo-mechanical integrated modelling, including comprehensive
analysis of manufacturing and operation conditions, aiming at preventing performance loss and
degradation.

• MAG.MCM.CRYO: Study alternative magnet thermal designs, operating above liquid helium
temperatures. Investigate operation around 10 to 20 K, towards a low helium content cold mass
to reduce the inventory and the complexity of the helium management during quench, as well
as a conduction-cooled thermal design with the development of high-performance thermal links.
Specialise versatile conceptual thermal designs to cope with the wide variety of magnet options
(Nb3Sn and HTS) and their respective thermal loads.

• MAG.MCM.MDLS: Pursue the development of physics modelling of relevance to HFM (e.g.
quench propagation in HTS) towards augmented modelling capability and accuracy improvement,
as well as multi-scale modelling from conductor multi-physics to a magnet string. Advance co-
simulation capabilities towards an ideal digital twin of an as-built magnet.

• MAG.MCM.MBSE: Develop and generalise the use of a Model-Based Systems Engineering
(MBSE) framework as a unifying information management tool.
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2.7.7.3 Top-level milestones and deliverables

• MAG.MCM.M1: Develop measurement facilities and characterise materials and composites rel-
evant to HFM applications, prioritising electrical insulations for Nb3Sn and HTS magnet. This
work includes detailed material studies, advanced imaging and analytical techniques, and the de-
velopment of constitutive equations. Planned by Q4 2025.

• MAG.MCM.M2: Develop new engineering multi-physics/multi-scale solutions for thermal man-
agement of high field magnets (Nb3Sn and HTS), both internal (e.g. coil heat transfer to coolant)
and external (e.g. heat transfer to cryoplant), including measurement of heat transfer in small sam-
ples, demonstrators and model magnets. Planned by Q4 2026.

• MAG.MCM.M3: Integrate and unify computational tools to support the design of conductors,
demonstrators and model magnets within an MBSE framework. Specifically, integrate models
adapted to the whole spectrum of multi-physics and multi-scales relevant to Nb3Sn and HTS mag-
nets in including the manufacturing and operation conditions. Planned by Q4 2026.

2.7.8 Magnet protection
2.7.8.1 Scope and objectives

R&D on magnet powering and protection will be devoted to the development of strategies and methods to
detect and safely dump the magnet stored energy, advancing the state of the art to address the challenges
outlined above. The work on LTS and HTS has both commonalities and specificities, as described below.

LTS. Quenches in Nb3Sn magnets propagate at high velocity, and quench management at the
increased stored energy density (see Fig. 2.6) is primarily a matter of decreasing detection and dump
time. This evolution will require a significant improvement of instrumentation (voltage-based) and active
protection devices (e.g. sturdy resistive heaters, and advanced protection techniques such as CLIQ). As
the engineering margins decrease, this will also call for an improved knowledge and control of parameters
like strand and cable coupling loss (critical to CLIQ).

In parallel to the above developments, it is crucial to understand the true limit of protection in
impregnated Nb3Sn coils. This work shall address failure mechanisms of thermo-mechanical origin
(peak temperature, peak temperature gradient within the coil, peak temperature difference with respect
to the structure) as well as electrical origin (peak voltage). This work would be best performed by
measuring limits in dedicated small-scale experiments, alongside the characterisation and measurement
of materials and composites described above.

Finally, as Nb3Sn magnet technology becomes mature, quality assurance will be of primary im-
portance, to be extended to all aspects of an accelerator magnet, such as dielectric strength and voltage
withstanding, quench heater and feedthrough integration, or internal and external bus-work. Again, ‘ro-
bustness’ is the focus of this activity.

HTS (REBCO tapes). While the challenges of stored energy and energy density are shared
with LTS, dealing with quench propagation and protection in HTS magnets requires a paradigm shift.
Spontaneous quenches are unlikely, because of an enthalpy margin one to two orders of magnitude higher
than in LTS, but when it happens the propagation has a speed one to two orders of magnitudes slower
than in LTS. In addition, HTS can possibly operate in a temperature regime beyond liquid helium (10 to
20 K), where changes in cooling significantly affect the dynamics of the quench.

The first consequence is that voltage-based detection methods are significantly more difficult, and
alternative detection methods may be needed (e.g. fibre optics, temperature sensors, acoustic sensors,
hall probes, liquid helium flow measurement). A first focus of the R&D on HTS quench protection is
therefore on quench detection, looking both at improved voltage-based methods, as well as alternatives to
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be integrated in HTS cables and magnets. The second consequence is that it is difficult to actively quench
an HTS magnet. Large energies, seemingly beyond practical levels, would be needed by embedded
heaters, or CLIQ, and here again alternatives are sought (e.g. secondary CLIQ). This is the second focus
of R&D on quench protection in HTS magnets: determining whether active protection mechanisms are
effective.

Tailored solutions used for CI solenoids are potentially of interest, but their relevance to accelerator
magnets must be established, considering the electromagnetic transients during normal operation (joule
dissipation and field homogeneity issues) as well as fast dump (transverse currents in between turns and
associated force distribution which deviate substantially from normal design conditions). The study of
CI winding will best be performed as a combination of simulation and experiments on small-scale coils
that need to be designed, realised and tested.

Common considerations. Powering will require adapting the design of the cables and magnets
to reduce inductance and voltages. This will need the development of concepts for magnet strings,
providing design values for cable current and voltages.

Both LTS and HTS magnet design will rely on multi-physics simulation of quench, to better master
evolution and margins with respect to the local limits. The development of modelling codes adapted to
HTS, already mentioned in the magnet section, is essential. Special tools will need to be developed to
study the protection of HTS magnets, from initiation (e.g. voltage due to current sharing) to energy dump
(e.g. through CI windings). The modelling effort should span the scale from cables to magnets.

The work on powering and protection of LTS and HTS magnets should include redundancy and
failure scenarios, which is of primary importance in the case of LTS/HTS hybrid designs.

Finally, the scope of the work proposed includes collection of a large amount of data from multiple
diagnostic tools. The reduction and analysis of this data represent a challenge. Here we propose to resort
to machine learning to look for regularities, introducing a level of artificial intelligence in the analysis of
magnet tests.

2.7.8.2 Identified tasks

• MAG.PETP.MDLS: In close synergy with task MAG.MCM.MDLS, improve and develop com-
putational models relevant to quench detection and protection in Nb3Sn and HTS high-field mag-
nets.

• MAG.PETP.DSGN: Interact closely with conductor and magnet design, providing design sup-
port to achieve suitably large detection and protection margins, compatible with string of magnets
powered in series in an accelerator.

• MAG.PETP.INST: Explore quench detection methods for Nb3Sn and HTS high-field magnets,
from known techniques (e.g. voltage threshold and quench heaters) to alternative and novel meth-
ods and strategies (e.g. fiber optics, temperature measurements, acoustic emission). Develop and
deploy quench diagnostics to assist magnet tests, identify quench origins to understand perfor-
mance and qualify robust designs.

• MAG.PETP.PROT: Develop protection strategies, methods and devices for Nb3Sn and HTS high-
field magnets, and in particular novel technologies such as CLIQ evolutions, and passive protection
of partially-insulated windings.

2.7.8.3 Top-level milestones and deliverables

• MAG.PETP.D1: Report the result of study and specification for magnet design parameter range
(current, voltage, inductance) suitable for operation in a FCC-like magnet string, by Q4 2023.
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• MAG.PETP.M1: Complete a survey and establish a specification of advanced diagnostics and
detection techniques, by Q4 2023.

• MAG.PETP.D2: Report the result of study on quench in HTS, including CI windings for acceler-
ator applications, by Q4 2023.

• MAG.PETP.D3: Deploy novel instrumentation to improve diagnostics, identify quench precursors
and origin and quench development, by Q1 2025.

• MAG.PETP.D4: Report the result of study on implications of operation in a range of 10 to 20 K
for detection and protection, by Q4 2025.

• MAG.PETP.D5: Devise a method and report the results on control and reproducibility of HTS
winding properties (transverse resistance) for HTS magnet with self-protection features, by Q4
2025.

• MAG.PETP.M2: Complete the measurement/characterisation of thermo-mechanical and dielec-
tric properties and establish protection-related limits, by Q4 2026.

• MAG.PETP.D6: Report the result of study and measurements of dump initiation in Nb3Sn and in
HTS magnets using CLIQ, its evolution, or other novel techniques, by Q4 2026.

• MAG.PETP.M3: Establish a measurement database on instrumented HTS cables and small coils,
using voltage and alternative quench detection methods, by Q4 2026.

• MAG.PETP.M4: Complete the comprehensive quench detection and protection design and anal-
ysis of Nb3Sn and HTS magnet variants, by Q4 2026.

2.7.9 Infrastructure and instruments

2.7.9.1 Scope and objectives

The programme outlined here relies critically on the availability of R&D, manufacturing, and test infras-
tructure, as well as on improved and novel instrumentation for measurements and diagnostics.

The concept of fast turnaround is best implemented having a distributed infrastructure, in particular
workshop facilities for the construction of short magnets and demonstrators (magnet laboratories), as
well as cryogenic test facilities for small components, samples and short magnets and demonstrators
(cryogenic test stations). Consolidating and upgrading such distributed infrastructure, partly already
available or in construction, is one of the priority activities of the initial phase of the programme.

Our analysis has further identified critical missing capabilities, ranging from facilities for the qual-
ification of superconducting wires, tapes and cables at high magnetic field, to large size manufacturing
infrastructure specifically adapted to the range of magnet designs considered. Several of these additional
facilities and infrastructures may require large investments, or have large size, and would be best lo-
cated at one site, to be shared by all contributors to the programme, or a wider community if applicable.
This holds in particular for the infrastructure for Nb3Sn long magnets, which is demanding in terms of
space, investment and operational requirements. It is proposed to stage the procurement and construction
of these facilities and infrastructures throughout the proposed phases of the programme, also engaging
industry which could host some of them, as appropriate.

The significant infrastructures and facilities identified for both superconductor and magnet activi-
ties are listed below, classified as manufacturing infrastructure or test infrastructure:

Manufacturing Infrastructure.

• Rutherford-cabling machines for the development and laboratory-scale production of Nb3Sn ca-
bles with large in-field current capability and a large number of strands (typically 40 to 60).
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• Novel cabling machines for the development and production of long lengths of new types of HTS
cables. This will require the prior development and demonstration of HTS cable concepts appro-
priate for use in accelerator magnets, which will be the outcome of the preliminary R&D phase on
HTS conductor.

• Dedicated electrical insulation and braiding machines, providing the electrical insulation of cables.

• Dedicated winding machines for the production of LTS and HTS coils, operated in grey rooms and
suitable for a high degree of automation.

• Short (∼3 m for R&D) and long (up to ∼15 m for long magnets) reaction furnaces for the heat
treatment of Nb3Sn coils in controlled atmosphere.

• Short (∼3 m for R&D) and long (up to ∼15 m for long magnets) chambers for vacuum pressure
impregnation of LTS and HTS coils.

• Short and long presses and tooling for different assembly steps (e.g. curing, collaring or keying,
welding).

Test infrastructure.

• Test stations for the electro-mechanical qualification of HTS and LTS wires and tapes, in external
magnetic fields up to 18 T for Nb3Sn and in excess of 20 T (ideally up to 25 T) for HTS. Liquid
helium conditions are needed (1.9 K and 4.5 K) but allowing also higher temperatures (10 to 20 K
range).

• A test station for HTS and LTS cables, requiring conditions of field and temperature comparable
to those for single wires and tapes, but also high currents and large aperture.

• A test station consisting of a high-field magnet with a large bore, providing a background field and
enabling the measurement of HTS coils in a significant magnetic field. The need of measuring HTS
coils in a background magnetic field is a new input for test infrastructure, a specific requirement
for the qualification of HTS sub-scale and R&D magnets.

• Vertical test stations for the test of LTS and HTS R&D and demonstrator magnets at cryogenic
temperature (1.9 K and 4.5 K for Nb3Sn, and variable temperatures from liquid helium to liquid
nitrogen for HTS).

• Multi-purpose, horizontal or vertical test facilities for long cryo-magnet assemblies (including test
for lengths of coils/cold masses of up to 15 m).

• Equipment for standard electrical and mechanical tests and measurements.

• Equipment for high voltage tests, tests in Paschen conditions, and partial discharge tests at small
and full scales.

• Magnetic measurement benches adapted to the R&D magnets and demonstrators.

The scope of activity finally encompasses R&D on the instrumentation and diagnostics required to
advance understanding of superconducting magnet science. We include here the upgrade of existing in-
strumentation, but also activities based on emerging techniques that can be applied and adapted to magnet
R&D (e.g. diffraction, spectroscopy and imaging techniques), as well as work on novel diagnostics.

2.7.9.2 Identified tasks

• MAG.IETI.INST: R&D on novel sensors, diagnostic and instruments, in close collabora-
tion with task MAG.PETP.INST for the detection and measurement of quench, and task
MAG.MCM.MTRL for measurement technology relevant to material science.
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• MAG.IETI.PINF: Design, specification, procurement and commissioning of conductor and mag-
net production facilities, including Rutherford cabling machines for Nb3Sn, cabling machines for
HTS, and infrastructure for short and long coils and magnets.

• MAG.IETI.TCON: Procurement or construction of test station for Nb3Sn wire and HTS conduc-
tor at increased field, current and temperature capability.

• MAG.IETI.TINS: Design and engineering of cable and insert test stations for Nb3Sn and HTS
cables, and HTS sub-scale and R&D magnets.

• MAG.IETI.TMAG: Design, construction, commissioning and operation of vertical and horizontal
test stations for R&D and demonstrator magnets, including multi-purpose and variable temperature
test facilities.

2.7.9.3 Top-level milestones and deliverables

• MAG.IETI.M1: Complete a survey and establish a specification of advanced diagnostics and
measurement techniques relevant to HFM, by Q4 2023.

• MAG.IETI.D1: Test station for Nb3Sn wire commissioned, by Q4 2024.

• MAG.IETI.D2: Test station for HTS conductor commissioned, by Q4 2024.

• MAG.IETI.D3: Rutherford cabling machine for Nb3Sn cables installed and operational, by Q1
2025.

• MAG.IETI.D4: Infrastructure for long Nb3Sn coils/magnets available, by Q2 2027.

• MAG.IETI.D5: Multi-purpose test facility for long Nb3Sn coils/magnets available, by Q2 2027.

2.7.10 Integrated roadmap
Figure 2.13 shows the long-term context for the overall HFM R&D programme. The timeline reported
here is compatible with the integrated development plan of a Future Circular Collider, as detailed in
Ref. [71].
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Fig. 2.13: Overview of proposed roadmap for high-field magnet development and associated technolo-
gies. 43



2. High-field magnets

2.7.11 Resources
The cost of the programme has been estimated using a bottom-up approach. Values are quoted as mate-
rial value M (in MCHF) and personnel requirement P (in FTEy for full-time equivalent-years). Personnel
groups together all levels: permanent (academic and technical staff) and temporary (academic and tech-
nical staff, students, post-docs and all other forms of external support labor acting on the laboratory
premises). The value was estimated taking a reference period of seven years, which is the duration that
allows reaching consolidated results on both conductor and magnet technology. For comparison with
other accelerator R&D areas, the cost of the first five years of the programme is also presented. The
results of this evaluation are summarised in Table 2.1, where we report the total requirement for three
scenarios: nominal, aspirational and minimal.

The nominal scenario corresponds to the tasks, milestones and deliverables described in the sec-
tions above. The value of this scenario is 154.4 MCHF and 607 FTEy over the seven-year reference
period, or 112.9 MCHF and 478.5 FTEy over the first five years. The Nb3Sn conductor activities require
a significant investment in the procurement of superconductor, about 50% of the total material value of
the activities on Nb3Sn conductor. This procurement only marginally contributes to the conductor R&D,
but is obviously necessary to feed the magnet development. The case is different for the HTS conductor,
where tape and cable R&D dominates the cost of the programme.

The total resources in terms of material and personnel for the nominal scenario are reported in
Table 2.1, providing a detailed break-down to the level of each task. The profiles in time for material and
personnel are shown in Fig. 2.14 for the first five years.
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Fig. 2.14: Time profile of estimated nominal HFM material and personnel requirement for the nominal
scenario.

The partial split of the total resources among the top-level tasks is shown in Fig. 2.15 over the
seven-year reference period, and in Fig. 2.16 over the first five years. Material and personnel efforts are
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clearly focussed on Nb3Sn conductor and magnet activities. We remark that the technology activities
on Materials, Cryogenics and Models have a significant share of personnel, based on a relatively large
number of students and early researchers engaged in this material science and modelling activity where
innovation is expected to be at its highest.

Fig. 2.15: Value of the proposed program in the nominal scenario (material and personnel) evaluated
over the 7 years basis taken as reference.

Fig. 2.16: Partial Value of the proposed program in the nominal scenario (material and personnel) eval-
uated after 5 years from the start.
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Table 2.1: Magnet development tasks breakdown (M in MCHF and P in FTEy).

Tasks Begin End Description Nom. 5 y Nom. 7 y Asp. 7 y Min. 7 y

M P M P M P M P
MAG.LTSC.SOAP 2022 2025 Nb3Sn conductors procurement 12.7 14.0 12.7 14.0 12.7 14.0 6.3 7.0
MAG.LTSC.COND 2022 2026 Nb3Sn conductors R&D evolution 11.0 17.5 11.0 17.5 49.5 62.5 11.0 17.5
MAG.LTSC.CABL 2022 2025 Nb3Sn cable R&D 2.2 10.5 2.2 10.5 2.2 10.5 2.2 10.5

MAG.LTSC.ADVP 2022 2031 Advances Nb3Sn conductors
Industrialisation

0.0 0.0 7.2 7.0 7.2 7.0 3.6 3.5

MAG.LTSC Total of Nb3Sn conductor 25.9 42.0 33.0 49.0 71.5 94.0 23.1 38.5

MAG.HTSC.SOAP 2022 2027
State-of-the-art HTS
Conductor procurement 3.9 10.0 5.5 14.0 5.5 14.0 2.8 7.0

MAG.HTSC.COND 2022 2028
HTS conductors R&D
and transfer to industry 5.5 7.0 5.5 7.0 5.5 7.0 0.0 0.0

MAG.HTSC.CABL 2022 2027 HTS cable R&D 3.9 10.5 3.9 10.5 3.9 10.5 1.1 5.0
MAG.HTSC Total of HTS conductor 13.3 27.5 14.9 31.5 14.9 31.5 3.9 12.0

MAG.LTSM.SMPL 2022 2027 Nb3Sn powered samples 1.6 25.0 2.2 35.0 2.2 35.0 1.1 17.0
MAG.LTSM.SUBS 2022 2028 Sub-scale Nb3Sn magnets 7.1 35.0 9.9 49.0 9.9 49.0 5.0 25.0

MAG.LTSM.SD12 2022 2028
Short Nb3Sn magnets
intermediate step (11–12 T) 7.3 30.3 7.3 30.3 7.3 30.3 3.7 16.7

MAG.LTSM.LD12 2024 2031 Long robust demonstrators
(11–12 T) 8.4 34.7 14.7 60.7 33.4 86.7 7.3 33.3

MAG.LTSM.SD16 2024 2031 Short ultimate field
demonstrators (14–16 T) 11.0 40.0 15.4 56.0 15.4 56.0 7.7 28.0

MAG.LTSM Total of Nb3Sn magnets 35.4 165.0 49.5 231.0 68.2 257.0 24.8 120.0

MAG.HTSM.DSGN 2022 2025 HTS magnet design studies 4.4 32.5 4.4 32.5 4.4 32.5 2.2 16.5

MAG.HTSM.SUBS 2022 2027 Sub-scale HTS magnets 4.4 15.0 4.4 15.0 4.4 15.0 2.2 7.5

MAG.HTSM.SRDM 2024 2029
HTS/LTS hybrid (4.2 K) and
all-HTS (4.2–20 K) R&D magnets 3.3 0.0 6.6 12.0 25.3 52.0 3.3 6.0

MAG.HTSM Total of HTS magnets 12.1 47.5 15.4 59.5 34.1 99.5 7.7 30.0

MAG.MCM.MTRL 2022 2031
Structural and composite materials
Development and characterisation 4.4 32.0 6.6 41.0 6.6 41.0 3.3 20.0

MAG.MCM.CRYO 2022 2028
Thermal management
Cryogenics studies 2.2 37.0 2.2 37.0 2.2 37.0 1.1 18.0

MAG.MCM.THME 2022 2027 Thermo-mechanical design studies 0.0 11.0 0.0 12.3 0.0 12.3 0.0 6.7
MAG.MCM.MBSE 2022 2024 MBSE framework development 0.0 11.0 0.0 12.3 0.0 12.3 0.0 6.7

MAG.MCM.MDLS 2022 2027
Multi-physics and multi-scales
models development 0.0 11.0 0.0 12.3 0.0 12.3 0.0 6.7

MAG.MCM Total of materials, cryogenics and models 6.6 102.0 8.8 115.0 8.8 115.0 4.4 58.0

MAG.IETI.INST 2022 2028 Instrumentation diagnostics R&D 2.2 10.0 2.2 10.0 2.2 10.0 2.2 10.0

MAG.IETI.PINF 2022 2027 Cabling and magnet production
R&D infrastructure

7.0 10.5 12.5 16.5 12.5 16.5 12.5 16.5

MAG.IETI.TCON 2022 2025 Conductor test stations
(LTS and HTS) 3.9 6.5 3.9 6.5 3.9 6.5 3.9 6.5

MAG.IETI.TINS 2025 2029 Cables and insert test stations 0.0 1.5 5.5 4.0 5.5 4.0 5.5 4.0
MAG.IETI.TMAG 2023 2029 Magnet test infrastructure 2.2 4.0 4.4 14.0 15.4 24.0 4.4 14.0
MAG.IETI Total of infrastructures and instruments 15.3 32.5 28.5 51.0 39.5 61.0 28.5 51.0

MAG.PETP.MDLS 2022 2026 Quench models development 0.0 4.0 0.0 5.0 0.0 5.0 0.0 5.0

MAG.PETP.DSGN 2022 2028
Quench detection
Protection design and analysis 1.1 18.0 1.1 20.0 1.1 20.0 1.1 10.0

MAG.PETP.INST 2022 2026
Advanced quench
Detection methods development 1.7 12.0 1.7 15.0 1.7 15.0 1.7 7.0

MAG.PETP.PROT 2022 2026
Advanced quench protection
Strategies and methods development 1.7 28.0 1.7 30.0 1.7 30.0 1.7 15.0

MAG.PETP Total of powering and protection 4.4 62.0 4.4 70.0 4.4 70.0 4.4 37.0

Total 112.9 478.5 154.4 607.0 241.3 728.0 96.7 346.5
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The aspirational scenario has been built including an upper bound of the estimated value of the
following additional contributions:

• Augmented engagement with and from industry (up to 34 MCHF 2022–2027 + 100 MCHF 2027–
2035).

• Participation from the early R&D phase to the engineering review stage of methods and
processes towards robust design, including considerations of cost optimisation and large-
scale production (e.g. use of automation and artificial intelligence (AI)), as well as scoping
tests (2025).

• Early investment in manufacturing lines implementing a large degree of flexibility (e.g.
through robotisation) and suitable at a later stage for prototyping and pre-series production
of full-length magnets (of the order of 15 m) (2025–2027).

• Once concepts are demonstrated, initiating manufacturing of long prototype magnets in
preparation of a pre-series production, complementing the efforts in laboratories (2027–
2035).

• Support to superconductors research and production in Europe (up to 35 MCHF 2022–2027 +
30 MCHF 2027–2035).

• Upgrade R&D infrastructure and sustain development of technical superconductors for HFM
(2027).

• Expand collaboration with European superconductor industry in the development of ad-
vanced HFM conductors with improved electro-mechanical performance, integrating indus-
trial perspective, and transferring novel superconductors manufacturing routes to industrial
production (2027).

• Support to superconductor production in Europe through targeted infrastructure and procure-
ment actions (2027–2030).

• Distributed test capability at cryogenic conditions for LTS and HTS conductors and magnets
(10 MCHF 2022–2027 + 15 MCHF 2027–2035).

• Build additional test sites for liquid-helium and variable temperature testing of HFM R&D
magnets (or equivalent samples) for fast turn-around in R&D mode (2025–2027).

• Upgrade conductor and cable test capability to meet HTS target performance (20 T) (2025–
2027).

• Increase long-term cryogenic test capability in EU, test of magnet cryo-assemblies (2035).

The value of the aspirational scenario has been estimated at 241.3 MCHF and 728 FTEy over seven
years. The relative split among tasks is reported in graphical form in Fig. 2.17.

Finally, a minimal scenario has been built by prioritising activities that secure conductor develop-
ment and magnet research in priority areas (e.g. preventing conductor degradation and retaining magnet
performance) and the construction of necessary infrastructures (in particular the test stations), while lim-
iting magnet R&D through a focus on only a few design options. Several risks are associated with this
scenario.

• While the focus is put on the development of advanced Nb3Sn wires and REBCO, less conductor
would be made available for magnet development, thus reducing the scope of manufacturing and
testing.

• Reducing the number of magnet design options and reusing coils/magnet structures will increase
the risks on the delivery of optimal solutions for the next ESPPU.

• Slower development of advanced technologies will thwart innovation, thus resulting in an in-
creased risk that engineering solutions can be based only on present practice.
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The value of the minimal scenario has been estimated at 96.7 MCHF and 346.5 FTEy over the
reference period of seven years. Also for this scenario we have reported in graphical form the relative
split among tasks, in Fig. 2.18.

Fig. 2.17: Value of an aspirational program (material and personnel) evaluated over the 7 years basis
taken as reference.

Fig. 2.18: Value of a minimal program (material and personnel) evaluated over the 7 years basis taken
as reference, with increased delivery risk.

2.8 Impact of the programme
2.8.1 Applications to other fields and society
We examine here the potential of HFM for other applications in science and society, and where the
availability of intense magnetic fields would enhance such applications or even bring them into being.
This section is a review of the status of development of magnets for a wide range of applications and
compares it to the situation of HEP accelerator magnets (HEPAM). It starts by classifying the different
applications, follows with a selection of the magnet parameters that allow comparing distinct magnets,
and ends with the conclusions derived from such a comparison.

Table 2.2 provides a condensed overview of the applications of high magnetic fields: how the
magnetic field (B) and current (I) affect the relevant parameters for each application, how the field is
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produced, significant examples for every group of applications, and how high magnetic fields enhance
the application.

Table 2.2: The usefulness of high magnetic fields.

Fundamentals Application form Examples of interest Why high field is required

Laplace force
per unit length
(F/l = B.I)

Electrical machines Energy generation;
Ground, aerial &
marine transportation,
magnetohydrodynamics
(MHD)

Increasing the force and power
density > e.g. renewables; effi-
cient ships; clean airplanes.

Magnetic pressure
(P = B2/2µ0)

Electrical machines;
Magnetic bearings

Energy generation;
Ground transportation

Increasing the global force and
power force and density > e.g.
ultra-high-speed transport.

Magnetic rigidity
(B.ρ = p/q)

Magnets Accelerators; Gantries;
Fusion

Reducing the sizes of circular
accelerators, gantries and fusion
coils > e.g. ultra-high energy ac-
celerators; ultra-compact acceler-
ators; medical devices.

Larmor frequency
(ω = B.γ)

Magnets NMR, MRI systems Increasing the resolution of the
system > ultra high-field NMR,
MRI systems.

Magnetic energy
density
(e = B2/2µ0)

Magnets Energy storage Increasing the specific and global
energy > e.g. GJ range supercon-
ducting magnetic energy storage
(SMES) for grid applications; hy-
brid energy storage systems.

Faraday´s law
(V =
−N.d(B.S)/dt)

Transformers; fault
current limiters
(FCL)

Energy transmission &
distribution

Compact and environmentally
friendly transformers. New FCL
types > e.g. grid protection.

B itself Magnets Science & magnetic
separation

Affects all scientific phenomena
involving high fields > semicon-
ductors, biology, etc.

I itself Cables Energy transmission &
distribution

Increasing the current density >
e.g. DC links; urban networks.

Table 2.2 includes uses where high magnetic fields are required. It also includes some where
high currents are requested, since they are very much related. For the sake of efficiency, only those
applications with a close link to magnets for HEPAM will be considered for comparison. The next step
is to establish the most relevant parameters defining a superconducting magnet. Table 2.3 lists those
parameters and the impacts and challenges associated to them. Two separate sets of magnitudes have
been considered: those that can be quantified and those that are qualitative and basically associated to
technological aspects.

Once these parameters have been chosen, a survey of a number of selected applications was carried
out to perform a comparison between HEPAM and those for other applications. Table 2.4 summarises
this survey showing ranges of values for each of the selected parameters. Two categories have been con-
sidered: state-of-the-art magnets which include those running in their present application or those which
can be considered as consolidated prototypes already tested and commissioned; and future magnets, in-
cluding magnets in a design phase or under fabrication and which can be presently considered the future
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Table 2.3: Relevant parameters for high field magnets.

Parameter Impact
Associated challenges as field increases

QUANTITATIVE

Magnetic field (B) The application performance and its environment including human hazard.
SC properties of the superconductor. Stress level in the magnet.

Operating temperature (T ) The cryogenic system and efficiency.
SC properties of the superconductor.

Operating current
Current density (J)

The power supplies, converters and current lead.
SC properties of the superconductor. Stress level in the magnet.

Number of turns (N ) The operating current, energisation and stored energy.
Induced voltages during quench. Winding process.

Dimensions: Bore length and
volume of field (D), (L), (VoF)

Direct impact and requirements of the application and cooling.
Volume of superconductor and cost, mechanical support and fabrication,
quench generation, detection & protection.

Stored energy (E) The power supplies and converters.
Induced voltages and temperature during a quench. Quench protection.

Coil stress (σ) Structural magnet design. Conductor degradation.
Limitation and homogenisation of stresses.

Ramp rate (RR) The power supply, cryogenic system, electrical insulation.
Level of AC losses, wire design and manufacturing.

Maximum operating
voltage (V )

The electrical insulation and thermal design.
Electric field and interface superconductor to electrical insulation.

Accuracy and stability of
magnetic field (FA)

The shielding and contact resistances.
Development of SC switches, accurate power supplies, coils positioning.

QUALITATIVE

SC technology The performance, cost (operation and capital expenditures), size, etc.
Conductor availability with the required quantity & specifications.

Shape of the coil The manufacturing method.
Developing adequate tooling and machinery.

Operation mode
(Persistent/Driven)

The field stability.
Developing superconducting switches for HTS.

direction in their respective fields.

Table 2.4 permits a number of conclusions that position HEPAM in the global context of high field
magnets.

1. The meaning of high field is relative to the application. While high field user magnets aim to
reach 40 T and high field NMR magnets beyond 1 GHz require 30 T, many other magnets for
medical accelerators or for other applications consider 5 to 10 T as real high field that can provide
significant improvements to the application. HEPAM field requirements around 20 T are in a
middle range. Nevertheless, their stored energy is rather high and this constitutes an issue in terms
of magnet protection.

2. HEPAM need to work at high current densities in order to make them compact. This implies
working at very low temperatures with high mechanical stresses in the coils that have to be limited
to avoid conductor degradation and damage. As for other applications e.g. fusion magnets, the
implementation of mechanical structures limiting these stresses in the conductor constitutes one of
the major challenges.

3. While in HEPAM weight is not an issue, in some other applications it can be crucial. In this regard,
there is a clear tendency to eliminate the iron closing the magnetic flux path using additional
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Table 2.4: Values of the relevant parameters for present and future high-field magnets for different
applications.
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PROPOSED MAGNET TECHNOLOGY

HEP MAGNETS
pre q-Pole 11 1.9 500 60 115 15 Race-track cos θ + cold iron Nb3Sn

fut q-Pole 16 1.9 60 130 35
Flat race-track + cold iron.
Nb3Sn (among other several configurations)

FUSION
pre Toroid 12 4.5 ∼ 600 14.700 2.200 ITER radial plates for toroidal field coils

fut Toroid 20 4.5–20 3000–4000 Compact HTS partially insulated coils

THERAPY
ACCELERATORS

pre Solenoid < 8.9 4.5 700 9.6 Solenoid Nb3Sn + warm iron

fut Solenoid < 8.9 4.5 700 32 Solenoid Nb3Sn. No iron

OTHER MEDICAL
ACCELERATORS

pre Solenoid < 4.5 < 5.5 < 100 < 400 < 0.3 Solenoid Nb-Ti + warm or cold iron

fut Solenoid < 4.5 <130 Solenoid Nb-Ti + warm iron + cold holmium poles

fut Solenoid 2.6 30 REBCO tapes. No iron

GANTRIES

pre q-Pole 2.9 4.2 30
Race-track cos θ + cold iron. Nb-Ti. Conduction cooled
Surface Nb-Ti coils

fut q-Pole 6 4.2 30 Race-track cos θ REBCO. Cold iron. Conduction cooled

fut q-Pole 4 4.2 46 CCT coils. Nb-Ti. Conduction Cooled

fut Toroid 3.5 4.2 105 800 50 30 Pancakes in a toroidal arrangement. Nb-Ti

fut Toroid 3.5 4.2 90 800 50 30 Pancakes in a toroidal arrangement. REBCO tapes

NMR

pre Solenoid < 28 2 540 Solenoid LTS + BiSCO persistent

fut Solenoid 30.5 Solenoid LTS + ReBCO non insulated

fut Solenoid 18.7 10–20 Solenoid HTS helium free

MRI

pre Solenoid 11.7 1.8 25–39 900 150 338 Nb-Ti. Double pancake. No iron

fut Solenoid 14.1 4.2 50–70 600–700 180 Nb-Ti + Nb3Sn. No iron

fut Solenoid 2.9 7 120 560 1.6 HTS pancake coils

HIGH-FIELD
FACILITIES

pre Solenoid 32 4.2 200
34

clear bore 360 8.3 Solenoid LTS + HTS double pancake

fut Solenoid 40 4.2 > 600 34 Solenoid LTS + HTS double pancake

superconducting coils. In other cases, it has been proposed to used magnetic materials with higher
saturation fields.

4. While for some applications increasing the field is a real and challenging requirement (HEPAM is
a good example) in many others it is preferred to increase the operational temperature in order to
decrease the cost of operation, to reduce the complexity of the facility, or to extend its use.

5. Regarding the type of superconductor to be used, there are basically two categories: those appli-
cations for which magnetic fields lower than 5 T are enough (some medical applications, most of
magnetic resonance imaging (MRI), most of gantries) and those which need fields beyond 10 T
(HEPAM, NMR, some MRI).

6. For the first group there are two choices: using the conventional technology based on Nb-Ti work-
ing below 5 K or using HTS to work at temperatures up to 30 K allowing a significant reduction of
operational cost and complexity for the cryogenic facility. This second group is under development
and constitutes one of the trends in magnet technology.

7. For the second group, practically all the applications consider a graded configuration of the mag-
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nets with sections made from Nb-Ti, Nb3Sn and eventually HTS. This scheme requires working
at low temperature but reduces the amount of needed HTS. Future proposal consider eliminating
Nb-Ti and even Nb3Sn, allowing to increase the working temperature to reduce operation costs,
but this seems to be a long-term development that will not be available before the next decade.
Future HEPAM belong to the second group. They will include a Nb3Sn section and probably an
inner HTS section.

8. A particular case of these graded magnets are hybrid magnets in which one of the sections is
resistive. Their field of application seems to be restricted to high-field laboratory magnets due to
the power consumption that they require.

9. Regarding the different magnet topologies, there are a number of possibilities which are common
to all the applications: a) race-track coils (flat or curved); b) solenoids; c) canted cosinus theta
(CCT) and d) flat double pancakes to configure different arrangements like solenoids or toroids.
HEPAM coil configurations are not yet fixed and at present many are under development. Besides
those mentioned in the previous point, others like the common coil or the block coil are under
consideration for the next generation of magnets.

2.8.2 Industrial ecosystem
The section examines the impact of the HFM roadmap on industry, and is based on interviews with
senior experts from the LTS, HTS and magnet manufacturing industry, representing leading European
companies in this field (Bruker, Theva, Bilfinger Noell). The experts were asked to recommend specific
actions from the industry point of view and their feedback was summarised and condensed to the main
points.

The main industrial challenges for developing HFM for accelerators are:

• The availability of suitable conductor at low cost and high quality, since the conductor is the major
cost driver. High quality relies on a reliable and reproducible manufacturing process with a high
yield for long lengths and high throughput. To develop a suitable conductor the requirements need
to be defined at a very early stage together with industry. This is strongly recommended, to better
understand the implications and dependencies between requirements and manufacturing efforts.

• A qualified group of all partners must be brought together because multidisciplinary cutting-edge
technology needs to be developed first and then exploited for efficient series production. Experts,
gathered in a network of excellence, are needed for all development processes across different
stakeholders, and it is recommended to exchange them also directly with industry.

It is mandatory for industry to make profit from their products and services. In general, growth
and the opportunity for profit increases the interest of industry and triggers innovation and investment by
companies. This has been proven by the huge progress in LTS material development within the ITER and
LHC projects. Therefore, a continuous, long lasting and serious R&D programme in accelerator mag-
nets would certainly improve the material towards higher quality, resulting in higher throughput, higher
performance and lower cost of the material. This will help to transform the material into a conductor that
is applicable to high-field magnets for future accelerators.

Special material aspects and measures. Superconducting materials for high-field accelerator
magnets have special and unique requirements that are not often needed in other superconducting ap-
plications. Therefore, a dedicated R&D process is needed to develop the conductor and the respective
manufacturing processes. After this is done, the LTS and HTS material industry is prepared to increase
the capacity but needs a reliable purchase plan for this in order to make profit. Setting up new manu-
facturing routes or factories requires a major investment (exceeding 10 MCHF) and this cannot be done

52



CERN Yellow Reports: Monographs, CERN-2022-001

without a purchase plan. Nevertheless, we assume at present that the main drivers for market increase
of HTS conductors will likely come from other application fields. To convince investors to set up a new
manufacturing route, it is necessary to have reliable framework agreements and both R&D and delivery
contracts. The material cost is split roughly into four parts: material cost, machine use, labour use and
yield. This means that increasing yield and throughput are the main factors in decreasing material cost.

Special magnet aspects and measures. HFM for accelerators are complex and unique, and re-
quire expertise from many disciplines and fields. Therefore, an early engagement of industry is manda-
tory to find a balance between high requirements and their effects on development and series production.
Usually this very special development does not lead to a new product line for the industry with huge
follow-on prospects, but it helps to keep and further develop the expertise in the industry throughout the
many manufacturing, production and testing steps. The main benefits of an HFM roadmap on indus-
try are that: a few technology aspects can be used in other fields; the working capacity of key persons
is better utilised; the know-how in specific fields can be expanded; and industry is better prepared for
follow-on projects. As an example, a detailed roadmap with clear and increasing involvement of industry
could try to avoid long time gaps between first demonstrators and final production as seen in previous
accelerator projects. In these gaps of several years it was difficult for industry to keep the experts and
know-how in the company, leading to delays.

Special cooperation aspects and measures. Maintenance and development of expertise at all
stakeholders is mandatory, and long-term partnerships between laboratories, academia and industry are
an optimal way to achieve this. To keep industry expertise at a high level during the long path through
R&D, prototyping, and pre-industrialisation to series production, it is mandatory to establish a strong and
enduring collaboration. The engagement of industry usually increases from R&D towards series produc-
tion. A long-term accelerator strategy and roadmap, including a progressive programme of demonstra-
tors and prototypes, will provide a predictable workload for industry and will help to keep and extend
industrial know-how in this field. Since know-how in industry will be extended, especially while going
towards high-field high-temperature superconducting magnets, such a development will help to improve
the product portfolio. There is a need to explore new (for Europe) means of collaboration between
laboratories and industry.

2.8.3 Training and education
The HFM programme constitutes an integrated multidisciplinary environment which may be used as a
platform for developing knowledge and sharing experiences, best practices and benchmarks of the HFM
technological development cycle. This will further develop links between universities, research centers
and industrial partners across several countries. Training a new generation of researchers and profes-
sionals across the whole development cycle of HFM research and engineering must be an integral part
of the programme mission. The material sciences, electrical engineering, cryogenics, mechanical engi-
neering, and applied and fundamental superconductivity and magnetism communities will be connected
into a single cross-sectorial R&D, opening unique interdisciplinary opportunities for fostering a solid
European network for superconductivity applications that will last beyond the HFM programme itself.

The programme builds upon other EU initiatives such as EuroCirCol [78], ARIES [79] , EAS-
ITrain [80], and can be promoted through tailored initiatives at existing applied superconductivity, ma-
terials and cryogenics conferences and schools. The goal will be to promote the exchange of members,
fulfill needs, foster the development in the area of accelerator science and technology, and in particular
applied superconductivity and attract early career researchers to join the HFM effort. To achieve these
objectives, the following specific actions should be undertaken:

• Encourage researchers and engineers to present and disseminate their activities at the school level
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to attract youngsters in this domain of science and technology and especially applied supercon-
ductivity;

• Provide introductory courses to the concepts of accelerator science, engineering and technology
aimed at undergraduate students to increase the attractiveness of our field through new or existing
events such as the CERN Accelerator School (CAS) or the Joint Universities Accelerator School
(JUAS);

• Create or join a cross-sector network structure for early-researchers or PhD students (e.g. Marie
Skłodowska-Curie Actions3) to develop the talents of the next generation of researchers and engi-
neers, involving both academic laboratories and small and medium-sized enterprises;

• Coordinate, organise and support advanced topical training activities for technicians, engineers,
graduate students and early-stage researchers in Europe, in a worldwide context, on the HFM
technologies and related fields through dedicated programmes of personnel exchange among lab-
oratories, in the frame of existing or new initiatives (e.g. COST actions4);

• Create an open, inclusive, gender-balanced network of excellence to promote synergies among
partners by harboring an exchange programme at different levels (technicians and scientists)
through which fundamental knowledge, experimental skills and engineering techniques are mu-
tualised in the area of high-field magnet science and technology as well as related fields;

• Coordinate, support and strengthen the communications and outreach activities for accelerators in
Europe focusing on the technical and social implication of the HFM programme, using a variety
of communication channels.

2.9 Conclusion

High-field superconducting accelerator magnets are a key enabling technology for HEP accelerators. It
was so in the past and so it will be in the future, strengthening the fruitful collaboration of the past
50 years. The present state of the art in HFM is based on Nb3Sn, with magnets producing fields in the
range of 11 to 14 T. We have tackled in the last years the challenges associated with the brittle nature of
this material, but we realise that more work is required and that manufacturing is not robust enough to
be considered ready at an industrial scale.

Great interest has been stirred in recent years by the progress achieved on HTS, not only in the
fabrication of demonstrators for particle physics, but also in the successful test of magnets in other fields
of application such as fusion and power generation. This shows that the performance of HTS magnets
will exceed that of the Nb3Sn, and also that the two technologies can be complementary to produce fields
in the range of 20 T, and possibly higher.

The HFM programme described here should enable us to propose, by the next update of the Euro-
pean strategy, a Nb3Sn magnet technology and a field level that can be used for a future particle collider,
and to determine the prospects for the use of magnets using HTS superconductors. The main goal of the
programme is to find the optimal intersection between affordability, robustness and performance.

To achieve this, the HFM programme proposes a strategy based on three main development axes,
focusing on: Nb3Sn and HTS conductors; Nb3Sn magnets; and HTS magnets. Cross-cutting support
activities include: materials, cryogenics and modelling; powering and protection; and infrastructures
and instruments. The methodology of the proposed programme is based on sequential development
happening in steps of increasing complexity and integration, from samples, to small scale magnets, short
magnets and long magnets in order to produce a fast-moving technology progression. We are convinced
that fast-tracking and innovation are crucial to meeting the declared goals on a reasonable time scale.

3https://marie-sklodowska-curie-actions.ec.europa.eu/about-marie-sklodowska-curie-actions
4https://www.cost.eu/cost-actions/what-are-cost-actions/
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For Nb3Sn conductor, the tasks identified are the development of new robust wires for industrial
production, and optimisation of the necessary cables. A similar approach is proposed for HTS, although
here work is more at R&D level, and industrialisation is less imminent than for Nb3Sn.

For Nb3Sn magnets, two objectives have been defined: the development of a 12 T demonstra-
tor of proven robustness suitable for industrialisation, in parallel to the development of an accelerator
demonstrator dipole reaching the ultimate field for this material, towards the target of 16 T.

For HTS magnets, a dual objective is proposed: the development of a hybrid LTS/HTS accelerator
magnet demonstrator and a full HTS accelerator magnet demonstrator, with a target of 20 T and the
potential for operation at temperatures higher than liquid helium, albeit at reduced field.

Nb3Sn is today the natural reference for future accelerator magnets, but HTS represents a real
opportunity provided the current trend of production and price reduction is sustainable. Energy efficiency
efforts in line with societal trends should also be retained as one of the objectives when developing the
next generation of magnets. The use of HTS conductors operated at higher temperatures could be a step
in the right direction.

We recognise and highlight the crucial role of infrastructure for the manufacturing and measure-
ment of magnets. This is an essential part of the programme, and the required facilities, equipment and
instrumentation have also been identified. The funding identified will allow leaving a significant inheri-
tance of infrastructure for future programmes. We have also discussed to some extent the impact of the
development of HFM magnets on the industrial ecosystem and on the training and education of future
generations of applied scientists. One of the objectives of our aspirational scenario is to propose actions
to support European industry, responding to the ongoing evolution of business models and fostering the
deployment of developments and innovations from research to industry.

Finally, we would like to emphasise the values of collaboration, and the connection to the ongoing
programmes worldwide. Realising the proposed HFM programme will build a broad and resilient basis
of competence, a strong community, and the opportunity to educate the future generation on subjects of
high-technological content.

The challenge for the next decade is considerable, but the high-field magnet community is ready
to meet it.

Acknowledgements
We gratefully acknowledge the contribution of the organisers, presenters and participants of the two open
consultation workshops on the "State of the Art in High Field Accelerator Magnets", held virtually on
14–16 April 2021 [65], and "High Field Accelerator Magnets - Roadmap Preparation", held virtually
on 1 and 3 June 2021 [66]. They have established the scientific ground for the work reported here and
provided the shared basis for the proposed program.

References
[1] R. R. Wilson, The Tevatron, Technical Report Fermilab TM-763,

https://inspirehep.net/files/54f7bb5ee644835a87b8ee6a0afd9e4d.
[2] R. Meinke, Superconducting magnet system for HERA, IEEE Trans. Mag., 27(2):1728–1734,

1991, https://doi.org/10.1109/20.133525.
[3] M. Anerella et al., The RHIC magnet system, Nucl. Inst. Meth. Phys. Res. A, 499(2-3):280–315,

2003, https://doi.org/10.1016/S0168-9002(02)01940-X.
[4] O. Brünning et al. (eds.), LHC design report, volume I: The LHC main ring, Technical Report

CERN-2004-003, 2004, http://dx.doi.org/10.5170/CERN-2004-003-V-1.
[5] L. Evans and P. Bryant (eds.), LHC Machine, JINST, 3(S08001), 2008,

https://doi.org/10.1088/1748-0221/3/08/S08001.

55

https://inspirehep.net/files/54f7bb5ee644835a87b8ee6a0afd9e4d
https://doi.org/10.1109/20.133525
https://doi.org/10.1016/S0168-9002(02)01940-X
http://dx.doi.org/10.5170/CERN-2004-003-V-1
https://doi.org/10.1088/1748-0221/3/08/S08001


2. High-field magnets

[6] J. K. Hulm and R. D. Blaugher, Superconducting solid solution alloys of the transition elements,
Phys. Rev., 123(5):1569–1581, 1961, https://doi.org/10.1103/PhysRev.123.1569.

[7] D. Leroy et al., Design features and performance of a 10 T twin aperture model dipole for LHC ,
in Proc. 15th Int. Conf. on Magnet Technology, 20–24 Oct 1997, Beijing, China, pp. 119–122,
1998, https://inspirehep.net/literature/471182.

[8] D. Leroy et al., Design and manufacture of a large-bore 10 T superconducting dipole for the
CERN cable test facility, IEEE Trans. Appl. Sup., 10(1):178 – 182, 2000,
https://doi.org/10.1109/77.828205.

[9] A. Torossian et al., TF-coil system and experimental results of Tore Supra, Fusion Eng. Des.,
20:43–53, 1993, https://doi.org/10.1016/0920-3796(93)90023-B.

[10] Neurospin/CEA, 11.7 teslas: The world-record magnetic field generated by a human mri magnet,
2021, https://www.cea.fr/english/Pages/News/Iseult-MRI-Magnet-Record.aspx.

[11] L. Rossi, The Large Hadron Collider and the role of superconductivity in one of the largest
scientific enterprises, IEEE Trans. Appl. Supercond., 17(2):1005–1014, June 2007,
https://doi.org/10.1109/TASC.2007.899260.

[12] L. Bottura et al., Advanced accelerator magnets for upgrading the LHC, IEEE Trans. Appl. Sup,
22(3):4002008, 2013, https://doi.org/10.1109/TASC.2012.2186109.

[13] O. Brüning and L. Rossi, The High Luminosity Large Hadron Collider, volume 24 of Adv. Ser.
Direct. High Energy Phys., World Scientific, Singapore, 2015,
https://doi.org/10.1142/9581.

[14] C. Sutton L. Rossi and A. Szeberenyi, Superconductivity leads the way to high luminosity, CERN
Courier, 53(1):28–32, 2013, https://cds.cern.ch/record/1734885.

[15] EU supports the LHC high-luminosity study, CERN Bulletin, (45–46), 2011,
https://cds.cern.ch/record/1394587.

[16] A. Schaeffer, The light at the end of the tunnel gets brighter, CERN Bulletin, (32–34), 2014,
https://cds.cern.ch/record/1746208.

[17] A. Abada et al., FCC-hh: The Hadron Collider, Eur. Phys. J. Spec. Top., 228:755–1107, 2019,
https://doi.org/10.1140/epjst/e2019-900087-0.

[18] A. Apyan et al., CEPC-SPPC preliminary conceptual design report, volume II - Accelerator,
Technical Report IHEP-CEPC-DR-2015-01, IHEP-AC-2015-01, 2015,
https://inspirehep.net/literature/1395736.

[19] P. Limon, Design study for a staged Very Large Hadron Collider, Technical Report Fermilab
TM-2149, 2001, https://doi.org/10.2172/781994.

[20] S. Geer, Muon colliders and neutrino factories, Annual Rev. of Nucl. Sci. Part., 59:347–365, 2009,
https://doi.org/10.1146/annurev.nucl.010909.083736.

[21] W. Chou, Muon colliders and neutrino factories, ICFA Beam Dynamics Newsletter, 55, August
2011, https://icfa-usa.jlab.org/archive/newsletter/icfa_bd_nl_55.pdf.

[22] R. Assmann et al., First thoughts on a higher-energy LHC, Technical Report
CERN-ATS-2010-177, 2010, https://cds.cern.ch/record/128432.

[23] J. P. Delahaye et al., Muon colliders, 2019, arXiv/1901.06150 [physics.acc-ph].
https://inspirehep.net/literature/1714987.

[24] B. T. Matthias et al., Superconductivity of Nb3Sn, Phys. Rev., 95(6):1435, 1954,
https://doi.org/10.1103/PhysRev.95.1435.

[25] R. Scanlan, Conductor development for high energy physics-plans and status of the US program,
IEEE Trans. Appl. Sup, 11(1):2150–2155, 2001, https://doi.org/10.1109/77.920283.

[26] R. Kephart et al., The U.S. LHC Accelerator Research Program: A proposal, 2003,
https://www.uslarp.org/LARP_Proposal.pdf.

56

https://doi.org/10.1103/PhysRev.123.1569
https://inspirehep.net/literature/471182
https://doi.org/10.1109/77.828205
https://doi.org/10.1016/0920-3796(93)90023-B
https://www.cea.fr/english/Pages/News/Iseult-MRI-Magnet-Record.aspx
https://doi.org/10.1109/TASC.2007.899260
https://doi.org/10.1109/TASC.2012.2186109
https://doi.org/10.1142/9581
https://cds.cern.ch/record/1734885
https://cds.cern.ch/record/1394587
https://cds.cern.ch/record/1746208
https://doi.org/10.1140/epjst/e2019-900087-0
https://inspirehep.net/literature/1395736
https://doi.org/10.2172/781994
https://doi.org/10.1146/annurev.nucl.010909.083736
https://icfa-usa.jlab.org/archive/newsletter/icfa_bd_nl_55.pdf
https://cds.cern.ch/record/128432
https://inspirehep.net/literature/1714987
https://doi.org/10.1103/PhysRev.95.1435
https://doi.org/10.1109/77.920283
https://www.uslarp.org/LARP_Proposal.pdf


CERN Yellow Reports: Monographs, CERN-2022-001

[27] G. Ambrosio et al., Nb3Sn high field magnets for the High Luminosity LHC upgrade project,
IEEE Trans. Appl. Supercond., 25(3):4002107, 2015,
https://doi.org/10.1109/TASC.2014.2367024.

[28] S. Gourlay et al., The U.S. magnet development program plan,
https://escholarship.org/uc/item/5178744r, 2016.

[29] S. Prestemon et al., The 2020 updated roadmaps for the us magnet development program, 2020,
https://arxiv.org/abs/2011.09539.

[30] R. Aleksan, Coordinated accelerator research in Europe: Final report,
https://cordis.europa.eu/project/id/506395/reporting, 2004.

[31] A. Devred et al., Status of the Next European Dipole (NED) activity of the Collaborated
Accelerator Research in Europe (CARE) project, IEEE Trans. Appl. Sup, 15(2):1106–1112, 2005,
https://doi.org/10.1109/TASC.2005.849506.

[32] G. de Rijk et al., The EuCARD High Field Magnet Project, IEEE Trans. Appl. Sup,
22(3):4301204, 2012, https://doi.org/10.1109/TASC.2011.2178220.

[33] M. Karppinen et al., Design of 11 T twin-aperture Nb3Sn dipole: Demonstrator magnet for LHC
upgrades, IEEE Trans. Appl. Sup., 22(3):4901504, 2012,
https://doi.org/10.1109/TASC.2011.2177625.

[34] P. Ferracin et al., Magnet design of the 150 mm aperture low-β quadrupoles for the High
Luminosity LHC, IEEE Trans. Appl. Sup, 24(3):4002306, 2013,
https://doi.org/10.1109/TASC.2013.2284970.

[35] M. K. Wu et al., Superconductivity at 93 K in a new mixed-phase Y-Ba-Cu-O compound system at
ambient pressure, Phys. Rev. Lett., 58(9):908, 1987,
https://doi.org/10.1103/PhysRevLett.58.908.

[36] H. Maeda, Y. Tanaka, M. Fukutomi, and A T. Asano, New high-Tc oxide superconductor without
a rare earth element, Jap. J. Appl. Phys., 27(2):L36l–4, 1988,
https://doi.org/10.1143/JJAP.27.L209.

[37] Bruker Presse release, World’s first 1.2 GHz high-resolution protein NMR data,
http://cern.ch/go/Kn9F.

[38] S. Hahn et al., 45.5-tesla direct-current magnetic field generated with a high-temperature
superconducting magnet, Nature, 570:496–499, 2019,
https://doi.org/10.1038/s41586-019-1293-1.

[39] L. Rossi and C. Senatore, HTS accelerator magnet and conductor development in Europe,
Instruments, 5:8, 2021, https://doi.org/10.3390/instruments5010008.

[40] L. Rossi et al., The EuCARD2 future magnets program for particle accelerator high-field dipoles:
Review of results and next steps, IEEE Trans. Appl. Supercond., 28(3):4001810, 2018,
https://doi.org/10.1109/TASC.2017.2784357.

[41] L. Rossi et al., REBCO coated conductor development in the ARIES program for HTS accelerator
magnets, 2018, Invited presentation to ASC Superconductivity News Forum.
http://cern.ch/go/7JJF.

[42] IFAST Project Office, Innovation fostering in accelerator science and technology (I.FAST),
H-2020 proposal 101004730 to EU call INFRAINNOV-04-2020.
https://ifast-project.eu/, last accessed 2 November 2021.

[43] W. B. Sampson et al., Nb3Sn dipole magnets, IEEE Trans. Magnetics, 15:117–118, 1979,
https://doi.org/10.1109/TMAG.1979.1060162.

[44] C. Taylor et al., A Nb3Sn dipole magnet reacted after winding, IEEE Trans. Magnetics,
21:967–970, 1985, https://doi.org/10.1109/TMAG.1985.1063680.

57

https://doi.org/10.1109/TASC.2014.2367024
https://escholarship.org/uc/item/5178744r
https://arxiv.org/abs/2011.09539
https://cordis.europa.eu/project/id/506395/reporting
https://doi.org/10.1109/TASC.2005.849506
https://doi.org/10.1109/TASC.2011.2178220
https://doi.org/10.1109/TASC.2011.2177625
https://doi.org/10.1109/TASC.2013.2284970
https://doi.org/10.1103/PhysRevLett.58.908
https://doi.org/10.1143/JJAP.27.L209
http://cern.ch/go/Kn9F
https://doi.org/10.1038/s41586-019-1293-1
https://doi.org/10.3390/instruments5010008
https://doi.org/10.1109/TASC.2017.2784357
http://cern.ch/go/7JJF 
https://ifast-project.eu/
https://doi.org/10.1109/TMAG.1979.1060162
https://doi.org/10.1109/TMAG.1985.1063680


2. High-field magnets

[45] A. D. McInturff et al., Test results for a high field (13 T) Nb3Sn dipole, in Proc. 17th Particle
Accelerator Conference (1997), pp. 3212–3214, IEEE, May 1998,
https://doi.org/10.1109/PAC.1997.753158.

[46] A. F. Lietzke et al., Test results for HD1, a 16 tesla Nb3Sn dipole magnet, IEEE Trans Appl.
Supercon., 14:345–348, 2004, https://doi.org/10.1109/TASC.2004.829122.

[47] J. C. Perez et al., 16 T Nb3Sn racetrack model coil test result, IEEE Trans. Appl. Supercond.,
26(4):4004906, 2015, https://doi.org/10.1109/TASC.2016.2530684.

[48] CERN News, High five for CERN European Union projects,
https://home.cern/news/news/cern/high-five-cern-european-union-projects,
23 November, 2020.

[49] D. Schoerling and A. Zlobin (eds.), Nb3Sn accelerator magnets, Particle Acceleration and
Detection Series, Springer, Cham, 2019, https://doi.org/10.1007/978-3-030-16118-7.

[50] T. Boutboul et al., Heat treatment optimization studies on PIT Strand for the NED Project, IEEE
Trans. Appl. Sup, 19(3):2564–2567, 2009, https://doi.org/10.1109/TASC.2009.2019017.

[51] E. Rochepault and P. Ferracin, CEA–CERN block-type dipole magnet for cable testing:
FRESCA2, Particle Acceleration and Detection Series, in Nb3Sn accelerator magnets, Zlobin A.
Schoerling D. (ed.), Springer, Cham, 2019,
https://doi.org/10.1007/978-3-030-16118-7_12.

[52] A. Zlobin et al., Development and first test of the 15 T Nb3Sn dipole demonstrator MDPCT1,
IEEE Trans. Appl. Supercond., 30(4):4000805, 2020,
https://doi.org/10.1109/TASC.2020.2967686.

[53] A. Devred, Status of the 11 T dipole and CERN magnet programs beyond HiLumi, October 2019,
Presented at the 9th HL-LHC Collaboration Meeting, Fermilab, 14–16 Oct. 2019.
https://indico.cern.ch/event/806637/contributions/3487461/.

[54] A. Tollestrup and D. Larbalestier, Very High Field Superconducting Magnet Collaboration, July
2011, Presented at Eucard HTS Magnet Program Meeting, CERN, 26 Jul. 2011.
https://indico.cern.ch/event/148320/contributions/1386701/.

[55] X. Wang et al., Development and performance of a 2.9 tesla dipole magnet using
high-temperature superconducting CORC wires, Supercond. Sci. Technol., 34(1):015012, 2020,
https://doi.org/10.1088/1361-6668/abc2a5.

[56] T. Shen and L. Garcia Fajardo, Superconducting accelerator magnets based on high-temperature
superconducting Bi-2212 round wires, Instruments, 4(2):17, 2020,
https://doi.org/10.3390/instruments4020017.

[57] L. Garcia Fajardo et al., First demonstration of high current canted-cosine-theta coils with
Bi-2212 Rutherford cables, Supercond. Sci. Technol., 34(2):024001, 2021,
https://doi.org/10.1088/1361-6668/abc73d.

[58] The European Strategy Group, 2020 update of the European Strategy for Particle Physics,
Technical Report CERN-ESU-013, June 2020, http://dx.doi.org/10.17181/ESU2020.

[59] Q. J. Xu, High field superconducting magnet program for accelerators in China, in Proc. 10th Int.
Particle Accelerator Conf. (IPAC2019), Melbourne, Australia, May 2019,
https://doi.org/10.18429/JACoW-IPAC2019-FRXXPLM1.

[60] V. Corato et al., Progress in the design of the superconducting magnets for the EU DEMO, Fusion
Eng. Des., 136 B:1597–1604, 2018, https://doi.org/10.1016/j.fusengdes.2018.05.065.

[61] National Research Council, Opportunities in high magnetic field science, National Academies
Press, 2005, https://doi.org/10.17226/11211.

58

https://doi.org/10.1109/PAC.1997.753158
https://doi.org/10.1109/TASC.2004.829122
https://doi.org/10.1109/TASC.2016.2530684
https://home.cern/news/news/cern/high-five-cern-european-union-projects
https://doi.org/10.1007/978-3-030-16118-7
https://doi.org/10.1109/TASC.2009.2019017
https://doi.org/10.1007/978-3-030-16118-7_12
https://doi.org/10.1109/TASC.2020.2967686
https://indico.cern.ch/event/806637/contributions/3487461/
https://indico.cern.ch/event/148320/contributions/1386701/
https://doi.org/10.1088/1361-6668/abc2a5
https://doi.org/10.3390/instruments4020017
https://doi.org/10.1088/1361-6668/abc73d
http://dx.doi.org/10.17181/ESU2020
https://doi.org/10.18429/JACoW-IPAC2019-FRXXPLM1
https://doi.org/10.1016/j.fusengdes.2018.05.065
https://doi.org/10.17226/11211


CERN Yellow Reports: Monographs, CERN-2022-001

[62] National Research Council, High magnetic field science and its application in the United States,
current status and future directions, National Academies Press, 2013,
https://doi.org/10.17226/18355.

[63] European Magnetic Field Laboratory, Creation of a distributed European Magnetic Field
Laboratory: Final report summary – EMFL, EU grant agreement id: 262111, 2015,
https://cordis.europa.eu/project/id/262111/reporting.

[64] LDG HFM Expert Panel, 2021, https://indico.cern.ch/category/13420/.
[65] HFM State-of-the-Art (SoftA) Workshop, 14–16 April, 2021, 2021,

https://indico.cern.ch/event/1012691/.
[66] HFM Roadmap Preparation (RoaP) Workshop), June 1 and 3, 2021, 2021,

https://indico.cern.ch/event/1032199/.
[67] A. Ballarino and L. Bottura, Targets for R&D on Nb3Sn conductor for high-energy physics, IEEE

Trans. Appl. Supercond., 25(3):6000906, 2015,
https://doi.org/10.1109/TASC.2015.2390149.

[68] A. Ballarino et al., The CERN FCC conductor development program: A worldwide effort for the
future generation of high-field magnets, IEEE Trans. Appl. Supercond., 29(5):6001709, 2019,
https://doi.org/10.1109/tasc.2019.2896469.

[69] X. Xu, Nb3Sn conductors with artificial pinning centers,
https://indico.cern.ch/event/1012691/contributions/4290709, 2021, Presented at
Workshop on State-of-the-Art in High Field Accelerator Magnets, 14–16 April 2021.

[70] S. Balachandran et al., Beneficial influence of Hf and Zr additions to Nb4Ta on the vortex pinning
of Nb3Sn with and without an O source, Supercond. Sci. Technol., 32:044006, 2019,
https://doi.org/10.1088/1361-6668/aaff02.

[71] M. Benedikt, Future Circular Collider: The integrated programme (FCC-int), 2018,
https://fcc-cdr.web.cern.ch/reports/EPPSU18_FCCint.pdf.

[72] A. Molodyk et al., Development and large volume production of extremely high current density
YBa2Cu3O7 superconducting wires for fusion, Scientific Reports, 11(5):2084, 2021,
https://doi.org/10.1038/s41598-021-81559-z.

[73] A. Ballarino, Alternative design concepts for multi-circuit HTS link systems, IEEE Trans. Appl.
Sup., 21:980–984, 2011, https://doi.org/10.1109/TASC.2010.2096378.

[74] D. Uglietti et al., Non-twisted stacks of coated conductors for magnets: Analysis of inductance
and AC losses, Cryogenics, 110:103118, 2020,
https://doi.org/10.1016/j.cryogenics.2020.103118.

[75] J.D. Weiss et al., Introduction of CORC wires: highly flexible, round high-temperature
superconducting wires for magnet and power transmission applications, Supercond. Sci. Technol.,
30:014002, 2017, https://doi.org/10.1088/0953-2048/30/1/014002.

[76] W. Goldacker et al., Roebel cables from REBCO coated conductors: a one-century-old concept
for the superconductivity of the future, Supercond. Sci. Technol., 27:093001, 2014,
https://doi.org/10.1088/0953-2048/27/9/093001.

[77] S. Kar et al., Progress in scale-up of REBCO STARTM wire for canted cosine theta coils and
future strategies with enhanced flexibility, Supercond. Sci. Technol., 33:094001, 2020,
https://doi.org/10.1088/1361-6668/ab9e41.

[78] EuroCirCol - FCC H2020 project, 2014, http://www.eurocircol.eu/.
[79] ARIES - Accelerator Research and Innovation for European Science and Society, 2021,

https://aries.web.cern.ch/.
[80] EASITrain - European Advanced Superconductivity Innovation and Training, 2017,

https://easitrain.web.cern.ch/.

59

https://doi.org/10.17226/18355
https://cordis.europa.eu/project/id/262111/reporting
https://indico.cern.ch/category/13420/
https://indico.cern.ch/event/1012691/
https://indico.cern.ch/event/1032199/
https://doi.org/10.1109/TASC.2015.2390149
https://doi.org/10.1109/tasc.2019.2896469
https://indico.cern.ch/event/1012691/contributions/4290709
https://doi.org/10.1088/1361-6668/aaff02
https://fcc-cdr.web.cern.ch/reports/EPPSU18_FCCint.pdf
https://doi.org/10.1038/s41598-021-81559-z
https://doi.org/10.1109/TASC.2010.2096378
https://doi.org/10.1016/j.cryogenics.2020.103118
https://doi.org/10.1088/0953-2048/30/1/014002
https://doi.org/10.1088/0953-2048/27/9/093001
https://doi.org/10.1088/1361-6668/ab9e41
http://www.eurocircol.eu/
https://aries.web.cern.ch/
https://easitrain.web.cern.ch/

	High-field magnets
	Executive summary
	Introduction
	Historical perspective
	Highest fields attained

	Motivation
	Panel activities
	State of the art
	Superconductor
	Mechanics
	Stored energy and magnet protection
	Cost

	R&D objectives
	Technical goals
	Programme drivers

	Delivery plan
	Innovation through a fast-turnaround R&D programme
	Programme structure
	Nb3Sn conductor
	HTS conductor
	Nb3Sn magnets
	HTS magnets
	Insulation systems, components, cryogenic and modelling technologies
	Magnet protection
	Infrastructure and instruments
	Integrated roadmap
	Resources

	Impact of the programme
	Applications to other fields and society 
	Industrial ecosystem
	Training and education

	Conclusion


