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Abstract 

The High-Luminosity Large Hadron Collider (HL-LHC) project at CERN has 

offered the opportunity to promote and develop various types of enabling 

accelerator technologies, such as MgB2 superconducting links for cold 

powering and Nb3Sn accelerator magnets for the interaction regions where 

the two high-luminosity experimental areas of the machine are located. A 

prototype superconducting link system has been successfully tested in the 

second quarter of 2024 and series production is now ongoing. The Nb3Sn 

magnet development has encountered some difficulties characterized by 

performance limitation or degradation, which have now been overcome. We 

report on the status and challenges of HL-LHC Nb3Sn accelerator magnets at 

CERN, with a primary focus on the root-cause analyses and recovery actions 

implemented for the 11 T dipole magnet program and for the final-focusing 

quadrupole magnet program. The symptoms have similarities with those 

encountered over a decade ago on the Nb3Sn Cable-in-Conduit conductors 

for the magnets of the International Thermonuclear Experimental Reactor 

(ITER) and the methodology to address them was inspired from that 

developed to resolve the ITER crisis. Thanks to the successful efforts of ITER 

and HL-LHC, Nb3Sn has been demonstrated to be a viable technology for 

fusion and accelerator magnet applications and is now reaching maturity. 

Keywords 

Low temperature superconductors, Nb3Sn, accelerator magnets, fusion 

magnets, ITER, LHC, HL-LHC, electrical design criterion at cryogenic 

temperature, post-mortem analysis, metallography, finite element simulation.  
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1 Introduction 

1.1 Low-Temperature Superconductors for High-Field Magnet Applications 

1.1.1 From Nb‒Ti to Nb3Sn  

The quest for ever higher magnetic fields in the operation of large physics instruments, such as 

experimental tokamak reactors for nuclear fusion or particle accelerators for high-energy physics, has 

driven the development of applied superconductivity. For applications in the 2‒10 T range, the 

preferred, low-temperature, superconducting material is Nb‒Ti, a ductile alloy that is easy to co-process 

with copper [1]. However, to generate fields beyond 10 T, the only other low-temperature 

superconducting material readily available at an industrial scale is the intermetallic compound Nb3Sn. 

The superconductivity of Nb3Sn was discovered in 1954 [2], but it was not until the mid/late-

1990s that it was considered for large-scale applications, thanks to two parallel efforts: 

– the Engineering Design Activities (EDA) carried out in the framework of the International 

Thermonuclear Experimental Reactor (ITER) program [3][4]; 

– a vigorous program initiated in fiscal year 2001 by the US Department Of Energy (DOE) to 

promote the development of high-performance Nb3Sn wires for High Energy Physics (HEP) 

applications [5][6]. 

A European Joint Research Activity, referred to as the Next European Dipole (NED), seconded 

the DOE efforts and also included an ambitious Nb3Sn conductor development program [7][8].  NED 

was initiated in 2004 as part of the EU-funded Coordinated Accelerator Research in Europe (CARE) 

Integrated Activity [9]. It followed, among others, a successful collaboration between CERN and 

Twente University, in the Netherlands, which, in the mid-1990s, built and tested a 1-m-long, 50-mm-

aperture Nb3Sn dipole magnet model, referred to as MSUT, which achieved 11.25 T at 

4.5 K [10][11][12][13]. The magnet model was retested in 2021 and repeated its good performance after 

nearly 24 years (see Section 1.6.2 and [14]). 

1.1.2 First Large-Scale Production of Nb3Sn Wires for ITER 

The ITER EDA led to the set-up of the ITER Organization in Saint-Paul-lez-Durance, France, in October 

2007. ITER Organization launched the largest ever in-kind procurement arrangements for the supply of 

~700 tons of Nb3Sn wires, with non-copper critical current densities in the 700‒1200 A/mm2 range at 

4.2 K and 12 T [15]. The procurement involved 9 producers in 6 countries, 3 of the producers being new 

and having been set up by their government to contribute their share of ITER conductors.  

Among the available process routes for Nb3Sn strands [1], five suppliers selected the so-called 

bronze route, while the other four selected the so-called internal tin route [15].  Figure 1 shows cross-

sectional views of the 8 different wire types for the Toroidal Field coil conductors. The bronze-route 

wires had non-copper critical current densities, JC, in the 700‒1000 A/mm2 range at 4.2 K and 12 T, 

while the internal-tin route wires had non-copper critical current densities in the 900‒1200 A/mm2 range 

at 4.2 K and 12 T [16]. For the ITER Central Solenoid, Japanese suppliers developed high-tin content 

bronze route wires that could achieve non-copper critical current densities around 1100 A/mm2 at 4.2 K 

and 12 T [17]. 

The ITER production called for a ramp-up by one order of magnitude of the world production of 

Nb3Sn wires. It offered unprecedented challenges in terms of follow-up and quality control [15][16]. 

However, it enabled several suppliers to master mass production of Nb3Sn wires and to develop their 

infrastructure for other needs. 
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Figure 1: Cross-sectional views of eight types of 0.82-mm Nb3Sn wires produced worldwide for ITER Toroidal 

Field cable-in-conduit-conductors (after heat treatment). Top: bronze route wires. Bottom: internal-tin route wires 

(Courtesy of P. Lee, Applied Superconductivity Center, National High Magnetic Field Laboratory).  

 

1.1.3 Development of High-Performance Nb3Sn Wires for HL-LHC 

The US-DOE program was equally fruitful and enabled the development of Nb3Sn wires approaching 

non-copper critical current densities of 3000 A/mm2 at 4.2 K and 12 T [18][19]. Such spectacular 

progress was achieved on a variation of the internal tin route, patented under the name of Rod Restack 

Process (RRP®). This progress paved the way for the consideration of Nb3Sn dipole/quadrupole magnets 

for the High Luminosity (HL) upgrade of the Large Hadron Collider (LHC) at CERN, which was 

officially launched circa 2010 [20][21]. 

For HL-LHC, the JC requirement was set to the more conservative value of ~2450 A/mm2 at 4.2 K 

and 12 T (corresponding to ~1000 A/mm2 at 4.2 and 16 T) [22]. Figure 2 presents a cross-sectional view 

of a 0.85-mm wire for HL-LHC MQXF quadrupole magnets, which relies on the so-called RRP® 

108/127 layout. This design is based on an array of 127 hexagonal rod restacks, among which 108 are 

composite sub-elements and 19 are pure copper. The sub-elements are made up of a copper matrix, with 

a tin core at its centre, surrounded by niobium filaments homogeneously distributed around the tin core. 

A thin barrier of niobium is placed at the periphery of the filament array of each sub-element to prevent 

tin diffusion into the surrounding copper. At the end of heat treatment, the reacted filaments of each 

sub-element are aggregated, forming a tubular Nb3Sn phase (see right side of Figure 2). The outer 

diameter of the tube corresponds more or less to the so-called effective filament diameter [1]. For MQXF 

RRP® 108/127 wires, the geometrical sub-element size is 54 m, while the effective filament diameter 

derived from magnetization measurements is 60 m. 

Industrial production of about 30 tons of MQXF RRP® 108/127 wires is still ongoing at a single 

supplier, Bruker OST, LLC, located in Carteret, NJ, USA [23][24]. Although more modest in quantity 

than ITER, the HL-LHC production represents a significant achievement in terms of industrial 

production of high-performance Nb3Sn wires. As a comparison, internal tin wires produced by the same 

supplier for ITER counted only 19 sub-elements. 
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Figure 2: Back-scattered electron micrographs of 0.85-mm Nb3Sn wire produced for HL-LHC MQXF quadrupole 

magnets, based on RRP® 108/127 layout. Left: before heat treatment. Right: after heat treatment (Courtesy of 

M. Malabaila and S.C. Hopkins, CERN). 

 

At the beginning of HL-LHC, CERN considered another type of Nb3Sn wire, produced by the so-

called Powder-In-Tube (PIT) route [1]. In order to improve the balance of critical current (IC) and 

Residual Resistivity Ratio (RRR), the strand layout was modified to introduce an external common 

diffusion barrier, the so-called bundle barrier [25]. This was successful in increasing RRR, but the 

degradation of IC on cabling was found to be variable and often higher than the 5% specified. The PIT 

wire was eventually set aside in 2019, and the production focused on RRP®. However, a number of 

model and prototype coils for both 11 T and MQXF magnets were manufactured with PIT wire cables 

and will be alluded to in the report. 

1.1.4 Exploring the Limits of Nb3Sn Wires 

R&D programs beyond HL-LHC are already underway at CERN within the framework of the Future 

Circular Collider (FCC) Design Study [26]. For the hadron collider version of FCC, referred to as FCC-

hh, an ambitious JC target of 1500 A/mm2 at 4.2 K and 16 T has been set [27]. 

The target critical current density has been achieved at a small laboratory scale [28] and a 

worldwide effort has been initiated to boost the production of high-performance Nb3Sn wires at an 

industrial scale [29]. 

1.2 Challenges of Nb3Sn Technology 

Nb3Sn offers very good transport-current properties under a high magnetic field. Still, it has one major 

drawback: once reacted, it becomes brittle and its superconducting properties are strain sensitive (see 

Refs. [30][31] for historical references, [32] for a practical scaling law and [33] for a detailed assessment 

of RRP® wires). The strain sensitivity and brittleness of Nb3Sn have been a severe restrain in its 

development as it requires delicate and well-controlled manufacturing procedures from wire production 

to cabling, conductor integration, winding, magnet and cold mass assembly. Operational limits may also 

be required to reduce risks of performance degradation over the full life cycle of the instrument.  
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Table 1: Salient parameters of Nb3Sn strands for ITER and CERN magnets. 

Parameter ITER 

(TF) 

ITER 

(CS) 

CERN 

HL-LHC 

(11 T) 

CERN 

HL-LHC 

(MQXF) 

CERN 

FCC-hh 

Outer diameter (mm)  0.820 

 0.005 

0.830 

 0.005 

0.700 

 0.002 

0.850 

 0.003 

1 

Plating type Cr Cr n/a n/a n/a 

Plating thickness (µm) 2 (+0/-1) 2 (+0/-1) n/a n/a n/a 

Twist pitch (mm) 15  2  15  2 14  2 19  3  

Cu/non-Cu ratio 1  0.1 1  0.1 1.15  0.1 1.2  0.1 1 

Residual Resistivity Ratioa ≥ 100b ≥ 100b ≥ 150c ≥ 150c ≥ 150 

Critical current @12 T, 4.22 K (A) ≥ 190d ≥ 220d ≥ 438 ≥ 632  

Critical current @15 T, 4.22 K (A)    ≥ 331  

Critical current density  

@16 T, 4.22 K (A/mm2) 

   ≥ 1000 ≥ 1500 

Resistive transition index ≥ 20 ≥ 20 ≥ 30 ≥ 30  

Reference field cycle, temperature   3 T, 

4.22 K 

 3 T, 

4.22 K 

n/a n/a  

Hysteresis loss for reference field cycle 

and temperature (mJ/cm3) 

< 500 < 500 n/a n/a  

Sub-element diameter (µm) n/a n/a ≤ 50 ≤ 60  

Effective filament diameter (µm)     ≤ 20 

Magnetization width @3 T, 1.9 K (mT) n/a n/a ≤ 330 ≤ 330  

Magnetization width @1 T, 4.22 K (mT)     ≤ 150 

Piece length (m) ≥ 1000 ≥ 1000 ≥ 720 ≥ 840e ≥ 5000 

Produced quantity (metric tons) 510 175 5 30f < 1 

a After heat treatment. 
b On plated strands. 
c HL-LHC also requires a minimum of 100 after 15% rolling. 
d To be revised for each conductor supplier after Conductor Performance Qualification Sample test [15]. 
e For MQXFB at CERN (> 500 m for MQXFA in the USA). 
f For both CERN and AUP. 

 

To overcome the issues of working with a brittle material, the so-called wind-and-react process 

was introduced very early on and is now the preferred option for fusion and HEP magnets. In this 

approach, the wire is processed to final diameter using only ductile precursor materials as shown in the 

left of Figure 2 [1]. If required, the wire is cabled, and the conductor is wound into a coil of the desired 

shape. Once the conductor has undergone the most potentially deleterious mechanical deformations, the 

whole coil is heat treated at temperatures of up to 650–700 °C for several days to enable formation of 

the brittle superconducting Nb3Sn phase with the desired microstructure (e.g., grains in the 100‒200 nm 

range [1]). Subsequently, additional conductor deformations or displacements must be tightly 

controlled, and the reacted coil must be handled with care. 
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Upon coil winding and heat treatment completion, a resin impregnation step is usually carried out 

to rigidify the coil body, facilitate subsequent handling, and to complement/ reinforce electrical 

insulation [34]. The resin also acts as a filler to improve magnet stability and reduce risks of mechanical 

deformation and/or motion of reacted conductors under the effect of Lorentz forces [35]. The technical 

requirements on conductor insulation are particularly stringent for accelerator magnet coils, where the 

conductors are wrapped or braided with glass fibers or glass fiber tapes prior to winding and the glass 

fiber insulation must be able to sustain the reaction heat treatment [36]. 

1.3 ITER and HL-LHC Crises 

Since the pioneering work of W.B. Sampson at BNL, who built the first 76-mm-aperture, 85-T/m 

quadrupole magnet model, wound from Nb3Sn ribbons and cold-tested in January 1966 [37], Nb3Sn 

technology has reached a level of development making it suitable for several components  of the ITER 

magnet system [38] and for HL-LHC magnets [20][21]. 

However, with almost a 10-year interval, both ITER and HL-LHC projects underwent challenging 

episodes that could have put the viability of Nb3Sn technology into question (see Sections 1.4.2, 1.5.5 

and 1.5.6). In both cases, engineering solutions were found, which addressed the performance issues 

and enabled the projects to move forward. 

1.4 Nb3Sn Cable-In-Conduit Conductors for Fusion Magnets 

1.4.1 ITER Magnet System Overview 

The main goal of the ITER project is to demonstrate the scientific and technological feasibility of fusion 

power [39]. It relies on the tokamak concept and calls for a sophisticated magnet system for plasma 

confinement, shaping and stability. The tokamak cryostat is 28 m tall and 29 m in diameter. The ITER 

magnet system is fully superconducting. and has a stored magnetic energy of 51 GJ, making it the largest 

superconducting magnet system ever designed. It includes four types of coils [38]: 

– 18 toroidal field (TF) coils, located around the plasma chamber, manufactured in EU [40] and 

Japan [41];. 

– a central solenoid (CS), made up of a stack of six modules and positioned at the machine center, 

manufactured in the USA [42][43]; 

– 6 poloidal field (PF) coils, surrounding the TF coils, manufactured in Russia (for PF1) [44], EU 

(for PF2 to 5) [40] and China (for PF6, under contract with EU) [40][45]; 

– 9 pairs of correction coils (CC), attached to the PF coils and manufactured in China [46]. 

As illustrated in Figure 3, the ITER magnet coils are wound from cable-in-conduit conductors 

(CICC), a concept originally developed at Francis Bitter National Magnet Laboratory, in Cambridge, 

MA, in the mid-1970s [47]. The ITER CICC consists of a multi-stage, rope-type cable, inserted into a 

stainless-steel conduit fabricated from butt-welded jacket sections [15]. Upon completion of cable 

insertion, the conductor is compacted to its final shape and dimensions. The conduit delimits the volume 

where a forced flow of supercritical helium is circulated. 

The ITER PF and CC conductors rely on Nb‒Ti strands, but the field requirements for TF and CS 

coils require the use of Nb3Sn strands, with non-copper critical current densities in the 700‒1000 A/mm2 

range at 4.2 K and 12 T. The TF magnet system will be operated in a steady state mode, while the CS 

will be operated in a pulsed mode and must be able to sustain up to 60,000 power cycles. 
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Figure 3: Photograph of a reacted ITER CS Cable-in-Conduit Conductor after partial removal of the austenitic 

steel, circle-in-square jacket and of the stainless-steel wraps around the 6 petals of the rope-type cable. The cable 

is manufactured in 5 stages and is made up of 576 Cr-plated Nb3Sn strands, mixed with 276 pure Cu strands, 

arranged around a central, austenitic steel, cooling spiral (courtesy of C. Sanabria, formerly ASC, 2013). 

 

1.4.2 Issue with ITER CS Conductors 

Around 2010, the first two CICC performance qualification samples for the ITER CS that were tested 

at the SULTAN facility, located in Villigen, Switzerland, exhibited severe performance degradation as 

a function of electromagnetic (EM) and thermal cycles and did not meet technical requirements 

(see Figure 4) [49][50]. This undesirable behavior generated a large turmoil in the scientific community, 

raising alarms about the feasibility of ITER [51]. 

The issue of performance degradation of Nb3Sn CICC as a function of cycling had been identified 

for some time, following the testing of the ITER TF and CS Model Coils manufactured as part of ITER 

EDA [48]. Starting in 2007, a significant effort was launched among ITER partners around the world to 

determine the root cause(s) of the performance degradation and to identify possible corrective actions 

to be implemented. As described thereafter, these efforts were articulated around four main axes. A 

detailed account of the work and findings along the four axes, with all relevant references, can be found 

in Ref. [15]. In the present report, we only present a brief summary, highlighting key elements of the 

methodology and take-away points that may be of use for other projects.  

The four main axes were: 

(1) modeling of electro-mechanical behavior of CICCs during all phases of manufacturing, cooldown 

and energization ‒the development of a numerical model describing the mechanical behavior of 

a CICC for the various loading steps was very useful to identify critical parameters and guiding 

design choices; the model was developed based on physical parameters and laws (no fudge factor), 

which were determined from or benchmarked by ad hoc experiments; 
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Figure 4: Results of first two ITER CS conductor performance qualification samples (CSJA1 & CSJA2) tested at 

the SULTAN facility and exhibiting severe performance degradation as a function of electromagnetic and thermal 

cycling. Each sample includes two legs spliced at the bottom. The current sharing temperature, TCS, is measured 

at conditions corresponding to Start of Discharge (SOD): 10.85 T and 45.1 K, while the electromagnetic cycling 

is carried out to conditions corresponding to End Of plasma Burn (EOB): 10.85 T and 48.81 kA [49] [50]. 

 

(2) improving assembly, instrumentation and analyses of SULTAN samples ‒the significant effort to 

improve sample preparation (e.g., fully-soldered conductor splicing to ensure more uniform 

current distribution among cable stands), instrumentation (e.g., implementation of crown arrays 

of voltage taps to measure average electric field on conductor jacket rather than local values), and 

data processing (e.g., offset removal based on physical arguments rather than fitting convenience) 

were instrumental in improving repeatability and reproducibility, and, in fine, reliability of the 

measurements; each of these tasks usually called for the development of dedicated numerical 

models as in (1); 

(3) post-mortem examinations ‒being able to visualize the presence (or not) of cracks within the 

Nb3Sn phase of the cable strands, and to study the cracks’ morphology and distribution, has been 

of great help, in association with (1), to identify the root cause of the problems (see Section 3.1); 

(4) design of experiments to assess potential solutions in a rigorous and systematic manner ‒having 

a proper plan, which utilizes the findings of (1) and (3) to select which parameters to change and 

which benefits from (2) to test the impact of the changes in a sequential and controlled manner 

was key to determine the proper recovery actions. 

Let us stress that the teams working on the different axes had regular exchanges, which enabled 

cross-fertilization and out-of-the-box thinking.  
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Figure 5: Results from ITER CS conductor production samples tested at the SULTAN facility, showing a 

systematic performance increase between the first and last electromagnetic cycles after the first cooldown. The 

different colors refer to different strand technologies (blue: bronze, red: internal tin); the number of 

electromagnetic cycles varies between samples in a range between 5000 and 10000 [53]. 

 

A solution was eventually found for the ITER CS conductors by optimizing the twist pitch 

sequence of the rope-type cable [51]. In particular, the twist pitch of the first cabling stage, made from 

two superconducting and one copper strand, was reduced from 45 to 20 mm. Such twist pitch 

tightening provides better local support to the Nb3Sn strands and prevents undesirable bending [49][51]. 

It also prevents Nb3Sn filament cracking (see Section 3.1). 

After this change, all ITER CS SULTAN samples with short twist pitch conductors exhibited 

good performance upon EM and thermal cycling, for both bronze and internal-tin strand technologies. 

As an illustration, Figure 5 presents a summary plot of current-sharing temperature, TCS, measured at 

working conditions of 10.85 T and 45.1 kA,  on quality control SULTAN samples tested during series 

production of CS conductors [53]. They all meet the acceptance criterion of 5.8 K. They also exhibit a 

slight performance increase upon the first EM cycles, likely due to internal stress release. Furthermore, 

the good in-coil performance of short twist pitch conductors was confirmed by the manufacture, in 

Japan, under contract with the USA, of a CS insert coil that was tested in 2015 in the ITER CS Model 

Coil (CSMC) facility in Naka, Japan [54]. Since then, several ITER CS modules have been cold tested 

at the supplier’s premises in the USA and perform according to expectations [43][55]. 

The implementation of the short twist pitch sequence was a real breakthrough and put an end to 

over a decade of arguments in the community on how to optimize ITER CICC parameters. 

Unfortunately, it was too late to retrofit the short-twist pitch design parameters to the conductors for 

ITER TF coils, which were already in an advanced stage of  production worldwide at the time of CS 

conductor crisis resolution [56][57]. However, as mentioned before, electromagnetic cycling is much 

less severe for TF magnets, which are to be operated in a steady-state mode, and a strategy has been 

devised on how to limit the potential performance degradation of the various types of TF conductors 

over the expected ITER machine life cycle [58]. 
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1.4.3 CICC with High-Performance Nb3Sn Strands 

Since 2014, the Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP), located in Hefei, 

China, has been working on a plan for the Chinese Fusion Engineering Test Reactor (CFETR) [59]. This 

plan includes the design, manufacture, and test of a Central Solenoid Model Coil (CSMC), based on 

ITER technologies [60]. The model coil is designed to operate with a nominal current of 47.65 kA and 

a conductor peak field of 12 T. It relies on a CICC design similar to that of the ITER CS, with ITER-

grade strands (non-copper critical density of ~1000 A/mm2) and a short twist pitch sequence. CSMC 

conductor samples have been produced and successfully tested at SULTAN, showing performances 

similar those of ITER CS conductor samples [61]. The model coil was successfully powered up to 48 kA 

in December 2024 further confirming the in-coil performance of the conductor [62].  

More recently, ASIPP has initiated the Comprehensive Research Facility for Fusion Technology 

(CRAFT) project, which includes the manufacture and test of a full-size, Toroidal Field coil prototype 

for CFETR. CFETR TF coils are designed to operate with a current of 95.6 kA and a conductor peak 

field of 14.5 T [63]. Given the field requirements, ASIPP has launched an R&D program to investigate 

whether high-performance, Nb3Sn strands, like those developed for HL-LHC (with non-copper critical 

current densities in the 2000‒2500 A/mm2 range at 4.2 K and 12 T), could be used in a cable-in-conduit 

conductor configuration with short twist pitches, like those for ITER CS and CFETR CSMC. 

Before going to the final CFETR TF conductor size, ASIPP included an intermediate qualification 

step and produced conductor samples with the same layout and parameters as for the CSMC, but relying 

on high-performance Nb3Sn strands, thereby enabling a direct comparison between CICCs with ITER-

like strands and non-copper critical current densities of ~1000 A/mm2 at 4.2 K and 12 T with HL-LHC-

like strands and non-copper critical current densities exceeding 2200 A/mm2 at 4.2 K and 12 T [64]. 

The SULTAN test results show that the CICC with high-performance strands exhibits stable 

performances as a function of electromagnetic and thermal cycling under nominal loading conditions, 

but with a significantly higher current sharing temperature than the CSMC samples (the TCS gain is 

larger than 0.5 K) [64]. Degradation is only observed for EM overloads in excess of 30%. The good 

results under nominal loading conditions confirm the robustness of the short twist pitch cable design 

also for high-performance Nb3Sn strands. 

In addition, CRAFT includes a task to design, manufacture, and commission a conductor test 

facility, called Super-X. Super-X is based on pairs of split solenoid coils and is expected to produce 15 

T in a test well of 100 x 160 x 550 mm; the so-called high field coils have an operating current of 8 kA 

and a conductor peak field of 15.75 T [65]. All coils rely on rectangular CICCs with much smaller cross-

sections than for ITER CS and CFETR CSMC. Samples of Super-X conductors have been produced 

and tested in SULTAN, including cables made from high-performance Nb3Sn strands. They also exhibit 

good and stable performances versus electromagnetic and thermal cycling [66]. 

The above results are a good example of a virtuous circle between fusion and HEP conductor and 

magnet development: ITER enabled the scale-up and industrial production of Nb3Sn strands, which 

benefited the HL-LHC program, and, in turn, the development of high-performance Nb3Sn strands for 

HL-LHC is now benefiting fusion applications. 

1.5 Nb3Sn Magnets for the HL-LHC 

1.5.1 LHC Overview 

The 27-km Large Hadron Collider (LHC), installed in an underground tunnel at a depth of 50 to 175 m 

at the French‒Swiss border near Geneva, Switzerland, is the crown jewel of the CERN accelerator 

complex [67]. In LHC, protons (or lead ions) circulate in two beams traveling in opposite directions in 

two separated beam pipes. The two beams are designed to collide at four interaction points, surrounded 

by large physics experiments.  
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Figure 6: Cross-sectional view of an un-reacted MQXFB Rutherford-type, cable made up of 40 Nb3Sn RRP® 

strands and a 25-m-thick, 12-mm-wide stainless-steel core between the strand layers. The cable has a slight 

keystone angle of 0.42° (the thin edge is on the right side of the picture). The grey zones between strands 

correspond to the resin used for potting the cable sample for metallographic purposes (Courtesy of A. Bonasia, 

CERN).  

 

ATLAS and CMS are two general physics detectors, which enabled the discovery of the Higgs 

boson in 2012 [68], while ALICE and LHCb look after more specific physics phenomena (quark-gluon 

plasma and matter/antimatter symmetries). ATLAS includes a large superconducting magnet system 

with a barrel toroid, two end-cap toroids and a central solenoid [69][70], while CMS includes a large 

superconducting solenoid [70]. ATLAS and CMS magnets rely on Nb‒Ti technology, while ALICE and 

LHCb rely on normal conducting magnets. 

The LHC machine is made up of eight arcs and eight insertion regions. The arcs contain a regular 

magnet lattice of 23 cells, which are 106.9 m long and include 6 x 15-m-long, 56-mm-two-in-one-

aperture dipole magnets, 2 x 3.5-m-long, 56-mm-two-in-one aperture quadrupole magnets and several 

high-order multipole magnets. The insertion regions consist of a long straight section plus transition 

regions at both ends, which are referred to as dispersion suppressors. The straight section layout depends 

on its specific use: as mentioned above, four of them, referred to as interaction regions, are for physics 

experiments, while the remaining four are: one for acceleration with radio frequency (RF) cavities, two 

for beam cleaning (so-called betatron and momentum cleaning) and one for beam dumping. Insertion 

regions also include dipole, quadrupole and high-order multipole magnets.  

Most LHC arc and insertion magnets rely on Nb−Ti technology and are cooled down by 

superfluid Helium at 1.9 K [72][73]. The coils are usually wound from Rutherford-type cables, made 

up of a few tens of strands, twisted together, and shaped into a flat, two-layer cable as shown                 

in Figure 6. This type of cables was developed in the early 1970s at Rutherford Appleton Laboratory 

(RAL), in Chilton, England (hence the name) [74]. They are given a slight keystone shape to facilitate 

stacking into an arch and forming a so-called cos or cos2 coil geometry in the 2-dimensional cross-

section [1][75][76]. The keystone angle must be kept small to limit cabling degradation and therefore is 

usually not enough for arch stacking [77], thereby calling for the use of angular wedges to achieve the 

desired coil shape and field quality.    

The LHC now operates reliably at a record energy of 6.8 TeV per beam, corresponding to a 

bore/peak field of 8.06/8.45 T in the arc dipole magnets. However, it does require a large number of 

training quenches after each warm-up/cooldown cycle to restore the desired operation level [78][79]. 

As is also foreseen for the ITER magnets, the number of warm-up/cooldown cycles applied to LHC 

superconducting magnets, both in the arcs and insertion regions, are strictly controlled and limited. 

1.5.2 The Next Step: HL-LHC 

The next step for CERN is the High-Luminosity upgrade of the LHC (HL-LHC), aimed at generating 5 

times more collisions at the interaction points of ATLAS and CMS, with respect to the presently 

achieved (levelled) instantaneous luminosity [20][21]. This will result in a 10-fold increase of the 

integrated luminosity over the HL-LHC era (nominal of 3000 fb-1) compared to the design value of 

300 fb-1 for LHC. The luminosity increase will provide a statistical boost to the data analysis, thereby 

giving access to higher precision and rare phenomena, and offering greater discovery potentials. In the 

present schedule, HL-LHC is expected to start operation in 2030 and to run until the end of 2041. 
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HL-LHC initially envisioned relying on two types of Nb3Sn magnets [20][21]: 

– two pairs of 5.3-m-long, 60-mm-two-in-one-aperture, 11 T dipole magnets for replacing one 15-

m-long, 56-mm-two-in-one-aperture, 8 T LHC dipole magnet in each of the two dispersion 

suppressor areas of the machine, providing the same integrated bending field strength but making 

room (3 m) for installation of additional collimators that were thought to be needed for HL-LHC 

operation; 

– four sets of large, 150-mm-single-aperture quadrupole magnets (referred to as MQXF) for 

replacing the present 70-mm-single-aperture quadrupole magnets in the interaction regions of 

ATLAS and CMS, providing a similar integrated focusing field gradient, but enabling better 

optimization of the optics layout with more squeezed beams at the collision points while opening 

space for radiation shielding. 

The shorter lengths and larger apertures are the parameters driving the need for a switch from 

Nb‒Ti to Nb3Sn technology to permit operation at higher conductor peak fields. The idea of relying on 

large-aperture, Nb3Sn quadrupole magnets for the interaction regions of LHC was first developed in the 

mid-1990s at INFN/Milan, Italy [80]. 

As for ITER, a fraction of HL-LHC components is provided in-kind by external collaborations, 

although at a far more modest level: the in-kind ratio is ~10% for HL-LHC and 90% for ITER. In the 

case of the 11 T dipole magnets, the 4 (plus 2 spares) units were supposed to be produced at CERN. For 

the interaction region magnets, several of them are provided by external collaborations [81]. In 

particular, the production of MQXF quadrupole magnets is shared between CERN and a consortium of 

US laboratories, now regrouped within the so-called HL-LHC Accelerator Upgrade Project (AUP), 

which involves Fermi National Accelerator Laboratory (FNAL) in Batavia, IL, Lawrence Berkeley 

National Laboratory (LBNL), in Berkeley, CA, Brookhaven National Laboratory (BNL), in Upton, NY, 

and Stanford Linear Accelerator Center (SLAC), in Stanford, CA. In this sharing, the USA are 

responsible for the production of 16 (plus 4 spares) 4.2-m-long MQXFA quadrupole magnets, while 

CERN is responsible for the production of 8 (plus 2 spares) 7.2-m-long MQXFB quadrupole magnet. 

Save for their lengths, MQXFA and MQXFB magnets rely on similar designs and manufacturing 

processes (but with some differences due to available infrastructure and large tooling). 

1.5.3 Nominal and Ultimate Requirements for HL-HC Magnets 

Early on, the HL-LHC project defined two levels of performance requirements for its magnets: 

(1) a nominal level, corresponding to a 7.0 TeV operation of the LHC; 

(2) an ultimate level, corresponding to a 7.5 TeV operation of the LHC. 

As the LHC is presently operating at 6.8 TeV and there is no plan to push its limit beyond 7.0 TeV, 

it was decided, in the course of the HL-LHC Nb3Sn magnet development program, to drop the ultimate 

requirement on full-length Nb3Sn magnets (however, it is maintained for all HL-LHC Nb–Ti magnets). 

1.5.4 Choice of HL-LHC Quadrupole Magnet Lengths 

The choice of US colleagues to go for more and shorter MQXFA magnets was based on the experience 

accumulated during a decade of R&D on N3Sn magnet technology, carried out mainly within the 

framework of the LHC Accelerator Research Program (LARP), set up by US DOE in 2004 [82][83][84]. 

LARP followed suit to previous Nb3Sn accelerator magnet R&D programs in the USA, including that 

of the short, 5-cm-single-aperture D20 dipole magnet model at LBNL, which, in 1997, achieved a field 

in excess of 13 T at 1.9 K [85][86][87]. The LARP R&D efforts enabled the validation of key design 

parameters and manufacturing processes on several 3.7-m-long, 90-mm-aperture quadrupole magnet 

prototypes [88][89]. A length of 4.2 m and an aperture of 150 mm were perceived as conservative 

extrapolations for MQXFA. 
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Figure 7: Cross-sectional view of 60-mm, two-in-one-aperture, HL-LHC 11 T dipole magnet, showing the 

double-layer, cos coils (grey) with angular Cu wedges (orange) and a removable pole (light blue), surrounded by 

austenitic steel collars (green), a low-carbon steel iron yoke (darker shades of blue) and a welded outer stainless 

steel shell (grey). 

 

The ambitious choice of CERN to go for fewer and longer MQXFB magnets was made to reduce 

the number of magnet interconnects and to push N3Sn technology further, as may be required for future 

collider projects; let us recall that the LHC dipole magnet length is 15 m [90]. However, as detailed 

thereafter, the length scaling beyond 4.2 m did not prove to be so straightforward. 

1.5.5 Issues with 5.3-m-Long 11 T Dipole Magnets 

1.5.5.1 Design and Assembly Overview 

The use of 11 T dipole magnets for opening a 3-m gap in the two dispersion suppressors areas of LHC 

point 7 for additional collimation was first proposed in July 2010, along with main technical 

requirements [91]. The magnet design was initially developed by a collaboration between CERN and 

FNAL [92][95]. FNAL built a few short magnet models [92][93][94], before the task was taken over by 

CERN [95][96][97]. The nominal current is 11.85 kA and corresponds to a central/peak field of 

11.23 T/11.77 T; the ultimate current is 12.84 kA and corresponds to a central/peak field of 

12.14 T/12.74 T. As for all LHC arc magnets, the operating temperature is 1.9 K. Table 2 summarizes 

salient magnet design parameters. 

Figure 7 shows a cross-sectional view of the 60-mm-two-in-one-aperture 11 T dipole magnet, 

featuring for each aperture and from inside out: an assembly of two double-layer, cos coils, surrounded 

by laminated, austenitic steel collars, a vertically split, low-carbon steel iron yoke and a welded outer 

stainless-steel shell. The coils are wound from slightly keystoned, Rutherford-type cables (similar to the 

MQXF cable shown in Figure 6), which have been optimized to limit cabling degradation [98]. 
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Table 2: Salient design parameters of Nb3Sn dipole and quadrupole magnets for HL-LHC at CERN. 

Parameter Units 11 T MQXF 

Cable     

Number of strands  40 40 

Transposition pitch mm 100  3 109  3 

Bare width mm  14.70  0.05 18.15  0.05 

Bare mid-thickness mm 1.250  0.01 1.525  0.01 

Keystone angle ° 0.79  0.1 0.4  0.1 

Stainless steel core width mm 12  1 12  1 

Stainless steel core thickness µm 25  1.5 25  1.5 

Unit length M 655 760a/465b 

Extracted strand Ic degradation  

@12 T and 4.22 K 

% ≤ 5 ≤ 5 

Cold mass     

Type  Two-in-One Single Aperture 

Aperture @room temperature mm 60 150 

Distance between apertures @1.9 K mm 194 n/a 

Number of coil layers  2 2 

Number of turns per layer (inner/outer)  22/34 22/28 

Nominal current @7 TeV kA 11.85 16.23 

Central field @nominal current T 11.23 n/a 

Gradient field @nominal current T/m n/a 132.2 

Conductor peak field @nominal 

current 

T 11.77 11.3 

Effective fraction of short sample  

@1.9 K and nominal currentc 

% 78 74 

Effective temperature margin  

@1.9 K and nominal currentc 

K 4.6 5.3 

Magnetic length @1.9 K M 5.3 7.2a/4.2b 

Stored energy @nominal current MJ/m 0.9 1.15 

Fx/Fy @nominal current  

(per half coil) 

MN/m +3.64/-1.86 +2.41/-3.38 

F,inner/F,outer @nominal current  

(per half coil) 

MN/m -1.26/-1.69 -1.58/-2.14 

Fz @nominal current  

(per aperture) 

MN 0.44 1.15 

Outer shell thickness mm 15 8 

Cold mass outer diameter mm 570 630 

a For MQXFB @CERN. 
b For MQXFA @AUP 
c Based on averaged QC strand data and assuming a 5% cabling degradation. 
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Figure 8: Illustration of collaring process of 5.3-m-long, 60-mm two-in-one-aperture, HL-LHC 11 T dipole 

magnet at CERN. Top left: schematic of full-length collaring cradle. Center: detail of contact areas tooling to 

transfer the press vertical force to the collared-coil assembly. Right: Detail of mechanical stops integrating the 

tooling necessary to push the stainless-steel keys laterally into their keyways. Bottom left: final collared coil 

assembly (Courtesy of J.-L. Rudeiros Ferńandez, formerly CERN, now LBNL, and F. Savary, CERN). 

 

The poles used for coil winding and heat treatment are removable and made from segmented, 

annealed 316LN pieces. They are replaced by annealed Ti6Al4V pieces at the time of coil assembly, 

and, thereby, are not resin-impregnated with the coils. The Ti-alloy pole pieces feature a groove on their 

outer radius to house the so-called collar nose and a shim allowing fine adjustment of the coil stress if 

needed (see Section 4.5.6.1 and Figure 88). 

A key consideration in the design and assembly of cos and cos2 magnets is the need to apply 

an azimuthal and a longitudinal pre-compression to the coils to compensate for the effects of the Lorentz 

forces, which, during energization, tend to squeeze the coils towards their midplane and to stretch them 

outwardly (see Section 4.5.5.5) [75]. 

For the 11 T magnets, the azimuthal pre-compression is provided by mean of a collaring press, 

which applies a vertical force onto the coils and collars assembly. The force is gradually increased until 

the keyways at the midplane of the top and bottom collars are sufficiently open to enable insertion of 

lateral stainless-steel keys (see Figure 8). Upon release of the press force, the collared-coil assembly 

relaxes but the collars remain locked by the keys around the pre-compressed coils. The level of coil pre-

compression can be adjusted thanks to shims of variable thickness at the coil pole and at the bottom of 

the collar nose housing. The collar noses can be equipped with strain gauges to measure the pressure 

exerted on the Ti-alloy pieces and transferred to the coils. 
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Figure 9: Details of longitudinal support and loading of 5.3-m-long, 60-mm two-in-one-aperture, HL-LHC 11 T 

dipole magnet at CERN. Left: stainless-steel end plates featuring 2 x 4 stainless-steel set screws. Top right: view 

of stainless-steel pushers and sector plate.  Bottom right: view of a coil end featuring the extremities of the inner- 

and outer-layer G11 saddles (Courtesy of H. Prin and F. Savary, CERN). 

 

The longitudinal pre-compression is provided by a system that comprises a set of screws, pushers, 

and circular sector plates, all made from stainless steel (see Figure 9). The M24 screws are bolted 

through 75-mm-thick, stainless-steel end plates, which are orbitally welded to the outer shell and provide 

a rigid support. The screws press onto the pushers, which, in turn, press onto the sector plates, which 

are in contact with so-called coil end saddles made up of G11. The pushers’ extremities are cambered 

and coated with silver to reduce friction. They are housed in small cavities machined on the sector plates. 

The pusher cambers can accommodate some misalignment of the coil end saddles. 

There are four bullet screws at both ends of each aperture. They are mounted before end plate 

assembly and torqued to a nominal value of 30 N.m after longitudinal and orbital welding completion. 

The sector plates enable the load to be spread over the G11 end saddles. The pushers can be equipped 

with strain gauges, referred as bullet gauges, to monitor the forces exerted onto the coils. 

1.5.5.2 Issues with Short Magnet Models and First Task Force 

The CERN program started with the manufacture and test of short, single- and two-in-one-aperture 

magnet models and the first two-in-one dipole magnet model, referred to as MBHDP101, made from 

reused and previously tested coils, achieved a current level in excess of ultimate [99]. However, issues 

were encountered circa 2018 with subsequent magnet models (see Figure 10). A first Task Force was 

set up in November 2017, and a crash program was initiated to identify root causes and validate recovery 

actions. The Task Force concluded that the poor performances likely originated from over-squeezing 

the conductors at the coil midplane, in particular, at the time of collaring under the press [100][101]. 

The Task Force recommended implementing recovery measures to limit coil peak stress during 

collaring below 150 MPa. The recommendations were implemented in the next short magnet model 

that was assembled and tested, referred to as MBHSP107. The magnet model exhibited good quench 

performance up to the ultimate current (see top of Figure 11) as well as good endurance when subjected 

to numerous electromagnetic and thermal cycles (see bottom of  Figure 11). 
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Figure 10: initial quench performance of short, 60-mm-single-aperture HL-LHC 11 T MBHSP dipole magnet 

models at CERN (Courtesy of G. Willering, CERN). 

 

MBHSP107 was even used to provide a background field to test superconducting radio frequency 

cavities coated with Nb3Sn and high temperature superconductors (HTS), as  part of a technological 

development for the Relic Axion Detector Exploratory Setup (RADES) at CERN [102]. Another test 

for RADES was carried out in November 2024, which is a good valorization of the Task Force efforts 

and of the good behavior of MBHSP107. 

1.5.5.3 Issues with Full-Length Magnets and Descoping 

In the meantime, a 5.3-m-long 11 T magnet protype, referred to as MBHBP, had been assembled and 

tested in the Summer of 2018. This prototype, which relied on a previous cable layout and whose 

apertures were collared before the establishment of the first Task Force, exhibited a poor quench 

performance: it appeared limited to 10 kA, with most of the limiting quenches located in the ends of 

one coil (coil CR07). 

Looking back at the fabrication records, it was found that a major non-conformity had been raised 

after opening of the heat treatment retort of coil CR07 because severe delamination/displacements had 

been observed in the coil heads (see Section 5.5.5.4 and Figure 132). The delamination/ displacements 

were fixed by manually putting the conductors and end spacers back in place. It is likely that the poor 

performance results from conductor damage that arose during heat treatment (due to thermal expansion 

differentials), or when opening the retort, or even at the time of repair. 
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Figure 11: Test results of short, 60-mm-single-aperture HL-LHC 11 T dipole magnet model MBHSP107, which 

underwent numerous electromagnetic and cooldown cycles without showing signs of degradation. Top: 

performances after the first 5 cooldowns. Bottom: powering cycles over 9 cooldowns (Courtesy of G. Willering, 

CERN). 

 

Nevertheless, the good results of MBHSP107 were encouraging enough to proceed with the series 

production of full-length magnets, which were due for installation during the Long Shutdown 2 (LS2) 

of the LHC starting in December 2018. At first, it was decided to manufacture and test a so-called hybrid 

magnet prototype. This prototype reused the structure of the 5.3-m-long, two-in-one-aperture MBHBP, 

but the collared-coil assembly with coil CR07 was taken out and replaced by a new collared-coil 

assembly, CC01, made from two virgin, series production coils (GE02 and GE03) that were collared 

following the procedure optimized by the Task Force. The qualifier “hybrid” refers to the fact that the 

electrical circuit of the magnet enables powering of each collared-coil assembly independently. 
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Figure 12: quench performance of Aperture 1 of 5.3-m-long, 60-mm-aperture HL-LHC 11 T “hybrid” dipole 

magnet prototype (courtesy of G. Willering, CERN).  

 

In the end, only the new collared-coil assembly, corresponding to Aperture 1, was powered during 

the cold test. As illustrated in Figure 12, upon the first cooldown, Aperture 1 achieved nominal current 

after two quenches and ultimate current after 5 quenches, in line with the performance of MBHSP107. 

However, it exhibited severe detraining after warm-up/cooldown cycle, with erratic behavior and all 

detraining quenches (but one) located in the connection-side end of coil GE02. Upon analysis of the 

warm-up/cooldown procedure it was found that the magnet had been subjected to uncontrolled 

temperature gradients (in excess of 200 K over the magnet length), with the thermal front first hitting 

the connection-side end of the magnet where the detraining quenches originated.  

In LHC operation, warm-up/cooldown of magnet strings are tightly controlled, with temperature 

gradients limited to 50 K between magnets and cooldown rates limited to 10 K/hour. It was concluded 

that the observed performance degradation could have been due to the too brutal cooldown rate. From 

then on, it was decided to impose a limitation of 50 K on the temperature gradient across the length of 

both short and long Nb3Sn magnets tested vertically or horizontally at CERN. 

The new cooldown procedure was successfully applied and validated during the test of the first, 

full-length, two-in-one-aperture 11 T series dipole magnet (referred to as S1), which reached nominal 

current with two training quenches and did not exhibit any retraining after warm-up/cooldown      

(see Figure 13). Note that S1 was the first magnet tested at CERN for which the requirement of achieving 

ultimate current had been removed as explained in Section 1.5.3. However, the test results of all three 

subsequent 11 T series dipole magnets (referred to as S2, S3 and S4) were not satisfactory: they all 

exhibited performance degradation after a sequence of electromagnetic and warm-up/cooldown cycles 

(see Figure 18).  

The poor results of full-length 11 T dipole magnets led to the decision, at the end of 2020, to 

forsake the installation of these magnets during LS2. Since then, additional beam optic analyses and 

data from the ongoing LHC Run 3 have shown that HL-LHC could be operated without the additional 

collimation that was thought to be needed, and which triggered the 11 T magnet development. As a 

result, the 11 T dipole magnets have been descoped from the HL-LHC project. Although the 

unsuccessful 11 T dipole magnet development did not endanger the HL-LHC project, it did raise 

questions about Nb3Sn accelerator magnet technology. 
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Figure 13: Quench performance of 5.3-m-long, 60-mm-two-in-one-aperture HL-LHC 11 T series dipole magnets 

at CERN (courtesy of G. Willering, CERN). 

 

1.5.5.4 Second Task Force and Recovery Plan 

Following the decision of not installing the 11 T magnets during LS2, it was nevertheless decided to set 

up a second Task Force, aimed at relaunching comprehensive root-cause analyses and at developing a 

recovery plan. Although it is unlikely that, even if successful, 11 T magnets would be considered for 

tunnel installation, it was assessed that what could be learned and corrected as part of this effort would 

be valuable for other or future Nb3Sn accelerator magnet projects. 

The details of the analyses and of the recovery plan are presented in Section 4. The methodology 

followed for these analyses and the techniques that were developed for magnet autopsy and post-mortem 

investigations of coils were inspired by the ITER experience described in Section 1.4.2. As expected, 

the analyses on the 11 T proved very useful and served as test beds for the investigations on MQXF 

quadrupole magnets. The 11 T recovery plan, which includes the assembly/re-assembly of one short and 

one long, two-in-one-aperture, dipole magnet model and prototype is still ongoing (albeit at a slow 

pace). The main goal is to assess mitigation measures to resolve several non-conformities that were 

identified in the assembly and mechanical support of the coil ends of the full-length series magnets (see 

Section 4). 

1.5.6 Issues with 7.2-m-Long MQXFB Quadrupole Magnets 

1.5.6.1 Design and Assembly Overview 

The design requirements for the so-called low- or interaction region quadrupole magnets for HL-LHC 

went through several iterations before being finalized in 2012 to the present parameters [90][103]. The 

nominal current is 16.23 kA corresponding to a field gradient and a conductor peak field of 132.2 T/m 

and 11.3 T, respectively; the ultimate current is 17.5 kA, corresponding to a field gradient and a 

conductor peak field of 142.1 T/m and 12.2 T, respectively. The magnets are to be operated at 1.9 K but 

are expected to achieve nominal current at 4.5 K to demonstrate that they have enough operating margin. 

Table 2 summarizes salient magnet design parameters. The MQXF magnets were developed in 

collaboration between CERN and LARP but rely extensively on the LARP experience for many 

technological aspects and for the choice of tooling and manufacturing processes. 
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Figure 14: Cross-sectional view of 150-mm-aperture HL-LHC MQXF quadrupole magnet showing the double-

layer, cos2 coils (red) with separate poles (beige), surrounded by aluminum collar packs (grey), low-carbon steel 

pads and yoke (dark blue), aluminum shrinking cylinders (dark gray) and welded stainless steel outer shell (light 

grey). The original positions of the bladders are shown in green; they are replaced by keys shown in black. 

 

Figure 14 shows a cross-sectional view of the 150-mm-single-aperture MQXF quadrupole 

magnet, featuring from inside out: an assembly of 4 double-layer, cos2 coils with separate poles, 

surrounded by aluminum collar packs, low-carbon steel pads and yoke, precisely machined, aluminum 

7075 T6, shrinking cylinders and a welded stainless-steel outer shell. The coils are wound from slightly 

keystoned, Rutherford-type cables (see Figure 6) [98][104]. The poles are made from segmented, 

annealed Ti6Al4V pieces, which are integrated into the coils and resin impregnated with them.  

The azimuthal pre-compression is provided to the coils by means of bladders, which are inserted 

into the structure between the iron pads and yoke (see Section 5.4). The bladders are inflated in a 

stepwise manner until a large enough clearance is opened between pads and yoke to enable the insertion 

of stainless-steel keys of increasing sizes. Once the final-size keys are in place, the bladders are deflated, 

and the structure remains pre-loaded. To facilitate the process, bladders and keys are half the length of 

the magnet and are inserted from both sides. 

As detailed in Ref. [81], each side of the two HL-LHC interaction regions calls for a total of four 

cryomagnets: 1 x Q1, integrating two MQXFA quadrupole magnets, 2 x Q2, each integrating one 

MQXFB quadrupole magnet and one MCBXFB nested dipole magnet corrector, and 1 x Q3, integrating 

two other MQXFA quadrupole magnets. All Q1, Q2, and Q3 cryomagnet assemblies will eventually be 

cold tested, but to enable shorter feedback times, AUP decided to cold test all MQXFA magnets in 

vertical configuration at BNL, prior to outer shell welding. At CERN, the longer magnet length does 

not permit vertical testing. It was decided, at least for the prototypes, to cold test MQXFB magnets in a 

test cold mass and cryostat configuration, with a welded outer shell but without MCBXFB correctors. 
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Figure 15: Initial quench performance of short HL-LHC MQXFS quadrupole magnet models at 1.9 K (Courtesy 

of F. Mangiarotti, CERN). 

 

1.5.6.2 Short Quadrupole Magnet Models 

As in the case of the 11 T dipole magnets, a comprehensive short magnet model program was carried 

out, which enabled optimization of critical design parameters and demonstrated the feasibility of 

achieving nominal current [105] [106] and, even well beyond ultimate current [107], with a limited 

number of training quenches at 1.9 K (see Figure 15). 

1.5.6.3 LARP/AUP 4.2-m-Long MQXFA Quadrupole Magnets 

US LARP was the first to manufacture and test long HL-LHC quadrupole magnets (4.2 m in their case) 

of the final design. The magnets were tested vertically at BNL prior to welding of the outer stainless-

steel shell. The first two prototypes, referred to as MQXFAP1 and MQXFAP2, gave mixed results, but 

the origins of the problems were readily identified: electrical short from coil to ground in the case of 

MQXFAP1, failure of an aluminum-alloy shrinking cylinder due to sharp edge machining for 

MQXFAP2 [108].  

Lessons learned from the prototypes were applied to the next two pre-series magnets, referred to 

as MQXFA03 and MQXFA04, which met HL-LHC project requirements [109][110]. Since then, the 

series production of MQXFA magnets has been proceeding, with a few setbacks, for which corrective 

actions were derived and implemented [111]. 
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Figure 16: Quench performance of 7.2-m-long, 150-mm-single-aperture HL-LHC MQXFBP1 and MQXFBP2 

quadrupole magnet prototypes at CERN in a test cold mass configuration and test cryostat (Courtesy of 

F. Mangiarotti, CERN). 

 

In addition, AUP has completed in 2023 the first Q1/Q3 cryomagnet assembly, made up of the 

two pre-series magnets MQXFA3 and MQXFA4 magnets, with a welded outer stainless-steel shell and 

mounted inside a cryostat. The cryomagnet was cold tested horizontally at FNAL and demonstrated 

good performances at both 1.9 and 4.5 K, with only two high current level quenches, possibly due to 

issues with helium level control in the test facility [112]. The cyromagnet was shipped to CERN at the 

end of 2023 where it was retested in the Spring of 2024. 

1.5.6.4 CERN 7.2-m-Long MQXFB Quadrupole Magnets 

The first 7.2-m-long MQXFBP1 quadrupole magnet prototype manufactured at CERN was tested in 

2021, and the second, MQXFBP2, in 2022. Both prototypes exhibited a performance limitation below 

the nominal current (see Figure 16), with a very similar phenomenology [113]: reproducible quenches 

at reproducible locations (towards the longitudinal center of one of the coils), and with a decrease of 

quench level between 1.9 K and 4.5 K in accordance with the expected scaling law of Nb3Sn conductor 

critical current versus temperature. These disappointing results prompted a pause of MQXFB production 

at CERN and triggered a comprehensive root cause analysis aimed at identifying the origin(s) of the 

limitation and possible corrective actions.  

Unlike in the case of the 11 T dipole magnet program, the performance limitation of the MQXFB 

prototypes was a serious issue for the HL-LHC project, as these magnets are at the core of the luminosity 

upgrade, which cannot be done without them. This generated a situation similar to the one encountered 

at ITER, nearly a decade before, with the SULTAN test results of the first two CS conductor samples 

(see Section 1.4.2). As in the case of ITER, the problem compounded technical, human, and 

management factors, and the ITER and 11 T experience were very useful in developing a suitable 

methodology to cope with it. The details of the efforts carried out to resolve this problem are presented 

in Section 5. 



23 
 

1.6 European Efforts on Nb3Sn Accelerator Magnet Development and Retest of MSUT 

1.6.1 Brief History 

As mentioned, the setbacks in the 11 T and MQXFB programs raised some alarms regarding the viability 

of the Nb3Sn technology for accelerator magnet applications. The design and assembly of HL-LHC 

Nb3Sn magnets relied extensively on the experience and developments carried out in the USA. Although 

they were much more limited in scope, a few pioneer Nb3Sn accelerator magnet programs were also 

carried out in Europe (surprisingly, the authors of [91] do not refer to any of these efforts).  

The EU programs included: 

– a short quadrupole magnet model, which was the first application of the wind-and-react process 

at CERN in the early 1980s [114]; 

– short dipole magnet models for LHC, designed, built and tested by a collaboration between CERN 

and Elin GmbH, Germany, in the late 1980s [115][116]; 

– a 1-m-long, 50-mm-single-aperture dipole magnet model, referred to as MSUT, was designed, 

built and tested by a collaboration between Twente University, the Netherlands and CERN in the 

mid-1990s [10][11][12][13]; 

– a short quadrupole magnet model relying on the same coil geometry as the LHC arc quadrupole 

magnets designed and built by the French Alternative Energies and Atomic Commission (CEA) 

at Paris-Saclay, France, in the 2000s [117][118][119]; 

– the Joint Research Activity for the Next European Dipole (NED) introduced in Section 1.1 and 

which was initiated in 2004 [7][120][121][122]. 

As part of the NED efforts, RAL, who was one of the collaborators, unearthed the concept of 

helical dipoles [123]. This design, initially proposed in 1970 at the University of Michigan, in Ann 

Arbor [124], has, since then, steered a lot of interest. It is now better known under the more fashionable 

name of Canted Cosine Theta (CCT) magnet design [125]. 

The CARE Integrated Activity was eventually followed by the European Coordination for 

Accelerator Research and Development (EuCARD) Integrated Activity and NED evolved into 

FRESCA2. FRESCA2 is a 1.5-m-long, 100-mm-aperture dipole magnet model designed and built by a 

collaboration between CERN and CEA/Paris-Saclay, to be used as a background field magnet for an 

upgrade of the CERN cable test facility.  

The design of FRESCA2 started in 2009 [126]. It relies on a so-called block-coil layout, with each 

pole made of two, double-pancake, racetrack-type coils, with flared ends. The coils are wound from 

rectangular cables made of 40 strands, with a diameter of 1 mm and a Cu-to-non-Cu ratio of 1.25. Two 

types of strands are used: PIT and RRP® 132/169. Coil winding was carried out at CEA/Paris-

Saclay [127][128], while all other activities were carried out at CERN. The magnet was assembled first 

in the fall of 2016 [129] and cold tested in February 2017. It was subsequently disassembled to replace 

one coil [130][131], and the second assembly, referred to as FRESCA2b, was tested in August 2017 

[132]. It was disassembled and reassembled again, and the final assembly, referred to as FRESCA2c, 

achieved in the Summer of 2018 a record dipole field of 14.6 T at 1.9 K The magnet has now been 

installed in a dedicated cryostat and the cryogenic commissioning of the FRESCA2 cable test facility 

has started in the 4th quarter of 2024. 
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Figure 17: Cross-sectional views of 50-mm-aperture MSUT dipole magnet designs. Left: single-aperture design 

used for the short magnet model. Right: proposed two-in-one-aperture design. 1: stainless-steel outer cylinder; 

2: low-carbon-steel yoke; 3: stainless steel yoke insert; 4: aluminum-alloy ring collars; 5: stainless steel pole insert; 

6: conductor blocks; 7: copper wedges; 8: aluminum clamps (Courtesy of A. den Ouden, formerly CERN and 

H.J. ten Kate, formerly CERN [10][13]). 

 

1.6.2 Retest of MSUT 

The most relevant program for HL-LHC is the MSUT magnet model, which relies on a 2-layer, cos 

design  aimed at a central field of 11.5 T at 4.5 K, and incorporates a number of specific features suitable 

to accelerator magnets [10][11]. The left part of Figure 17 shows a cross-sectional view of the single-

aperture model magnet, while the right part illustrates how it could be scaled up to a two-in-one-aperture 

design. 

As mentioned in Section 1.1, the magnet was first tested in 1995 and retested in 1997, both times 

at 4.5 K (see Figure 18). After first cooldown in 1995, the magnet achieved 18.7 kA, corresponding to 

a central dipole field of 11.03 T, on its first ramp to quench [12]. After the second cooldown in 1997, 

the magnet achieved a maximum current of 19.1 kA, corresponding to a central dipole field of 11.27 T, 

in a few training steps [13]. After the tests, the magnet was left in storage at CERN without any particular 

precaution. 

Given the parameters and good initial performances of MSUT, it was thought interesting, in 2021, 

at the time of the 11 T and MQXFB turmoil, to retest it and assess its endurance and repeatability after 

24 years. It was also decided, after a retest at 4.5 K, to cool it down to 1.9 K. The retest results are shown 

in Figure 18 [14]. The magnet model restored its previous performance at 4.5 K on the first ramp without 

any retraining, achieving a quench current of 19.1 kA. When cooled down to 1.9 K, the magnet had one 

training quench, at a current of 19.57 kA, and then reached the 20-kA limit of the power converter, 

corresponding to a central dipole field of 11.76 T, without quenching.  

These results are quite remarkable and provided reassurance that a Nb3Sn magnet model designed 

and manufactured in Europe in the mid-1990s could achieve central dipole fields in the 11‒11.5 T range 

and exhibit excellent durability over nearly two decades and half. 
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Figure 18: Quench Performance of 1-m-long, 50-mm-aperture, Nb3Sn dipole magnet model MSUT (Courtesy of 

G. Willering, CERN, A. den Ouden, formerly Twente University and H.J. ten Kate, formerly CERN [14]). 

 

1.7 Goal of this Report 

The goal of this report is to relate the actions that were undertaken at CERN in the past few years to 

improve instrumentation and diagnostics of Nb3Sn accelerator magnets, to refine post-mortem 

examinations of Nb3Sn conductors and coils, to identify possible root causes for the performance 

limitation/degradation of HL-LHC Nb3Sn magnets, and to systematically address each of the root causes 

through recovery actions.  

At the end of the process, a full-size quadrupole magnet, MQXFB03, which was manufactured 

and tested in Summer/Fall 2023, and which integrated all agreed recovery actions, was successful and 

demonstrated that the main root cause of the performance limitation had been cured. These results 

confirmed, alongside the results of AUP, that Nb3Sn accelerator magnet technology can be made to 

work, and production is now ongoing on both sides of the Atlantic for the small series of MQXFA and 

MQXFB magnets needed for HL-LHC. 
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2 Improved Diagnostics, Electrical Test Requirements and Ancillaries for Nb3Sn 

Accelerator Magnets 

2.1 Quench Performance Phenomenology 

2.1.1 Performance Limitation (MQXFB) 

The first two full-length MQXFB magnet prototypes exhibited what we refer to as performance 

limitation. Such behavior is characterized by the fact that, after the first cooldown, the magnet reaches 

a stable quench plateau that is below the target current (see Figure 16). Other features include: 

– reproducible localization of plateau quenches at both 1.9 K and 4.5 K (in the inner-layer pole turn 

of one specific coil, towards its longitudinal center); 

– proper scaling of the plateau current between 1.9 K and 4.5 K (see Figure 19); 

– more or less monotonic decrease of quench current as a function of ramp rate (see Figure 20); 

– reproducible quench behavior after warm-up/cooldown cycles. 

 

 
Figure 19: Quench plateau current versus temperature measured on 7.2-m-long HL-LHC quadrupole magnet 

prototypes; scaling is in-line with the expected critical current vs. temperature curve of Nb3Sn conductor (Courtesy 

of F. Mangiarotti, CERN).  

 
Figure 20: Ramp rate behavior of 7.2-m-long HL-LHC quadrupole magnet prototypes at 4.5 K exhibiting a more 

or less monotonic behavior (Courtesy of F. Mangiarotti, CERN). 
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Figure 21: Quench-start localizations assessed on 5.3-m-long, series production, HL-LHC 11 T dipole magnet 

S4, showing the impact of the type of current ramps (Courtesy of G. Willering, CERN). 

  
Figure 22: Ramp rate sensitivity of 5.3-m-long, series production, HL-LHC 11 T dipole magnet S4 showing a 

non-monotonic behavior (Courtesy of G. Willering, CERN). 

 

2.1.2 Performance Degradation (11 T) 

The full-length, series production, 11 T dipole magnets exhibited what we shall refer to as performance 

degradation. In this case, most magnets achieve target current after the first cooldown, but the quench 

performance subsequently degrades after a sequence of electromagnetic and warm-up/cooldown cycles 

and become somewhat erratic (see Figure 13). Other features include: 

– quench localization mostly in coil heads and affected by the type of current ramps (see             

Figure 21); 

– quench performance not scaling with temperature; 

– quench performance exhibiting an erratic behavior as a function of ramp rate (see Figure 22); 

– quench performance strongly affected by warm up/cooldown cycles. 
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Figure 23: V-I measurements carried out across the midplane turn of coil SD121 at various stages of the testing 

of short, 60-mm-single-aperture HL-LHC 11 T dipole magnet model MBHSP107 starting from its third cooldown 

(all measurements at 4.5 K; courtesy of G. Willering, CERN). 

 

2.2 Improved Diagnostics 

2.2.1 V-I Measurements on Magnets 

Voltage versus current measurements (or V-I measurements) are usually carried out on wire or conductor 

samples as a function of field, temperature and, eventually, strain to determine the critical current and 

resistive transition index (n-value) scaling laws [1]. The measurements become more complex for large-

size CICCs and call for specific care in sample preparation and instrumentation (e.g., implementation 

of crown arrays of voltage taps [15]). Voltage measurements across full or sections of magnet coils are 

usually too noisy or are not recorded with enough resolution to capture the initial voltage rise preceding 

a quench. 

Starting from 2018, during the later part of the 11 T short and series magnet programs, CERN 

has been able to carry out sensitive voltage measurements during magnet testing, permitting the 

detection of early resistive transitions, and the monitoring of their evolution as a function of 

electromagnetic and thermal cycling [99]. The technique was subsequently applied to short 

MQXFS [107] and long MQXFB [113] quadrupole magnets at CERN. Note that the measurements are 

more sensitive at 4.5 K than at 1.9 K.  

Figure 23 shows V-I measurements carried out across the straight section of the midplane turn of 

coil SD121 used to manufacture the short, 60-mm-single-aperture HL-LHC 11 T dipole magnet model 

MBHSP107. The measurements were initiated after the third cooldown. The curves clearly show the 

start of a resistive transition, but it remains very stable throughout subsequent electromagnetic and 

thermal cycling, which is consistent with the reproducible performance of MBHSP107 featured in 

Figure 11. 
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Figure 24: V-I measurements carried out across the midplane turns of coils SD119 and SD123 at various stages 

of the testing of short, 60-mm-single-aperture HL-LHC 11 T dipole magnet model MBHSP109, showing evidence 

of degradation as a function of warm-up/cooldown cycles (all measurements at 4.5 K; courtesy of G. Willering, 

CERN). 

 

On the contrary, Figure 24 illustrates the case of the short 11 T dipole magnet model MBHSP109, 

where the voltages measured across the midplane turns of the inner layers of the top and bottom coils 

exhibit a progressive degradation as a function of warm-up/cooldown. This degradation is consistent 

with the observed quench performance degradation (see details in Section 4.2.6 and Figure 71). A further 

degradation was observed when carrying out midplane quenches with hot spot temperatures above 

300 K. 

The two examples presented above illustrate the benefit that can be derived from V-I 

measurements on coils (or coil sections if equipped with voltage taps, which, of course, provide a higher 

resolution), to better assess or confirm magnet performance. It is now a routine procedure on all magnets 

tested at CERN. These measurements are usually carried out during a dedicated staircase current ramp 

at 4.5 K.  

While on the flats of the current stairs, the observed voltage can exhibit some decay with time 

(see Figure 25). This decay is attributed to current redistributions among Rutherford-type cable strands 

likely caused by the presence of local defects [133][134]. The complex electrodynamical effects of 

interstrand current redistribution have been known and studied for many years in Nb–Ti 

cables [135][136] and are influenced by a wide range of parameters [137]. They have been revisited in 

recent years to analyze the impact of local defects in Nb3Sn cables [138][139]  However, let us not forget 

that these phenomena are a consequence of the defects and not the root cause of the performance 

degradation. They need to be understood and properly taken into consideration to accurately determine 

the defects’ localization, which may differ from the quench-start localization, assessed from the quench 

antenna, and from the actual quench origin, as the latter two can be affected by the type of current ramp 

and the ensuing current redistribution.  
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Figure 25: V-I measurements carried out during a staircase current ramp across the upper coil of Aperture 1 of 

5.3-m-long, 60-mm-two-in-one-aperture HL-LHC 11 T series dipole magnet S3, showing evidence of voltage 

decay on current flattops (Courtesy of G. Willering, CERN). 

 

2.2.2 Trim Powering 

When testing an accelerator magnet made from several coils whose quench performance is limited 

below nominal current, it is often the case that all limiting quenches originate in one, and only one coil. 

Then, the question arises: what are the performances of other coils, and are they also limited? 

The active quench protection scheme of MQXF magnets includes traditional quench protection 

heaters, mounted on the outer surface of the coils, like those used in LHC Nb‒Ti magnets [140][141]. 

It also includes the so-called Coupling-Loss Induced Quench (CLIQ) system. CLIQ relies on a 

capacitive discharge to inject AC current into the middle of the series-connected coil circuit, thereby 

inducing a fast oscillation in transport current and field, resulting in high inter-filament coupling losses, 

which, in turn, generate heat directly inside the cables and accelerate quench development [142] (high 

interstrand coupling losses are also produced when the Rutherford-cable does not integrate a stainless-

steel core). CLIQ was first demonstrated on a 120-mm-aperture, Nb–Ti quadrupole magnet that was 

developed in an initial phase as a potential candidate for the HL-LHC upgrade [143]; it was subsequently 

validated on short MQXFS magnet models [144] and on a long MQXFA magnet prototype [145]. It is 

now part of the baseline protection scheme for MQXFA and MQXFB magnets. 

The implementation of CLIQ requires the installation of two dedicated leads per magnet (blue 

circuit in Figure 26). For model magnets and full-length test assemblies, the leads were made of a small, 

rectangular Nb–Ti cable, while for series production, they are made of copper and can carry a peak 

current of 3 kA. Following the test of MQXFBP1, it was proposed to use such leads to inject a negative, 

trim, DC current into the limiting coil(s) and probe the performances of other coil(s) at higher current 

(red circuit in Figure 26). In the present setup, the peak current in the trim leads is limited to 1.5 kA. 

The trim powering scheme was first validated on a short quadrupole magnet model (MQXFS7) 

before being applied to full-length prototype MQXFBP2 [113]. The results of the MQXFBP2 tests are 

summarized in Figure 27. It appears that, in addition to coil P1, which was the limiting coil during 

normal operation, two out of the three remaining coils (P2 and P3) also exhibit performance limitation 

during trim powering, with similar quench localizations to that of the limiting quenches of P1 (inner-

layer pole turn, straight section, towards coil mechanical center).  
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Figure 26: Electrical circuit for testing of 7.2-m-long HL-LHC MQXFBP2 quadrupole magnet prototype at 

CERN. P1 through P4 designates the four series-connected coils of the magnet assembly; PC indicates the DC 

power converter; black elements show the standard powering scheme; blue elements correspond to the CLIQ 

system; red elements show the additional circuit for trimmed powering of coil P1; the blue and red circuits were 

not connected simultaneously (Courtesy of F. Mangiarotti, CERN [113]). 

 

 

 
Figure 27: Summary of trim powering test results for 7.2-m-long HL-LHC MQXFBP2 quadrupole magnet 

prototype at CERN (in a temporary test cryostat). Top: quench current as a function of trim current for various 

ramp rates and test temperatures; middle: quench localization in 2D cross-section; bottom: quench localization 

along magnet length (Courtesy of F. Mangiarotti, CERN). 
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The above results provide an important information: the problem we are dealing with is not due 

to a singularity in one coil but has been observed on at least four coils (one in MQXFBP1 and three in 

MQXFBP2), with similar symptoms. Therefore, it seems systematic. As we will see in Section 5, the 

root cause of the limitation can be traced back to an issue related to coil manufacturing, which can be 

expected to happen in all coils produced with the same process. 

2.2.3 3-D Quench Antenna 

The idea of using an array of stationary pick-up coils to detect field perturbations caused by the 

occurrence of a quench and, thereby, to derive its spatial localization was first proposed and successfully 

demonstrated at CERN on a short LHC dipole magnet model in the early 1990s [146]. 

The quench antenna concept was readily adopted by the Superconducting Super Collider 

Laboratory (SSCL), located in Dallas, TX [147], which, instead of simple radial or tangential coils, 

proposed to rely on Morgan coils [148], which are sensitive to multipole components of the main field 

(e.g., normal and skew quadrupole and sextupole components in the case of a dipole magnet). Indeed, 

to extract the signals relevant to quench initiation and localization, one needs to eliminate (in the jargon 

of magnetic measurements: to buck out) the field distortions caused by environmental noise or ripples 

of the magnet power supply. In a system with radial or tangential coils, this is done by subtracting the 

signals from two coils of the same geometry, which, in normal conditions, are expected to pick-up the 

same fluxes and flux changes (e.g., two longitudinally adjacent coils in the magnet straight section). 

However, such coils are never identical, and the bucking cannot be perfect. When relying on Morgan 

coils and looking at multipole components of the main field, the noise effects are already strongly 

attenuated, giving direct access to quench-relevant information.  

The aforementioned design was first validated on 50-mm-aperture, 15-m-long SSC dipole magnet 

prototypes [147] and was then adapted to quadrupole magnets for the Relativistic Heavy Ion Collider 

(RHIC) at BNL [149]. For a quadrupole magnet, the preferred geometry are coils sensitive to the 

sextupole and octupole field components. A similar design was later used for an LHC arc quadrupole 

magnet prototype built and tested at CEA/Saclay [150]. 

In the early 2010s, FNAL promoted the use of Printed Circuit Boards (PCBs) to replace the hand-

wound coils that were used at the time for magnetic measurement probes, offering a significant 

simplification in manufacturing while still achieving the required tolerances for precise field 

measurements [151]. This technique was also applied for the quench antenna array that was developed 

by FNAL for MQXFA quadrupole magnets tested vertically at BNL [152]. PCBs offer a large freedom 

on how to design the coils and buck out the noise from the main components, but the coils still need to 

be segmented in the axial direction to achieve a good longitudinal quench localization. 

In 2021, the need to derive accurate quench-start localization in MQXFB magnets offered CERN 

the opportunity to develop a quench antenna system based on a similar concept. The choice was made 

to rely on coils sensitive to normal and skew sextupole and octupole components. As illustrated in  

Figure 28, the CERN system comprises a chain of 600-mm-long elements that are inserted into an 

anticroystat mounted in the bore of the magnet on its horizontal test bench. Each element is made up of 

a four-layer flexible PCB, wrapped around a G10 shaft. Efforts were also made to improve the signal-

to-noise ratio of the amplifier cards used for data acquisition, enabling a gain of a factor 10. The new 

antenna system was first tried on 7.2-m-long MQXFBP3 quadrupole magnet prototype and yielded good 

results on the azimuthal localization, confirming that the limiting quenches at 4.5 K were originating in 

the inner-layer pole turn of one coil. 
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Figure 28: Quench antenna system developed for horizontal testing of 7.3-m-long HL-LHC MQXFB quadrupole 

magnets at CERN. Top Left and Center: layout of coils sensitive to normal and skew sextupole and octupole field 

components. Top Right: top view of PCB. Middle Left and Center: views of PCB coils before and after wrapping 

around shaft. Middle right: view of quench antenna inserted into the anticryostat mounted in magnet bore. Bottom: 

schematic the of quench-antenna array in longitudinal direction (Courtesy of L. Fiscarelli and P. Rogacki, CERN). 

 

 
Figure 29: Conceptual design of quench antenna with a two-layer PCB with helically twisted coils wrapped on 

top of regular four-layer PCB with straight coils (Courtesy of L. Fiscarelli and P. Rogacki, CERN). 
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Figure 30: Results from quench antenna system with additional 2-layer PCB with helically twisted coils during 

the test of the 1st HL-LHC Q2 assembly at CERN, integrating the MQXFBP3 cold mass. Top left: azimuthal 

localization in 2D cross-section. Top right: signals from straight coils compared with signals from twisted coils. 

Bottom: longitudinal localization (Courtesy of L. Fiscarelli and P. Rogacki, CERN). 

 

A subsequent innovation was introduced in 2023 to improve the longitudinal localization within 

the coil array of each quench antenna element. The idea was, on top of the regular 4-layer PCB with 

straight coils, to integrate another PCB with two helically twisted coils with a well-defined twist angle 

(see Figure 29). Then, by comparing the phase shift between the voltage signals recorded from the 

straight and twisted coils, it is possible to extract a more precise information on the longitudinal 

localization. This innovation was validated during the test of the first HL-LHC Q2 assembly at CERN, 

which included the MQXFBP3 cold mass that had been previously tested in a temporary configuration 

(see Figure 30). The data from the twisted coils confirmed the localization towards the longitudinal 

center of the magnet with an accuracy of  1 cm. The system can also be used to observe the 

development and propagation of flux jumps during current ramps [153]. 

Having an accurate estimate of the quench-start localization, both azimuthally and longitudinally, 

is instrumental for root-cause analyses, in particular, to determine the volumes of interest to be subjected 

to postmortem examinations (see Section 3.3). Also, in the model and prototype phases of a magnet 

development program, the magnet coils are usually instrumented with numerous voltage taps, but the 

number of taps is greatly reduced in series magnets. Then, quench antenna systems like the ones 

described above are the only available tools enabling non-intrusive quench start analysis. 

So far, the quench antenna concept has mainly been used for cos and cos2  magnets and for 

Canted-Cosine-Theta (CCT) dipole magnets [154]. It can also be applied to other types of magnet 

configurations, such as block-coil or common-coil magnets, and possibly, to iron-dominated (so called 

superferric) magnets as well. Of course, the type, shape and position of the pick-up coils need to be 

customized and may require integration into the magnet structure. However, the use of PCBs makes 

them cost effective and their implementation into a magnet’s structure is not expected to be more 

difficult than that of quench protection heaters. 
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2.3 Electrical Tests and Ancillaries 

2.3.1 Introduction 

2.3.1.1 Electrical Design Considerations 

Accelerator magnets are usually mounted in a string of magnets that are connected electrically in 

series [75]. In case of a quench in one of the magnets, significant voltages may develop in the circuit 

and thereby, each individual magnet should be designed, qualified and tested to ensure it can withstand 

such voltages with enough safety margin. 

Good engineering practice calls for designing electrical components according to the voltages 

they are expected to withstand during operation [155]. Magnet insulation should be designed according 

to the worst conditions that can be encountered, with suitable margins, and electrical test requirements 

should be defined accordingly. Of course, electrical tests should be carried out at the various stages of 

the magnet life cycle, to detect, and possibly correct, issues during manufacturing and assembly, and to 

monitor the evolution of the magnet insulation during operation and, eventually, identify early signs of 

degradation. On the other hand, the test requirements should be based on realistic scenarios to avoid 

excessive and repeated overstress of the insulation. Defining pragmatic testing conditions is key to the 

process and requires the understanding of both the design of components and of their operational 

aspects. 

Usually, insulation materials used in superconducting magnets operated at cryogenic conditions 

display high dielectric strength, e.g., polyimides can sustain voltages in excess of 200 kV/mm at both 

room and liquid nitrogen temperatures [156]. Liquid helium has also a high voltage breakdown: 40-

50 kV/mm at 4.2 K and 1 bar [157]. However, as any other liquid dielectric, the voltage withstand is 

highly affected by the formation of bubbles and the presence of gaseous phases. This requires a very 

cautious approach and the consideration of the so-called Paschen law. 

2.3.1.2 Breakdown Voltage and Paschen Law 

For an ideal gas at a pressure, P, and temperature, T, the breakdown voltage, VB, between two surfaces 

separated by a distance, d, can be expressed as [158][159][160] 

 𝑉B =
𝐵𝑃𝑑

ln[𝐴𝑃𝑑 ]−ln[ln(1+
1


)]

   ,  (1) 

where A and B are two parameters related to the first Townsend coefficient, , which characterizes the 

ionization rate of the gas, and  is the second Townsend coefficient, which characterizes the secondary 

electron emission rate of the cathode. Equation (1) is referred to as Paschen Law, and is named after 

W. Paschen, who was first to study this phenomenon in the late 1800s [161].  

Taking the derivative of the function VB = f(Pd) in Eq. (1) shows that it goes through a minimum 

for (Pd)min given by 

 (𝑃𝑑)min =
e

𝐴 
ln (1 +

1


)   . (2) 

The value of this minimum, VB,min, is 

 𝑉B,min =
𝐵 e

𝐴
ln (1 +

1


)   .  (3) 

Equation (3) shows that, for a given gas and cathode, VB,min is constant. It is referred to as the 

minimum Pashen breakdown voltage. 
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Table 3: Minimum Paschen breakdown voltages and corresponding (pressure x electrode gap) 

parameters for selected gases at room temperature (293 K). 

Gas Minimum Paschen 

Breakdown Voltage 

VB,min (V) 

Pressure x Electrode 

Gap @Minimum 

(Pd)min (mbar.mm) 

Reference 

Air 330 9 Fit of measured data in Fig. 31a 

Argon 165 20 [155] 

Helium 150 60 Fit of measured data in Fig. 31a 

Neon 245 53 [158] 

Nitrogen 275 10 Fit of measured data in Fig. 31a 

 a In agreement with values provided in Refs. [155] and [158]. 

 

Combining Eqs. (1), (2) and (3) yield 

 𝑉B =

𝑃𝑑

(𝑃𝑑)min

1+ln[
𝑃𝑑

(𝑃𝑑)min
]

𝑉B,min   ,  (4) 

which provides a simple formulation of the Pashen law as a function of the (Pd)min and VB,min parameters. 

Table 3 presents typical values of (Pd)min and VB,min for selected gases at room temperate while 

Figure 31 presents plots of VB versus (Pd) for air, helium and nitrogen gas, also at room temperature. 

The measured data for air come from [162], those for helium, from [163] and those for nitrogen 

from [164]. The fits are computed using Eq. (4) and the parameter values from Table 3. 

 

 
Figure 31: Breakdown voltage as a function of (pressure x electrode gap) for selected gases at room temperature. 

The points correspond to measurements from the literature, while the dashed lines correspond to fits derived from 

Eq. (4) and the parameters of Table 3 (Measurements points are courtesy of D. Polvani and R. Piccin, CERN). 
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There are deviations between measured data points and fits (in particular, the computed values 

tend to be overestimated with respect to the measurements), but the general trends are more or less 

correct. More accurate data fits can be derived for practical applications with the caveat that they rely 

on parameters with no direct physical meaning. The curves of Figure 31 are referred to as Paschen 

curves. The Paschen curves of air and nitrogen gas are very similar, while that of helium gas is 

significantly lower. 

The first and second Towsend coefficients can be theoretically derived. In the case of an ideal 

gas,  can be expressed as [159] 

  = 𝐴𝑃exp [−
𝐵𝑃𝑑

𝑉
]   ,  (5) 

where V is the voltage, and the A and B parameters are the same as those in Eq. (1) and are inversely 

proportional to the gas temperature. 

Let A0 and B0 designate the value of A and B at a temperature T0. Then, at a temperature, T, we 

can write [160] 

 𝐴(𝑇) = 𝐴0
𝑇0

𝑇
   , (6a) 

and 

 𝐵(𝑇) = 𝐵0
𝑇0

𝑇
   .  (6b) 

The expression of  is not as straightforward. It depends on the cathode’s material and on the 

sheath of adsorbed gas on its surface. It is higher for dielectric materials than for metals and is not 

strongly affected by temperature [165]. For our type of applications, it is usually assumed to be constant. 

Let 0 designate the value of  at T0. Combining Eqs. (2), (3), (6a) and (b), shows that (Pd)min and 

VB,min at T can be expressed as a function of (Pd)min,0 and VB,min,0 at T0 

 (𝑃𝑑)min = (𝑃𝑑)min,0
𝑇

𝑇0
   , (7) 

and 

 𝑉B,min = 𝑉B,min,0   , (8) 

Equation (8) shows the minimum Paschen breakdown voltage of a gas does not depend on 

temperature while Eq.(7) shows that the main effect of the temperature on the Paschen curve is a 

displacement of its minimum. 

Figure 32 displays the Paschen curves of helium computed at different temperatures using 

Eqs. (4), (7) and (8), and the values of (Pd)min,0 and VB,min,0 at room temperature given in Table 3. For 

(Pd) values above 0.1 bar.mm, the helium breakdown voltage appears to increase as a function of 

temperature, but still remains below that of air at room temperature.  

When developing the high voltage test requirements for HL-LHC Nb3Sn magnets, it was decided 

to consider a gap of 0.5 mm as representative of the turn-to-turn, layer-to-layer and turn-to-quench-

heater distances [166]. The green vertical line in Figure 32 illustrates the breakdown voltages 

corresponding to a pressure of 1 bar and a gap of 0.5 mm and can help getting a feel for the voltage 

withstand requirements that will be described in Section 2.3.2. 
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Figure 32: Computed breakdown voltage as a function of (pressure x electrode gap) parameter for air at room 

temperature and helium at different temperatures.  The computation is carried out using Eqs. (4), (7) and (8), and 

the values of (Pd)min,0 and VB,min,0 at room temperature given in Table 3. 

 

2.3.1.3 Electrical Design and Test Issues for Nb3Sn HL-LHC Magnets 

Given the above considerations, for a superconducting magnet, the most severe condition regarding 

voltage withstands, occurs during a quench, when significant voltages are generated in the coils, and the 

heat generated during the event causes a temperature increase of the surrounding helium. 

In the case of resin-impregnated magnets like those for HL-LHC, and as discussed in Section 3.5, 

the problem is further complicated by the fact that thermal contraction differentials result in resin cracks 

and delamination, which open creep paths where superfluid helium can penetrate. The presence of 

superfluid helium within a resin-impregnated coil sample was first observed during measurements 

carried out on a conductor block extracted from a short 11 T dipole magnet coil to assess its transient 

heat transfer characteristics [167]. This entrapped helium improves cooling. However, in case of a 

quench, gas helium bubbles and, eventually, warm helium gas pockets are generated. The dimension of 

these pockets and the local helium pressure are difficult to assess but may lead to internal voltage 

breakdowns. Furthermore, the pressure rise can enlarge the cracks and result in additional degradation. 

Last but not least, once a resin-impregnated coil has been exposed to liquid or superfluid helium, 

and it is warmed up to room temperature and reopened to air, the gaseous helium that is entrapped in 

the resin cracks and delamination, may stay entrapped. As a result, the voltage breakdown characteristics 

of the coil at this stage may end up being determined by the entrapped helium and not by the surrounding 

air. 

The HL-LHC development magnet programs for the 11 T dipole magnets at CERN, and the 

MQXF quadrupole magnets at LARP/AUP and at CERN have all experienced serious electrical issues, 

which have required dedicated root-cause analyses. We will not go into the details of all the problems 

that were encountered and of the recovery/preventive actions that were developed to address them, but 

we will focus on some key aspects that may be of some use for other projects. 
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Our selection of topics include: 

– the methodology that was followed to establish the electrical test requirements; 

– the measurement techniques that are employed for quality control measurements; 

– the improvements that were made to enhance quench heater robustness. 

Let us stress that electrical withstand levels must be considered from the design phase of a 

superconducting magnet or of a superconducting system and that it should be treated with the same level 

of priority as mechanical design, quench protection and field quality (which is rarely the case). 

2.3.2 Electrical Test Requirements 

2.3.2.1 Metallic Components and Insulation Classification 

The metallic parts used in superconducting accelerator magnets can be classified into 3 main categories: 

– active parts, which are connected to two different electrical circuits: the coil circuit, made up of 

the coil windings and of the busbars/current leads and the voltage taps electrically connected to 

them, and the quench protection heater circuit, made up of the metallic traces of the quench 

heaters and of the current leads supplying them; quench protection heaters are described in detail 

in Section 2.3.4, they are mounted on top of the coils but positioned underneath the ground 

insulation; 

– floating parts, which are metallic components within the ground insulation envelope, and which 

are usually left electrically floating, e.g., for 11 T dipole magnets: copper wedges, Ti-alloy pole 

pieces, stainless-steel loading plates, stainless-steel winding keys and end spacers; the situation 

is more complex for MQXFA&B where the Ti-alloy pole pieces are impregnated with the coils; 

– external parts, which are metallic components outside the ground insulation envelope, and which 

are part of the mechanical structure (e.g., for 11 T dipole magnets: stainless-steel collars, low-

carbon-steel yoke, stainless-steel outer shell and end plates) or which are part of the He 

containment vessel and the cryostat; these are electrically connected to the ground. 

Also included in the external parts are the capillary tubes and feedthroughs, which are used to 

route voltage tap wires and quench heater current leads and enable their electrical connections to the 

outside world at the level of the cold mass (helium containment vessel) and of the cryostat (thermal 

insulation vacuum). 

The various types of insulation used in superconducting accelerator magnets can be classified into 

five main categories: 

– conductor insulation, made up of mica and/or fiberglass braid impregnated with epoxy resin; the 

mica or braid are applied before coil winding and must sustain the reaction heat treatment (see 

Section 5.5.2); the resin is applied by impregnation of the heat treated coil (see Section 5.5.6); 

– interlayer insulation, made up of fiberglass cloths impregnated with epoxy resin; the fiberglass 

cloths are mounted on top of the inner-layer winding, and must sustain the reaction heat treatment 

(see Section 5.5.4); the resin is applied by the same impregnation process as above; 

– quench protection heater insulation: the metallic traces of the quench heaters need to be 

electrically insulated from both coils and ground; as described thereafter, the quench-heater-to-

coil insulation has been the source of numerous problems in HL-LHC Nb3Sn magnets; 

– ground insulation, that surrounds the coils and quench protection heaters, and which provides 

electrical insulation towards the ground potential, e.g.: the 11 T coil assemblies are surrounded 

by five layers of 0.1-mm polyimide foils; 
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 The ground insulation also includes the insulation of the wires and of the feedthrough pins 

electrically connected to active parts; the insulation of the wires inside the capillaries and of the 

pins in the feedthroughs must withstand the same voltage requirements as the coils or quench 

heaters; they have been the cause of various issues in HL-LHC Nb3Sn magnets (see Section 2.3.5). 

– coating of floating parts, e.g., plasma spray of Al2O3 on coil end spacers and saddles in MQXF 

magnets [274]. 

Each of these insulation categories have specific technical requirements, which need to be 

qualified in the development phase and quality-control tested during production. 

2.3.2.2 Electrical Test Conditions 

Five different electrical test conditions are considered throughout the magnet life cycle [168][169]: 

(1) at room temperature in air before exposure to helium (environmental test conditions defined as 20 

 3 °C and humidity lower than 60%); 

(2) in so-called normal operating conditions (NOC) for magnet acceptance on horizontal test bench, 

corresponding to 1.9 K superfluid helium in the cold mass with all ancillary components (capillary 

tubes and feedthroughs) connected; 

(3) at gaseous helium temperature (GHe), representative of the conditions occurring at the time of 

peak voltage during a quench, as determined from numerical simulations; 

(4) at room temperature in air after helium exposure (same environmental test conditions as in (1)); 

(5) at NOC after magnet acceptance and tunnel installation. 

2.3.2.3 Voltage Withstand Test Criterions  

In the case of NOC for magnet acceptance on a test bench prior to installation, the test voltage, Vtest,2, is 

defined as 

 𝑉test,2  = 2 𝑉sim  +  𝑉0   , (8) 

where Vsim is the peak voltage derived from numerical simulations for the so-called worst-case failure 

scenario during magnet operation in the tunnel and V0 is a constant voltage offset.  

A criterion such as Eq. (8) is commonly used for electrical AC voltage tests on rotating electrical 

apparatus, with a recommended value of 1 kV for V0 (see for instance [170]). Both SSC [171] and 

ITER [172] projects use the criterion provided by Eq. (8) with V0 = 1 kV. However, for LHC, which 

include numerous low-voltage circuits where Vsim is in the 60‒120 V range, it was decided to reduce the 

value of V0 to 500 V [173]. As the LHC operation since 2008 did not reveal any issue with this choice, 

it was decided to keep the same constant offset of 500 V as well for the HL-LHC. 

Once the magnets have been cold tested and accepted and they have been lowered and installed 

in the tunnel, the test voltage at NOC, Vtest,5, is taken as 

 𝑉test,5  = 1.2 𝑉sim   . (9) 

A reduction of electrical test voltage on a component that has been thoroughly tested during and 

after manufacturing, and which has passed the initial acceptance test at nominal operating conditions, is 

common practice (and usually recommended by the standards for maintenance). The choice of a 20% 

margin has been made to reduce the risk of overstressing the insulation at a time when it becomes 

cumbersome and costly to replace a magnet in the tunnel. The 1.2 factor should nevertheless still be 

sufficient to detect faults that are critical for a safe operation of the machine. 
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For the tests at room temperature before helium exposure, the test voltage, Vtest,1, is defined as 

 𝑉test,1 =  𝑐 𝑉test,2 = 2 𝑐 𝑉sim + c 𝑉0   , (10) 

where c is a scaling factor. 

When looking at the curves in Figure 32, it appears that the Paschen curve of dry air at room 

temperature is 5 to 10 times higher than the Paschen curve of gaseous helium at room temperature and 

2 to 3 times higher that Pashen curve of gaseous helium at 50 K. For some applications at CERN, like 

High Temperature Superconductor (HTS) leads for the LHC and the HL-LHC superconducting link, it 

has been decided to take c = 5 [174]. For HL-LHC magnets, and after discussions with all stakeholders, 

it has been decided to settle for c = 2 so as to limit the test voltage level to moderate values that can be 

managed in a production workshop [168][169]. 

Once the magnet has been exposed to helium, and as explained above, there is a risk that gaseous 

helium remains entrapped in the coils, causing a severe reduction of the voltage breakdown with respect 

to dry air. As a result, for the tests at room temperature after helium exposure, the test voltage, Vtest,4, is 

defined as 

 𝑉test,4  =
1

10
 𝑉test,1 =  

2 𝑐 𝑉sim+𝑐 𝑉0

10
   . (11)  

The factor of 10 reduction with respect to Vtest,1 is justified by the aforementioned scale factor 

between the Paschen curves of dry air and gaseous helium at room temperature (see Figure 32). A similar 

scale factor was applied to the dipole magnets for the HERA particle accelerator that was operated from 

1992 to 2007 at the German Electron Synchrotron (DESY), in Hamburg, Germany [175] and to LHC 

magnets [173]. 

The test in gaseous helium intends to qualify the magnet on the test stations at conditions expected 

to be more representative of those of a quench (although electrical and cryogenic phenomena may occur 

at different time scales). This test is performed after the magnet has been immersed in superfluid helium, 

during warm-up, to ensure that only gaseous helium is present, including inside possible insulation 

pockets. The temperature, Tsim, and pressure, Psim, conditions are determined by numerical simulations 

and need to be kept stable (within specified margins) during the test performance. The test voltage, Vtest,3, 

is taken equal to 

 𝑉test,3 =  1.2 𝑉sim          at 𝑇sim and 𝑃sim   . (12) 

As for Eq. (9), a 20% margin has been deemed suitable for HL-LHC magnets. 

2.3.2.4 Worst Case Scenario for 11 T 

For 11 T magnets, the worst-case scenario was analyzed, considering the spread of Residual Resistivity 

Ratios (RRR) and copper-to-non-copper (Cu-to-non-Cu) ratios measured on the series production 

magnets and considering a single quench heater failure, at the worst location, out of the 16 quench heater 

circuits. The quench detection threshold was set to 100 mV, and the heaters were activated after 17 ms 

(5 ms until quench detection, 10 ms validation time, and 2 ms triggering of quench heater discharge). 

The results of the simulations for nominal and ultimate currents are presented in Table 4 [168]. 

In addition, for 11 T magnets, a voltage offset of 430 V at nominal current (466V at ultimate 

current) need to be considered [168]. As already explained, for tunnel operation, the 11 T dipole magnets 

are connected in series within one of the eight LHC dipole magnet circuits. In case of a quench, the 

dipole magnets are discharged over two dump resistors. This offset corresponds to the peak voltage 

generated by the current discharge over the dump resistors.  
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Table 4: Peak voltages to ground and hot spot temperatures derived from numerical simulations for 5.3-m-long, 

60-mm-two-in-one-aperture, HL-LHC 11 T dipole magnet assembly at nominal protection condition and for the 

worst case scenario of one quench heater failure [168]. 

11 T No Failure Single Quench Heater Failure 

Operating Conditions Nominal Ultimate Nominal Ultimate 

Current (kA) 11.85 12.84 11.85 12.84 

Hot Spot Temperature (K) 333 358 341 365 

Peak Voltage to Ground (V) 305 450 664 797 

 

Table 5: Peak voltages to ground and hot spot temperatures derived from numerical simulations for 7.2-m-long, 

150-mm-aperture, HL-LHC MQXFB quadrupole magnet assembly at nominal protection condition and for the 

worst case scenario of a double failure (one quench heater and one CLIQ failure or two quench heaters) [169].  

MQXFB No Failure Worst Case Scenarioa 

Operating Conditions Nominal Ultimate Nominal Ultimate 

Current (kA) 16.23 17.5 16.23 17.5 

Hot Spot Temperature (K) 231 253 375 404 

Peak Voltage to Ground (V) 606 776 660 850 

a 1 QH and 1 CLIQ circuit failure, or 2 QH failures. 

 

In practice, there will be a delay on the energy extraction which should avoid it being activated 

when the magnet develops its peak nominal voltage, but, to be conservative, it has been decided that, 

for the determination of Vsim, this offset should be added to the peak voltages of Table 4, except for the 

test in gaseous helium. At nominal current, we therefore get 

 𝑉sim,11 T = 670 + 430 =  1100 V   . (13) 

Let us note that, in a scenario where the quench starts in another magnet of the cell, the resulting 

voltage-to-ground on the 11T dipole magnet may be higher than if this magnet is first to quench. This 

scenario has not been analyzed. 

2.3.2.5 Worst Case Scenario for MQXF 

As already explained in Section 2.2.2, the MQXF magnets rely on two protection systems: quench 

heaters and CLIQ. Two types of worst-case scenarios have considered in the analysis, which both 

correspond to a double failure: (1) a failure of one CLIQ circuit, with a failure of one quench heater 

power supply and (2) a failure of two quench heater power supplies. The analysis also considers 

conductor parameters varying within the expected tolerances given in Table 1. The results of the 

simulations for MQXFB are provided in Table 5 and, at nominal current, we get 

 𝑉sim,MQXFB =  670 V   . (14) 

Note that the peak voltage values for single MQXFA magnets are about half those of the longer 

MQXFB [169]. 



44 
 

2.3.2.6 Worst Case Scenario for Quench Heaters 

For the quench-heater-to-coil voltage, the worst-case scenario for both 11 T and MQXFB is assumed to 

correspond to the failure of the mid-point earthing fuse leading to the application of the full capacitor 

bank voltage between quench heaters and coils. As there are two capacitor banks in series, this gives 

 𝑉sim,QH−to−coil = 2 x 450 = 900 V   . (15) 

Once again, for 11 T, one needs to add 430 V to Eq. (15) to take into account energy extraction 

activation, which yields to a total of 1330 V. 

2.3.2.7 Test Voltage Summary Tables 

Based on the above considerations, Table 6 and Table 7 present summaries of the test voltage 

requirements for the electrical acceptance of  11 T dipole and MQXFB quadrupole magnets at CERN. 

Once again, let us restate the importance of deriving and implementing a consistent set of test 

voltages, which enable detection of electrical faults at an early stage while avoiding the risk of 

overstressing and degrading the magnet electrical insulation. As there is no directly applicable standards, 

this should be done in a pragmatic manner, relying on the experience of other projects or comparable 

systems. 

2.3.3 Electrical Quality Assurance (ELQA) and Fault Detection and Analysis 

Being able to monitor the soundness of the electrical insulation of superconducting magnets, in 

particular when relying on Nb3Sn technology, and to detect early signs of degradation, if any, is a key 

element of electrical quality assurance for accelerator operation. A lot of efforts have been deployed for 

LHC with the development and implementation of a comprehensive ELectrical Quality Assurance 

(ELQA) of the LHC superconducting circuits [176]. These efforts were further increased following the 

LHC incident on 19 September 2008 [177] with the automation of ELQA [178][179][180]. Since then, 

some new and innovative techniques have also been developed for HL-LHC magnets, such as magnet 

impedance measurement during a high current quench [181]. 

Another important task is the detection and localization of electrical faults, at every stage of the 

magnet life cycle: during production, cold test on a test bench, as well as after installation and during 

operation in the tunnel. In case of failure during a high voltage test, time domain reflectometry (TDR) 

has proven to be a very powerful method to identify the origin of the problem, in particular, along 

instrumentation wires and circuits [182]. This method is based on the principle that a signal propagating 

along a transmission line will be reflected at the locations where the impedance of the line changes, such 

as junctions and branches, but also at fault points or at abrupt cross-section changes. The amplitude, 

shape and polarity of the reflection indicates the nature and magnitude of the discontinuity. The delay 

between the transmitted pulse and received reflection indicates the distance of the discontinuity and, 

thereby, its location along the line. TDR has a wide range of applications but is particularly efficient 

and is being extensively used in the diagnostic of electrical faults on LHC and HL-LHC magnets (see 

examples provided in Section 2.3.5). 

2.3.4 Quench Heaters 

2.3.4.1 Introduction and Historical Background 

The design of accelerator magnets usually calls for high current densities in the coils for minimizing the 

amount of superconductors [75][76]. As a result, in case of a quench, one must ensure that it develops 

quickly throughout the coils, to enable spreading the conductor volume over which the stored magnetic 

energy is dissipated, accelerate current discharge, and limit hot spot temperature. This is done by relying 

on a so-called active quench protection system, that is activated as soon as a quench is detected. 
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Table 6:  Electrical test values for 5.3-m-long, 60-mm-two-in-one-aperture HL-LHC 11 T dipole magnets 

at CERN at various stages of the magnet life cycle [168]. 

11 T Test Conditions Test Type Test Voltage (V) 

(1) At room temperature in air 

prior to Helium exposure 

20  3 °C 

Humidity ≤ 60%  

Coil to Grounda 

QH to Coilb 

5400 5000c 

6320 3160d 

(2) At normal operating conditions 

in-superfluid Helium on test bench 

1.9 K Coil to Grounda 

QH to Coilb 

2700 

3160 

(3) At gaseous Helium conditions 200  20 K 

3.0  0.2 bars 

Coil to Grounda 

QH to Coilb 

800e 

800e 

(4) At room temperature in air 

after Helium exposure 

20  3 °C 

Humidity ≤ 60% 

Coil to Grounda 

QH to Coilb 

540 

632 640 

(5) At normal operating conditions 

in superfluid Helium in tunnel 

1.9 K Coil to Grounda 

QH to Coilb 

1320 2100f 

1600 

Maximum leakage current (not including test station): 30 µA  

Test voltage duration: 120 s    

a Coil connected to positive terminal, ground to negative terminal (QH grounded). 
b QH to positive terminal, ground to negative terminal (coil grounded). 
c Reduced from 5400 to 5000 V at the request of production team. 
d Reduced from 6320 to 3160 V at the request of production team. 
e Does not include additional 430 V from energy extraction activation. 
f Increased from 1320 to 2100 V for compatibility with electrical test procedure in tunnel.  

 

Table 7: Electrical test values for 7.2-m-long, 150-mm-aperture HL-LHC MQXFB quadrupole magnets 

at  CERN at various stages of the magnet life cycle [169]. 

11 T Test Conditions Test Type Test Voltage (V) 

(1) At room temperature in air 

prior to Helium exposure 

20  3 °C 

Humidity ≤ 60%  

Coil to Grounda 

QH to Coilb 

3680 

4600 3680c 

(2) At normal operating conditions 

in-superfluid Helium on test bench 

1.9 K Coil to Grounda 

QH to Coilb 

1840 

2300 

(3) At gaseous Helium conditions 200  20 K 

3.0  0.2 bars 

Coil to Grounda 

Coil & QH to Groundd 

804 850 

804 850 

 

(4) At room temperature in air 

after Helium exposure 

20  3 °C 

Humidity ≤ 60% 

Coil to Grounda 

QH to Coilb 

368 

460 

(5) At normal operating conditions 

in superfluid Helium in tunnel 

1.9 K Coil to Grounda 

QH to Coilb 

804 

1080 

Maximum leakage current (not including test station): 10 µA  

Test voltage duration: 30 s    

a Coil connected to positive terminal, ground to negative terminal (QH grounded). 
b QH to positive terminal, ground to negative terminal (coil grounded). 
c Reduced from 4600 to 3680 V not to exceed coil-to-ground test voltage. 
d Special configuration chosen to limit stress on insulation between coil and QH. 
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The most commonly used active systems rely on resistive heaters that are adjacent to the coils 

and are fired by means of capacitor banks. The quench heater efficiency was first demonstrated on dipole 

magnets for the Tevatron accelerator that was operated at FNAL between 1983 and 2011 [183][184]. 

They have been used on subsequent accelerator magnet projects, such as HERA [185], the 

SSC [186][187], and the LHC [140][188]. As explained in Section 2.2.2, they are also used in HL-LHC 

magnets, but in the case of MQXF, they are complemented by the CLIQ system [142][145]. 

The design and implementation of quench heaters raise several issues. To be efficient, one needs 

to limit the thermal diffusion time between quench heaters and coils, but, on the other hand, one needs 

a robust electrical insulation between the two with voltage withstand requirements which can be higher 

than for the coil-to-ground voltages (see Table 6 and Table 7). A compromise must be found between 

these conflicting requirements, which leads to the selection of an electrical insulation that can be 

marginal. As a result, and in spite of a lot of efforts in the development, qualification and quality control 

of quench heaters, they remain a risky item (hence the development of alternative protection systems 

such as CLIQ). 

2.3.4.2 Quench Heater Design and Manufacture 

The design of HL-LHC quench heaters is an evolution of the design of the LHC quench heaters [189] 

and utilizes the progress made in the development of Printed Circuit Boards (PCB) and 

photolithography [190]. As illustrated in the left side of Figure 33, the base material for the HL-LHC 

quench heaters is a commercially available laminate (GTS® laminate L960461), produced by GTS 

Flexible Materials Ltd, located in Rassau, United Kingdom [191], consisting of a 50-µm-thick 

polyimide film (Kaneka Apical AV) and a 25-µm-thick austenitic stainless-steel (304L) hard temper 

foil. The steel foil is glued onto the film with a 15-µm-thick epoxy adhesive (GTS® AS1084). The steel 

surface of the laminate is electrolytically coated with an approximately 10-µm-thick copper layer, using 

a dedicated coating line at the CERN PCB laboratory. The thickness of the quench heater (without 

coverlay) is comprised between 95 and 100 µm. 

The production of the final traces is realized in two photolithographic steps: 

– etching of electroplated copper by nitric acid to create heating stations at regular intervals on the 

stainless-steel foil (note that nitric acid has no impact on stainless steel; 

– etching of metallic stack (electroplated copper and stainless-steel base) by ferric chloride to form 

the final quench heater traces on top of the polyimide foil. 

After a final cleaning step, the quench heater is ready for use (see Figure 33). As detailed 

thereafter (see Sections 2.3.4.4 and 2.3.4.6), in the early stages of the 11 T and MQXFB programs, the 

quench heater traces, and electroplated copper were left exposed. Subsequently, it was decided in both 

programs to glue, on top of the metallic traces, a protection and insulating layer referred to as coverlay. 

2.3.4.3 Quench Heater Quality Control 

The base materials and finished products must be subjected to a tight quality control during and after 

production, that includes: 

– control of the copper plating adhesion onto the stainless steel, and of the electroplated copper 

geometrical and electrical parameters; 

– control of the polyimide foil dielectric strength and that it is devoid of pinholes, which, as 

illustrated in Figure 34, is a common risk for polyimide insulation (and one of the reasons why 

an overlap of two layers is often preferred to a single layer). 
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Figure 33: Design and layout of HL-LHC quench heaters. Left:  schematic view of laminate structure showing 

the different layers and their nominal thicknesses. Right: overview of final quench heater after completion of the 

two photolithographic steps, showing the polyimide base and the copper-electroplated stainless-steel traces etched 

at regular intervals (Courtesy of C. Scheuerlein, CERN). 

 

 
Figure 34: Example of pinhole detected in polyimide foil during high voltage acceptance test of a HL-LHC quench 

heater (Courtesy of C. Scheuerlein and F. Savary, CERN). 
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Figure 35: Illustration of the type of procedure that needs to be developed and qualified for electrical connection 

of current lead wires to quench heater traces. Top Left: housing of heater traces’ terminals in cavities machined in 

G11 coil end saddle. Top right: mounting of connector pin and attachment to terminals. Bottom left: Ecobond® 

resin injection into terminal housing. Bottom right: finished connection (Courtesy of L. Grand Clément and 

F. Savary, CERN). 

 

The pinhole check is done through high voltage tests. These tests can be carried out on the 

polyimide foil used in the laminates and upon acceptance of the final quench heaters. 

For HL-LHC, the technical requirements for the tests on the quench heaters are: 4.2 kV DC for 

2 min, with a maximum leakage current of 4.2 µA for 11 T dipole magnets, and, initially, 3.7 kV DC 

for 2 min, with a maximum leakage current of 3.7 µA for MQXFB quadrupole magnets (as explained 

in Section 2.3.4.6, the test values are now higher). The test is carried out at room temperature and under 

a small pressure applied on top of the heater (at the time of LHC, a pressure of 20 MPa was applied 

using a cylinder rolled over the foil or quench heater as described in Ref. [189]). At the beginning of 

HL-LHC, it was deemed acceptable to proceed with the repair of small defects with self-adhesive 

polyimide tapes, but now, the detection of pinholes leads to a rejection of the foil or quench heater, as 

was the case for LHC. 

One particularly critical point for the quench heater installation are the electrical connections at 

the trace terminals, which need to be mechanically robust and well insulated. Figure 35 illustrates salient 

steps of the procedure that was followed at the beginning of the 11 T dipole magnet program. In 

operation, the quench heaters are fired thanks to capacitor discharges and must be able to sustain 

repeated peak voltages of 900 V and peak currents of up to 150 A, while the current leads attached to 

their extremities are subjected to various loads during assembly and cooldown/warmup. Detailed 

engineering and qualification efforts are required in order to develop a suitable and industrial solution. 
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After this brief introduction let us now review the difficulties that were encountered on both 11 T 

and MQXF quench protection heaters and describe the solutions that were developed and implemented. 

2.3.4.4 Quench Heater Externalization for 11 T Dipole Magnets 

The quench protection heaters of the 11 T dipole magnets are mounted over the outer surface of the coil, 

with the polyimide base facing the coil. For the first short model coils (SD101 to SD109, and SD111 to 

SD113), the heaters were installed after resin impregnation. For subsequent short and long coils, the 

heaters were installed after heat treatment completion and impregnated together with the coils, as for 

MQXF coils. In the latter configuration, the insulation between outer-layer conductors and stainless 

strips comprises the cable insulation (0.105 mm under 5 MPa) and the 50-µm-thick polyimide foil at 

the heater base (155 µm in total). Although 50 µm of polyimide is expected to ensure a voltage 

withstand of at least 10 kV at both room and cryogenic temperatures [156], a number of insulation 

failures between quench heaters and coils were experienced in the course of the 11 T program, most 

notably on full-length series magnet S2 after 80 quench heater firings. 

As will be presented in detail in Section 3.5, but can also be observed in Figure 36, metallographic 

observations of magnet coils show that the impregnated fiberglass surrounding the cables cracks and 

delaminates and, thereby, does not reliably contribute to electrical insulation. As a result, the coil-to-

quench-heater insulation only relies on the single polyimide foil, which can present some local defects, 

such as small thickness variation (see Figure 37), delamination from stainless-steel strip (see Figure 36) 

or pinholes that may have been missed by QC. 

In addition, and as has been observed on MQXFA coils (see Section 2.3.4.5), cracks that develop 

and propagate in the resin may cause blistering of the polyimide foil, leading to failure. And last but not 

least, high pot tests carried out on coils disassembled from the 11 T prototype have confirmed the 

potential risk of generating a direct short between coil and quench protection heaters through a local 

weak spot as illustrated in Figure 38. 

The number of electrical test failures and the aforementioned observations led to the assessment 

that the coil-to-quench-heater insulation was not robust enough and needed to be increased. Also, it was 

noted that the fact that the quench heaters are impregnated with the coils prevents any repair and that, 

in case of problem, the whole coil must be replaced. In comparison, for LHC magnets, it is possible to 

replace faulty quench heaters and reuse the coil if it has not been damaged. 

Based on these considerations, a proposal was developed to externalize the quench protection 

heaters and to install them on the coil after resin impregnation. The full proposal includes adding a fresh 

layer of fiberglass tissue on top of the coil outer surface after heat treatment completion, to protect the 

coil in the impregnation mold, and, since this additional fiberglass layer is fresh and has not been 

degraded by the heat treatment, to increase the electrical insulation. It also includes adding a polyimide 

coverlay that is glued on the exposed surface of the quench heater on the electroplated copper side for 

mechanical protection.  

In this new configuration, the insulation between outer-layer conductors and stainless strips 

comprises the cable insulation (0.105 mm under 5 MPa), the fresh fiberglass layer (0.060 mm) and 

the 50-µm-thick polyimide foil (215 µm in total). The quench-heater-to-coil insulation dielectric 

strength was estimated to increase from 10.90 to 11.50 kV, while the hot spot temperature increases by 

about 30 K for all scenarios: up to 350 K for a quench at nominal current, 357 K for a quench at 

nominal current with one quench heater failure, and 363 K for a quench at nominal current with two 

quench heater failures (note that the hot spot temperatures considered here for the original design are 

somewhat lower than those given in Table 6 which were derived at an earlier stage with more 

conservative assumptions) [192]. 
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Figure 36: Metallographic analysis of a transverse cross-section of a HL-LHC 11 T dipole magnet coil, illustrating 

the presence of resin cracks between outer-layer cables and quench protection heater (Courtesy of M. Crouvizier, 

CERN). 

 

 
Figure 37: Detailed view of impregnated quench protection heater of a HL-LHC 11 T dipole magnet coil, 

illustrating the presence local thickness variations of polyimide foil (Courtesy of M. Crouvizier, CERN) 
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Figure 38: Quench heater failure observed on coil CR06 dismounted from full-length HL-LHC 11 T dipole 

magnet prototype MBHBP after cold test and after a series of high pot tests carried out at increasing voltage levels 

until occurrence of an electrical short. Left: view of burn through on top of the electroplated copper. Right: view 

of burn through after peeling of quench heater layers (Courtesy of A. Foussat and F. Savary, CERN).  

 

The proposal for quench heater externalization was submitted to a technical review on 11 January 

2019 which endorsed it. It was implemented on so-called second-generation short model coils first used 

in two-in-one-aperture dipole magnet model MBHDP201, and in 5.3-m-long series coils, starting from 

coil GE10 and series dipole magnet S3 (see Section 4.2.3).  

Let us note that both series dipole magnets S3 and S4, whose quench performances at 1.9 K and 

4.5 K are reported in Figure 13, experienced an electrical fault that halted the quench test. The root cause 

of the fault was traced back to a failure of a junction between the extremity of a quench heater trace and 

a current lead wire. This led to a redesign of the junction, that was qualified through extensive 

mechanical and electrical tests and implemented in the last series coils. It is a staunch reminder that 

hasty implementations under heavy schedule pressure can bear a very high risk and that any type of 

engineering changes require thoughtful and comprehensive qualifications.  

In spite of the difficulties encountered on the 11 T dipole magnets, it seems nevertheless that, for 

future projects calling for large series production in industry, the use of external quench heaters that are 

not impregnated with the coils should be given serious consideration in the overall risk analysis. 

2.3.4.5 Status Quo for MQXFA Quench Heaters in the USA 

The quench heater design and implementation used for MQXFA and MQXFB quadrupole magnets are 

similar to those used for initial 11 T dipole magnets (including impregnation together with the coils), 

and, although voltage withstand requirements are significantly lower (see Table 6 and Table 7), 

questions were also raised regarding the robustness of the coil-to-quench-heater insulation. 

As already mentioned in Section 1.5.6.3, the first 4.2-m-long MQXFAP1 quadrupole magnet 

prototype developed a coil-to-ground short during vertical cold test at BNL. The root-cause analysis that 

was carried out identified a double short between one quench heater and one coil as the likely origin of 

the problem, that eventually degenerated into a coil-to-ground short [109][193]. It also concluded that 

the heater-to-coil double short resulted from excessive and repeated hipot tests that were carried out on 

this particular heater after the magnet had been warmed up to room temperature following the untimely 

rupture of a test burst disc during the first quench. Following repair of the burst disc, the magnet was 

cooled down again, and quenched 17 times, before developing the short to ground. 
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At the time of MQXFAP1 cold test, the voltage withstand requirements of Table 7 had not yet 

been fully developed, and although the magnet had been exposed to helium, the quench- heater-to-coil 

hipot tests after the unscheduled warm up were  carried out at the pre-cooldown level of 2.5 kV instead 

of 460 V. It was concluded that the repeated application of this excessive voltage eventually induced 

the double short. 

To better understand the failure mechanism, a destructive test was carried out on a representative, 

full-length MQXFA coil that had been cold tested (in a mirror configuration) and exposed to helium. 

After disassembly of the coil support structure, one of the quench heaters was hipot tested to the coil 

until the occurrence of a short whose location was determined by thermal imagery. An autopsy was 

carried out in the electrical short area, which enabled several observations, including the presence of 

bubbles in the epoxy resin and of blisters on the polyimide base of the quench heater [193]. It is likely 

that the bubbles originated from cracks in the resin where helium got entrapped and that, during 

quenches, the temperature rise resulted in a rapid increase of helium pressure that enlarged the cracks 

and caused blistering of the polyimide. This blistering, in turn, locally reduced the polyimide thickness 

(by up to 40%), and, upon repeated hipot tests, eventually led to a short. 

Having identified the probable mechanism of quench-heater-to-coil failure, LARP/AUP 

concluded that if the hipot tests are carried out at the recommended value of 460 V, the failure risk 

remains at a very low level and the decision was taken to keep heater design and implementation as is. 

2.3.4.6 Quench Heater Mini-Swap for MQXFB at CERN 

Regarding MQXFB at CERN, it was also decided to keep impregnating the quench heaters with the 

coils, but, based on the corrective actions applied on the 11 T magnets, it was proposed: to add a 50-µm 

thick fresh layer of E-type fiberglass on the outer surface of the coil upon heat treatment completion and 

to add a coverlay on the electroplated copper side of the quench heater (0.050-mm-thick polyimide film 

glued, under pressure and heat, with a 0.025-mm-thick epoxy). In addition, the quench heater polyimide 

films are cut out 4 mm wider with respect to previous design, enabling the use of higher voltage for 

quality control tests: the withstand voltage test was raised from 3.7 kV to 8 kV after quench heater 

production, and from 3.2 kV to 5.6 kV before installation at CERN [194][258]. 

The hot spot temperature is not affected by the addition of the E-glass layer in normal conditions 

at nominal current, where CLIQ plays a dominant role in quench development. In the worst-case 

scenario with one quench heater and one CLIQ circuit failure, the hotspot temperature is estimated to 

increase by 30 K from 346 K to 375 K at nominal current. These values are similar to those estimated 

for the 11 T dipole magnets, in particular regarding the impact of adding a fiberglass layer of comparable 

thickness between the quench heater and the coil. 

The proposed change was referred to as miniswap, which is a rather odd denomination. It relates 

to the fact that, in the initial procedure, after heat treatment completion and in preparation for vacuum 

pressure impregnation, the outer surface of the coil is covered by 1 x layer of 0.1-mm-thick quench 

heater and 3 x layers of 0.130-mm-thick S2 glass fiber sheets. In the new procedure, the outer surface 

of the heat-treated coil is covered by 1 x layer of 0.05-mm-thick E glass fiber sheet, 1 x layer of 0.16-

mm-thick quench heater and 2 x layers of 0.130-mm-thick S2 glass fiber sheets. Therefore, in the pile 

up of materials on the coil outer surface, 1 layer of S2 glass fiber sheet positioned on top of the quench 

heater has been swapped with the new layer of E glass fiber sheet and the increased quench hater 

thickness. The epithet mini refers to the fact that, in an earlier proposal, LARP/AUP had considered 

removing 1 of the 3 layers of 0.130-mm-thick S2 glass fiber sheet and to place it under the quench 

heater instead of the 0.05-mm-thick E glass fiber sheet, which would have been a full swap. The 

miniswap was proposed as a compromise solution for MQXFB at CERN [194]. 
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Figure 39: Examples of capillaries used in the assembly of 7.2-m-long HL-LHC MQXF quadrupole magnets at 

CERN. Left: capillaries installation on cold mass. Right: capillaries installation on thermal shields during 

cryostating (Courtesy of O. Housiaux, SERCO, H. Prin and D. Duarte Ramos, CERN). 

 

The miniswap was implemented on two short model coils used in the assembly of quadrupole 

magnet model MQXFS8, which was cold tested in 2023, and on 7.2-m-long coils, starting with those 

used in full-length quadrupole magnet MQXFB03. As explained in Section 5.5.10 and illustrated in 

Figure 145, MQXFB03 was the first MQXFB magnet to achieve the target current of nominal + 300 A 

at both 1.9 and 4.5 K.  

Let us finally note that at the beginning of the MQXF program, it was considered to implement 

quench heaters on both the inner and outer surfaces of the 2-layer coils [141]. The idea of using quench 

heaters on the inner surface was dropped because of the difficulties in implementation and of the 

debonding/delamination observed after cold test. It was decided at the time that the use of CLIQ would 

offer a more robust and redundant solution. 

2.3.5 Capillaries and Instrumentation Feedthrough Systems (IFS)  

The electrical design and engineering of superconducting magnets also call for the development and 

implementation of so-called capillaries and Instrumentation Feedthrough Systems (IFS). 

Capillaries are small stainless-steel tubes which house instrumentation wires and route them from 

wherever they are in the magnet to the cold mass envelope and from the cold mass to the cryostat 

envelope. The capillaries are initially straight, the wires are inserted into the straight tubes, and the tubes 

are subsequently bent to assume the desired shape for routing. Usually, there a dedicated capillaries for 

high voltage wires (e.g., voltage taps connected to the coils or current leads feeding the quench heaters) 

and dedicated capillaries for low voltage wires (e.g., for mechanical instrumentation and temperature 

sensors). Figure 39 shows examples of capillaries mounted on the cold mass and thermal shields of a 

full-length MQXFB quadrupole magnet cryo-assembly at CERN. Electrical faults may occur in 

capillaries due to wear of instrumentation wire insulation caused by friction during capillary shaping or 

thermal shrinkage differentials during cooldown (see Figure 40). 

Instrumentation feedthrough systems rely on connectors mounted on the coldmass and on the 

cryostat which enable the passage of instrumentation wires signals and currents in and out of the helium 

containment vessel of the coldmass and in and out of the vacuum enclosure of the cryostat (see         

Figure 41) [195]. 
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Figure 40: Example of electrical fault detected on an instrumentation wire in a capillary mounted on the cold mass 

of full-length HL-LHC quadrupole magnet prototype MQXFBP3 at CERN. Left: localization of the fault in a 

capillary elbow. Right: degradation of instrumentation wire insulation in the elbow area (Courtesy of O. Housiaux, 

SERCO, and H. Prin, CERN). 

 

 
Figure 41: Views of an Instrumentation Feedthrough (IFS) mounted on the cryostat of a HL-LHC MQXFB 

quadrupole magnet at CERN. Left: external side. Right: internal side with instrumentation wires connected 

(Courtesy of O. Housiaux, SERCO, and D. Duarte Ramos, CERN). 

 

The IFSs can be quite challenging to design and qualify as they must ensure: 

– good electrical connection between the wires on both sides; 

– good electrical insulation between wires and ground; 

– helium leak tightness (for the cold mass IFS) or vacuum leak tightness (for the cryostat IFS); 

– mechanical robustness against mounting/dismounting of connectors and wire pulling. 

The IFS development must be qualified through a rigorous program and a high level of QC must 

be implemented during production.  
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Figure 42: Example of an electrical fault detected in an IFS mounted on the coldmass of full-length HL-LHC 

quadrupole magnet prototype MQXFBP2 at CERN. Top left: trace of burn on a voltage tap wire insulation. Top 

right: trace of carbonization on the IFS cover-flange side. Bottom: trace of burn on the rim of the polyimide 

insulation disc (Courtesy of O. Housiaux, SERCO, and D. Duarte Ramos, CERN). 

 

A common issue during mounting of an IFS on a cold mass or a cryostat is insulation degradation 

during wire soldering or IFS cover flange welding. As an illustration, Figure 42 shows an example of 

an electrical fault localized in a cryostat IFS that likely resulted from overheating during cover welding. 

As for the components themselves, the IFS installation procedures must be qualified, technicians must 

be trained, and tight QC controls must be applied as the consequences of an electrical fault on such 

ancillary equipment can be deleterious.  

Let us note that the time domain reflectometry method introduced in Section 2.3.3 has proven 

very efficient in the localization of electrical faults in IFSs or along capillaries.  
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3 Post-Mortem Examination of Nb3Sn Conductors and Coils 

3.1 Post-Mortem Analyses of ITER CS Cable-In-Conduit Conductors 

Following the performance issue encountered on the first two ITER CS CICC qualification samples, the 

Japanese Atomic Energy Agency (JAEA), located in Naka, Japan, in charge of this program, carried out 

an autopsy of one of the conductor samples after test in SULTAN [50]. As illustrated in Figure 43, the 

sample was sectioned into several pieces corresponding to different levels of background field to which 

the sample is subjected in SULTAN: one from the low-field region, one from the medium-field region 

and one from the high-field region. The cross-section of the high-field region sample revealed a global 

displacement and a compression of the rope-type cable inside the conduit along the direction of the 

Lorentz force. Furthermore, when removing the stainless-steel jacket, the outer surface of the cable 

displayed evidence of strand buckling and even cracking on the so-called non-compressive side of the 

cable. These observations clearly indicated that there was a problem of strand support against the effect 

of the Lorentz load. 

The fact that strand bending under the effect of the Lorentz load could result in deleterious 

degradation was further confirmed thanks to metallographic analyses carried out by the Applied 

Superconductivity Center (ASC), associated with the National High Magnetic Field Laboratory 

(NHMFL) and Florida State University (FSU), and located in Tallahassee, FL. ASC has been playing a 

leading role in developing imaging techniques for superconductors over many decades [196]. It was 

awarded several contracts with ITER Organization to perform metallographic analyses on ITER wires 

and CICC samples having been subjected to mechanical or electromagnetic loading [197][198]. When 

the ITER CS crisis arose, it was tasked with carrying out systematic post-mortem analyses of ITER CS 

conductor samples after testing in SULTAN [199][200][201]. 

 

 
Figure 43: Images from an autopsy of an ITER CS conductor performance qualification sample having exhibited 

severe degradation upon electromagnetic and thermal cycling during SULTAN test. Top right: Profile of SULTAN 

background field profile with respect to sample. Middle right: Evidence of cable compression inside the conduit 

under the effect of the Lorentz force. Bottom Left, Middle and Right: views of cable sections from regions of high, 

middle, and low background field after jacket removal. Top left: strand buckling and cracking observed on the 

non-compressive side of high-field cable section (Courtesy of Y. Nunoya, formerly JAEA, now QST [50], 2011). 
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Figure 44: Metallographic analyses carried out on longitudinal cuts of extracted strands from the high-field region 

of a regular twist pitch ITER CS conductor sample after test in SULTAN. Top: images from a strand in the non-

compressive side of cable, exhibiting tensile cracks. Bottom: images from a strand in the compressive side of 

cable, exhibiting contact stress cracks. Cracks are marked in blue in the central images, while the right images 

show magnified views of crack morphology (Courtesy of C. Sanabria, formerly ASC). 

 

Figure 44 displays metallographic analyses carried out by ASC on strands extracted from the 

high-field zone of a SULTAN sample using a Laser Scanning Confocal Microscope (LSCM) or a 

Scanning Electron Microscope (SEM). Different types of crack morphology are observed, depending 

on the cable petals from which the strand is extracted [199]. For a petal located on the non-compressive 

side, the cracks mostly originate from tensile stresses and cut through the filaments transversally. This 

type of cracks is likely to hinder current transport. For a petal located on the so-called compressive side, 

the cracks also originate from compressive contact stresses. Such types of cracks may have less impact 

on current transport. Not presented here are also examples of cracks with a so-called zig-zag pattern, 

likely resulting from multidirectional loads. 

As explained in Section 1.4.2, the cure to the performance degradation of ITER CS conductors 

was found by shortening the cable twist pitch, in particular for the inner triplet [15][51]. To confirm the 

effectiveness of the cure, post-mortem analyses of short-twist pitch CS conductor samples were carried 

out in a similar manner as above after the test in SULTAN [200]. An example of such analysis is 

presented in Figure 45: no cracks are visible, neither in strands extracted from the non-compressive side, 

nor in strands extracted from the compressive side. Such observations were repeated on several 

conductor samples relying on short twist pitch cables made from both bronze and internal tin strands, 

confirming, alongside the stable test performances as a function of electromagnetic and thermal cycling, 

the robustness of the optimized CS conductor design. This is the design that was implemented for series 

production with good and reproducible results, illustrated in Figure 5 [53]. 

3.2 Metallographic Analyses of HL-LHC 11 T Coils at ASC 

In early 2019, it was suggested to utilize the techniques developed by ASC on ITER CICCs to 

investigate samples of coils used in the assembly of HL-LHC 11 T dipole magnets that underwent 

cryogenic testing and energization [202]. 
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Figure 45:  Post-mortem analysis of a short twist pitch ITER CS conductor sample after test in SULTAN. Top 

Left: cross-sectional views of the strands in the inner triplet. Bottom Left: top view of the short-twist pitch cable. 

Right: metallographic analyses of longitudinal cuts from (internal tin) strands extracted from the high field zone 

of the cable devoid of any crack (Courtesy of C. Sanabria, formerly ASC). 

 

Two coil samples were provided to ASC: 

– a sample from the straight part of short model coil SD109, used in the assembly of two-in-one-

aperture dipole magnet model MBHDP102, that had been identified as an area of quench-start 

localization with severe performance degradation; 

– a sample from the straight part of long series coil GE02, used in the assembly of the hybrid 

prototype (see Section 1.5.5.3), not associated with an area of quench localization and 

performance degradation (all quenches in this magnet originated in the connection-side head of 

coil GE02). 

Figure 46 contains Back Scattered Electron (BSE) images recorded with a high-resolution Field 

Emission Scanning Electron Microscope (FESEM) of Nb3Sn sub-elements from a strand cross-section 

selected among those that are visible on transverse cuts from the two coil samples mentioned above. 

The image taken from the sample of coil SD109 shows several cracks of various morphology, while the 

image taken from the sample of coil GE02 appears devoid of any crack [202]. 

Figure 47 shows a micrograph of a longitudinal cut (taken along the coil axis) of the inner layer 

midplane block of coil SD109. There appear to be numerous cracks in the Nb3Sn sub-elements, but the 

crack density varies from turn to turn, with a high concentration towards the midplane turns where the 

quenches had been localized in this short magnet model. This location corresponds to the coil area where 

the conductors experience the largest transverse stresses during magnet assembly and energization (peak 

stresses during the collaring of MBHDP102 could have been as high as ~200 MPa). 
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Figure 46: Back Scattered Electron (BSE) images recorded with a high-resolution Field Emission Scanning 

Electron Microscope (FESEM) of sub-elements in sections of Nb3Sn RRP® strands selected among those visible 

on transverse cuts of HL-LHC 11 T magnet coil samples provided to ASC. Top: from short model coil SD109, 

featuring a large number of cracks of various morphology. Bottom: from long series coil GE02 showing no 

evidence of cracks (Courtesy of S. Balachandran, formerly ASC [202]).   

 

Figure 47: Results of metallographic analysis carried out at ASC on a longitudinal cut from a sample of HL-LHC 

11 T model coil SD109 where quenches had been localized; the red marks correspond to cracks observed in Nb3Sn 

RRP® strands (Courtesy of S. Balachandran, formerly ASC [202]).  

 

As explained in Section 1.5.5.2, the first 11 T Task Force, which was set up at the end of 2017 to 

review the performance issue of short HL-LHC 11 T dipole magnet models, identified excessive stress 

applied during collaring operation as the likely root-cause of the problem and recovery measures were 

implemented to limit peak collaring stress to less than 150 MPa [100]. The observations reported here 

clearly confirm that the conductors in high stress areas were severely degraded. 

The assembly of the hybrid 11 T prototype benefited from the first Task Force results and its 

collared coils were assembled following the new procedure. The micrograph at the bottom of Figure 46 

confirms the absence of cracks. As observed on ITER CICCs, HL-LHC Nb3Sn coil areas with large 

crack concentrations seem to correlate with areas of performance degradation, and it is advisable to 

undertake corrective actions to eliminate the root cause(s) of Nb3Sn filaments or Nb3Sn sub-elements 

cracking.   
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3.3 Methodology of Post-Mortem Analyses at CERN 

In June 2019, CERN started to develop its own methodology on how to carry out post-mortem 

examinations of HL-LHC dipole and quadrupole magnet coils that exhibited performance limitation 

and/or degradation [203][204]. 

The first step is to identify coil Volumes Of Interest (VOI). Typically, one starts from the coil 

volumes where the quenches have been localized, using, for instance, the quench antenna results. These 

volumes are extracted from the coil by cutting methods and the coil samples are subjected to a series of 

examinations. The examination starts from mesoscale observation of whole coil samples, and 

progressively zooms in on specific features or events, down to the microscopic scale. The specific 

features/events of interest are determined based on mechanical discontinuities (e.g., the tip of a sharp 

component, the junction between pieces, and so on), internal events (e.g., popped-out strands in a cable), 

geometrical distortions (e.g., cable bulging or displacements), and flaws (e.g., resin crack initiation 

and/or delamination). 

The examination techniques that are applied are [203]: 

– high-energy, X-ray Computed Tomography (XCT); 

– optical microscopy; 

– scanning electronic microscopy; 

– Focused Ion Beam (FIB) techniques; 

– deep copper etching. 

Let us illustrate some of these techniques and the types of findings they lead to. 

3.4 High-Energy Xray Tomography 

The first novel technique that was identified to investigate the status of magnet coils in a less intrusive 

manner than by metallography is high-energy X-ray Computed Tomography (high-energy XCT) 

[203][205]. The system used by CERN is provided by Diondo GmbH, Germany [206]. It relies on a 

6 MeV LINear ACcelerator (LINAC) to produce high-intensity X-rays that can pass through dense 

(metallic) objects and is equipped with a flat panel detector with a resolution of 140 m (see Figure 48). 

The maximum sample volume is 700 mm diameter by 1000 mm height. 

 

 
Figure 48: Example of high-energy X-ray tomograph used for analysis of HL-LHC magnet coil samples [206]. 
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Figure 49: Example of high-energy X-ray computed tomography carried out on the connection-side end of 5.3-

m-long HL-LHC 11 T dipole magnet coil GE02 (used in hybrid prototype). Top: top view of coil sample showing 

the outer surface of the outer layer. Bottom right: XCT scan of coil inner layer, featuring obvious flaws in winding. 

Bottom left: digital zooms of selected flaws confirming misplacements of strands and bulging of the Rutherford-

type cable (Courtesy of M. Crouvizier and S. Sgobba, CERN). 

 

Such system enables radiography of 20-30 cm-long coil samples, including whole coil ends, as 

illustrated in the top part of Figure 49. The resolution is good enough to carry out in-depts inspections 

of the coil winding and of the positions of strands in the wound cables.  

The bottom part of Figure 49 illustrates computed tomography images of the connection-side end 

of full-length, 11 T dipole magnet coil GE02. Coil GE02 was used in the assembly of the 5.3-m-long 

11 T hybrid dipole magnet prototype. As detailed in Section 1.5.5.3, the hybrid prototype achieved 

ultimate current upon first cooldown but exhibited a severe detraining after a subsequent warm-

up/cooldown cycle, with all detraining quenches (but one) located in the examined connection-side end 

of coil GE02. The images reveal the presence of popped strands on the pole turn [event (a)] and of cable 

bulging at the tip of end spacers, such as end spacer 4 [event (b)].  

The above example provides a good illustration of the methodology: starting from a coil volume 

where the quenches were localized during power testing of the magnet, high-energy XCT reveals flaws 

or defects which can then be examined in more details by metallographic analyses. If one did not know 

where to look, it would have been difficult to find such defects by performing random cuts on the coil 

sample. 
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Figure 50: Metallographic analyses of a transverse cut carried out perpendicularly to the conductor axis in the 

area of event (a) in Figure 49. Bottom: cable cross-section, confirming the presence of popped strands, labeled (a) 

and (b). Top: magnetified views of strands (a) and (b) showing the presence of radial cracks in the tubular Nb3Sn 

sub-elements of the RRP® strands (Courtesy of M. Crouvizier and S. Sgobba, CERN).  

 

3.5 Metallographic analysis of Transverse Coil Cross-Sections 

After having identified events of interest in the XCT images, the next step is to cut the coil samples in 

these areas and to carry out metallographic analyses of the cut facies [203]. 

3.5.1 HL-LHC 11 T Coils 

3.5.1.1 Examples of Popped-out Strands 

Figure 50 shows a metallographic analysis of a transverse cut carried out perpendicularly to the inner-

layer pole turn conductor in the area of event (a) in Figure 49. The image confirms the presence of 

strands that have popped out of the cable plane. When looking at the cross-section of the popped strands 

with a higher magnification, one can see large radial cracks in the tubular aggregates of Nb3Sn filaments 

in the RRP® strand sub-elements. Such severe cracks are of course not desirable and could well be the 

cause of the detraining quenches that were localized in that area. (We will present in Section 3.5.2 more 

striking evidence of strand degradation believed to be the root cause of poor quench performance, but 

the deep copper etching technique used for MQXFB coil Q108 had not yet been considered at the time 

of the post mortem analysis of 11 T coil GE02.) 

Strands popping out of cables (or even full cable collapsing) are sometimes observed during coil 

winding (see Sections 4.3 and 5.5.3). They usually occur at the exit of the turns during the winding 

process (as is the case for event (a) in Figure 49). They are due to a combination of factors but mostly 

result from the torsion caused by hard way bending of the insulated cable when winding it over the coil 

heads. During winding, the technicians carefully check the cable to detect the occurrence of popped 

strands. In case of a defect, they take action to correct it (and to record it in a non-conformity report), 

but they can inspect only the outer, visible surface of the turns. Defects like those in Figure 50 were 

localized on the inner, hidden surface of the pole turn and could not be detected at the time of winding. 
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Figure 51: Metallographic analyses of a transverse cut carried out perpendicularly to the coil winding, in the area 

of event (b) in Figure 49. Top Left: overall view confirming cable deformation and bulging at tips of coil end 

spacers (tip of spacer 4 is marked with a white arrow and labelled “c”). Top Right, Bottom Left and Right: 

magnetified views of selected resin-rich areas with evidence of cracks and debonding (salient flaws are marked 

with white arrows; courtesy of M. Crouvizier, CERN). 

 

3.5.1.2 Examples of Resin Flaws 

Figure 51 shows a metallographic analysis of a transverse cut carried out perpendicularly to the coil 

winding in the area of event (b) in Figure 49. The image confirms the observed cable deformation and 

bulging at the tip of the coil end spacer 4. This is an area where part of the cable is not supported, and 

which is filled by resin upon coil impregnation. However, as can be seen in the magnified views of 

selected resin-rich areas, there are porosities and cracks in the resin bulk, debonding at the metallic 

interfaces (near wedges or end spacers) and delamination of the conductor insulation (in the bulged 

area). 

It would be preferable to prevent the occurrence of such cracks and debonding, but when relying 

on an epoxy resin system, this can only be achieved by using filler materials (such as chopped glass 

fibers). Gap filling is routinely done at CERN and AUP for all volumes that are accessible during coil 

manufacture (see Section 5.5.6.1 and Figure 133), but it is a cumbersome process and sometimes cannot 

be done. In the example presented here, the small cavities at the tips of the inner layer end spacers 

become inaccessible after outer layer coil winding and cannot be filled. 
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Figure 52: Quench-start localizations and corresponding markings on the sample extracted near the longitudinal 

center and on the side of 7.3-m-long HL-LHC MQXFBP1 coil Q108 where limiting quenches had been localized 

(Courtesy of M. Crouvizier and F. Mangiarotti, CERN). 

 

3.5.2 HL-LHC MQXFB Coils 

3.5.2.1 Introduction 

Similar metallographic analyses of transverse cuts were carried out on samples from 5.3-m-long, HL-

LHC MQXFB quadrupole magnet coils. The most extensively analyzed coil is Q108. Q108 was used in 

the assembly of the first CERN prototype MQXFBP1 and was the coil that limited its performance (see 

Section 1.5.6.4). The post-mortem analysis of coil Q108 was carried out according to the methodology 

described in Section 3.3. 

3.5.2.2 Volumes of Interest 

First, quench-start localization data were used to identify the volumes of interest to be examined. As 

illustrated in Figure 52, most of the quenches were localized in an area towards the longitudinal center 

and, predominantly, on one side of coil Q108 [113]. 

Second, a sample of about 40 cm was extracted and subjected to XCT analyses. Unlike in the case 

of coil GE02 in Section 3.4, the XCT analysis did not reveal any flaws, neither in conductor positioning 

within the winding, nor in strand positioning within the cables. This was not a surprise as it is difficult 

to conceive how conductor/strand misplacement could occur in the middle of the coil straight section.  

The next step was to carry out metallographic analyses of transverse cuts at the positions marked 

as “1” to “4” in Figure 52. 
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Figure 53: Metallographic analysis of a transverse cut of 7.2-m-long HL-LHC MQXFB quadrupole magnet coil 

Q108 (used in MQXFBP1), in the area of quench-start localization (towards middle of coil straight section). The 

magnified views at the bottom reveal the presence of radial micro-cracks in some sub-elements (shown by white 

arrows); their distribution is marked by red pins in the top image (Courtesy of M. Crouvizier, CERN). 

 

3.5.2.3 Radial Micro-Cracks in Transverse Cross-Sections 

Figure 53 shows images from the transverse cut marked as “4” in Figure 52.  The magnified views do 

reveal the presence of radial cracks in some of the strands’ sub-elements. However, compared to those 

shown Figure 50, the cracks are rather small (e.g., they do not always extend through the thickness of 

the Nb3Sn tubes in the sub-elements’) and can be referred to as microcracks. The question then arises 

whether such microcracks are severe enough to explain the observed performance limitations. 

Recent studies have been carried out at CERN on impregnated, 11 T and MQXF cable samples 

subjected to increasing levels of transverse pressure at room temperature (to simulate effects of collaring 

or bladdering during magnet assembly) [207][208]. They provide two interesting results: 

– radial microcracks start to occur in the sub-elements at transverse pressure levels significantly 

lower than previously thought (below 150 MPa) [207]; 

– the crack occurrence precedes the transverse pressure level at which critical current and n-value 

degradations are observed [208]. 

The latter result can be understood when considering that the current is flowing longitudinally in 

the tubular sub-elements, and, therefore, radial microcracks are likely not sufficient to hinder its 

transport. 
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Figure 54: Metallographic analysis of a transverse cut of 7.2-m-long HL-LHC MQXFB quadrupole magnet coil 

Q108 (used in MQXFBP1), in the area of quench-start localization (towards the middle of coil straight section), 

illustrating the presence of large cracks having propagated through the interlayer insulation (shown by white 

arrows; courtesy of M. Crouvizier, CERN). 

 

The above findings raise in turn two more questions: 

– At which level of cracking do we start seeing performance limitation or degradation? 

– Can we accept microcracks in a magnet? 

Some elements for answering to the first question will be given in Section 3.6 The answer to the 

second question is less easy. Good engineering practices would recommend working in a parameter 

space that is devoid of cracks, as was achieved for the ITER CS CICCs. From the data in Ref. [207], 

this would call to limit the transverse pressure applied to MQXF cables to less than 120 MPa at any 

time during the magnet life cycle (note that this objective can be met with the new magnet loading 

procedure described in Section 5.4 and by limiting magnet operation to nominal current). 

The above issue is however a point of debate and experiments are being carried out on short 

magnet models to challenge this conservative requirement [209]. Let us urge caution before stepping 

back from the recommended good practice: as we have learned from HL-LHC experience, short magnet 

models are not long prototypes, and crack initiation and propagation are fatigue effects which need to 

be assessed over the expected lifetime of the magnets. 

3.5.2.4 Resin Flaws 

As in the case of 11 T coil GE02, the metallographic analyses of MQXFB coil Q108 reveal the presence 

of cracks in the resin and the conductor insulation. As an illustration, Figure 54 shows an image from 

the transverse cut marked as “2” in Figure 52. The image features large cracks, which are likely to have 

originated in the resin and propagated through the interlayer insulation, generating paths between cables 

of the two layers. Such a situation may become critical if helium gets trapped in these volumes and when 

large voltage differences generated between the two coil layers, for instance, as a result of a quench. 

To address the above concerns, several modifications have been implemented to the vacuum 

pressure impregnation system and to the procedure applied at CERN on MQXFB coils, which are 

expected to improve quality (see Section 5.5.6). Metallographic analyses have been carried out on 

transverse cuts of a coil processed with the improved impregnation procedure, but which has not been 

used in a magnet assembly and has not been tested at cryogenic temperatures (coil Q126). The images 

are devoid of cracks in the insulation. However, to be fully conclusive, one would need to carry out a 

postmortem analysis on a coil that has been assembled and tested in a magnet. 
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Figure 55: Optical images of resin-impregnated RRP® strands from transverse cross-sections of MQXFBP1 coil 

Q108 having been submitted to deep copper etching. Left: strand showing no degradation. Right: strand showing 

a number of broken tubular Nb3Sn sub-elements (courtesy of M. Crouvizier, CERN). 

 

3.6 Metallographic Analyses of Transverse Cross-Sections of HL-LHC MQXFB Coils After 

Deep Copper Etching 

As explained in Section 3.5, metallographic analysis of transverse cross-sections of conductors or coils 

is suitable to reveal radial cracks in the Nb3Sn sub-elements, but these cracks may not be the root cause 

of transport current limitation. As shown by ASC for ITER CICCs, an additional source of information 

can be provided by using deep copper etching. Starting from February 2022, CERN started to apply this 

technique to transverse cross-sections from coil Q108. The etching is done progressively, using HNO3 

diluted at 50% in water, with optical examination between steps.  Approximately 400 to 600 µm of 

copper can be removed by this means. 

Figure 55 displays representative optical images of resin-impregnated RRP® strands taken on 

transverse cross-sections of MQXFBP1 coil Q108 samples having been submitted to a deep copper 

etching. In the center of each image are the tubular aggregates of Nb3Sn filaments corresponding to the 

different sub-elements in the RRP® strand. The void surrounding them corresponds to etched copper, 

while the white/grey area corresponds to resin or resin-impregnated fiber glass. In the left image, the 

Nb3Sn tubes are intact, and the strand is not degraded. In the right image, several tubes, all located on 

one side of the strand, are missing (the broken pieces are likely to have been washed away by rinsing 

after copper etching). Unlike radial microcracks, one can expect such severe breakages to hinder current 

transport and limit performances. 

Deep copper etching was applied systematically on the various transverse cuts identified in  

Figure 52. The results are images like those presented in Figure 56 for Cut 4 (and they are similar for 

all transverse cuts): among the 2000 strands that are visible in a given cross-section (corresponding to 

22 turns for the inner layer, 28 turns for the outer layer, times 40 strands per turn), one, and only one, 

strand appears degraded. It is always at the same geometrical position in the 2D cross-section: at the top 

of the inner-layer pole turn, right underneath a small radial extension of the outer Ti-alloy pole spacer, 

and the degradation always presents the same feature: 25-30% of the tubular Nb3Sn sub-elements are 

missing on the top side of the strand, 

The fact that a systematic degradation is observed in the area of quench-start localization and that 

this degradation is likely to directly impact current transport in the affected strands is of course critical 

information and a strong pointer to be followed in the determination of the root cause of the problem. 
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Figure 56: Images from a transverse cut near the longitudinal center of 7.3-m-long HL-LHC MQXFBP1 coil 

Q108, after deep copper etching; the cut corresponds to the area of quench-start localization marked as “4” in 

Figure 52 (Courtesy of M. Crouvizier, CERN). 

 

 
Figure 57: Set of images taken at increasing magnification from a transverse cut near the longitudinal center of 

7.3-m-long HL-LHC MQXFBP1 coil Q108, after deep copper etching; the cut corresponds to the area of quench-

start localization marked as “4” in Figure 52 and to the degraded strand at the top of the inner layer pole turn 

highlighted in Figure 56 (Courtesy of M. Crouvizier). 
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Figure 58: Identification of the longitudinal cuts carried out on a coil sample taken near the longitudinal center of 

7.3-m-long HL-LHC MQXFBP1 coil Q108; the sample is the same as the one used for the transverse cross-section 

examinations in Figure 56 and Figure 57 and corresponds to the area of quench-start localization marked as “4” 

in Figure 52 (Courtesy of M. Crouvizier, CERN).  

 

3.7 Fractography of Ruptured Nb3Sn Sub-Elements in HL-LHC MQXFB Coils 

Additional information can be obtained by looking at the fracture surfaces of the ruptured tubular sub-

elements. Figure 57 shows a set of images taken at increasing magnification for the degraded strand in 

cut 4 of Figure 56. It appears that the grain morphology at the fracture surface of the ruptured sub-

elements is what could be expected from a properly reacted RRP® strand: the grains are uniform, and 

their size is  about 150 nm, which corresponds to the expected grain size in 0.85 mm, 108/123 RRP® 

strands heat treated according to the temperature cycle applied to MQXFB coils (see Section 5.5.5.2). 

The above observation implies that the fracture occurred after completion of the high-temperature 

plateau of the Nb3Sn heat treatment. If the fracture had occurred before (for instance, at the time of 

strand manufacture or cabling), there would have been deformation and even leakage of Sn sources and 

the grains would not be so regular. This observation provides us with a clear indication of the timing of 

the rupture. 

3.8 Metallographic Analyses of Longitudinal Sections of HL-LHC MQXFB Coils 

Having identified one degraded Nb3Sn strand in the two-dimensional cross-sections examined in 

Section 3.6, the next question that arises is whether it is a singular event in the longitudinal direction as 

well, or if the degradation also extends to neighboring strands. This can be examined by carrying out 

longitudinal cuts and polishing them as it was done on the 11 T coil samples at ASC (see Section 3.2). 

Figure 58 illustrates the process that was followed to extract the relevant coil sector from the coil 

sample used previously and the polishing that was applied to enable the examination of longitudinal 

sections at the level of the midplanes of the first and second row of strands in the inner-layer pole turn. 
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Figure 59: Images taken at the midplane of the first strand row of the inner-layer pole turn conductor of the coil 

sector that was extracted from the sample taken near the longitudinal center of 7.3-m-long HL-LHC MQXFBP1 

coil Q108 as detailed in Figure 58; the sample is the same as the one used for the transverse cross-section 

examinations in Figure 56 and Figure 57 and corresponds to the area of quench-start localization marked as “4” 

in Figure 52 (Courtesy of M. Crouvizier, CERN). 

 

Figure 59 displays images for a longitudinal section corresponding to the midplane of the first 

row of strands. The images show that, starting from the degraded strand identified in Figure 56, adjacent 

strands also exhibit sub-element fractures, albeit with a severity that progressively reduces when moving 

away in the longitudinal direction. Let us point out that, due to the Rutherford-type cable twist pitch, 

the strands assume a hairpin-like trajectory at the cable edges. This explains why the degraded strand 

which appears at the top of the second row of strands in the transverse section in Figure 58 also appears 

in the longitudinal section of Figure 59 which corresponds to the first row of strands. Let us note also 

that the observed fractures have a distinctive V-shape (in particular for the degraded strand identified as 

“a”). Such a V-shape is usually characteristic of a fracture due to bending, which, in the case under 

examination, would have taken place in the plane of the conductor, i.e., in the so called hard-way 

bending direction. 

Examination of the longitudinal sections can also be used to look at the fracture surfaces of the 

collapsed sub-elements. Figure 60 presents a set of images taken at increasing magnification in the area 

of the V-shape facture observed on the strand marked as (a) in Figure 59. It appears that the grain 

morphology is similar to that of Figure 57. Piecing back together the various findings, this leads us to 

conclude that the cable hardway bending at the origin of the fracture is likely to have taken place after 

completion of the high temperature plateau of the Nb3Sn coil heat treatment. 
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Figure 60: Set of images taken at increasing magnification in the area of the V-shape fracture observed on Strand 

(a) at the midplane of the 1st row in the longitudinal section of Figure 59 (Courtesy of M. Crouvizier, CERN). 

 

3.9 Complementary Post-Mortem Analyses 

Having identified the timing of the fracture (sometime after completion of the Nb3Sn coil reaction) and 

the type of mechanical loading that can produce such a fracture (hard-way bending of the coil inner-

layer pole turn), the next step is to try to identify mechanical features and/or manufacturing steps that 

can produce such loading.  

To carry out this analysis, it was decided to cut many transverse slices at regular intervals along 

the length of coil Q108, and to carry out examination of transverse sections after deep copper etching. 

Figure 61 shows selected results from this examination (there were many more samples that were 

examined, leading to the same conclusion): there appears to be a few slices where transverse cross-

sections exhibit a degraded strand at the top of the inner-layer pole turn, but the cross-sections with the 

degraded strand always appear to be in the vicinity of a Ti-alloy pole transition. The longitudinal 

locations of the transverse cross-sections with a degraded strand are not limited to the area of quench-

start localization and occur on both sides of the coils (the so-called layer-jump side but also on the 

opposite to layer-jump side). These observations seem to point to a systematic problem on the inner-

layer pole turn near the Ti-alloy pole transitions.  
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Figure 61: Systematic examinations of transverse cross-sections along the length of 7.3-m-long MQXFBP1 coil 

Q108, showing evidence of a correlation between cross-section exhibiting a degraded Nb3Sn strand at the top of 

the inner-layer pole turn and the transitions between Ti-alloy poles (Courtesy of M. Crouvizier, CERN). 

 
Figure 62: Quality control records after opening the retort used for heat treatment of 7.3-m-long MQXFB coils 

like coil Q108. Top right: evidence of inner-layer pole turn protrusion at a Ti-alloy pole transition. Bottom right: 

evidence of insulation degradation at the conductor edge.  Left: schematic of “hinge effect” at the Ti-alloy pole 

transitions (Courtesy of N. Lusa and A. Milanese, CERN). 

 

3.10 Complementary Findings from QC Manufacturing Records of MQXFB Coils 

To find a possible explanation for what is happening, a thorough review of quality control records during 

coil manufacture was carried out, in particular for the process steps between the opening of the heat 

treatment retort and the closure of the vacuum impregnation mold. A more complete description will be 

provided in Section 5.5, but some key information can already be derived from the images presented in 

Figure 62: 

– after opening of the heat treatment retort, the inner-layer pole turn exhibits clear evidence of 

protrusions in the vicinity of Ti-alloy pole transitions, which correspond to cable hardway 

bending; 

– at these longitudinal positions, the fiber glass braid that normally surrounds the cable appears to 

have been ripped off from the exposed conductor edge, probably by frictional effects; 
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– at the transitions, Ti-alloy pole pieces are pinned together in a manner that does allow some 

vertical displacement of one piece with respect to another, resulting in a risk of what can be 

referred to as a hinge effect. 

Summarizing the above findings: it is likely that, when opening the heat treatment retort, strain 

energy stored in the coil is released, which, at the Ti-alloy pole junctions, results in a local hardway 

bending of the inner pole turn and an outward protrusion. Then, at the time of closure of the vacuum 

impregnation mold, which is of very accurate dimension, the protruded length of conductor is bent back 

to its normal position. These two successive hinge effects are likely to be the cause of the observed 

breakages. Then, the next question is why do we have such localized strain releases in the vicinity of 

the Ti pole junctions? This issue will be addressed in Section 5.5.  

As illustrated in the example above, at the time of coil Q108 manufacturing, there was yet no 

indication that deviations like the one observed in Figure 62 could have such deleterious impacts. The 

events were nevertheless carefully recorded, and, afterwards, prove instrumental in the root cause 

analysis of the quench performance limitation of MQXFB magnets. Other similar examples will be 

provided in Sections 4 and 5. The lesson to be learned is that, even if at times QA/QC may appear as a 

burden on the production team, it is a critical and powerful tool, not only to ensure a reliable production, 

but also to enable problem identification in the case of subsequent non-conformities. Of course, QA/QC 

should be independent from the organic management line and should be implemented in a top/bottom 

manner to ensure free information flow and the possibility of triggering alarms. 

3.11 Summary of Post-Mortem Analyses and Findings from ITER to HL-LHC 

Figure 63(a) and (b) presents a summary in a nutshell of the post-mortem observations made, in the 

early 2010s, on an ITER cable-in-conduit conductor sample, after testing at the SULTAN facility, and, 

in the early 2020s, on a HL-LHC MQXFB coil, after assembly and testing in a magnet.  

One should, of course, bear in mind that there are significant differences: 

– cable type: rope-type for ITER versus Rutherford-type for HL-LHC; 

– conductor configuration and cooling: cable inserted into a conduit with a 30% void fraction and 

cooled by a forced flow of supercritical helium for ITER versus cable wound into a coil that is 

resin-impregnated and bathed in superfluid helium for HL-LHC. 

However, the observed degradation at the Nb3Sn strand level are strikingly similar: 20 to 30% of 

the reacted Nb3Sn area is broken on one side of the strand, corresponding to breakages of individual 

filaments in the bronze strand used for ITER CICC shown in Figure 63(a), or corresponding to breakages 

of tubular sub-elements of aggregated filaments in the RRP® strand used for HL-LHC magnets shown 

in Figure 63(b).  

In the case of ITER CICCs, the root cause of the degradation was attributed to excessive strand 

bending under the effects of the Lorentz force. The issue was resolved by tightening twist pitches, in 

particular, that of the triplet of the first cabling stage, to provide better local strand support. As detailed 

thereafter, for MQXFB coils, the root cause of the degradation is attributed to detailed aspects of the 

coil manufacturing processes, resulting in local hinge effects causing conductor hard way bending, and 

the issue was resolved by iterating on the manufacturing processes to avoid these 

deformation/displacements and achieve better coil size uniformity. 

In these two cases, post-mortem analyses on conductor or coil samples have proven instrumental 

in identifying the root causes of the performance degradation and/or limitation and in devising 

successful corrective actions plans. 
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Figure 63(a): Metallographic analysis of a cross-section of a cable-in-conduit conductor for ITER after testing in 

SULTAN, showing by progressive levels of magnification, Nb3Sn (bronze) strand degradation down to the level 

of individual filaments. (Courtesy of C. Sanabria and P. Lee, ASC, 2010s). 

 

 

 
Figure 63(b): Metallographic analysis of a cross-section of a HL-LHC MQXFB coil after testing in a magnet, 

showing by progressive levels of magnification, Nb3Sn (RRP®) strand degradation down to the level of individual 

sub-elements. the cut corresponds to the area of quench-start localization marked as “2” in Figure 52 (Courtesy 

of M. Crouvizier and S. Sgobba, CERN, 2020s). 
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4 Root-Cause Analysis and Recovery Plan for HL-LHC 11 T Dipole Magnets at 

CERN 

4.1 Strategy and 2nd Task Force 

As explained in Section 1.5.5.3, in December 2020, the CERN management decided to forsake the 

installation of 11 T dipole magnets during the Long Shutdown 2 of the LHC. By that time, five 5.3-m-

long, 60-mm-two-in-one-aperture magnets had been produced (but only four were cold tested) and a 

total of 35 coils had been completed, including 8 which were accepted as conforming but had not been 

assembled (referred to as virgin coils). These 8 coils could potentially be used to manufacture two 

additional two-in-one-aperture magnets. 

At the same time, a 3-phase strategy on how to proceed with the 11 T project was developed and 

proposed to the CERN management. The strategy was eventually reviewed and endorsed by a special 

meeting of the CERN Machine Advisory Committee (C-MAC) on 11 March 2021. 

As illustrated in Figure 64, the 3-phase strategy was articulated as follows: 

– Phase 1: pursuit of investigations to identify root  

causes of performance degradation; 

– Phase 2: assembly and test of a short model magnet and, if successful, of a full-length prototype, 

implementing additional mechanical features and instrumentation to improve mechanical support 

of coil and magnet ends; 

– Phase 3: relaunch of production and test of 11 T dipole magnets for tunnel installation. 

As part of Phase 1, two families of root causes were considered: 

(1) weaknesses/non-conformities internal to the magnet coils;  

(2) weaknesses/non-conformities in mechanical support of coil/magnet ends. 

Regarding (1), if observations cast serious doubts on conductor placement/support within coils, 

then, any solution would require re-engineering and re-qualification efforts at coil level which would be 

beyond HL-LHC project scope, as it would not fit the installation schedule and would need to be 

supported by another funding source. 

Regarding (2), if analyses confirm that there are issues with mechanical support of coil/magnet 

ends, then, it is worth developing and qualifying corrective/recovery actions. 

Phase 1 was to be concluded by an internal technical review to decide whether to proceed with 

Phase 2. 

Phase 2 was to be concluded by an external review to decide whether to proceed with Phase 3. 

The scope of Phase 3 −one or two sets of two magnets plus spares− was to be reassessed in due 

time. 

In addition, a 2nd 11 T Task Force was set up in late March 2021 to ensure a proper follow-up of 

Phase 1 activities and of C-MAC recommendations. A comprehensive report compiling all the analyses 

that were carried out by the various stakeholders involved in the Task Force was completed on 31 July 

2022 [210]. The following sections summarize the main investigation results, based on which it was 

decided in October 2021 to proceed with Phase 2. 
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Figure 64: Timeline and decision flow chart for HL-LHC 11 T dipole magnet project at CERN following the 

decision to forsake tunnel installation during Long Shutdown 2 (Courtesy of F. Savary, CERN). 

 

4.2 Salient Results from Series Production 

4.2.1 Production Strategy and Industrial Contract 

Before reviewing the various issues that were revealed by magnet/coldmass disassembly and coil post-

mortem analyses, let us first present salient results from the series production of 11 T dipole magnet 

coils at CERN, which provide relevant technical and managerial information on the state of the art of 

Nb3Sn technology industrialization.  

For the 11 T dipole magnets, it was decided early on to award a contract to an industrial supplier, 

who would be responsible for the production of coils and collared-coil assemblies, on the CERN 

premises, using the CERN procedures and following agreed Manufacturing and Inspection Plans 

(MIPs). The contract was signed with Alstom/GE Steam Power, based in France, on 24 January 2018 

and was completed on 31 January 2021 [211]. 

The initial contract scope included a total of 30 coils (16 for the assembly of 4 two-in-one-aperture 

magnets for tunnel installation, 8 for the assembly of 2 two-in-one-aperture spare magnets, and 6 

additional coils as contingency to cover losses during production) and 12 collared-coil assemblies (8 to 

produce 4 two-in-one-aperture magnets and 4 to produce 2 spare two-in-one-aperture magnets). The 

contract was eventually extended to 35 coils and 15 collared-coil assemblies. The additional 5 coils were 

meant to compensate 5 major non-conformities raised during production (resulting in 4 coil rejections 

and 1 quarantined coil).  

Altogether, and despite the COVID-19 pandemic, which surged in the course of the contract and 

resulted in a delay of 3 months, it was a fruitful experience on both sides. The industrial supplier 

managed to set up a stable core team at CERN and completed its work scope in 3 years.  It also set up 

a robust QA/QC program that inspired several useful iterations of the CERN-developed execution and 

control procedures. The poor performances of the 11 T series production magnets are not imputable to 

the industrial supplier, but to the fact that the technology and manufacturing procedures were still in a 

development phase and not ready for industrialization. Several issues that were discovered along the 

way called for stop orders, but thanks to the facts that the production took place at CERN and that there 

was a good collaboration between CERN and GE, the two teams could work efficiently together in 

developing suitable recovery actions in a limited time. 
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Figure 65: Dashboard of 5.3-m-long, HL-LHC 11 T dipole magnet coil production by industrial supplier on CERN 

premises with one production line (Courtesy of F. Savary, CERN). 

 

 

One of the main lessons learned from this experience is that Nb3Sn accelerator magnet technology 

is not yet at the required maturity level for industrialization. This consideration was one of the driving 

reasons for the decision taken in early 2021 to internalize at CERN and by CERN the production of 

MQXFB coils and magnets, while the initial plan was to carry out a call for tender and to outsource the 

work. This decision aligned CERN with the strategy of AUP collaborators who had already decided to 

share among themselves MQXFA magnet production without going to industry (except, of course, for 

specific procurement of components and/or services). The serious difficulties subsequently encountered 

and resolved by MQXFB prove that this was the most cost and technically effective solution. 

4.2.2 Coil Production Rate and Learning Curve 

The supply contract enables us to get some information on the production rate that may be achieved in 

industry as well as on the learning curve for coil manufacturing.  

Figure 65 displays a dashboard of 5.3-m-long, HL-LHC 11 T dipole magnet coil production by 

the industrial supplier on CERN premises with one production line. We can see the impact of COVID-

19 in 2020, but in 2019, the production appears to have reached a stable rate of 1.5 coils per month. 

Figure 66 shows the evolution of the duration of the manufacturing process for one coil versus coil 

sequence. The plot shows a clear learning curve which tends to an asymptotic duration of 90 days. 
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Figure 66: Duration of manufacturing process versus sequential number for 5.3-m-long, HL-LHC 11 T dipole 

magnet coil production by industrial supplier on CERN premises; data rely on expected delivery dates for last part 

of production to remove COVID-19 bias (Courtesy of F. Savary, CERN). 

 

4.2.3 Coil Reproducibility Over Series Production 

One of the main parameters to judge the quality of an accelerator magnet coil production is the 

uniformity and reproducibility of azimuthal sizes, which play a critical role in both mechanical 

assembly [212] and field quality [213][214]. The 7 prototype coils and 35 series production coils provide 

a good statistical sample for such analysis [215]. 

As explained in Section 5.5.7, the azimuthal arc lengths (left and right) and radial dimensions 

(inner and outer) of the coils are measured as part of the final inspections upon manufacturing 

completion. By aligning the data on the nominal outer coil radius from the CAD model, it is possible to 

determine azimuthal coil size deviations with respect to nominal, also referred to as excess [101][215] 

[216]. Note that due to the presence of a common, 2-mm-thick, stainless-steel loading plate, placed in 

the pole region, covering both inner and outer layers, and impregnated with the coil, the azimuthal size 

measurements correspond to a radial average over the two coil layers. The choice of a common loading 

plate was made to ensure a more balanced stress distribution between the two coil layers despite their 

different spring constants. For future applications, it may be preferable to use for the loading plate a 

material having properties closer to those of the coils and with better resin adhesion.    

Figure 67 presents a summary plot of the total (sum of left and right branches) azimuthal excess 

per coil as a function of coil production sequence. After some large variations during the production of 

prototype coils, and two outliers due to some data processing issues, the production appears quite stable, 

with a median value in the ±0.1 mm range (for coil with a 60.7 mm outer radius), and a box size 

(corresponding to the second and third quartiles) in the 60‒165 µm range. These values are comparable, 

and even slightly better than what was achieved on short model coils [101]. These results confirm the 

supplier’s ability to implement good quality control and provide a reference on the reproducibility that 

can be expected over such production. Let us recall that a change was introduced in the coil 

manufacturing process starting from series coil GE10, where it was decided to stop impregnating quench 

protection heaters with the coil and to start adding them on top of the impregnated coils at the time of 

coil assembly (see Section 2.3.4.4). This resulted in a reduction of coil outer diameter from 60.8 to 60.7 

mm, which impacted the azimuthal excess median value, but not the box or whisker sizes. The change 

was implemented to improve the electrical insulation robustness and mitigate failure risks. 
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Figure 67: Summary plot of total (sum of left and right branches) azimuthal excess per coil versus coil production 

sequence for 5.3-m-long, HL-LHC 11 T dipole magnet program at CERN. The coil ID and nominal outer radius 

are indicated on the horizontal axis. The box displays the second and third quartiles and the median value while 

the whiskers display the minimum and maximum values along each of the coils. The change of coil outer radius 

from 60.8 mm to 60.7 mm corresponds to coil with and without impregnated quench heaters (Courtesy of 

D. Pulikowski, formerly from CERN, and F. Savary, CERN). 

 

4.2.4 Longitudinal Variation of Azimuthal Coil Size and Shimming Plan 

In preparation for collaring, two coils are mated together and surrounded by a number of layers of 

polyimide providing the ground insulation (5 x 0.125 mm for coils with impregnated quench heaters,     

4 x 0.125 mm + 1 x 0.075 mm for coil with external heaters ‒see Section 2.3.4.4). The peak stress 

experienced by the coil assembly at any given longitudinal location during collaring (at the time of 

maximum press force) and the residual prestress (after key insertion and press force removal) will 

depend on the combined azimuthal arc lengths of the mated coils at this location.  

As an illustration of azimuthal variations within a coil assembly, the bottom curves of Figure 68 

feature estimates of the average combined excess between top and bottom coils on each side of the 

assembly of coils GE08 & GE09 (used in collared-coil assembly CC04) as a function of longitudinal 

position. The plots show excess variations along the coil of the order of 150 µm peak-to-peak. Assuming 

a coil Young’s modulus of 30 GPa, this could result in a variation of up to 90 MPa for the coil inner 

layer and of up to 65 MPa for the coil outer layer, which is not acceptable. 
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Figure 68: Azimuthal coil size variations and shimming plan for left and right sides of 5.3-m-long HL-LHC 11 T 

coil assembly made up of series production coils GE08 & GE09 versus longitudinal position. Bottom: combined 

(top/bottom) average azimuthal excess as derived from coil size measurements. Middle: proposed shimming plan. 

Top: corrected average azimuthal excess including variable shims (Courtesy of J.-L. Rudeiros Ferńandez, formerly 

CERN, now LBNL, and F. Savary, CERN).  

 

To compensate for these azimuthal excess variations along the coil assembly, it was decided to 

rely on longitudinally graded, stainless-steel shims with 25-µm steps. The choice of 25-µm steps was 

done after qualification tests with pressure-sensitive papers, confirming that the stress concentration at 

the step edges was limited (< 20 MPa) [217]. The graded shims are assembled and jointed together by 

tack-welding to form a continuous piece. They are mounted on top of the ground insulation (adjacent to 

the Ti-alloy pole pieces) and, in a given collared-coil assembly, are identical top/bottom but can be 

different between left and right. 

As an illustration, the middle part of Figure 68 shows the shimming plan for the left and right side 

of collared coil assembly CC04, while the top curves show the resulting combined azimuthal excess 

(including shims). The correction allows the peak-to-peak variations to be reduced to a range of 50 µm, 

which becomes acceptable in terms of stress range. It can also be seen that the corrected azimuthal coil 

size excess stays below the target value of 300 µm recommended by the 1st 11 T Task Force to avoid 

any risk of coil overstress during collaring [100].  

To complete this overview, Figure 69 presents a summary plot of corrected combined azimuthal 

excess for the coil assemblies used in the two short magnet models issued from the 1st 11 T Task Force 

and for the eleven 5.3-m-long coil assemblies produced by the industrial supplier as part of its contract 

for series production [217]. Thanks to the stable level achieved in Figure 67, the corrected combined 

average azimuthal excess for the series production coil assemblies appears also very stable, with a 

median value within 15 µm, a box size (corresponding to the second and third quartiles) below 40 µm 

and a maximum value (top of whiskers) below 300 µm. This provides an idea of what can be achieved 

in an industrial production, which is quite remarkable. 
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Figure 69: Summary plot of corrected combined (top/bottom) average azimuthal coil excess (including variable 

shims) for the short model coil assemblies issued from the 1st 11 T Task Force (in light and dark grey) and from 

11 x 5.3-m-long coil assemblies produced by the industrial supplier selected for the production of HL-LHC 11 T 

dipole magnet coils and collared-coil assemblies. The box displays the second and third quartiles and the median 

value while the whiskers display the minimum and maximum values along each of the coil assemblies (Courtesy 

of J.-L. Rudeiros Ferńandez, formerly CERN, now LBNL, and F. Savary, CERN [217]).  

4.2.5 Comparison Between 5.3-m-long 11 T Coils and 7.2-m-long MQXFB Coils 

It is noteworthy that the 5.3-m-long 11 T dipole magnet coils do not exhibit the systematic hump that 

has been observed towards the longitudinal center of 7.2-m-long MQXFB quadrupole magnet coils (see 

Section 5.5.8). The 11 T and initial MQXFB coils were produced following similar procedures (see 

Section 5.5) and relied on ceramic binder application on the outer surfaces of both inner and outer layers. 

The main differences between the two productions are: coil length, thickness, and radius, material of 

pole pieces during heat treatment and, probably, radial pile up of materials between coil outer radius 

and heat treatment retort inner radius. A more detailed analysis would be required to draw any 

conclusion and explain the different behavior. 

4.2.6 How Much Can We Correct by Shimming? 

The data reported above clearly demonstrate that undesirable azimuthal coil size variations can be partly 

corrected by a customized shimming plan. This raised the question of how much variability is tolerable 

and how much shimming can be applied before we observe performance degradation. 

The initial plan of the 1st 11 T Task Force was to build two identical short, single-aperture magnet 

models, referred to as MBHSP107 and MBHSP108, to qualify the new shimming and collaring 

procedures and assess reproducibility. For this task, several new short model coils were produced, but 

among those, two of them (SD118 and SD119) experienced an issue during resin impregnation and 

came out oversized and highly non-uniform compared to other coils (see Figure 70). To save time, it 

was decided to assemble MBHSP107 with two nominal-size coils (SD120 & SD121) and to use the 

other magnet model to experiment with oversized coils [218]. As this was not the intended plan, the 

model magnet was renamed MBSP109 and was assembled with 1 nominal-size coil (SD123) and 1 

oversized coil (SD119) compensated by graded polyimide shims.  
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Figure 70: Summary plot of azimuthal coil excess measured on selected short HL-LHC 11 T dipole magnet model 

coils produced at CERN (Courtesy of J.-C. Perez and F. Savary, CERN). 

 

 
Figure 71: Quench performance of short, 60-mm-single-aperture HL-LHC 11 T dipole magnet model 

MBHSP109. Top: performance at 1.9 K. Bottom: quench limits at 4.5 K as a function of warm-up/cooldown cycles 

(Courtesy of G. Willering, CERN). 
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The top part of Figure 71 summarizes the quench performance of MBHSP109, which was tested 

at the end of 2019 and in early 2020. The model magnet was trained to a level close to ultimate current 

at 1.9 K (12.84 kA) and underwent a total of 3 warm-up cooldown cycles to room temperature, after 

each of which it could be retrained close to ultimate current. However, as can be seen in the bottom part 

of Figure 71, the quench limit at 4.5 K appears to degrade as a function of the warm-up/cooldown cycle. 

This performance degradation is confirmed by the progressive degradation of the V‒I curves displayed 

in Figure 24. In addition, most of the quenches are located at the coil midplane, like in earlier magnet 

models, where the highest peak transverse stresses are experienced and where cracks in the Nb3Sn phase 

have been observed (see Section 3.5.1). Furthermore, the degradation of both the quench limit and the 

V‒I curve is further enhanced following quenches with hot spot temperature in excess of 300 K (these 

tests were carried out at the end of the 4th test cycle). 

The above results show that MBHSP109 is much less robust than MBHSP107 (note that 

MBHSP107 was powered to ultimate current after the first, second and fifth cooldown ‒see top of  

Figure 11). Of course, one cannot draw a direct link between the degraded performance and the reliance 

on a highly non-uniform coil in its assembly, but one cannot exclude it either and it casts doubts on such 

practice. 

A reasonable conclusion from this experiment is that it is better to keep tight control of coil 

uniformity during production (at the level demonstrated in Figure 67) and to avoid pairing outliers. Even 

though a clever shimming plan may enable to partly correct variability, it will not eliminate singularities 

(see the whiskers’ size for SP109 compared to other magnets in Figure 69), adding a level of risk that 

cannot be quantified. Another outcome from these test results was the decision by the HL-HL project 

management to cap the testing of full-length 11 T dipole magnets to nominal current + 100 A. This 

decision was later extended to cap the testing of MQXFA and B quadrupole magnets to nominal current 

+ 300 A, in-line with what is applied for the re-commissioning of the LHC main dipole and quadrupole 

magnets. 

4.2.7 Coil Peak Stress During Collaring 

As explained in Section 1.5.5.2, the first 11 T Task Force had concluded that it was critical to control 

the coil peak stress experienced during collaring, and to limit it below 150 MPa. This was demonstrated 

to be achievable by ensuring a maximum coil excess (after shimming) of 300 µm [100]. The question is 

whether the same target can be achieved on 5.3-m-long collared-coil assemblies. 

The Alstom/GE contract introduced in Section 4.2.1, also covered the production of collared-coil-

assemblies. The first assembly, referred to as CC01 (which was used in the manufacture of the full-

length hybrid magnet ‒see Section 1.5.5.3), was equipped with strain gauges, located on the collar nose, 

at three different longitudinal locations. These gauges measure the stress applied by the collar nose onto 

the Ti-alloy pole pieces, which is eventually transferred to the coils (see 4.5.6.1 and Figure 88). At room 

temperature, the coil azimuthal stress can be estimated to be about 50% of the collar nose stress [100]. 

Note that none of the subsequent collared-coil assemblies, which were destined to magnets for tunnel 

installation, had such strain-gauge instrumentation. 

Figure 72 presents a time record of the average collar nose stress at the different longitudinal 

locations for the different phases of the collaring process [217]. It also displays the displacements 

measured, on both sides, with laser sensors between the top and bottom cradles of the collaring press.  

The peak collar nose stresses are observed at the end of Phase 3 in Figure 72, which corresponds 

to a full closure of the press gap (see Figure 8) and the insertion of lateral keys into the collar keyways 

and is in the 115‒155 MPa range (corresponding to a coil azimuthal stress in the 57.5‒77.5 MPa range), 

well below the maximum stress limit. Note also, that, as expected, the larger the coil excess, the higher 

the stress. These results confirm that the collaring process can be carried out on a 5.3-m-long collared-

coil assembly in a controlled and reliable manner. 
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Figure 72: Collar nose stress (dashed lines) and displacement of collaring press cradles (solid lines) recorded as 

a function of time during the collaring of collared-coil assembly (CC01) used in 5.3-m-long, 60-mm-aperture HL-

LHC 11 T “hybrid” dipole magnet prototype (Courtesy of J.-L. Rudeiros Ferńandez, formerly CERN, now LBNL, 

and F. Savary, CERN [217]).  

 

 
Figure 73: Average collaring press gap versus hydraulic pressure measured during the collaring of 10 x 5.3-m-

long, 60-mm-aperture collared-coil assemblies produced by the industrial supplier selected for the production of 

HL-LHC 11 T dipole magnet coils and collared-coil assemblies (Courtesy of J.-L. Rudeiros Ferńandez, formerly 

CERN, now LBNL, and F. Savary, CERN [217]). 
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Figure 74: Deviation in measurements of collaring press gap versus hydraulic pressure observed during the initial 

collaring of 5.3-m-long, 60-mm-aperture HL-LHC 11 T dipole magnet collared-coil assembly CC11 with respect 

to previous collared-coil assemblies (Courtesy of J.-L. Rudeiros Ferńandez, formerly CERN, now LBNL, and 

F. Savary, CERN). 

 

4.2.8 Collaring Process Reproducibility Over Series Production 

In the absence of strain gauge data, the reproducibility of the collaring process can be assessed by 

measuring the hydraulic pressure needed to close the gap between the top and bottom parts of the press 

(see Figure 8). The results are displayed in Figure 73 for 10 collared-coil assemblies (based on the first 

ten coil assemblies of Figure 69) [217]. The process appears very reproducible, with a gap range of 

0.1 mm for a given hydraulic pressure. It exhibits a stiffening at higher pressure, with a peak in the 80 

to 95 bars range to fully close the gap. This corresponds to a total press force in the 17.5‒21.5 MN 

range, which, assuming that all hydraulic pressure is transmitted directly onto the coils’ straight section 

mid-planes, provides a peak stress in the 53‒63 MPa range. 

The above results confirm that the reproducibility achieved by proper shimming of the coil 

assemblies ensures a good reproducibility of the collaring process, which can be controlled by 

measuring simple press parameters (e.g., gap closure and hydraulic pressure). In addition, the hydraulic 

pressure needed to close the press gap gives a conservative estimate of the peak coil midplane stress, 

which can be kept well below the maximum target. Also, once the press gap is closed, the coils cannot 

be over-squeezed, which provides a desirable protection feature in an industrial environment. Although 

the series production 11 T dipole magnets exhibited performance degradation, they all achieved more 

or less nominal current at the beginning of their test, and the de-training quenches were mostly localized 

in the coil heads. This seems to indicate that the stress is properly managed in the magnets’ straight 

section, further validating the recovery actions of the 1st Task Force and offering a sound methodology 

for future projects. 

4.2.9 Importance of Tolerancing and Metrological Quality Control 

A non-conformity that was raised during the collaring of CC11 provides interesting lessons to be learned 

for future projects. As illustrated in Figure 74, the gaps measured between the top and bottom parts of 

the collaring press appeared to be larger than on previous collaring. This triggered an alarm; the collaring 

was stopped, and an investigation was carried out to determine the origin of this deviation. 
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Figure 75: Example of metrology measurements on Ti-alloy pole pieces used in coil manufacturing for 5.3-m-

long, 60-mm-aperture HL-LHC 11 T dipole magnets at CERN. All values are in mm (Courtesy of A. Dallocchio, 

CERN). 

 

The root cause of the problem was traced back to the fact that the coils of this assembly rely on a 

batch of Ti-alloy pole pieces that were out of tolerance. As illustrated in Figure 75, the drawing imposes 

a shape tolerance of 0.02 mm on the most critical surfaces (pole faces and bottom of collar nose housing). 

This tolerance was achieved for the pole faces, but the depth of the collar nose housing at the top of 

some of the pieces was found to be too small and out of tolerance by up to 0.18 mm. As a result, during 

collaring, for a given hydraulic pressure, the pile-up of materials under the collar nose is larger, 

eventually resulting in a wider press gap. 

Reaching such tight tolerances on the Ti-alloy pieces is of course tricky, due to high spring back 

and stress relaxation during machining, as well as high cutting tool wear. The 750 pieces were 

subcontracted to one supplier and produced in 5 batches. They were fabricated on the same machine but 

by different operators and via different machining jigs. Ten percent of the pieces were dimensionally 

controlled by the supplier, using the same jig. As part of the investigations carried out after the failed 

collaring, it was found out that the measurement report from the supplier did not include a measurement 

of the bottom plane of the collar nose housing (this was due to the measurement procedure and the 

choice of reference). As a result, and since all other measurements were within tolerance, the pieces 

were considered as conform and accepted, based on the supplier’s measurements. It is only after some 

of the pieces were remeasured at CERN that the deviation of the bottom housing plane was detected, 

two years after contract closure. 

Collared-coil CC11 was eventually disassembled, the out-of-tolerance Ti-alloy pole pieces were 

replaced, the coils were re-assembled, and a re-collaring was carried out successfully. 

The main lessons to be learned from this experience are: 

– the importance of tolerancing, which should take into consideration the functionality of the piece, 

but also its manufacturability and the ability to perform suitable quality control metrology; 

– the need to verify/qualify the metrology procedure of the supplier; 

– for critical pieces, the need to carry out verification measurements at CERN at a suitable 

frequency. 
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Figure 76: High-energy X-ray computed tomography carried out on the heads of 5.3-m-long, HL-LHC 11 T dipole 

magnet coils at various stages of manufacture and after assembly and testing: Top left: after winding and curing. 

Top right: after heat treatment and resin impregnation. Bottom: after assembly and cold testing (Courtesy of 

M. Crouvizier and S. Sgobba, CERN). 

 

4.3 Salient Findings from Coil Post-Mortem Analysis 

The results of computed tomography and metallographic analyses carried out on 5.3-m-long 11 T dipole 

magnet coils have been presented in detail in Sections 3.4 and 3.5.1.  They can be classified into two 

main categories: 

(1) issues with strand pop-outs and conductor bulging in coil heads;  

(2) issues with resin cracks, delamination or debonding, in particular, in resin-rich areas. 

Both types of issues are internal to the coils and cannot be corrected for the 8 remaining virgin 

coils available for the assembly of a new full-length 11 T dipole magnet. 

Regarding issue (1), further investigations were carried out to identify the manufacturing step at 

which these events occur. Figure 76 presents a series of XCT analyses of 5.3-m-long HL-LHC 11 T 

dipole magnet coil heads at various stages of manufacturing and after assembly/cold testing. The images 

are strikingly similar and indicate that the internal coil defects are already present on cured coils and are 

likely to originate at the time of winding. Note that a similar analysis on an LHC dipole magnet coil, 

wound from Nb−Ti cables and issued from the early days of series production at an industrial supplier, 

does not exhibit such defect [203]. 
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Figure 77: Quality control records during series production of 5.3-m-long, HL-LHC 11 T dipole magnet coils 

showing the number of strand pop-outs that were identified and corrected during coil winding. The statistics are 

presented per coil, as a function of coil head (connection side and non-connection side) and coil layer (inner or 

outer). The dashed lines indicate which coil was used in which magnet. The brackets below the horizontal axis 

show the cabling runs (Courtesy of O. Housiaux, SERCO, and R. Principe, CERN). 

 

As mentioned in 3.5.1 and explained in more details in Section 5.5.3, popped-out strands as 

observed in Figure 76 are common occurrences during Nb3Sn coil winding. Section 5.5.3 lists the 

various actions that can be taken to mitigate the risks of popped-out strands and cable bulging/collapse, 

but, in spite of these efforts, the risks have not been eliminated for HL-LHC coils. Let us note that the 

presence of a stainless-steel core between the two strand layers (see Figure 6) is a factor of mechanical 

instability during winding. 

The procedures for both 11 T and MQXFB coils call for the technicians to carefully check the 

cables during coil end winding and to record any non-conformity. Figure 77 presents a summary plot of 

non-conformities issued during the series production of 26 x 5.3-m-long 11 T dipole magnet coils related 

to strand pop-outs. The data are presented for connection-side and non-connection-side heads of both 

the inner and outer layers of each coil. Also reported on the plot is the sequence of cabling runs (note 

that, for 11 T coils, a cabling run usually encompasses 2 x 655-m-long cable unit lengths). There appears 

to be an average of 11 pop-outs per coil. The pop-outs are evenly distributed between the two coil 

heads, and there are 35% more events for the outer layer, which counts 34 turns, than for the inner 

layer, which counts 22 turns, showing a correlation with the number of turns. However, there does not 

seem to be any correlation between the number of pop-outs in coils and the cabling runs. 

The number of non-conformities is quite large and is probably underestimated since the hidden 

surface of the turn being wound (facing the previous turn) cannot be inspected and may also present 

pop-outs as seen in Figure 49 and Figure 50. As already mentioned, strand pop-outs have also been 

observed in MQXFB coils [203], but in smaller numbers, probably due to the much larger radii of 

curvature at which the MQXFB coils are wound.  
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Figure 78: Observation during disassembly of 5.3-m-long, 60-mm-two-in-one-aperture HL-LHC series dipole 

magnet S3 at CERN. Top left: damaged pusher. Top right: mark left by the damaged pusher on the sector plate. 

Bottom: sketch explaining the likely root cause of the damage (the damaged pusher corresponds to the external 

side of upper coil GE15 of Aperture 1, connection-side head; courtesy of O.-Housiaux, SERCO and H. Prin, 

CERN). 

 

4.4 Salient Observation from Magnet Disassembly 

Three series HL-LHC 11 T dipole magnet cold masses (S2, S3 & S4) have been disassembled after cold 

test and powering and some recurrent non-conformities have been observed [210]. We focus here on the 

ones that seem the most relevant to the mechanical support of magnet ends. 

4.4.1 Loosened Set Screws and Deformed Pushers 

As illustrated in Figure 78, S2 and S3 cold masses exhibit an issue with a loosened set screw and a 

deformed pusher, while no such observation was made during the disassembly of S4. As explained in 

Section 1.5.5.1, the set screws and the pushers are designed to provide longitudinal pre-compression 

and support to the coil ends. 

It is likely that the pusher corresponding to this screw was not properly engaged in the sector 

plate’s housing and that the damage occurred during the torque application (see bottom part of           

Figure 78). Note that the torque is applied to the set screws after completion of end plate orbital welding, 

at a time when the pushers are not visible anymore. Following this observation, it was decided to add 

an endoscopic examination of the pushers before torque application. 

For both magnets, only one of the set screws was non-conform. In both cases, it was on the 

connection-side end of the magnet. For S2, it was on the inner side of coil GE13, which is the bottom 

coil of Aperture 1 and is correlated with the main area of quench-start localization (in particular, after 

the 4th cooldown). For S3, it was on the outer side of coil GE15, which is the top coil of Aperture 1, 

where all the quenches were localized, but most of the detraining quenches originated at the opposite 

non-connection side end (see Figure 104 for the definition of inner and outer sides). 
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Figure 79: Observation during disassembly of 5.3-m-long, 60-mm-two-in-one-aperture HL-LHC series dipole 

magnet S2 at CERN showing displacements of central yoke laminations. Top: connection side end. Bottom: non-

connection side end (Courtesy of O.-Housiaux, SERCO and H. Prin, CERN). 

 

4.4.2 Displacement of Central Yoke Laminations 

As illustrated in Figure 79, S2 and S3 cold masses exhibit an issue with central yoke laminations (those 

between the two apertures), which are either displaced or deformed at both ends. A similar 

deformation/displacement, but less pronounced, was also observed on S4. The laminations were 

properly positioned at the time of assembly and the anomaly was only observed during disassembly 

after cold testing. 

This non-conformity indicates that the end laminations were not rigidly supported and could bend 

or move, likely under the effect of the axial component of the Lorentz force that tends to stretch the coils 

outwardly during energization or following a sequence of power and warm-up/cooldown cycles. Of 

course, on the connection side, the occurrence of this non-conformity may also be linked to the loosened 

set screw and deformed pusher described in Section 4.4.1. 

The above two observations point to weaknesses in the mechanical support of coil and magnet 

ends, which was not optimal, and which may have contributed to the observed performance degradation. 

4.5 Summary from New Finite Element Analyses 

4.5.1 Introduction 

One of the main actions of the 2nd Task Force has been the development of a new, 3-dimensional (3D), 

Finite Element (FE) model of the 11 T dipole magnet cold mass to assess local thermo-mechanical stress 

fields in conductor blocks, in the magnet straight section and in the ends, during assembly (collaring + 

shell welding), after cooldown and during energization 
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Figure 80: Views of one quarter model of 5.3-m-long, 60-mm-two-in-one-aperture HL-LHC 11 T dipole magnet 

developed within the framework of 2nd 11 T dipole magnet Task Force at CERN. Top: 2D cross-section, featuring 

the various interfaces. Bottom: longitudinal section, showing the simplifications in the description of the various 

components (Courtesy of C. Garion and M. Morrone, CERN [221]). 

 

This FE modelling effort was deemed necessary as there was no such comprehensive analysis 

tool that remained available at the time of the Task Force launching. Let us now introduce the main 

features of this new model, which was developed using COMSOL Multiphysics® V5.6 [219], the efforts 

that were carried out to benchmark it, and its main findings. The full analysis details are provided in 

Refs. [220], [221] and [222]. 

4.5.2 Geometry and Mesh 

As illustrated in Figure 80, the geometry of the FE model was built starting from the 3D Computer-

Aided Design (CAD) model of half the magnet coldmass along the longitudinal axis (connection-side 

end) and one quarter in the transverse cross-section. 

All dimensions are assumed to be nominal (e.g., 15-mm-thick outer stainless-steel shell and 75-

mm-thick end plate connected to the shell by a fillet weld). The side-yoke packs, central-yoke packs 

(between the two collared-coil assemblies), and collar packs are treated as bulk.  
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Figure 81: Detailed models of the connection-side end of 5.3-m-long, 60-mm-two-in-one-aperture HL-LHC 11 T 

dipole magnet developed within the framework of 2nd 11 T dipole magnet Task Force at CERN. Left: Overall view 

featuring coil head and transition between coil head and coil straight section. Right: Implementation of resin rich 

areas in selected conductor blocks (Courtesy of C. Garion and M. Morrone, CERN [221]). 

 

The half coil is cut longitudinally into two parts: a first part corresponding to the coil head and 

the transition region between the coil head and coil straight section, and a second part corresponding to 

the coldmass straight section.  

The first coil part is described in detail and includes: cable blocks, copper wedges, Ti-alloy pole 

pieces, G11 end saddle, stainless-steel end spacers, and so-called stainless steel winding keys (see left 

part of Figure 81). The winding keys are the last pole pieces, which are implemented at the time of 

winding and support the pole turn end. There is one for the inner layer and one for the outer layer, and, 

unlike the Ti-alloy pieces, they are both made of AISI 316L and impregnated with the coil. 

The second coil part does not distinguish the different coil components and relies on homogenized 

properties (including the Ti-alloy pieces).  

The cable blocks are also modeled as bulk components, but resin-rich zones are assigned at the 

extremities of the inner-layer end spacers to simulate the voids that are left between the cable and the 

spacers during winding. These voids correspond to areas that are subsequently filled by pure resin during 

the impregnation phase and where degradations have been observed during post-mortem examinations 

(see Figure 81 and Section 3.5.1). 

Around 360,000 second-order tetrahedral elements are used to discretize the geometry.  

The sub-modelling technique was applied to refine the mesh in the areas of interest to obtain a 

higher stress/strain resolution. The underlying assumptions when using sub-models are: 

– the global model is accurate enough to give correct displacements on the boundary with the sub-

model; 

– the improvements introduced in the sub-model are small enough that they do not introduce 

significant changes in stiffness in the global level. 

With such assumptions, it is possible to introduce non-linear material properties, locally in the 

sub-model. 
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Figure 82: Coordinate systems used in the new model of 5.3-m-long, two-in-one-aperture HL-LHC 11 T dipole 

magnet developed within the framework of 2nd 11 T dipole magnet Task Force at CERN. Left: cylindrical systems 

at the center of the coil (red) and at the center of the magnet (blue). Right: curvilinear system following the cable 

turns in the magnet head featuring azimuthal direction (green), axial direction (red) and radial direction (blue; 

Courtesy of C. Garion and M. Morrone, CERN [221]). 

 

4.5.3 Coordinate Systems 

Four main coordinate systems are used: 

(1) a general global cartesian system for the whole geometry;  

(2) a cylindrical system at the center of the coil (marked in red in the left part of Figure 82); 

(3) a cylindrical system at the center of the magnet (marked in blue in the left part of Figure 82);  

(4) a curvilinear system that follows the cable curvature in the coil head (see right part of Figure 82). 

The designations transverse (t) and longitudinal (l) directions refer to the global and cylindrical 

coordinate systems, while the designations axial (a), azimuthal () and radial (r) direction refer to the 

local coordinate system of the cable. As illustrated in Figure 82, azimuthal corresponds to a direction 

that is perpendicular to the cable broad face, axial is tangential, and radial is parallel. 

4.5.4 Constitutive Laws and Material Properties 

A linear elastic constitutive law is considered for all materials of the model. Thermal strain is accounted 

by considering the integrated thermal strain from room temperature to 4.2 K 

A transverse isotropic model is considered for the side-yoke, central-yoke and collar packs. The 

modelling considers the laminated structure of the yoke and collar packs. It is based on the physical 

properties in the transverse direction while the Young’s modulus in the longitudinal direction is 

drastically lowered (3 GPa). In addition, the transverse Young’s modulus of the collars is halved from 

the bulk property as only half of the collars contribute to transverse force transfer. For both yoke and 

collar, the shear modulus of the packs is estimated from the bending stiffness of a single lamination.  

The welding phase is simulated by pulling on the edges of the outer stainless-steel shell halves, 

while the side-yoke packs are free to move to contact the packs on the opposite side. Let us note that the 

mating faces of the yoke packs have an angle of 0.04° with respect to the vertical axis. This angle 

compensates for the bending of the yoke during welding and enables a proper closure of the yoke gap. 
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An orthotropic model is used for the coil. All coil components (impregnated cables, copper 

wedges, stainless steel loading plates, stainless steel winding key, stainless steel end spacers and G11 

end saddle) are assumed to be glued. The Ti-alloy pole pieces, which, for the 11 T dipole magnet coils, 

are mounted after resin impregnation, with no gap between them, are modeled as a longitudinally 

continuous component, with frictionless contact to the coil pole faces. Homogenized properties (for the 

whole coil in the straight section and for impregnated cable blocks in the coil head) are evaluated 

considering longitudinal properties according to the rule of mixture.  

In the coil head, an equivalent Young’s modulus is calculated for each cable block. The ratio of 

resin over plain conductor is estimated over three distinct 30° angular sections. Continuous equivalent 

properties along the turns are derived by interpolation of these three resin ratios. According to this 

estimate, the azimuthal Young’s modulus of homogenized impregnated cable blocks reduces by 50% 

from the straight section to the turn ends. Finally, an orthotropic model is also used for the G11 end 

saddle at the coil extremity. 

Table 8 presents a summary of the material properties used in the new FE model, where E refers 

to Young’s modulus, , to Poisson’s ratio, G, to shear modulus, and , to integrated thermal expansion 

coefficient between room and cryogenic temperatures. The subscripts are self-explanatory. This 

compilation is the result of a comprehensive review of data available in the literature or determined by 

ad hoc measurements carried out at CERN within the framework of HL-LHC magnet development 

programs. The simulations reported here all rely on these physical parameters and that there was no 

iteration on their values to better fit observed behaviors as it is sometimes done. 

4.5.5 Loading Steps 

The analysis considers five successive loading steps, labeled sequentially A to E. 

4.5.5.1 Step A: Collaring 

The collaring phase is modeled in one step and corresponds to the state after lateral key insertion and 

hydraulic press unloading. The shimming is applied by imposing a contact offset between the Ti-alloy 

pole pieces and collar noses and between the Ti-alloy pole pieces and the stainless-steel loading plates 

covering the coil pole faces (as explained in Section 1.5.5.1, in the case of 11 T dipole magnets, the 

stainless-steel pole pieces used for heat treatment are replaced by Ti-alloy pole pieces at the time of coil 

assembly, and are not resin-impregnated with the coils as for MQXF). The shim between Ti-alloy pole 

pieces and collar noses is of the nominal thickness (0.2 mm) and is reduced in two steps over the last 

55 mm of coil straight section. The azimuthal coil size excess is assumed to be nominal and the shim 

between Ti-alloy pole pieces and loading plates is uniform and has been tuned to a thickness of 170 m 

(see Section 4.5.6.1 for an explanation of how this value was chosen). 

4.5.5.2 Step B: Shell Welding 

The longitudinal welding of the two half shells is simulated by imposing a 0.6 mm displacement on the 

horizontal axis at the edges of both half shells. 

4.5.5.3 Step C: Longitudinal Loading 

A longitudinal prestress is applied to the coil extremity (G11 end saddle) by means of the set screws 

which are pre-compressed to 30 MPa (see Section 1.5.5.1). 

4.5.5.4 Step D: Cooldown 

The cool-down phase is modeled by imposing on each component of the cold mass the integrated 

thermal contraction coefficients from 300 K to 4.2 K listed in Table 8. The impact of magnet cooldown 

is analyzed at 4.2 K as no further effects are expected between 4.2 K and 1.9 K. 
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Table 8: Material properties used in new FE model of 5.3-m-long, 60-mm-two-in-one-aperture 

HL-LHC 11 T dipole magnet developed within the framework of 2nd 11 T Task Force at CERN 

(Courtesy of C. Garion and M. Morrone, CERN [221]). 

Components Elastic Parameters   

 at 4.2 K 

Integrated Thermal 

Contraction Coefficient 

from 293 to 4.2 K  

(x10-3 mm/mm) 

Stainless Steel Shell E = 210 GPA [223] 

 = 0.28 [224] 

2.95 [225] 

Stainless Steel End Plates 

and Set Screws 

E = 210 GPa [226] 

 = 0.3 [226] 

2.95 [227] 

Low-Carbon Steel          

Yoke Pack  

(Magnet Central Part) 

Et = 0.98 x 205 = 200 GPa [228]                                 

El = 3 GPa                                                                          

tl = 0.3, tt = 0.3                                                            

Gtl = 2.1 GPa 

a = 2.95 [227] (rods)                 

 = 2.1 [228]                                              

r = 2.1 [228] 

Stainless-Steel Yoke Pack 

(Magnet Extremities) 

Et = 210 GPa, El = 3 GPa [229]                                       

tl = 0.3, tt = 0.3                                                                

Gtl = 0.59 GPa 

1.85 [229] 

Stainless-Steel Collar Pack Et = 101 GPa, El = 3 GPa [230]                                                            

tl = 0.33, tt = 0.33                                                                      

Gtl = 8.62 GPa                                                             

a = 2.87 (rivet) 

 = 2.7 [230]                                              

r = 2.7 [230] 

Ti-Alloy Pole Piece E = 127 GPa,  = 0.3 [231] 1.74 [231] 

ODS Copper Wedges E = 93 GPa [232] 3.07 [233] 

Impregnated Cable Block 

(cables, fiberglass braids 

and resin) 

Ea = 95 GPa, E = 31 GPa,                                                   

Er = 80 GPa [234]                                                                                 

a = 0.3, r = 0.3, ra = 0.3                                           

Ga = 24.2 GPa, Gr = 21.3 GPa,                                

Gra = 33.6 GPa 

a = 2.8 [235]                                   

 = 2.5 [235]                                         

r = 2.5 [235] 

G11 End Saddle Ea = 23.2 GPa, E = 24 GPa,                                             

Er = 15.9 GPa [236]                                                         

a = 0.21, r = 0.21, ra = 0.21                      

Ga = 9.7 GPa, Gr = 8.2 GPa,                                    

Gra = 6.6 GPa      

a = 2.5 [237] [238]                        

 = 2.5 [237]                                  

r = 7 [237] 

SS Loading Plate, 

Winding Key, and 

End Spacers 

E = 210 GPa,  = 0.3 [226] 

 

2.95 [227] 

Homogenized Coil 

(cable blocks, Cu wedges, 

SS loading plates 

and Ti-alloy poles) 

E = 100 GPa,  = 0.3 [220] 

 

 

2.78 [220] 

CTS-101K Resin E = ~9 GPa,  = 0.3 [239] ~11 [239] 

Polyimid (Kapton®) E = 5 GPa,  = 0.34 [240] 4.7 [241] 
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Figure 83: Lorentz force distribution computed at 11.85 kA in the two-dimensional cross-section of the straight 

part of one 60-mm-aperture of HL-LHC 11 T dipole magnet (Courtesy of M. Morrone and C. Garion, CERN). 

 

4.5.5.5 Step E: Powering 

As a first step, the Lorentz forces at nominal current were computed using the CERN-developed ROXIE 

software [242]. The forces generated in the cable blocks of the coil straight part were computed in 2D 

whereas those induced in the coil head were calculated in 3D for each turn of each cable block. The 3D 

computation was used to derive analytical distributions that were implemented into the new FE model 

(a distribution in cos for the transverse forces, where  is the turn orientation with respect to the vertical 

axis, and a parabolic distribution for the longitudinal forces along the magnet axis). A sanity check was 

carried out by comparing integrated transverse/longitudinal forces over a half-coil straight section in 2D 

and a half-coil head in 3D. 

In a second step, the new FE model was refined by including an electromagnetic analysis to 

compute a more accurate volumetric force distribution that could be directly imported into the thermo-

mechanical analysis. The magnetic analysis also included iron saturation effects. The results of the 

electromagnetic computations were compared with ROXIE results for both coil straight part and coil 

head and differences are in the few percent range. 

Figure 83 shows the Lorentz force distribution calculated by COMSOL Multiphysics® in a two-

dimensional cross-section of the magnet straight part. As is usually the case for a cos dipole magnet 

configuration [75], the Lorentz force has two main components: 

– an azimuthal component, which tends to squeeze the coil away from the pole towards the 

midplane; 

– a radial component that tends to bend the coil outwardly with a maximum displacement at the 

midplane. 
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Figure 84: Lorentz force distribution computed at 11.85 kA over the connection-side head of one 5.3-m-long, 60-

mm-aperture HL-LHC 11 T dipole magnet coil. Top Left: longitudinal forces. Top Right: lateral forces. Bottom: 

vertical forces (Courtesy of M. Morrone and C. Garion, CERN). 

 

Integrated values of the Lorentz force components (per half coil, or per aperture) are provided in 

Table 2. Figure 83 illustrates very clearly the importance of providing robust radial support to the coil 

assembly and preventing excessive deformation along the magnet’s horizontal axis. 

Figure 84 shows the Lorentz force distribution in the coil head, which is quite complex. Overall, 

there are three main components to consider:  

– a longitudinal component, which tends to stretch the coil outwardly; 

– a lateral component that tends to bend the coil outwardly; 

– a vertical component which tends to bend the coil head inwardly (towards the aperture). 

The amplitude of the longitudinal component of the Lorentz force integrated over a coil, is: 

65 kN for the inner layer and 165 kN for the outer layer, with a peak force density localized in the 

ends of the inner- and outer-layer pole turns and their neighbors (see Figure 85). These areas have been 

identified as a point of concern, where one needs to prevent conductor detachment from winding keys 

and end spacers. 

Looking at the details of the vertical Lorentz force distribution, and although there is a net overall 

inward bending effect over the coil head, Figure 86 illustrates that there can be radial gradients across 

the cable broad faces, and that, for the most external turns of the inner-layer coil head, the force even 

changes direction and points outwardly 
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Figure 85: Volumetric density of the longitudinal component of the Lorentz force computed at 11.85 kA over the 

connection-side head of the inner layer of one 5.3-m-long, 60-mm-aperture HL-LHC 11 T dipole magnet coil 

(Courtesy of M. Morrone and C. Garion, CERN). 

  

 

 
Figure 86: Volumetric density of the vertical component of the Lorentz force computed at 11.85 kA over the 

connection-side head of the inner layer of one 5.3-m-long, 60-mm-aperture HL-LHC 11 T dipole magnet coil 

(Courtesy of M. Morrone and C. Garion, CERN).  
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Figure 87: Longitudinal cuts of the non-connection side head of dipole magnet coils. Top: LHC arc dipole magnet 

(Courtesy of P. Fessia, D. Perini and S. Russenschuck, CERN). Bottom: HL-LHC 11 T dipole magnet (Courtesy 

of B. Auchmann. Formerly CERN, and D. Smekens, CERN). 

 

The fact that the design optimization of coil ends needs to integrate both electromagnetic and 

mechanical considerations had already been the object of many discussions at the time of LHC dipole 

magnet development. Of course, back then, the FE modeling tools were not as sophisticated as today, 

but significant efforts were put in to couple electromagnetic computations done with ROXIE with an ad 

hoc mechanical model of conductor blocks and end spacers [243]. This led to iterations on the 

conductors’ layout and on the number and shape of end spacers [244]. Similar efforts were also carried 

out for designing the ends of the 11 T dipole magnet [245]. Figure 87 displays a comparison between 

longitudinal cuts of LHC arc dipole magnet and HL-LHC 11 T dipole magnet coil heads (non-

connection side). There appears to be significant differences, e.g.: the LHC outer coil head is staggered 

with respect to the inner coil head, while the two 11 T coil heads lay on top of each other. This illustrates 

that there can be very different solutions to the problem, depending on the objective functions chosen 

for the optimization, and that more work is needed to comprehensively address this problem. 

4.5.6 Benchmarking 

Serious efforts have been carried out to benchmark the thermo-mechanical FE model results with 

available measurement results for each of the loading steps, either from ad hoc mock-up tests or from 

mechanical data from single- and two-in-one-aperture short and long magnets. Such systematic 

benchmarking is critical to build confidence on the model’s suitability and reliability. 

4.5.6.1 Collaring (Loading Step A): Coil Azimuthal Stress versus Coil Excess 

As part of the first 11 T Task Force set up in November 2017 (see Section 1.5.5.2), a collaring mock-up 

test was carried out using different short segments cut out from coils representative of 11 T short magnet 

models and long prototypes. The mock-up relied on so-called instrumented collars, which are equipped 

with electric strain gauges which are glued on the collar nose (Figure 88). These strain gauges measure 

the pressure exerted by the collar nose onto the Ti-alloy pole pieces. This pressure is eventually 

transmitted to the coils. The goal of the mock-up was twofold [100]: 
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Figure 88: Sketch of collar nose housing on top of Ti-alloy pole piece and location of strain gauge to assess coil 

azimuthal stress in HL-LHC 11 T dipole magnets (Courtesy of C. Abad Cabrera, formerly CERN, M. Guinchard 

and M. Morrone, CERN). 

 

– to establish a calibration of collar nose stress versus azimuthal stress at the coil pole; 

– to derive relationships between azimuthal stresses at coil pole and at coil midplane versus 

azimuthal coil sizes, after key insertion and hydraulic force removal upon collaring completion. 

As detailed in Section 5.5.7, the azimuthal arc length and the radial dimension of the coils are 

measured as part of the final inspections upon manufacturing completion. By aligning the data on the 

nominal outer coil radius from the CAD model, it is possible to determine azimuthal coil size deviations, 

also referred to as excess [101]. The mock-up test results enable two verifications of the collaring loading 

step of the FE model: 

– a comparison of the ratio between coil azimuthal pole stress, ,pole, and collar nose stress, r,nose: 

the measured value is 0.5 [100], while the equivalent ratio derived from the FE model is 0.6; 

– a comparison of the slope of coil azimuthal pole stress versus coil excess: a linear fit of the 

measurements in Ref. [100] gives a slope of 0.3 MPa/m while the slope from the FE analysis is 

0.34 MPa/m (see Figure 89). 

In both cases, the FE simulation results are well within 15-20% of the measurement results, which 

is quite reasonable for a model of this complexity. However, one difficulty for the FE model is to 

reproduce absolute values. As illustrated in Figure 89, one needs to shift the linear fit of the measured 

data by 130 m to force it to cross the origin (as one would expect). Conversely, to be aligned with the 

measurements, the shim thickness in the model must be equal to 170 m instead of the nominal value 

of 300 m. The discrepancy likely arises from uncertainties on the contact zone between the collar nose 

and housing in the Ti-alloy pole piece and from accommodation taking place in the different contacts 

during collaring. Another effect could be initial non-linearities in the coil blocks’ stress-strain 

curve [246], not taken into consideration in this model. This correction will be applied for the rest of the 

analysis and is the only model parameter that is adjusted. 
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Figure 89: Linear regressions of azimuthal pole stress versus coil excess measured on collaring mock-up of HL-

LHC 11 T dipole magnet and computed using new FE mechanical model developed as part of the 2nd 11 T Task 

Force (Courtesy of C. Garion and M.-Morrone [221]). 

 

4.5.6.2 Shell Welding (Loading Step B): Tensile Stress in Shell 

Upon welding completion, measurements of the shell tensile stress were carried out on short two-in-

one-aperture HL-LHC 11 T dipole magnet models DP101 and DP102 [101]. The measurements relied 

on strain gauges placed on the inner and outer radii of the shell, at the level of a cutout in the yoke that 

accommodates busbars. The measured values range from 225 to 250 MPa. The computed values in the 

FE model are 230 MPa at the external side of the shell (210 MPa at the level of the busbar cutout) and 

225 MPa at the internal side (260 MPa at the level of the busbar cutout). The computed values are again 

in a reasonable agreement with the measured ones. 

4.5.6.3 Cooldown (Loading Step D): Geometry Changes of Short Model Coil 

To confirm the value assumed in the simulation for the coefficient of thermal expansion (CTE) of a 

homogenized magnet coil, a dedicated experiment was carried out in the CERN Cryogenic        

Laboratory [247]. 

As illustrated on the left side of Figure 90, a 2-m-long, 11 T dipole magnet coil (SD126) was 

installed in a metallic container with a plexiglass lid. The coil is placed on three supports (one on the 

connection side and two on the non-connection side) to create isostatic conditions while being free to 

contract without any restraint. It is cooled down by the vapors generated by a bath of liquid nitrogen 

and geometry changes are measured by photogrammetry. The coil is instrumented with 10 temperature 

sensors and 472 optical targets distributed on its outside surface (see right side of Figure 90). Additional 

reference targets and scales are located around the pool and outside the cold area at ambient temperature. 

The measurement uncertainty is between 15 m and 85 m depending on the location. 
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Figure 90: Experimental set up at CERN Cryogenic Laboratory to measure geometry changes on 2-m-long, HL-

LHC 11 T dipole magnet coil SD122 between room and GN2 temperature. Left: picture of coil in metallic container 

with plexiglass lid. Right: picture showing the position of the photogrammetric targets on the coil surface 

(Courtesy of J. Bremer, T. Koettig, and D. Mergelkuhl, CERN [247]).  

 

 

Figure 91: Reconstruction from photogrammetric measurements on 2-m-long, HL-LHC 11 T dipole magnet coil 

SD122. Left: at GN2 temperature. Right at room temperature after warm-up. The x-axis is the horizontal axis, the 

y-axis the vertical axis, and the z-axis the longitudinal axis (Courtesy of J. Bremer, T. Koettig, and D. Mergelkuhl, 

CERN [247]). 

 

The left part of Figure 91 shows a reconstruction of the measurements at cold conditions with 

respect to reference measurements at room temperature. It appears that the coil is bending in the vertical 

plane, with its ends moving upward by 4.5 mm. Figure 91(right) illustrates that, after warm-up, the 

coil does not come back to its original shape and remains bent in the vertical plane, with its ends 

displaced upward by 2.9 mm [247]. Deformations are also measured in the horizonal plane, but they 

are much smaller: in the range of  0.4 mm at cold and  0.25 mm after warm-up to room temperature. 

The photogrammetric reconstruction also enables us to derive an estimate of the integrated 

thermal expansion coefficient (applying a correction for the fact that the coil is bent in the vertical plane 

at cold conditions).  This gives a value of 2.27 mm/m for a T of 178 K [247]. 
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Figure 92: Results from new FE model for HL-LHC 11 T dipole magnet coils applied to simulate the experiment 

carried out on a 2-m-long coil at CERN Cryogenic Laboratory. Top: computed longitudinal displacement at 114 K. 

Bottom: computed vertical displacement at 114 K (Courtesy C. Garion and M. Morrone, CERN [221]). 

 

The FE model described above was applied to simulate the experiment on coil SD122. As 

illustrated in Figure 92, the computed CTE is 2.44 mm/m for the overall coil and 2.3 mm/m for the coil 

straight section, while the estimated vertical bending due to cooldown is 3.65 mm. These values are in 

reasonable agreement with the test results. (Note that the homogenized coil CTE quoted above is 

different from the one given in Table 8 because it does not include Ti-alloy pole pieces). 

Let us stress again that it is critical for the credibility of the FE model to rely on suitable physical 

parameters, that are derived from first principles and possibly validated by ad hoc measurements, rather 

than on values that are fitted a posteriori to achieve a better match with the observed magnet behavior. 

This is particularly true for CTEs. 

4.5.6.4 Powering (Loading Step E): Axial Mechanics 

From the macroscopic point of view, a key element in the axial mechanics of the cold mass is assessing 

what is the fraction of the longitudinal electromagnetic load that is directly transferred to the set screws 

mounted on the end plates versus the remaining part that is held by the coil rigidity and the frictional 

contacts in the system. As explained in Section 1.5.5.1, the force transmitted to the set screws can be 

measured by bullet strain gauges mounted on the pushers. 
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Unfortunately, none of the 5.3-m-long 11 T dipole magnets which have been cold tested were 

instrumented with bullet strain gauges, due to lack of time and schedule pressure. The first long magnet 

to be instrumented was S5, which has not been cold tested. Therefore, the only available data are those 

from the short magnet models [101][248]. The most relevant for a comparison with the FE model are 

those from two-in-one-aperture short model magnet DP201. For this model magnet, the ratio between 

the force change measured on the bullet strain gauges during energization and the estimated Lorentz 

force at maximum test current is 38% for aperture SP201 and 46% for aperture SP202. In comparison, 

the ratio estimated from the FE model is 50%. Again, the agreement between measured and computed 

values is quite reasonable. 

4.5.7 Main Findings from the New FE Model 

4.5.7.1 Introduction 

Now that we have built confidence in the new FE model through various benchmarking exercises, let 

us use it to identify areas of undesirable stress concentrations. Of course, we are not expecting the model 

to be fully accurate, and we should remain circumspect about absolute stress values, but the computed 

trends and the relative stress distributions are likely to be meaningful and trustworthy. 

In a nutshell, in the straight part of the magnet, the new FE model simulations confirm the 

recommendations of the 1st 11 T Task Force in terms of coil shimming parameters to avoid coil 

overstress. However, at the transition between the straight part and the end of the magnet and in the 

magnet head itself, the new FE model reveals a few critical areas that raise concerns and call for 

correction/preventive actions. Let us review in detail the main findings. 

4.5.7.2 Azimuthal Stress in Magnet Straight Section 

Figure 93 presents the azimuthal stress distribution in the coil and Ti-alloy pole cross-sections for each 

of the main loading steps. 

Upon collaring completion (loading step A), the peak stress on the conductor occurs in the 

medium part of the conductor block next to the pole and is of the order of -80 MPa. Let us note the role 

played by the notch at the inner radius of the Ti-alloy pole to relieve the pole stress. This feature was 

first introduced in the collar design of the dipole magnets for the Superconducting Super Collider (SSC) 

project in the USA in the early 1990s [212] and was integrated into LHC dipole magnet collar 

design [72]. It was omitted in the MQXF design to facilitate the implementation of fiber optics 

instrumentation. 

After cooldown (loading step D), the peak stress in the pole conductor block increases to about -

90 MPa because of thermal shrinkage differentials between stainless-steel collars, Ti-alloy pole pieces 

and coil blocks.  

At full energization (loading step E), the coil pole unloads, and the peak stress moves to the 

midplane of the inner layer and reaches about -100 MPa.  

In conclusion, the new FE model confirms that, under nominal assembly conditions, the straight 

parts of the 11 T dipole magnet coils can be expected to be sufficiently loaded while avoiding 

overstresses. 
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Figure 93: Azimuthal stress distributions in the cross-section of the coil and radial stress distribution in the Ti-

alloy pole computed in the straight part of the new FE quarter model of the 5.3-m-long, 60-mm-two-in-one-

aperture HL-LHC 11 T dipole magnet at various loading steps. Top: after collaring. Middle: after cooldown. 

Bottom after energization to 11.85 kA (Courtesy of M. Morrone and C. Garion, CERN [221]). 

 

4.5.7.3 Azimuthal and Radial Stress Concentration in Magnet Coil Head After Collaring 

Figure 94 features azimuthal stress distributions over the connection-side coil head after collaring (in 

the coordinate system of Figure 82, azimuthal refers to a direction perpendicular to the conductor’s 

broad face). 

The simulation shows peak stresses of +120 MPa in the outer-layer pole turn end and of +70 MPa 

in the inner-layer pole turn end, while the stresses are in the 90‒130 MPa range in the transition region 

between coil head and coil straight section. 
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Figure 95 features axial stress distributions for the same areas of the connection-side coil head 

after collaring (in the coordinate system of Figure 82, axial refers to a direction tangential to the 

conductor’s broad face). As in the case of azimuthal distributions, the simulation shows tensile peak 

stresses at the pole turn ends of +55 MPa in the outer layer and +30 MPa in the inner layer. The 

simulation also reveals singularities at the extremity of the collaring shim between coil poles and Ti-

alloy pole pieces (which also corresponds to the end of the latter and the junction with the stainless-steel 

winding key) and the occurrence of an overall bending of the coil blocks at the transition between 

straight section and coil head. 

In addition to geometrical discontinuities (e.g., between wedges and spacers), another likely 

origin of the observed stress concentrations is the fact that the shimming plan implemented on the full-

length 11 T dipole magnets calls for an abrupt step between the end of the coil straight part and the 

beginning of the coil heads. This step is simulated in the FE model by a reduction of the coil excess 

from +170 µm to 0 µm (let us recall that the reason for the choice of the value of 170 µm in the straight 

part instead of the nominal value of 300 µm is explained in Section 4.5.6.1). As a result, at the time of 

collaring, the application of the vertical force from the press in the magnet straight part, where the Ti-

alloy poles are in good contact with the coils through the loading plates, results in a longitudinal pulling 

force on the somewhat looser conductor blocks in the coil heads, resulting in the observed stress 

concentrations and bending effect at the transition. In reality, the aforementioned effects may not be as 

dramatic as computed by the FE model, but the model does point to a weakness in the magnet assembly 

procedure that can be corrected (see Section 4.6). 

4.5.7.4 High Compressive Stress on Layer Jump and Likely Cracks in Resin-Rich Areas After 

Cooldown 

Figure 96 features azimuthal stress distributions over the connection-side coil head after cooldown. 

Compared to Figure 94, one can clearly see an enhancement of the compressive stress on the layer jump 

(top figures), due to the low CTE of the Ti-alloy pole piece, with a significant area below -150 MPa, 

which is a concern. 

Also, as illustrated in Figure 97, high concentrations of Von-Mises stresses are observed in the  

resin-rich areas modeled in the coil inner layer (see Section 4.5.2 and Figure 81). These stress 

concentrations arise during cooldown, due to the high CTE of pure resin, and are further enhanced 

during energization. They are likely to lead to cracks in the resin (the ultimate tensile strength of pure 

epoxy resin is 45 MPa at room temperature and 90 MPa at 77 K [296] ) and/or to delamination of the 

cable blocks from the metallic wedges and spacers (the double lap shear strength of CTD101-101K® 

ranges from 8 to 13 MPa at room temperature and 11‒15 MPa at 77 K, depending on the metal to which 

it adheres [297]). These cracks and delamination release and accommodate the high stresses, and this 

explain the observations made in the metallographic analyses of coil heads (see Section 3.5.1.2). 

Similar radial stress concentrations can also be seen at the junctions between copper wedges and 

stainless-steel end spacer tips. The present FE analysis does not model cracks or delamination.  
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Figure 94: Azimuthal stress distributions in the connection-side coil head computed by new FE quarter model of 

5.3-m-long, 60-mm-two-in-one-aperture HL-LHC 11 T dipole magnet after collaring loading step. Top: outer 

layer. Bottom: inner layer (Courtesy of M. Morrone and C. Garion, CERN [221]). 

 

Figure 95: Axial stress distributions in the connection-side coil head computed by new FE quarter model of 5.3-

m-long, 60-mm-two-in-one-aperture HL-LHC 11 T dipole magnet after collaring loading step. Top: outer layer. 

Bottom: inner layer (Courtesy of M. Morrone and C. Garion, CERN [221]).  
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Figure 96: Azimuthal stress distributions in the connection-side coil head computed by new FE quarter model of 

5.3-m-long, two-in-one-aperture HL-LHC 11 T dipole magnet after cooldown loading step. Top: outer layer. 

Bottom: inner layer (Courtesy of C. Garion and M. Morrone, CERN [221]).  

 

 
Figure 97: Von Mises stress in resin-rich areas implemented of selected conductor blocks from connection-side 

head of 5.3-m-long, 60-mm-two-in-one aperture HL-LHC 11 T dipole magnet model developed within the 

framework of the 2nd 11 T dipole magnet Task Force at CERN (see Figure 81). Top: after cooldown. Bottom: 

after energization (Courtesy of M. Morrone and C. Garion, CERN).  
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Figure 98: Azimuthal and axial stress distributions in the inner layer of the connection-side coil head computed 

by the new FE quarter model of 5.3-m-long, two-in-one-aperture HL-LHC 11 T dipole magnet after energization 

loading step to 11.83 kA. Top: azimuthal stress. Bottom: axial stress (Courtesy of C. Garion and M. Morrone, 

CERN [221]). 

  

4.5.7.5 Azimuthal Tension in Turn End and Bending of Inner-Layer Coil Head During Energization 

As illustrated in Figure 98, the combination of the longitudinal, lateral and vertical components of the 

Lorentz forces results in complex stress distributions with very high peak values. The azimuthal stress 

reaches 230 to 270 MPa in the inner-layer turn ends (and up to 240 MPa in the outer-layer turn ends). 

Conversely, the radial stress distribution shows a strong bending effect due to the vertical and lateral 

components of the Lorentz force which tends to push the coil head downwardly, with peak tensile 

stresses in the 170‒250 MPa range in the inner layer (and, again, up to 240 MPa in the outer layer). 

It is likely that cracks of the brittle resin and delamination of the cables themselves or at their 

interfaces with end spacers will occur in these areas, enabling stress accommodation to lower and more 

acceptable levels, but a robust magnet design should not rely on such an uncertain and uncontrollable 

process, which may vary as a result of warm-up cooldowns. 

More design optimization work is needed to limit peak azimuthal and radial stresses in the magnet 

heads. 
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Figure 99: Radial stress distribution in an instrumented collar and azimuthal stress distribution in a half coil 

computed by new FE quarter model of 5.3-m-long, two-in-one-aperture HL-LHC 11 T dipole magnet after 

collaring loading step (Courtesy of M. Morrone and C. Garion). 

 

4.5.7.6 Bending of Collar Nose During Energization 

As already mentioned in Section 4.5.6.1 and illustrated in Figure 88, and unlike what is done usually in 

the design of Nb‒Ti accelerator magnets [212], the collar nose of the 11 T magnets is not shaped to be 

directly in contact with the coil pole faces, but has a rectangular tip which is housed in a groove 

machined on the top of the Ti-alloy pole pieces in contact with the coil. During collaring, the press 

applies a vertical force onto the collars, whose tips push against the bottom of the Ti-alloy pole housing, 

eventually providing azimuthal prestress to the coil, as illustrated in Figure 99. 

Most 11 T dipole magnet models and prototypes were equipped with instrumented collars at 

various longitudinal positions. These instrumented collars have strain gauges glued on their noses (see 

Figure 88). In addition, cutouts are made on both sides of the nose to homogenize the collar nose stress 

and enable more reliable measurements from the strain gauges. The strain gauge readout is not a direct 

measurement of the azimuthal prestress at the coil pole, and that there is a transfer function between the 

two. 

As detailed in Section 4.5.6.1, a calibration was carried out on a collaring mock-up at the time of 

the 1st 11 T Task Force, which established that, for collaring at room temperature, the average azimuthal 

stress in the coil is about a factor of 2 lower than the collar nose stress [100]. This is also confirmed by 

the stress distributions displayed in Figure 99 (note that Figure 99 features the radial stress distribution 

in the collar and the azimuthal stress distribution in the coil.) 

The next question arises whether the transfer function remains at a constant value of 2 during 

cooldown and energization or does it evolve.  

Figure 100 shows the stress distribution in an instrumented collar, with a close-up view of the 

collar nose after cooldown and energization. As can be seen in the plot, the radial component of the 

Lorentz force results in a bending moment on the collar arms, causing an unloading of the central area 

of the collar nose. This is associated with the occurrence of a small gap between the nose tip and the 

housing bottom in the Ti-alloy pole piece (at high magnification), while the lateral faces of the collar 

nose come into compression against the lateral faces of the housing. This, of course, makes the transfer 

of force between collar nose, Ti-alloy piece and coil quite cumbersome and calls for a FE model to 

analyze it. Also, it is likely that the deep cutouts machined on both sides of the instrumented collar nose 

are exacerbating the effect. 
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Figure 100: Stress distributions in instrumented collar and adjacent Ti-alloy pole piece computed by new FE 

quarter model of 5.3-m-long, two-in-one-aperture HL-LHC 11 T dipole magnet during powering. Top: azimuthal 

stress. Middle: radial stress. Bottom close-up view of radial stress distribution in collar nose and adjacent Ti-pole 

housing (Courtesy of M. Morrone and C. Garion). 

 

As a consequence, when plotting instrumented collar nose stress as a function of current squared, 

we do not observe the expected linear decrease from the effect of the azimuthal component of the 

Lorentz force, which tends to squeeze the coil towards the midplane and to unload the pole (see                 

Figure 101). We, instead, observe a non-linear decrease and a progressive flattening. This is likely due 

to a superposition of two effects: 

– coil pole unloading, caused by the azimuthal component of the Lorentz force; 

– aforementioned collar bending and collar nose unloading, caused by the radial component of the 

Lorentz force. 

The three curves of Figure 101 correspond to three different shim thicknesses: nominal value of 

170 µm, representing 300 µm in real life, and reduced values of 145 and 95 µm, representing 275 and 

225 µm, respectively. The three curves eventually reach the same plateau, which corresponds to full 

collar nose unloading. As expected, the smaller the shim, the sooner the unloading plateau is reached. 

The qualitative description given above shows that the transfer function between collar nose and 

azimuthal coil stress becomes cumbersome to derive, making the strain gauge measurements during 

energization arduous to interpret. However, it explains the flattening of the collar nose stress reported 

in Refs. [101] and [248], for which there was always a strong suspicion that, given the low current level 

at which it occurred, it was not a sign of coil pole unloading but was likely to have a another origin. 
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Figure 101: Instrumented collar nose stress versus current squared, computed for 3 different shim thicknesses 

during powering loading step, by new FE quarter model of 5.3-m-long, two-in-one-aperture HL-LHC 11 T dipole 

(Courtesy of M. Morrone and C. Garion, CERN). 

 

 
Figure 102: Comparison between instrumented collar nose stress and regular collar nose stress versus current 

squared, computed for nominal shim thickness during powering step, by new FE quarter model of 5.3-m-long, 

two-in-one-aperture HL-LHC 11 T dipole (Courtesy of M. Morrone and C. Garion, CERN). 
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The next question is: is the flattening a specific feature of instrumented collars, because of the 

deep cutouts on the nose sides, or does it also occur in regular collars without cutout? Figure 102 presents 

a comparison of computed nose stress versus current squared for an instrumented collar and a regular 

collar, assuming a nominal shim thickness of 170 µm (corresponding to 300 µm in real life). The regular 

collar curve exhibits the same non-linear behavior, albeit with a slower rate of decrease, and does not 

seem to achieve full unloading. The presence of the cutouts exacerbates the phenomenon, but even 

without them, the effect of collar bending, and the resulting collar nose unloading, are still present 

(although, they do not lead to the opening of a gap  at high magnification as in Figure 100). In summary, 

the factor of 2 between collar nose and coil pole stress is only valid at room temperature, during 

assembly, but the transfer function is much more difficult to derive for other loading steps. 

This analysis is a reminder that mechanical measurements are tricky and usually call for local 

design modifications. It is always advisable to carry out a detailed assessment of the impact and of the 

relevance of the measurements for the various loading steps of the system under assessment. This was 

studied in detail for the so-called beam-type strain gauge transducers developed at BNL and 

successfully implemented at the time of the Superconducting the Super Collider project [249] or for the 

so-called capacitive force transducers developed at CERN and subsequently at CEA/Paris-Saclay at the 

time of LHC dipole and quadrupole magnet development [250][251]. 

4.5.7.7 End Plate Bending During Energization 

As illustrated in Figure 103, the FE model shows a slight deformation of the stainless-steel end plate 

during energization, with a maximum displacement at the center between the two apertures of 0.35 

mm at 11.85 kA. This deformation likely results from the bending of the orbital fillet weld between the 

end plate and the outer stainless-steel shell. 

The occurrence of this deformation is associated with an uneven distribution of the load generated 

by the longitudinal component of the Lorentz force. In each of the two apertures, the two bullet screws 

located on the outer side of the structure see a higher load than those located on the inner side (between 

the two apertures), resulting in a higher force versus current squared slope (see Figure 104). This slight 

imbalance, may have resulted in the deformation observed on the end laminations of the central yoke 

pack during the disassembly of full-length 11 T dipole magnets after cold testing (see Section 4.4.2 and 

Figure 79). 

At some point in the design of the 11 T dipole magnet, it was foreseen to rely on a set of tie rods 

running across the yoke packs and the end plates to provide longitudinal coil pre-compression [220]. 

Such rods, which are implemented in the MQXF design, may prevent end-plate deformation and result 

in a more uniform sharing of the Lorentz load. However, a robust solution can also be engineered for 

the end plate attachment to the outer shell that is not based on a single orbital filet weld that may be 

prone to bending. Such a solution was, for instance, successfully implemented on the MFISC model 

magnet (in addition to the end cage described in Section 4.6.5) [253]. It was also used on the 11 T 

magnet models designed and built at FNAL [93]. 

4.5.7.8 Stress Concentration at Discontinuities (e.g., Copper Wedges/End Spacers) 

As illustrated in Figure 98(bottom), tensile stress concentrations are observed in the cable blocks next 

to interfaces between extremities of copper wedges and tips end spacers. This is a consequence of the 

presence of singularities in heavily stressed areas, which become more and more pronounced with each 

loading step, as a result of collaring, cooldown and energization. 
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Figure 103: Deformation of connection-side end plate computed by the new FE quarter model of 5.3-m-long, 60-

mm-two-in-one-aperture HL-LHC 11 T dipole magnet after energization loading step to 11.83 kA (Courtesy of 

M. Morrone and C. Garion, CERN).  

 

 
Figure 104: Relative force per set screw vs. current squared measured by bullet gauges on the set screws/pushers 

at the connection-side of Aperture 1 (SP301) of short magnet model MBHDP301 and computed  by new FE quarter 

model of 60-mm-two-in-one-aperture HL-LHC 11 T dipole magnet during energization loading step to 11.83 kA 

(Courtesy of C. Abad Cabrera, formerly CERN, with inputs from M. Morrone and C. Garion, CERN).  

 

4.5.7.9 Wrap-Up 

We went into many details to present the development, benchmarking and findings of the new FE model 

that was initiated as part of the 2nd 11 T Task Force, to illustrate how such a model can benefit root-

cause analyses and help in the identification of design weakness. Let us now review the recovery actions 

that were undertaken to address the issues that were identified. 
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4.6 Recovery Plan 

4.6.1 Introduction 

Following the investigations of the 2nd 11 T Task Force, it was concluded that, although it was not 

possible to implement corrective actions on the identified issues internal to the coils, there were still 

many points related to the external support and loading of the coil and magnet ends to justify enacting 

the 2nd Phase of the strategy. Therefore, it was decided to proceed with the development of a recovery 

plan in view of the assembly and test of a full-length, two-in-one-aperture dipole magnet relying on 

already manufactured virgin coils (having not yet been assembled in a magnet nor tested at cryogenic 

temperature).  

However, before proceeding with the long magnet assembly, it was also decided to qualify the 

proposed recovery actions on a short, two-in-one-aperture dipole magnet model, with the caveat that, 

since there was only one short virgin coil available, the magnet model would have to rely on already 

used coils, with uncertain loading histories. This implies that the quench performance of the reassembled 

magnet model cannot be guaranteed and that it should be considered mainly as a mechanical model, 

whose data will serve as validation of the new FE model.  

As detailed thereafter and, given that the two apertures of the short model and full-length 

prototype can be connected electrically to be powered independently during cold testing, it was decided 

to use this opportunity to evaluate different types of corrective actions. In particular, it was selected to 

implement so-called conservative corrective actions in one aperture and, in addition to these 

conservative actions, to assess a more innovative solution in the other aperture. 

The conservative corrective actions, to be applied in both apertures, are meant to address the 

issues observed during magnet disassembly and the concerns raised by the new FE model. They include: 

– use of tapered pole shims at the transition between coil straight section and coil heads; 

– replacement of Ti-alloy pole pieces by stainless-steel pole pieces; 

– revision of axial preloading system/procedure to minimize risk of set screws 

misalignment/loosening; 

– improvement of laminated yoke structure support to prevent bending/ratcheting at the ends; 

– improvement of instrumentation, in particular, for coil/magnet ends. 

The innovative solution, to be applied on one aperture only, and in addition to the above corrective 

actions, is the implementation of a so-called end cage over the coil heads (details provided in           

Section 4.6.5). 

Let us now review the main proposals. 

4.6.2 Shimming Plan Optimization over Coil Ends 

As detailed in Ref. [100], the 1st 11 T Task Force had concluded that a safe value for the lateral shim 

positioned between the pole piece pole and the stainless-steel loading plate that cover the pole is 300 m. 

As explained in Section 4.5.6.1, in the FE model, an equivalent shim thickness of 170 m is used to 

correct for the offset in the stress plots of Figure 89. 

In the original shimming plan, the shim is constant in the magnet straight section and abruptly 

ends at the start of the winding key. This abrupt step has been shown to result in undesirable stress 

concentrations. To mitigate this effect, it was decided to adopt a shimming plan that decreases more 

progressively from the straight section to the coil ends. 
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Figure 105: Implementation of the variable shimming plan over the heads of HL-LHC 11 T dipole magnet coils. 

Left: longitudinal localization of the variable section of the shimming plan. Right: profile of variable shimming 

plan (note that in FE model an offset of -130 m is applied; Courtesy of M. Morrone and C. Garion, CERN [222]). 

 

As illustrated in Figure 105, the variable portion of the shimming plan starts from the interface 

between the winding key and the first Ti-alloy pole piece and extends over a length of 160 mm towards 

the magnet center. It is implemented by steps of 25 m every 20 mm. For real coils, the first step is 150 

m, and the staircase ends at 300 m on the 7th step after which it stays constant. In the FE model, a 

constant offset of 130 m is subtracted with respect to real coils, the first step starts at 20 m while the 

7th step ends at 170 m. 

4.6.3 Change of Pole Piece Material from Ti-Alloy to 316LN Stainless Steel 

In addition to the new shimming plan, it was decided to replace the Ti-alloy pole pieces by pieces made 

of 316LN stainless steel, whose integrated thermal contraction coefficient between room and cryogenic 

temperature is closer to that of the coil (see Table 8). The titanium alloy used for the baseline design has 

an integrated CTE of -1.74x10-3 while that of 316LN stainless-steel is -2.95x10-3. Given that the CTE 

of a homogenized coil is -2.78x10-3, at the end of the cooldown, the Ti-alloy poles end up in longitudinal 

compression and cause high tension in the coil heads. This effect can be mitigated by relying on 

stainless-steel pole pieces, which, after longitudinal loading and cooldown end up in moderate 

compression, mainly due to the longitudinal forces applied by the set screws. Also, the change of pole 

piece material reduces the stress singularities arising during cool-down between winding keys and pole 

pieces, and between end spacers’ tips and copper wedges. 

The expected impacts of the new variable shimming plan and of the change of pole piece material 

can clearly be seen in the azimuthal and axial stress distributions after collaring in Figure 106 and after 

cooldown in Figure 107 for the coil outer layer. The plots for the inner layer show a similar trend.  

The plots after collaring (Figure 106) shows that the azimuthal stress in the first turn of the outer 

layer decreases from 120 to 10 MPa. Similarly, the axial stress decreases from 55 MPa to 4 MP. This 

decrease is likely because the looser shimming in the transition part between coil straight section and 

coil end results in a greatly reduced pulling force on the conductor blocks. Also, the stress singularities 

that were observed at the junction between the last pole piece and the winding key are greatly reduced. 

The decrease in azimuthal and axial stresses are also confirmed after cooldown. The azimuthal 

stress in the first turn of the outer layer decreases from +95 MPa to -20 MPa while the high stress area 

at the layer jump extremity is removed and the peak compressive stress on the layer jump decreases 

from -150 MPa to -115 MPa. The axial stress in the first turn of the outer layer goes from 60 MPa to -

30 MPa and the very high stress singularity that arose at the copper wedge extremity is not present 

anymore. This, again, is likely to result from the more similar CTEs of pole pieces and coils, which are 

not inducing additional high tension in the conductor blocks. These results confirm the benefits from 

the proposed recovery actions. 
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Figure 106: Comparison of azimuthal and axial stress distributions in the connection-side head of the coil outer 

layer of HL-LHC 11 T dipole magnet at the end of collaring loading step for nominal design (left) and after the 

implementation of variable shimming plan and stainless-steel pole pieces (right). Top: azimuthal stress. Bottom: 

axial stress (Courtesy of M. Morrone and C. Garion, CERN [222]).  

 

 
Figure 107: Comparison of azimuthal and axial stress distributions in the connection-side head of the coil outer 

layer of HL-LHC 11 T dipole magnet at the end of cooldown loading step for nominal design (left) and after 

implementation of variable shimming plan and stainless-steel pole pieces (right). Top: azimuthal stress. Bottom: 

axial stress (Courtesy of M. Morrone and C. Garion, CERN [222]).  
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Figure 108: Azimuthal and axial stress distributions in the connection-side head of the coil inner layer of HL-

LHC 11 T dipole magnet at the end of energization loading step to 11.83 kA and after implementation of variable 

shimming plan and stainless-steel pole pieces. Top: azimuthal stress. Bottom: axial stress (Courtesy of C. Garion 

and M. Morrone, CERN [222]).  

 

After energization to 11.83 kA, and comparing the plots in Figure 98 and Figure 108, the peak 

azimuthal stress in the inner-layer conductor blocks decreases from 270 MPa to 230 MPa, and the peak 

axial stress remains of the order of 250 MPa. These high stresses, which, as explained in Section 4.5.7.5, 

are largely due to the vertical bending of the coils caused by the Lorentz force, are a design feature of 

the magnet. They remain a serious concern, which can only be mitigated by changing the coil head 

design. This concern should be addressed in future high-field accelerator magnet programs 

4.6.4 Instrumentation of Set Screws and Pushers with Bullet Gauges 

A critical piece of information missing from the cold test of full-length 11 T dipole magnets is a 

measurement of the longitudinal force applied by the set screws to the coil end saddles and its evolution 

during cooldown and excitation. It was decided that the new magnets to be assembled should all be 

equipped with calibrated bullet strain gauges mounted on the pushers and to compare measurement and 

FE model simulation results. Let us recall that, like other types of magnet mechanical instrumentation, 

bullet gauges were developed at BNL at the time of the SSC [249]. 
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Figure 109: Conceptual design of end cage, to be implemented on the coil heads of 11 T dipole magnets at CERN 

(Courtesy of D. Perini, G. Spigo, C. Garion and M. Morrone, CERN [222]).  

 

4.6.5 End-Cage Study 

A last mitigation solution that has been proposed and investigated in the FE analysis is the integration 

of a tightening structure over the coil heads known as an end cage. The goal of the end cage is to better 

compact and support the coil ends, in particular: (1) to limit displacement and prevent detachment of 

conductor blocks from end spacers and winding keys during cooldown and powering and (2) to limit 

stresses in resin-rich areas and, therefore, reduce risks and impacts of cracking. 

The end-cage concept was first developed at CERN in the mid-1990s and implemented in the 

MFISC and MFRESCA magnets, which both rely on Nb‒Ti Rutherford-type cables.  

MFISC is a 1-m-long, 56-mm-two-in-one-aperture dipole magnet, with a distance between 

aperture axes of 200 mm, designed in collaboration with Helsinki University of Technology [252], but 

built and cold tested at CERN in 1995/1996 [253][254]. The magnet underwent three cooldowns, 

exhibited little training/retraining and achieved a record field of 10.53 T at 1.77 K.  

MFRESCA is a 1.7-m-long, 88-mm-single-aperture dipole magnet that has been implemented 

and is still operated as a background field magnet for a cable test facility at CERN. The magnet was 

built under contract by Holec Machine Apparaten (HMA) in the Netherlands and was first cold-tested 

at CERN in 1999 [255]. It exhibited its first quench at 8.46 T and reached 10.09 T on its 6th quench.  It 

is now routinely excited up to 9.6 T without a problem [256]. The MFISC and MFRESCA magnets are 

the most successful Nb‒Ti accelerator magnets designed and built to date, in terms of both 

training/retraining and maximum field. 

As illustrated in Figure 109, the proposed end cage is made of a 50-mm-long stainless-steel 

annulus, welded on the last pole pieces at the end of the straight sections of the top and bottom coils and 

housed in the collar pack. It is completed by a 20-mm-thick stainless-steel circular plate that is mounted 

at the extremity of the G11 coil end saddle. The coil head comprised between the circular plate and the 

thick annulus is compressed by means of 2 x 3 M10 rods (3 for the top coil and 3 for the bottom coil), 

which are tensioned at the time of assembly to a force of 9 kN per rod and a total of 27 kN per coil 

saddle whose cross-section is 4316 mm2. The angular positions of the 3 rods are: two lateral rods at an 

angle of 65° with respect to the midplane and one central rod at 90°. 
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Figure 110: Longitudinal stress distributions resulting from end-cage tie rod tensioning on the coil heads of 11 T 

dipole magnets at CERN. Top: distribution on tie rods. Bottom: distribution in G11 coil end saddle (Courtesy of 

M. Morone, C. Garion, CERN [222]).  

 

Figure 110 shows the longitudinal stress distribution in the end-cage tie rods and in the G11 coil 

end saddle after the application of the tensioning force. The tensile stress in the rods is 190 MPa and 

appears to be uniform. However, the longitudinal stress distribution in the G11 end saddle is not uniform, 

as the circular end plate of the cage appears to bend more on the upper side than at the midplane, 

resulting in a high compressive zone at the top (with stresses up to 25 MPa), while it is lower towards 

the midplane. The average stress is -8 MPa, which is comparable to the -6.25 MPa stress applied by the 

tie rods. This bending and non-homogeneity are not desirable and may reduce the end cage efficiency.  

The longitudinal stress in the tie rods is expected to decrease during cooldown (due to thermal 

shrinkage differentials) and excitation (because the longitudinal component of the Lorentz force 

compresses the coil head comprised within the end cage). The presence of the end cage, and the 

associated stiffening of the coil head, is expected to result in a small reduction of the share of the Lorentz 

load transmitted to the pushers and set screws. 

The end cage is designed to compensate for longitudinal effects, it is not expected to help mitigate 

coil head bending resulting from the vertical component of the Lorentz force. As a consequence, the 

axial and radial stress distributions computed by the FE model with the end cage are very similar to 

those computed without it as shown in Figure 108. As already mentioned, given the high stress values 

computed by the FE model which assumes that all components are glued, it is likely that the resin will 

crack and that the conductors will delaminate thereby enabling stress accommodation. In such a case, 

the end cage will keep the head compacted and prevent conductor displacement/ deformation. 
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Figure 111: Collaring data from the apertures of short HL-LHC 11 T dipole magnet model MBHDP301 at CERN. 

Top: corrected combined (top/bottom) average azimuthal coil excess (including variable shims) and measured 

collar nose stress at maximum collaring force and after key insertion versus longitudinal position. Middle: 

collared-coil assembly schematics showing the location of instrumented collars. Bottom: results of pressure 

sensitive test carried out prior to final collaring (Courtesy of C. Abad Cabrera, formerly, CERN, M. Guinchard 

and D. Perini, CERN). 

 

4.7 Preliminary Results from the Recovery Plan 

4.7.1 Short Model Magnet MBHDP301 

As a first stage, a short, two-in-one-aperture, 11 T dipole magnet model, referred to as MBHDP301, has 

been re-assembled and cold tested. It relies on existing coils, which, for three of them, SD108 (RRP® 

strands, 1st generation cable with larger keystone), and SD212 and SD213 (PIT strands, 2nd generation 

cable with lower keystone) have already been assembled and tested at cryogenic temperatures, while 

the fourth one, SD214 (PIT strands, 2nd generation cable), is virgin.  Aperture 1, referred to as SP301, 

is assembled with coils SD108 and SD214 and implements a graded shimming plan over the coil heads 

and stainless-steel pole pieces. Aperture 2, referred to as SP302, is assembled with coils SD212 and 

SD213, and, in addition to the two new features of SP301, implements end cages at both extremities. 

As foreseen, the quench performance of the model magnet is difficult to interpret due to the 

complicated assembly/disassembly of the coils and apertures. However, the mechanical measurements 

provide relevant data to assess the implemented recovery actions (at least, within the limits of the 

measurement uncertainty). In the following, we present a short summary of the main results. More 

details on this short model magnet assembly and tests can be found in Ref. [257]. 

4.7.2 Assembly Data from MBHDP301 

Figure 111 shows the graded shimming plan that was determined based on initial azimuthal coil size 

excess measurements carried out at the end of coil manufacture. The graph also features collar nose 

stresses measured at the time of peak collaring force application and after force removal and key 

insertion. Applying a factor of 2 to derive coil azimuthal stress, it confirms that the coil peak stress 

during assembly stayed below 80 MPa. Tests were carried out prior to final collaring using a pressure-

sensitive film, which shows a smooth decrease of stress over the coil head. 
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Figure 112: Collar nose stress versus current squared measured on instrumented collars of short, two-in-one-

aperture HL-LHC 11 T dipole magnet model MBHDP301 at CERN. Left: Aperture 1 (SP301) with conservative 

recovery actions. Right: Aperture 2 (SP302) with end cage. The measurements are compared to the computations 

from the new FE model (Courtesy of C. Abad Cabrera, formerly CERN, M. Guinchard, D. Perini, M. Morrone 

and C. Garion, CERN). 

 

The strain gauge data from SP302 (with coils SD212 and SD213) exhibit the expected profile 

after key insertion, with a higher pressure in the center (corresponding to 65 MPa on the coil) and 

lower pressures towards the ends (corresponding to 30-35 MPa on the coil). However, the data from 

SP301 (with coils SD108 and SD214) show some unexpected behavior, with a lower pressure in the 

middle (corresponding to 35 MPa on the coil) and higher pressure towards the ends (corresponding to 

45 MPa on the coil). The value in the center is below the target, and the stress profile is not according 

to expectations, but as we stand on a very conservative side, it was decided to go ahead with these values 

and profile. The origin of this discrepancy is not understood, but several possible explanations can be 

put forward: asymmetry in coil assembly made from one virgin and one used coil, effect of the number 

of collaring trials that were carried out, and so on. 

4.7.3 Collar Nose Strain Gauge Measurement during Energization of MBHDP301 

Figure 112 presents summary plots of collar nose stress versus current squared measured at the 3 

longitudinal locations of instrumented collars in both apertures of magnet model MBHDP301. The 

measurement results are compared to the results of the FE analysis. In terms of amplitude, the order of 

the stress curves appears consistent with the pre-compression levels measured after key insertion. In 

particular, in Aperture 1, corresponding to SP301, the stress at the magnet center remains the lowest 

compared to the two locations towards the ends, while in Aperture 2, corresponding to SP302, the stress 

is highest at the center. 

The overall shape of the stress evolution as a function of current squared is very similar to that 

computed by the FE model, with similar inflection and flattening points. As detailed in Section 4.5.7.6, 

part of this evolution is an artifact caused by collar nose bending that is not representative of actual coil 

azimuthal stress evolution.  

The computed curve shown in Figure 112 corresponds to the smallest shim size in Figure 101 

(95 µm in the model, representing 225 µm in real life). This choice was made since the collaring 

prestress is below target, which indicates that the coil excess might have been overestimated. There is 

no noticeable difference in behavior between the two apertures, which is not a surprise since the 

implementation of the end cage should not affect collar nose stress. 
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Figure 113: Longitudinal forces measured on set screws/pushers mounted on the end plates of short, two-in-one-

aperture HL-LHC 11 T dipole magnet model MBHDP301 at CERN at various stages of assembly and testing. 

Top: Aperture 1 (SP301) with conservative recovery actions. Bottom: Aperture 2 (SP302) with end cage (Courtesy 

of C. Abad Cabrera, formerly CERN, M. Guinchard and D. Perini, CERN). 

 

4.7.4 Bullet Gauge Measurements Throughout Magnet MBHDP301 Lifecycle 

Figure 113 presents summary plots of longitudinal force measurements from the bullet gauges mounted 

on the four pushers at both ends of each aperture of short, two-in-one-aperture magnet model 

MBHDP301 and for each of the main assembly and cold testing phases. 

The set screws were all torqued to the same value and retained this value until installation into 

the vertical test cryostat. The measured longitudinal forces increase during cooldown, but while they 

remain homogenous for the different bullets of Aperture 2 (the one with the end cage), a larger spread 

starts to appear between the bullets of Aperture 1.  

As expected, the measured forces increase significantly under the effect of the longitudinal 

component of the Lorentz force during energization, with a noticeably larger spread between the bullets 

of Aperture 1, while the one between the bullets of Aperture 2 is less pronounced (except for the effect 

resulting from end plate bending described in Section 4.5.7.7 and illustrated in Figure 104). For both 

apertures, it also appears that the measured forces on the non-connection side end are larger than on the 

connection-side end. 

Upon warm-up to room temperature, the forces go back to almost the same values before the 

cooldown, except that the spread in Aperture 1 remains higher than in Aperture 2 and that the non-

connection end forces remain slightly higher than the connection-side ones. 

Figure 104 presents a comparison of relative force per set screw versus current squared, measured 

by the bullet gauges on the connection-side of Aperture 1 (SP301) of short magnet model MBHDP301, 

and computed by the new FE model during energization up to 11.83 kA. Except for the non-linearity at 

low current, the slopes of the measured data at higher current appear similar to those of the computed 

ones, with the difference already mentioned and explained in Section 4.5.7.7 between the bullets on the 

external sides of the apertures, and the bullets in between the two apertures. 
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In overall, the longitudinal behavior of the apertures with and without end cage appears similar 

and conforms to what is expected from the FE simulations, at least for the connection-side end. 

According to these preliminary results, the main difference between the two could be that the end cage 

ensures a more homogeneous force distribution between the set screws, which would be beneficial. 

However, before drawing any conclusion, this result would need to be confirmed by additional tests. 

4.8 Conclusion 

The HL-LHC 11 T dipole magnet work package was plagued by several difficulties: it underwent many 

technical challenges, which were exacerbated by management changes and a very high schedule 

pressure that did not enable the implementation of timely feed-back loops after the cold test of the first 

series magnets. Nevertheless, it achieved some good and results, and the two Task Forces have carried 

out detailed root-cause analyses and proposed recovery action plans, which benefited the MQXFB 

program (see Section 5). Also, there are many relevant lessons learned that should be considered for 

future high-field accelerator magnet development programs. We summarize thereafter some of the main 

points: 

– The 11 T program has offered the opportunity of the first industrial production of 5.3-m-long, 

Nb3Sn, accelerator magnet coils, by a supplier working on CERN premises, using CERN tooling 

and equipment; 

– The 11 T program has enabled the development and qualification of a collaring process with 

graded shims on 5.3-m-long Nb3Sn dipole magnets, also validated with an industrial partner (let 

us recall that the performance degradation observed on full-length 11 T dipole magnets is related 

to problems in the magnet ends but not in the straight section as for MQXFB quadrupole 

magnets); 

– The 1st Task Force has highlighted the importance of controlling coil dimensions and of limiting 

peak stresses experienced by the coils during collaring. The series production has demonstrated 

that both goals could be achieved in an industrial environment; 

– The root-cause analysis carried out by the 2nd Task Force clearly points to issues with the design 

of coil ends: both electromagnetically (volumetric distribution of Lorentz force resulting in 

deleterious bending) and mechanically (high frequency of strand pop-outs during winding). 

Efforts should be made to further optimize and dilute the Lorentz force distribution and the shape 

of coil end spacers, which will be validated through extensive winding trials; 

– There are also issues with the mechanical support of the coil and magnet ends, which is not robust 

enough; 

– The 2nd Task Force has also highlighted the importance of having a detailed FE model to 

accompany/support root-cause analyses and to guide the choice of recovery actions. FE model 

needs to rely on physical parameters and to be thoroughly benchmarked; 

– The FE model also reminds us of the importance of good engineering practice and that material 

choices need to be carefully considered since it may result in significant thermal stresses during 

cooldown (and subsequent warm-up); 

– The present analysis shows that resin cracks and conductor delamination/debonding are likely to 

occur in critical areas to enable local stress accommodation. This does not seem a sound and 

robust approach. The mechanical design should be iterated to limit the risks of such occurrence; 

– The collar nose design and the implementation of strain gauge instrumentation on the collar nose 

needs to be reconsidered; 
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– The implementation of end cages over the coil heads does not seem to add value to the present 

11 T dipole magnet design, as the dominating problem is bending of coil head due to the 

transversal and lateral components of the Lorentz force. However, it may still be an interesting 

concept to consider for other magnet designs; 

– Complex R&D programs call for a dedicated core team working in a continuous manner. Team 

changes and stop and go in the executions require significant relearning and retraining efforts. 

Of course, lessons learned on Nb3Sn dipole magnets are relevant for Nb3Sn quadrupole magnets. 

The next question is, based on the assessment from the Task Forces and on the test results from 

short model magnet MBHDP301, is it worth proceeding with the next stage and the assembly and test 

of a full-length prototype?  

It appears that the full-length prototype is not likely to address all uncovered issues and that it 

may not be robust enough for tunnel installation. However, such prototype will be useful to close the 

loop on several issues. Also, it provides a last opportunity before a long time to perform R&D on a long 

Nb3Sn accelerator magnet. Furthermore, in view of FCC-hh development, it could be a good vehicle to 

study supercritical helium cooling around 4.5 K. The recommendation is thus to proceed with the full-

length prototype, but with a clear design of the experiment in view of future projects, such as the 12 T 

robust dipole magnet program initiated at CERN and INFN/Genova, and with well-identified and 

measurable goals.   
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5 Root-Cause Analysis and Recovery Plan for HL-LHC MQXFB Quadrupole 

Magnets at CERN 

5.1 Root-Cause Analysis 

As already explained in Section 1.5.6, after the unsuccessful test of the first two full-length MQXFB 

quadruple magnet prototypes, it was decided to put the magnet manufacturing at CERN on hold and to 

carry out a thorough root-cause analysis to determine the origin or origins of the performance limitation. 

This 360-degree effort, led to the identification of three possible root causes [258]: 

(1) Issue with cold mass assembly: non-optimum mechanical coupling between welded outer stainless 

steel and magnet structure (in particular, aluminum shrinking cylinders; 

(2) Issue with magnet loading: non-optimum magnet assembly parameters and processes (e.g., during 

bladder pressurization, referred as bladdering, and key insertion, referred to as keying, operations) 

leading to unbalanced and/or excessive peak stresses on coils; 

(3) Issue with coil manufacturing: problems during production processes and/or handling, leading to 

local or global non-uniformities and/or reacted conductor displacements/deformation. 

Of course, it could be a combination of the three root causes, or there could be one predominant 

cause, and the other two may exacerbate the problem. 

5.2 3-Stage Recovery Plan 

Having identified the above root causes, a 3-stage recovery plan was developed to address them one by 

one. However, due to production lead times, it was not possible to carry out the work in the most 

effective sequence, i.e., first improving the coils, then improving the magnet assembly, and then 

improving the cold mass assembly. Instead, the work was carried out in reverse order, starting with the 

coldmass assembly, then the magnet assembly, and finally the coil manufacturing. There was also hope 

among some stake holders that the cure would be found quickly and that one would not need to go all 

the way to a revision of the coil manufacturing procedures, which was perceived as heavy and risky. 

This did not happen, and one needed the full-fledged recovery plan to cure the problem. Although the 

recovery actions were decided stage by stage, the results of each stage were naturally fed back to the 

subsequent one.  

Let us now review in detail the three sets of recovery actions and their impact on magnet 

performance. 

5.3 Stage 1: Cold Mass Assembly 

As illustrated in Figure 114, the initial design requirements called for welding the two halves of the 

outer stainless shell longitudinally without specific consideration about the interface and possible 

mechanical coupling, both radially and longitudinally, between the outer stainless-steel shell and the 

aluminum cylinders of the magnet structure. The only specification was to limit the additional coil 

overstress due to welding to 8  8 MPa [258]. 

Given the extent of weld shrinkage, it is likely that upon longitudinal welding completion, the 

stainless-steel shell is in good radial contact with the aluminum cylinders of the magnet structure. Then, 

given the large difference in integrated thermal shrinkage coefficients from room to cryogenic 

temperatures between stainless steel (3x10-3 mm/mm) and aluminum (4x10-3 mm/mm), the aluminum 

cylinder structure tends to shrink away from the shell in the radial direction and will also try to contract 

in the longitudinal direction. However, longitudinally, there can be a high friction coefficient between 

aluminum cylinders and shells, preventing respective motion and possibly resulting in uncontrolled 

stick-slip situations during energization.  
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Figure 114: Schematic of HL-LHC MQXFB quadrupole magnet cold mass assembly. Left: cold mass cross-

sectional view, highlighting the radial pressure that the outer shell may apply to the aluminum cylinders of the 

magnet structure as a result of weld shrinkage. Right: longitudinal view of Q2 cold mass assembly in final 

configuration with one Nb3Sn MQXFB quadrupole magnet and one Nb−Ti, nested dipole magnet corrector 

(Courtesy of H. Prin, CERN). 

 

After the test results of MQXFBP1 and MQXFBP2 prototypes, it was assessed that mechanical 

coupling between the stainless-steel shell and magnet structure could present a risk, eventually 

impacting magnet performance. It was decided at that time, to go back to the sound engineering practice 

of clearly separating the functions and limiting the risks that ill-defined interfaces may entail. 

In the MQXFB design, the function of coil mechanical support is provided by the aluminum 

cylinder structure, which is sturdy enough to take up all the Lorentz forces on its own (which is why 

MQXFA magnets can be tested vertically at BNL prior to shell welding). As for the function of helium 

pressure vessel, it is provided by the welded outer shells and end domes. In practice, the outer shell is 

not expected to play any role in the mechanical support of the coils, and there is no strong requirement 

for the shell to be in close contact with the aluminum cylinders. Note that the need of coping with these 

two functions is common to all accelerator magnet cold masses. In the design of LHC quadrupole 

magnets, it was addressed by implementing a so-called inertia tube, providing mechanical rigidity and 

precise alignment to the magnet, while also playing the role of outer He vessel [259]. 

The first recovery action that was decided was to iterate on the outer shell design and welding 

parameters aiming at minimizing mechanical coupling with the aluminum cylinder structure. As 

illustrated in Figure 115, the proposal was to increase the arc lengths of the two half shells, taking into 

consideration the outer envelope of the deformed aluminum cylinder structure after magnet loading and 

the expected weld shrinkage [260]. The goal is to ensure that, at the end of longitudinal welding, the 

shell does not add any constraints on the aluminum cylinders at room temperature and, thereby, enable 

them to shrink more or less freely during cooldown. Quantitatively, the requirement on additional coil 

overstress due to welding was lowered to 0 -0 /+8 MPa [258][260]. 

The proposed solution imposed tighter requirements on the shell manufacturing to achieve the 

desired arc length and tolerances, which were discussed and agreed upon with the shell supplier. It also 

called for the introduction of a fixed point between the magnet structure and the outer shell. A fixed 

point is usually implemented between the magnet cold mass and its cryostat, for instance, towards the 

longitudinal center, to prevent the cold mass from moving longitudinally during transportation and in 

case of a quench or of a pressure wave originating from the quench of a neighboring magnet in a string 

of cryogenically connected magnets. As in the new design, the magnet structure is now “floating” within 

the outer shell, such fixed point is needed between the two (note that a MQXFB cold mass is 11 tons). 
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Figure 115: Optimization of outer shell developed length for 7.2-m-long HL-LHC MQXFB cold-masses at 

CERN. Top Left: Picture of two full-length half shells. Bottom Left: measured deformations of aluminum cylinder 

structure after magnet loading. Right: control of half shell geometry at shell supplier after implementation of new 

requirements (Courtesy of H. Prin, CERN). 

 

The fixed-point requirements were defined as follows [258]: 

– During transport, the maximum acceleration that shall be carried by the fixed point is 0.5 x g, 

resulting in a load of 55 kN for MQXFB; 

– During operation of the cryogenic system, the MQXFB magnet inside the cold mass shall 

withstand 4 bar differential pressure between its ends (induced by cryogenic operation or by 

quench of other magnets), resulting in a load of 96 kN. 

Note that different requirements apply to MQXFA cold masses, because of different length and 

configuration (two magnets in the same cold mass), as well as different modes of transportation (by ship 

in addition to truck). 

At CERN, it was decided to rely on a single fixed point at the longitudinal magnet center [260]. 

As illustrated in Figure 116, the fixed point is implemented by means of two 316LN pins with a diameter 

of 30 mm, one on each side of the magnet. The pins are fitted into holes machined in the iron yoke and 

their top parts are plug-welded to the backing strips used for longitudinal shell welding. 

The new shell design and welding parameters were implemented in the 7.2-m-long quadrupole 

magnet prototype MQXFBP3. MQXFBP3 was manufactured by cutting out the shell and end domes of 

full-length magnet MQXFB01, which had already been assembled following the same procedure as for 

MQXFBP1 and MQXFBP2. The magnet itself was left untouched and new half-shells were welded 

around it following the new procedure. Therefore, MQXFBP3 is relying on existing coils, which were 

manufactured, assembled and loaded like the first two prototypes, and only the shell design and welding 

parameters are new. 
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Figure 116: Implementation of fixed point between magnet structure (iron yoke) and welded outer shell for 7.2-

m-long HL-LHC MQXFB cold mass at CERN. Left: location of fixed point. Right: detailed of fixed-point 

components and installation (Courtesy of H. Prin, CERN). 

 

 
Figure 117: Quench Performance of 7.2-m-long, 150-mm-single-aperture HL-LHC MQXFBP3 quadrupole 

magnet prototype at CERN, in a test cold mass configuration and test cryostat, integrating the first-stage recovery 

actions: new shell design and welding parameters and new fixed point, but existing coil manufacturing and magnet 

loading procedures (Courtesy of F. Mangiarotti, CERN). 

 

Figure 117 shows the quench performance of MQXFBP3, which was tested in Spring/Summer 

2022 in a test cold mass configuration (without nested MCBXFB dipole magnet corrector). We can 

observe a clear improvement with respect to MQXFBP1 and MQXFBP2 since this prototype achieved 

the target current (nominal +300 A) after only one training quench at 1.9 K. However, when tested at 

4.5 K, it exhibited the same type of limitation with the same phenomenology as the previous prototypes 

(in particular, with quenches localized towards the mechanical center of the magnet), albeit at a higher 

current level. The magnet was subjected to two warm-up/cooldown cycles and the quench performance 

appears stable. Since then, the magnet has been reassembled into a final Q2 cold mass configuration 

(including a nested MCBXFB dipole magnet corrector) and was retested in March 2024, confirming a 

good reproducibility of both quench performance and quench localization [261]. 
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The results of MQXFBP3 did trigger some discussions at CERN on whether such magnet is 

acceptable for tunnel installation as, from the legalistic point of view, it meets the HL-LHC project 

requirements, which did not include performance checks at 4.5 K. However, the test results also show 

that the root cause of the limitation observed on the first two prototypes has not been cured. Therefore, 

it is likely that the magnet has damaged strands in its cross-section like those displayed in Figure 56 and 

Figure 59. The applied corrective action on shell design and welding may have improved the situation 

but it did not fully resolve the problem. In the end, it was decided to pursue the second stage of the 

recovery plan. One can also be hopeful that the conservative approach of not installing this magnet in 

the tunnel will be followed. 

5.4 Stage 2: Magnet Loading 

As already introduced in Section 1.5.6 and shown in Figure 14, MQXF magnets rely on a so-called coil 

pack assembly made up of 4 cos2 coils which are held together by means of aluminum collars outfitted 

with low-carbon steel pads on the outside. The coil pack is inserted into a structure made of low-carbon 

steel yoke surrounded by segmented, precisely machined, 7075 T6 aluminum shrinking cylinders. After 

insertion and alignment, metallic bladders are positioned between pads and yokes and are inflated to put 

the Al cylinders into tension and apply pre-compression onto the coils [262][263]. The bladder pressure 

is increased in a step wise manner, and on the plateaus, keys of gradually larger sizes are inserted into 

keyways machined on the sides of the pads and yokes. Once the desired level of cylinder tension and 

coil azimuthal pre-compression have been achieved and final dimension keys have been inserted, the 

bladders are deflated and removed, and the structure, which is locked by the keys, remains in a loaded 

condition. During cooldown, the Al cylinders shrink more than the other materials, and their tension 

increases, resulting in an increase of coil azimuthal pre-compression up to the level needed for 

compensating the effects of Lorentz forces during powering [262]. 

This design presents two specific features: 

– the reliance on tensile stress in the aluminum shrinking cylinders to control the coil loading and 

on the higher integrated thermal contraction coefficient of aluminum between room and cryogenic 

temperatures to limit the coil loading requirement at room temperature; 

– the reliance on “bladders and keys” to load the magnet structure at room temperature, thereby 

eliminating the need for an expensive collaring press as that required for the more traditional 

collaring operation applied, for instance, to 11 T dipole magnets (see Section 1.5.5.1). 

The use of inflatable bladders is a conventional assembly technique that was, for instance, applied 

in the assembly of the ATLAS toroidal field coils [266]. The “bladder & key” procedure associated with 

an aluminum shrinking cylinder was pioneered in the assembly of short magnet models at LBNL in the 

early 2000s [267][268]. It was subsequently used by LARP [88] and became the baseline for HL-LHC 

MQXF magnets [103][263]. 

Even though one of the initial goals of the “bladder & key” technique was to minimize and 

possibly eliminate coil overstress at the time of bladdering, its implementation on 7.2 m long magnet 

structures was not so straightforward.  As an illustration, Figure 118 shows coil azimuthal stress data 

recorded during the bladdering and keying of MQXFBP3 (which was carried out following the standard 

procedure). It appears that for each of the successive plateaus of bladder pressurization, there is a 

significant stress overshoot between the time when the bladders are inflated to enable insertion of the 

bigger keys, and the time when the bladders are deflated with the bigger keys in position. The largest 

overshoot is for the last plateau (insertion of the final dimension keys) and can be up to 30%.  
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Figure 118: Standard bladdering & keying operation at CERN. Left: a cross-sectional view of HL-LHC MQXF 

quadrupole magnet showing the bladders’ location between iron pad and yoke. Right: coil azimuthal stresses 

measured in different quadrants of quadrupole magnet prototype MQXFBP3, showing a clear overshoot at the 

time of bladdering (Courtesy of J. Ferradas and S. Izquierdo Bermudez, CERN). 

 

 
Figure 119: Summary plot of maximum coil stress during bladdering operation and residual coil stress after final-

size key insertion measured at 3 longitudinal locations on the 5.3-m-long MQXFB quadrupole magnet assemblies 

at CERN (Courtesy of J. Ferradas and S. Izquierdo Bermudez, CERN).  

 

Figure 119 presents a summary plot of stress during final bladdering plateau and the residual 

stress after final key insertion as measured on all full-length MQXFB magnets. It appears that all first 3 

prototypes, which relied on the same bladdering & keying procedure, presented the same features. Such 

stress overshoot starts to resemble the kind of effects observed during a traditional collaring and puts 

into question one of the advertised benefits of the bladder & key technique. In addition, stress 

imbalances are also recorded between different coil quadrants. Such imbalances are not desirable as 

they increase the risks of uncontrolled overstress during bladdering operation [262]. 
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Figure 120: Optimized bladdering and keying operation at CERN. Left: cross-sectional view of HL-LHC MQXF 

quadrupole magnet showing additional bladder location in yoke cooling holes. Right: coil azimuthal stresses 

measured in different quadrants of quadrupole magnet prototype MQXFB02 demonstrating the elimination of the 

stress overshoot at the time of bladdering (Courtesy of J. Ferradas and S. Izquierdo Bermudez, CERN). 

 

Although there was not a consensus on the potential deleterious impacts of the observed coil stress 

overshoots, it was argued that: 

– some of the peak stresses are in the range or even exceed the 120 MPa threshold above which 

radial micro-cracks have been observed to occur in the tubular aggregate of Nb3Sn filaments of 

MQXF strands (see Section 3.5.2 and [207]); 

– the stresses are measured very locally at 3 positions along the magnet coils and there might be 

areas of higher peak stresses. 

Taking these elements into account, it was decided to build contingencies and mitigate risks by 

devising a mean to reduce, and possibly eliminate, the stress overshoots. The technical requirements for 

bladdering and keying were revised as follows [258]: 

– the maximum azimuthal coil pole compression shall not exceed 100 MPa during magnet 

assembly; 

– room temperature targets for average azimuthal stress on coils and aluminum shrinking cylinders 

are set to −70 ±10 MPa and +58 ±6 MPa, respectively. 

The above goals were achieved by introducing additional bladders into the yoke cooling holes as 

illustrated in the image of Figure 120 [263]. The new bladders enable to stretch iron yokes and Al 

cylinders outward rather than to push onto the collared coils inwardly, thereby enlarging the gaps 

between pads and yokes and offering the needed clearance for key insertion. Note that this type of 

bladder configuration was used in the past at CERN for the assembly of magnet models relying on 

similar design features [264][265].  

The new procedure was first validated on a 5.3-m-long, HL-LHC mechanical test magnet referred 

to as MQXFBMT3, which was assembled in early 2022 with pressure-sensitive paper up to full force. 

MQXFBMT3 demonstrated that the stress overshoot can be eliminated so that the peak stress during 

assembly is the residual stress after final-size key insertion. As illustrated in the image of Figure 120, 

the coil stress measured during bladder pressurization becomes lower than the coil stress measured after 

key insertion because of the outward opening of the yoke/cylinder structure, confirming the soundness 

of this procedure. 
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Figure 121: Quench Performance of 7.2-m-long, 150-mm-single-aperture HL-LHC MQXFB02 quadrupole 

magnet prototype at CERN, in a test cold mass configuration and test cryostat, integrating the first- and second-

stage recovery actions: new shell design and welding parameters and new fixed point, new magnet loading 

procedures, but already manufactured coils (Courtesy of F. Mangiarotti, CERN). 

 

Following the success of the mechanical test magnet, it was decided to proceed with the assembly 

of MQXFB02. MQXFB02 relies on already manufactured (virgin) coils, but it was loaded with the 

newly optimized bladdering & keying procedure, and it was assembled into a test cold mass and cryostat 

configuration using the optimized shell design and welding parameters previously qualified on 

MQXFBP3. 

Figure 121 displays the quench performance of MQXFB02, which was first tested at the end of 

2022, and further endurance-tested at the beginning of 2023. Similarly to MQXFBP3, MQXFB02 

achieved target current (nominal + 300 A) at 1.9 K, but exhibited a limitation at 4.5 K, with the same 

phenomenology and quench-start localization as before. However, the quench limitation is, again, at a 

slightly higher current level than the previous prototype (this time, it is between nominal and target 

current). As for MQXFBP3, the test results of MQXFB02 demonstrated some improvement with respect 

to its predecessors, but they also showed that the root cause of the limitation had not yet been eradicated. 

The test results of MQXFB02 reinitiated the debate about whether the implementation of the first 

two stages of recovery actions was sufficient to meet HL-LHC project requirements on future magnets, 

although there were still signs of limitations and, possibly, of cracked Nb3Sn strands in some of the 

coils.  

An ultimate confirmation of the risks associated with not curing the root cause of the limitation 

was provided by the assembly and test of another full-length, mechanical test magnet, referred to as 

MQXFBMT4. MQXFBMT4 relies on 3 coils salvaged from MQXFBP1 (the ones that were not 

limiting) and one new coil, Q127, produced with similar procedures, but at a much later stage than the 

coils used in previous prototypes. It was assembled with the optimized loading procedure, and with the 

optimized shell design and welding parameters. 
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Figure 122: Quench performance of 7.2-m-long, 150-mm-single-aperture HL-LHC mechanical test quadrupole 

magnet MQXFBMT4 made from 3 coils salvaged from MQXFBP1 and one new coil produced with similar 

processes as previous coils but at a much later stage (Courtesy of F. Mangiarotti, CERN). 

 

The assembly and test of MQXFBMT4 were requested to assess whether the experience 

accumulated in coil production over the previous couple of years had been enough to cure the 

problem [269]. The cold test took place in July 2023 and the test results are presented in Figure 122. 

The training is significantly slower than on MQXFBP3 and MQXFB02 and was not completed up to 

target current at 1.9 K due to lack of time. The performance at 4.5 K appears limited at a current level 

below the ones achieved on MQXFBP3 and MQXFB02. All quenches are in the new coil, with plateau 

quenches at the usual localization, near the longitudinal magnet center. 

The test results of MQXFBMT4 confirm that, as long as the root cause is not cured, the risk of 

performance limitation remains, and that the limitation level may vary from coil to coil in an 

uncontrolled fashion. This gave an a posteriori justification to the decision taken in March 2023 to 

proceed with stage 3 of the recovery plan. 

Like any engineering solution, the aluminum shrinking cylinder and “bladder & key” design 

option has its pros and its cons. However, in recent years, it has unfortunately become an ideological 

mantra that is presented by some stake holders as the ultimate and superior solution to any kind of 

problems, without discernment, comparative analyses, and assessment of limitations. This posture is 

reminiscent of other “ideological battles” that have plagued accelerator and fusion magnet development 

over the years: 

– vertically-split versus horizontally-split yoke for the design of dipole magnets for the 

Superconducting Super Collider (SSC) project in the USA in the early 1990s [212]; 

– aluminum versus stainless steel collars for the design of LHC dipole magnets at CERN in the late 

1990s [270]; 

– rectangular versus circular geometry for cable-in-conduit conductors in various fusion magnet 

projects [271]. 

It astonishing how such technical details can lead to heated debates and tensions, particularly as 

engineering problems usually have more than one solution that can all be made to work. Consequently, 

the choice of one solution over another should be based on facts, for instance, by assessing the respective 

weight of the following objectives or constraints: 
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– mechanical tolerances and sensitivity/forgiveness to discrepancies; 

– manufacturability and ease of reliable inspections/quality controls; 

– system integration and the additional technical requirements it may impose; 

– performance qualification and scalability; 

– number of items to be produced; 

– maturity and suitability for industrialization (if required); 

– cost (for large series). 

In the case of the MQXFA and MQXFB quadrupole magnets, the number of units is limited, the 

production is carried out by expert laboratories and the cost optimization is not a major driving factor. 

This implies that, as long as the designs and production processes are qualified, one does not need to 

care about large quantities and industrialization. However, for future projects one would need to carry 

out more thorough analyses of available design options, rely on mock-up tests for comparison, and 

establish an unbiased assessment along the aforementioned seven objectives. 

5.5 Stage 3: Coil Manufacturing 

5.5.1 Introduction 

We learned from the postmortem examinations presented in Section 3 that there are damaged strands in 

MQXFB coils. The damaged strands are at a specific location in the coil 2D cross-section: at the top of 

the inner layer pole turn, right underneath a radial extension of the outer layer Ti-alloy pole (see        

Figure 56). In the longitudinal direction (along the coil axis), the damaged strands are in the vicinity of 

the Ti-alloy pole junctions (see Figure 61). Examination of the facies of the ruptured sub-elements 

enables us to conclude that the fracture occurs after completion of the Nb3Sn reaction heat treatment 

(see Figure 57 and Figure 60). 

In addition, QC records during MQXFB coil manufacturing reveal that the areas of strand damage 

correspond to areas where protrusions of the coil inner pole turn are observed upon opening of heat 

treatment retort (see Figure 62). Last but not least, postmortem inspections carried out on coil Q126, a 

full-length coil that was manufactured using standard procedures but not assembled in a magnet and not 

cold tested, confirm the presence of damaged strands at several inner layer pole turn locations, thereby 

corroborating the fact that strand breakages occur during coil manufacture.  The next questions are: what 

causes the pole turn protrusions and how can they be avoided? 

The main steps of coil manufacture are as follows: 

– cable insulation; 

– inner-layer coil winding; 

– ceramic binder painting on outer surface of coil inner layer and curing; 

– outer-layer coil winding; 

– ceramic binder painting on outer surface of coil outer layer and curing; 

– coil reaction heat treatment; 

– coil vacuum pressure impregnation; 

– coil final inspection and size measurements. 

Let us briefly review the main features and challenges of these different steps. 
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5.5.2 Cable Insulation 

Prior to winding, the MQXF cable is braided with 66-tex, S2 glass fiber yarns with 933 sizing, with a 

target thickness of 0.145 mm ± 0.005 mm under 5 MPa. This braid is the structuring element of the turn-

to-turn insulation [272]. 

In the case of 11 T, the cable insulation is made up of 0.08 mm mica tape that is folded around 

the cable in a C-shape covering one broad side and the two edges, completed by a 0.07 mm layer of 11-

tex S2 glass fiber yarns with 636 sizing braided over the mica [97].  

Unlike what was done in the past [36], there is no step in the process for removing the organic 

sizing that coats the fiberglass filaments forming the yarns. As a result, during reaction heat treatment, 

the organic sizing is burnt leaving electrically conducting carbon residues that affect the dielectric 

strength of the insulation and change its color from white to greyish/brownish. This carbonization was 

not considered to be a serious issue for HL-LHC magnets. 

5.5.3 Coil Winding 

For both 11 T dipole and MQXF quadrupole magnets, the choice was made early on of winding the two 

coil layers in one go, one on top of the other, using a single unit length of cable. The advantage of this 

choice is that it avoids the interlayer splice that was required in LHC dipole magnets, which would have 

to be performed on reacted conductors after heat treatment. The drawback is that the cable for both inner 

and outer layer is the same and there is no possibility of so-called grading, which enables to rely on a 

smaller amount of superconductor in the lower-field, outer layer for cost optimization [75]. This is not 

an issue for HL-LHC, which requires only a limited number of Nb3Sn magnets, but would need to be 

re-assessed for future large accelerator projects like FCC-hh. For 11 T, the cable unit length is 655 m, 

while for MQXFB, it is 760 m (see Table 2). 

As illustrated in Figure 123, the winding at CERN is carried out in a clean room, with a slight 

overpressure and access control, using a shuttle-type machine. One particular difficulty is the winding 

of coil ends and the design of coil end spacers, which, for cos or cos2 coils, assume complex 3-D 

shapes [75][76]. In addition to conductor peak field, Lorentz force distribution, and integrated field 

quality considerations, the winding and end spacer parameters need to be optimized to prevent the 

occurrence of strands popping out of the cable plane when bending it to turn around the ends. This 

operation may result in a hard way bending component (in a direction parallel to the cable midplane and 

perpendicular to the cable small edges) which can lead to strand pop-outs or even a total cable collapse 

on the turn exit. 

To mitigate the risks of popped-out strands and cable collapses, 3 types of actions can be 

undertaken: 

– the end spacer design usually undergoes several iterations validated through representative 

winding trials; 

– a specific set of clamps is used to hold the conductors in place when winding the coil ends (see 

Figure 124 for MQXFB at CERN); 

– the technicians are requested to check visually and with their fingers if there is any pop-out. 

However, regarding the third action, the technicians can only inspect the outer surface of the 

braided cable, and, as illustrated in Section 3.5.1.1 and Figure 50, strand pop-outs can also occur on the 

inner surface of the cable and go undetected during winding. (Note that the illustrations presented there 

were for a 11 T coil, but similar observations were also made on MQXF coils, albeit not as frequently). 

These findings indicate that, for future accelerator projects, more work is needed on the coil end spacer 

design. One can also think of additional pieces of tooling to better control the mechanical integrity of 

cable upon end winding. 
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Figure 123: Winding of a 7.2-m-long HL-LHC MQXFB quadrupole magnet coil at CERN (Courtesy of 

R. Berthet, FOSELEV, and R. Principe, CERN). 

 

 

 
Figure 124: Clamping tools used during the winding of 7.2-m-long HL-LHC MQXFB quadrupole magnet coil 

ends at CERN (Courtesy of R. Berthet, FOSELEV, and R. Principe, CERN). 
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Figure 125: Application of ceramic binder on the outer surface of a wound 7.2-m-long HL-LHC MQXFB coil at 

CERN. The operation requires the use of personal protection equipment due to health and safety reasons (Courtesy 

of R. Berthet, FOSELEV, and R. Principe, CERN). 

 

5.5.4 Ceramic Binder Application 

Upon completion of inner layer winding, the S2 glass fibers on the outer surface are painted with a thin 

layer of a polymer-derived ceramic binder, CTD-1202®, produced by Composite Technology 

Development, Inc., in the USA [273]. Next, the inner layer is heated up to 120 °C in a mold of accurate 

dimension for binder curing. The ceramic binder, which was qualified as part of the LARP program in 

the USA, is applied to provide mechanical rigidity to the coil, thereby facilitating subsequent 

handling [274]. It also defines a solid reference surface onto which the outer layer is wound. Personal 

protection equipment is required for health and safety reasons (see Figure 125). 

Before the start of outer layer winding, the inner layer is covered by a stack of S2 glass fiber 

cloths wetted with CTD-1202® binder. This stack is formed and cured prior to installation on a dedicated 

mandrel and is the structuring element of the interlayer insulation. It comprises 2 x 0.250 mm layers, 

woven from 66-tex S2 yarns with 933 sizing, plus 1 x 0.175 mm layer, woven from 33-tex S2 yarns 

with 493 sizing. 

In the standard procedure, upon completion of outer layer winding, the S2 glass fibers of the cable 

insulation are also painted with CTD-1202 binder, and the whole 2-layer coil is cured again. Although 

this last operation is not strictly necessary, it was thought to facilitate the next operations and the 

preparation for reaction heat treatment [274]. 
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Figure 126: Observation of SiOC formation on a sample of S2 glass fiber cloth painted with CT1202® binder and 

having been subjected to a curing at 150 C in air and a heat treatment at 650 C in Argon for 5 days (Courtesy of 

D. Ternova and C. Scheuerlein, CERN, 2022). 

 

 
Figure 127: Impact of CTD-1202® binder and reaction heat treatment on the mechanical strength of S2 glass 

laminates impregnated with-CTD101K® resin (courtesy of A. Gaarud and C. Scheuerlein, CERN, 2022). 

 

The application of the ceramic binder is an assembly aid and is not expected to play any 

reinforcement role in coil electrical insulation. As a matter of fact, and as illustrated in Figure 126, it 

has been observed recently that during the 665 °C reaction heat treatment that is applied to the coil (see 

Section 5.5.5), the binder undergoes a pyrolysis that produces a dark and tough ceramic structure called 

silicon oxicarbide (SiOC). The SiOC formation likely causes the dramatic loss of mechanical strength 

measured on S2 glass laminates, painted with CTD-1202®  binder, heat treated to 650 °C, and 

impregnated with CTD-101K® resin as in the final coil (see Figure 127) [275]. This fragility may explain 

why cracks can propagate through the interlayer insulation as observed in Figure 54. A program was 

initiated at CERN in 2023 to improve the robustness of the interlayer insulation by looking for 

alternative solutions. 
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Figure 128: Cross-sectional view of retort used for reaction heat treatment of 7.2-m-long HL-LHC MQXFB 

quadrupole magnet coils at CERN (Courtesy of O. Housiaux, SERCO, and R. Principe, CERN). 

 

5.5.5 Reaction Heat Treatment 

5.5.5.1 Heat Treatment Preparation 

As explained in Section 1.2, in the wind & react  process, the heat treatment required to react the Nb3Sn 

phase is applied after completion of manufacturing steps that could result in potentially harmful 

mechanical deformations of wires and cables. For both accelerator and fusion magnets, this corresponds 

to winding completion (hence, the terminology of “wind-and-react”). 

In preparation for heat treatment, the coil is mounted inside a retort, whose main components are 

(from bottom to top): a base plate, lower (mandrel) blocks that support the coil, a liner positioned on 

the coil outer surface to protect it, upper blocks, and a top plate (see Figure 128). 

In the case of MQXFB, the liner is kept in position by silver coated M6 screws pushing laterally 

against the base plate. The assembly is held together by means of 20 x silver coated, M20 bolts and side 

bars. The retort defines a cavity of accurate dimensions that constrains the coil in the 2-D cross section 

while supposedly letting it expand in the longitudinal direction. In addition, it integrates features 

enabling pure Argon flow through the coil.  

As illustrated in Figure 129, once the assembly is completed, the retort is inserted into a furnace 

providing a good uniformity through the temperature cycle (typically  5 C). Note that strand witness 

samples are mounted at both extremities of the lower mandrel blocks for quality control checks on 

critical current and residual resistivity ratio. 

5.5.5.2 Heat Treatment Parameters 

For RRP® 108/127 wire at 0.85 mm diameter, the heat treatment calls for 3 temperature steps: 

(1) ramp to 210 °C at 25 °C/hour, plateau for 48-hours; 

(2) ramp to 400 °C at 50 °C/hour, plateau for 48 hours; 

(3) ramp to 665 °C at 50°C/hour, plateau for 50 hours. 

The first two steps are to enable Cu-Sn mixing while the third step is for Nb3Sn reaction [276]. 
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Figure 129: 7.2-m-long HL-LHC MQXFB quadrupole magnet coil in its retort ready for loading into heat 

treatment furnace. The foreground features a bottle of pure argon that will be connected to enable a flow through 

the coil (Courtesy of O. Housiaux, SERCO, and R. Principe, CERN). 

 

The level of the first temperature plateau is selected to be below the Sn liquidus (227 °C eutectic) 

to protect against Sn burst. During this stage, Sn from the sub-element cores diffuses into the 

surrounding copper and forms Cu−Sn bronze phases that extend until the first rows of Nb filaments in 

the Cu/Nb arrays. The bronze phases that form are predominantly higher-Sn content η phase (Cu6Sn5), 

on the Sn core side, and lower-Sn content ε phase (Cu3Sn), on Cu/Nb side [276]. At the end of the 

plateau, a significant fraction of the initial Sn (30%) remains and will subsequently liquify. 

The level of the second temperature plateau is selected to be below the melting point of the η 

phase (~408 °C), to prevent dissolution of Nb filaments. During this stage, a ring of ternary phase, 

Nb0.75Cu0.25Sn2, referred to as nausite, named after the researcher who first observed it [277], develops 

at the periphery of the sub-element Cu−Sn cores and at the contact of the inner rows of Nb filaments in 

the Cu/Nb arrays. The discovery of the nausite phase called for a remodeling of the Cu-Nb-Sn phase 

diagram [278]. In the meantime, inter-filament copper migrates into the Cu-Sn core, enriching its ε phase 

content significantly, while Sn diffuses into the multifilament area [279]. 

During the subsequent temperature ramp, the nausite phase decomposes (typically, around 

550 °C) to form a ring of NbSn2, which, in turn, decomposes (typically, around 650 °C) to form Nb6Sn5. 

As a result, during the third and final plateau, a small inner ring of coarse and poorly connected Nb3Sn 

grains is formed from Nb6Sn5, while fine and well connected Nb3Sn grains are directly formed from the 

Nb filaments that were not transformed into NbSn2 or Nb6Sn5 [280].  

The temperature and duration of the third plateau determine the volume fraction, stoichiometry, 

grain size and upper critical field (BC2) of the Nb3Sn phase. These parameters, in turn, determine the 

shape of the critical current density versus the applied field curve, JC(B), the residual resistivity ratio, 

RRR, and the electromechanical characteristics of the wire [18][33][281] [282]. They must be optimized 

for each specific wire layout [283]. 
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As explained in Section 1.1 and illustrated in Figure 2 and several Figures of Section 3.5, at the 

end of the heat treatment, the densely packed array of  reacted filaments in the sub-elements of RRP® 

wires is aggregated, resulting in a tubular Nb3Sn phase whose outer diameter determines the effective 

filament diameter for magnetization and hysteresis loss. 

5.5.5.3 Volume Change and Thermal Shrinkage Differentials  

One of the main challenges for the reaction heat treatment of Nb3Sn accelerator magnet coils is the 

amplitude and the management of conductor volume changes. The overall coil volume changes are hard 

to predict and depend on the thermomechanical properties of other coil components (wedges, spacers, 

retort, and so on) during the ramp-up and the ramp-down of the temperature cycle  [224]. In addition, 

friction between coil components and between coil and retort can be expected to play a role. All these 

effects become more pronounced on longer coils, eventually leading to non-homogenous physical 

properties. 

When left unconstrained, measured data for 11 T and MQXF cables made from RRP® strands 

show that both wires and cables undergo an increase of transverse cross-section and a length shortening 

upon reaction heat treatment [280][284]. Note that the change in longitudinal direction is not monotonic 

during the temperature ramp up. These results are consistent with previous measurements on other 

strand types and cable geometries [285][286]. However, the constraints applied during heat treatment 

strongly affect the cable dimensional changes [287][288]. For instance, it has been observed that, for an 

insulated cable, the constrains applied on the cable cross-section by its insulation can result in a smaller 

longitudinal contraction than for a bare cable. This effect is more pronounced for a braided 

insulation [287]. 

To cope with thermal shrinkage differentials between conductors and coil components, the latter 

are usually segmented in the longitudinal direction. This is the case of the copper wedges, which delimit 

the conductor blocks in the two-dimensional cross-section and are used to tune field quality (see                

Figure 7 and Figure 14). This is also the case of the pole pieces. For MQXFB, the pole pieces are 400 

mm long in the coil central part, and between 520 mm and 560 mm long at the extremities and are made 

of annealed Ti6Al4V. The pole pieces are mounted at the time of winding and are never removed. For 

11 T, the pole pieces used for heat treatment are 240 mm long, with an 87.5 mm long piece at the 

longitudinal center of the coil and are made of annealed 316LN. They are replaced by annealed Ti6Al4V 

pole pieces at the time of coil assembly. 

As illustrated in Figure 130, at the time of winding, the pole pieces are mounted on the winding 

tooling with gaps between them. The gaps are in the 1‒1.5 mm range for MQXFB coils and 2.5‒2.7 mm 

range for 11 T coils. The gaps are expected to be more or less closed at the end of reaction heat treatment. 

5.5.5.4 Opening of Heat Treatment Retort 

The most critical step of the procedure is undoubtedly the opening of the retort upon reaction heat 

treatment completion. It is usually accompanied by a spring back of the reacted coil, in both transverse 

and longitudinal directions. The opening procedure starts with unbolting of M20 screws, then lifting of 

top plate, then removal of upper blocks, and finally, unbolting of M6 screws and removal of liner. Each 

of these steps is accompanied by vertical displacements of the structure and pole pieces, as well as coil 

longitudinal elongations, which, as illustrated in Figure 131 are now routinely measured at both ends by 

means of dial gauges. 
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Figure 130: Layout of segmented Ti-alloy pole pieces in preparation for the winding of the inner layer of a 7.2-

m-long HL-LHC MQXFB quadrupole magnet coil at CERN. The gap intentionally left between pole pieces is 

clearly visible at the picture center (Courtesy of N. Lusa, CERN, 2022). 

 

 
Figure 131: Dial gauge measurements carried out at various steps of retort opening after reaction heat treatment 

of 7.2-m-long HL-LHC MQXFB quadrupole magnet at CERN. Left: coil vertical displacement measurements. 

Right: coil elongation measurements. The largest displacements/elongations occur at the time of unbolting of M20 

screws (Courtesy of N. Lusa, CERN). 

 

 
Figure 132: Observation of severe displacements at the non-connection side of 5.3-m-long HL-LHC 11 T dipole 

magnet coil CR07 after opening of RHT retort (Courtesy of F. Savary, CERN). 
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Figure 133: Top view of a reacted 7.2-m-long HL-LHC MQXFB quadrupole magnet coil after heat treatment. The 

white powder at the picture center is crushed glass fiber packed into a gap between segmented angular wedges. 

This gap will eventually be filled with epoxy resin during impregnation (Courtesy of O. Housiaux, SERCO and 

R. Principe, CERN). 

 

The observation of such displacements and elongations upon retort opening is a clear indication 

that, although the coil is supposedly free to expand longitudinally in the retort, the system still has some 

significant stored energy, which is then progressively relaxed. Even in the ideal case of a longitudinally 

free-to-expand system, there may still be some stored energy, and thereby residual stresses, due to the 

heterogeneity of the materials (and of the materials’ coefficients of thermal expansion) that make up the 

coil. 

In the early stage of HL-LHC development at CERN, the above phenomenon had been 

underestimated and very significant spring back were observed. As an illustration, Figure 132 shows 

the non-connection side of 5.3-m-long HL-LHC 11 T dipole magnet coil CR07 after retort opening, 

where severe displacements/delamination can be seen. The conductors and end spacers were put back 

in place by hand, the coil manufacture was completed, and it was assembled in full-length dipole magnet 

prototype MBHBP. As already reported in Section 1.5.5.3, MBHBP exhibited poor performances, with 

all quenches localized in coil CR07 ends. It was concluded that this uncontrolled longitudinal spring 

back, and the subsequent hand repair, were the likely root causes of the poor magnet performances. Note 

that this is an extreme but very illustrative case. 

Following this experience, a number of corrective actions have been implemented for subsequent 

11 T and MQXFB coils. Among them are a revision of the radial pile up of materials in the heat treatment 

retort, as well as the sequences which are followed for bolting/unbolting of screws and 

mounting/removal of upper blocks. For MQXFB, the most recent procedures call for starting in the 

longitudinal center and moving towards the ends in a symmetric way at the time of retort closure and 

for starting in the extremities and moving towards the middle, also in a symmetric way, at the time of 

retort opening. 

5.5.6 Vacuum Pressure Impregnation (VPI) 

5.5.6.1 Gap Filling 

Upon heat treatment completion and as illustrated in Figure 133, all the gaps visible on the outer surfaces 

of the reacted coil assembly are filled with AGY Glass 463-AA-750 fiberglass powder in preparation 

for resin impregnation. This filling is carried out to limit the occurrence of resin-rich areas after 

impregnation, which, if not reinforced, will be prone to cracking during cooldown owing to the limited 

fracture toughness of the resin [239]. 
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In the case of HL-LHC Nb3Sn coils, the outer layer is wound on top of the inner layer, and heat 

treatment and impregnations operations are carried out on the two layers together. Thus, the outer 

surface of the inner layer cannot be visually inspected (only the inner surface of the inner layer and the 

outer surface of the outer layer are accessible). As a result, gaps, particularly in the coil ends or at the 

transition between straight section and coil ends, will remain unfilled. This likely explains the resin 

cracks discussed in Section 3.5.1.2 and observed in Figure 51. Such a problem can only be addressed if 

the inner and outer layers are processed independently and joined together after heat treatment and even, 

possibly, after impregnation completion, by an internal splice. Such a design is worth studying for future 

high-field magnet applications. 

5.5.6.2 Impregnation Mold and Resin Mix 

The coil impregnation is carried out in a mold of accurate dimensions, with very tight geometrical 

tolerances. The mold is made of austenitic stainless steel (304L in the case of 11 T, 316L for MQXFB). 

The impregnation has 3 main goals [36]: 

– to complement coil electrical insulation; 

– to provide mechanical rigidity to the coil for subsequent handling and loading operations; 

– to control coil geometry for field quality purposes. 

Both 11 T and MQXFB rely on the same resin mix, that was qualified by LARP [289]: CTD-

101K, developed by CTD in the USA in the early 2000 for fusion magnet applications [273][290]. The 

CTD-101K mix is made of three parts: a Bisphenol A Diglycidyl Ether compound, referred to as 

DGEBA (Part A), that is commonly found in epoxy resins, an anhydride-type hardener (Part B), and an 

accelerator of non-disclosed chemical nature (Part C). The resin mix offers low viscosity (400 cP at 

40°C and less than 100 cP at 60 °C), long pot-life (60 hours at 40 °C) and has high radiation 

resistance [291][292]. 

5.5.6.3 Impregnation Process 

The resin mix is applied to the coils by what we shall refer to as a Vacuum Pressure Impregnation (VPI) 

process. The VPI process is a refined version of the more widely known Vacuum Assisted Resin 

Transfer Mold (VARTM) process, which has become the most common process for consolidating the 

electrical insulation of large superconducting magnets [293].  

The CERN VPI system consists of 3 main parts: a resin mixer and feeder tank (60 l) with a 

disposable resin bucket (maximum resin capacity of 16 kg), a large vacuum vessel with the impregnation 

mold containing the coil, and a resin outflow tank (40 l) with another disposable resin bucket. All three 

components can be independently pumped and vented and are instrumented with vacuum gauges. The 

injection and outflow tanks can be pressurized by nitrogen gas at 3.5 bars. 

As shown in Figure 134, the CERN VPI system is highly automated, and a large number of online 

measurements are performed and monitored in order to guarantee a high-quality level of impregnation. 

The process is carried out in 12 steps [294]: 

(1) loading of mold (with coil inside) into vacuum vessel and room temperature tests (including, 

pressure test and electrical test of heating system); 

(2) vacuum vessel tilting at 18 (see Figure 135); the tilting is a common practice for such system; it 

helps having a regular and homogeneous propagation of resin that moves from bottom to top by 

capillarity along the coil, with the mold having been evacuated beforehand (see step (4)) and the 

weight of the resin column providing an additional push; 

(3) mold heating and pressure test to check ability to withstand pressurization at warm (at 80 C and 

3.5 bars for 11 T coils, and 110 C and 2.5 bars for MQXFB coils); 
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Figure 134: Schematic of Vacuum Pressure Impregnation (VPI) system for 7.2-m-long HL-LHC MQXFB 

quadrupole magnet coils at CERN featuring the positions of valves and thermocouples (Courtesy of J. Axensalva 

and D. Tommasini, CERN, 2022). 

 

 
Figure 135: View of VPI station at CERN with vacuum tank tilted at 18 before start of resin impregnation 

(Courtesy of J. Axensalva, CERN). 
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(4) in parallel to temperature ramp, nitrogen rinsing of mold to evacuate air and to dry the coil 

(repeated 60 times for MQXFB coils); 

(5) mold outgassing at high temperature (110 C for MQXFB) and atmospheric pressure for 8 hours; 

(6) mold cooling and vacuum pumping for 48 hours to achieve a final mold temperature and pressure 

of 60 C and 0.15 mbar, respectively; 

(7) resin mixing for 2 hours and degassing for another 2 hours at a temperature of 65 C and a 

pressure of 0.2 mbar in mixer; 

(8) resin injection at 60 C, from mixer, initially at 0.2 mbar, into pre-heated mold, whose pressure 

is raised to 1-2 mbar to prevent resin outgassing in the mold; injection process lasts 100 min for 

7.2-m-long MQXFB coils and 60 min for 5.3-m-long 11 T coils; at the end of this step, the resin 

has reached the outflow tank; 

(9) resin soaking for 2 hours minimum at 60 C and under vacuum conditions; 

(10) milking: once the resin has passed through the coil under vacuum conditions, the outflow tank is 

pressurized with dry nitrogen by steps of 0.5 bar up to 2 bars for MQXFB coils and 2.7 bars for 

11 T coils for 30 minutes; the milking process is repeated several times and aims at enhancing 

resin penetration in the coil and reducing entrapped bubbles (if any); 

(11) resin curing in 2 steps: 110 C for 5 hours (curing step), followed by 125 C for 16 hours (post 

curing step); temperature ramp of 15 C/hour); measurements carried out during the impregnation 

of a 5.3-m-long 11 dipole magnet coil (GE-12) whose mold was specifically instrumented shows 

longitudinal temperature variation below 5 C, with a downward trend from mold inlet to 

outlet [295]; 

(12) passive cooldown (for about 2 days).  

The curing cycle described in Step (11) is the one recommended by CTD. It was determined 

empirically to achieve a high density of cross-links between macromolecules and a high glass transition 

temperature while keeping a reasonable duration. As for the Nb3Sn reaction heat treatment, it could 

likely be further optimized but one needs to bear in mind the constraints imposed by the large thermal 

inertia of the mold and the coil. 

As illustrated in Section 3.5.1 and Figure 51 and in Section 3.5.2 and Figure 54, in spite of all the 

efforts to prevent resin-rich areas and to ensure high-quality resin impregnation, significant cracks, 

debonding and delamination are observed in the insulation of coils, in particular for those having been 

exposed and tested in helium. 

To improve the situation, one would need to identify resin systems that are less prone to cracking 

and debonding, in particular, during cooldown and warm-up temperature cycles. A number of 

developments are presently being carried out in this domain, comparing physical properties of different 

resin systems [239][292][296], as well as their adhesion properties [297], looking for improvement of 

existing resin mixes (e.g., by including additives for increasing toughness) [292][298], looking for 

alternatives to polymer resins [296][299], and exploring other innovations on insulation materials and 

processes [300]. 

5.5.7 Final Inspection and Coil Size Measurement 

Upon VPI completion, the coil undergoes a very thorough quality control, including visual inspections, 

electrical tests, and dimensional metrology. The dimensional measurements are particularly critical for 

determining the coil assembly and magnet loading parameters. 
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Figure 136: Final size measurements of impregnated Nb3Sn coils for HL-LHC magnets measured using a 

FAROarm® (Courtesy of O. Housiaux, SERCO, and S. Straarup, CERN). 

 

 

 
Figure 137: Stress-strain curves measured on resin-impregnated stacks of reacted HL-LHC 11 T dipole magnet 

cables at room temperature (Courtesy of Ó. Sacristán, CERN [310]). 

 

As illustrated in Figure 136, the final sizes of impregnated Nb3Sn coils for HL-LHC magnets are 

measured at rest using a portable articulated Coordinate Measuring Machine (CMM), developed by 

FARO Technologies, Inc., headquartered in Lake Mary, Florida, USA, and referred to as 

FAROarm® [301]. The FAROarm®, which was first used at LBNL in the early 2010s [302] and was 

adopted by LARP [272], is very handy and cost effective, but it is labor intensive and does require some 

caution when used for a long coil where its base must be moved to different positions. Also, it calls for 

careful post-processing in order to realign the measured data with the nominal outer coil radius from the 

CAD model [215][303]. 
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One issue, however, is that the coil sizes are measured at rest, while, for previous accelerator 

magnet applications, the coil sizes were measured in a so-called Young’s modulus press, under the target 

coil azimuthal pre-compression for magnet loading. See, for instance, the procedure applied to SSC 

dipole magnet coils [212][304]; a similar procedure was followed for LHC dipole and quadrupole 

magnet coils [305][306][307].  

For Nb‒Ti coils, the measurements were done under compression to avoid the large non-linearity 

of the coil stress-strain curve at low stress and to achieve the near-linear regime at higher stress, which 

is more representative of the coil behavior during collaring [308][309]. Although, a similar procedure 

was used for the coils of the short Nb3Sn quadrupole magnet built at CEA/Saclay in the 2000s (see 

Section 1.6 and [119]), limiting the stress applied to the coils to 50 MPa, it was deemed too risky to 

apply this procedure to HL-LHC magnet coils and the decision was taken to carry out size measurement 

on coils at rest.  

As illustrated in Figure 137 and similarly to Nb‒Ti cable stacks, the stress-strain curves of Nb3Sn 

cables stacks do exhibit non-linearities at low stress, upon initial loading and upon subsequent 

reloading [309][310]. In addition, the Young’s modulus of resin-impregnated Nb3Sn coils is 4 to 5 times 

higher than the one of polyimide-insulated Nb‒Ti coils, thereby requiring tighter tolerances and 

parameter control during manufacturing and assembly and calling for more accurate coil size 

measurements. As more experience and confidence have been acquired on coil production, it may be a 

good time to revisit this issue and the coil size measurement procedure to be applied to Nb3Sn magnet 

coils. 

5.5.8 Findings from MQXFB Coil Manufacturing Data: Coil “Hump” and “Belly” 

5.5.8.1 Introduction 

The main findings from dimensional measurements carried out at various stages of coil manufacture 

are [311]: 

– coil hump towards mechanical center and coil longitudinal elongation with respect to the ends of 

the base plate of the reaction heat treatment retort at time of opening; 

– inner-layer pole turn protrusions at junctions between Ti-alloy pole pieces; 

– coil belly towards mechanical center after vacuum pressure impregnation. 

5.5.8.2 Coil Hump 

As illustrated in Figure 138, after unbolting of the reaction heat treatment retort, lifting of top plate and 

removal of upper blocks, it appears that the top of the coil pole pieces move upward with respect to the 

bottom plate, with a maximum displacement in the 1.5‒2 mm range towards the coil longitudinal center. 

This effect, referred to as hump, is observed on all coils manufactured with the standard procedures 

described in the above sections. Looking more closely at the details, one can also see some jumps 

between adjacent pole pieces, which can be as high as 250 m.  

In addition, as illustrated in Figure 139, the various steps of retort dismounting are accompanied 

by a coil longitudinal elongation with respect to the retort ends, which is of 5 mm (most of the 

elongation occurs while unbolting M20 screws). The lifting of the Ti-alloy pole pieces and the coil 

elongation both confirm that there is stored energy in the coil which is released at the time of retort 

opening. 

The existence of the hump is confirmed when, in preparation for impregnation, the coil is rotated 

by 180 and rests on its Ti-alloy pole pieces and outer surface. The vertical position of the coil midplanes 

can be measured by using a standard CMM. The position appears to vary longitudinally (along the coil 

axis), in a similar fashion as in Figure 138, with a maximum of 1.5-2 mm towards the coil center [311]. 
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Figure 138: Summary plot of vertical Ti-alloy pole displacement with respect to base plate, as measured with dial 

gauges on 7.2-m-long HL-LHC MQXB quadrupole magnet coils produced according to standard procedures, after 

completion of reaction heat treatment and dismounting of retort (Courtesy of N. Lusa, CERN). 

 

 
Figure 139: Vertical coil elongations with respect to reaction heat treatment retort ends as measured by dial gauges 

on 7.2-m-long HL-LHC MQXB quadrupole magnet coil Q127 during unbolting of M20 screws (Courtesy of 

N. Lusa, CERN).  
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Figure 140: Observations during a VPI mold closure test on 7.2-m-long HL-LHC MQXB quadrupole magnet coil 

Q127, which had been equipped with pressure sensitive paper on its inner surface. Top: torque needed to close 

mold as a function of longitudinal position. Bottom: marks on pressure sensitive paper after test completion 

(Courtesy of N. Lusa, CERN). 

 

5.5.8.3 Inner-Layer Pole Turn Protrusion and Hinge Effect 

As detailed in Section 3.10 and illustrated in Figure 62, evidence of inner-layer pole turn protrusions 

and of local insulation damages has been observed at various locations along the coils corresponding to 

Ti-alloy pole transitions.  

Another interesting verification was carried out by placing pressure-sensitive paper in the VPI 

mold, particularly on the inner coil surface, where the protrusions have been observed, and to record 

what happens upon mold closure. As illustrated in the bottom of Figure 140, the VPI mold closure 

results in clear stress concentration marks at the locations of the protruded turns. This confirms that this 

operation is applying stress on the conductors to force them back into place. Also, the top part of       

Figure 140 shows that the torque required to bolt the VPI mold is not uniform along the coil, but 

increases by nearly 50% towards the coil center, which is consistent with the above observations [311]. 

In summary, the hump and the pole turn protrusions both result from the coil spring back at the 

time of retort opening, while the misalignment of adjacent Ti-alloy pole pieces, and the associated hinge 

effect, are likely the cause of the observed strand breakages, which occur either at the time of RHT retort 

opening or at the time of VPI mold closing. 
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Figure 141: Summary plot of azimuthal sizes as measured on 7.2-m-long HL-LHC MQXB quadrupole magnet 

coils produced according to standard procedures, after completion of vacuum pressure impregnation (Courtesy of 

N. Lusa, CERN). 

 

5.5.8.4 Coil Belly 

As illustrated in Figure 141, and even though the coils have been impregnated in a mold of accurate 

dimensions, the final azimuthal coil size measurements, also exhibit a bell shape, referred to as belly, 

with a fatter size in the 0.1‒0.2 mm range towards the coil longitudinal center. 

The belly is again a systematic effect observed on all coils. When this was first observed, a 

thorough review of VPI tooling dimensions and tolerances, and of assembly procedures was carried out, 

but the review did not reveal any issue with respect to tooling design and assembly parameters.  

Comparing the humps in Figure 138 and the bellies in Figure 141, one can now establish that they 

are correlated [311], and that the coil belly is likely a consequence of the hump. 

5.5.9 Stage-3 Corrective Actions 

The main findings in Section 5.5.8 enable us to establish the chain of events that eventually leads to 

strand breakages and to trace back its origin to excessive energy stored in the coils due to reaction heat 

treatment. The next and last point to elucidate is: why do we have so much stored energy in MQXFB 

coils, while we do not observe similar phenomena in shorter MQXFA or 11 T coils? This points towards 

frictional effects between coil and retort during reaction heat treatment, which can be expected to be 

more pronounced on longer coils. 

Once again, a systematic review of design and assembly parameters and of manufacturing 

procedures was carried out to determine what could be done to reduce frictional effects. Several trials 

were performed to give more breathing space to the coils inside the retort cavity, e.g., by increasing gaps 

between Ti-alloy pole pieces and by removing one layer of fiberglass cloth on the outer coil surface. 



156 
 

 
Figure 142: Comparison of vertical Ti-alloy pole displacement with respect to base plate, as measured with dial 

gauges on 7.2-m-long HL-LHC MQXFBP3 quadrupole magnet coils manufactured with (red data points and line) 

and without (blue data points and line) ceramic binder application on the coil outer surface, after completion of 

reaction heat treatment and dismounting of retort (Courtesy of N. Lusa, CERN [311]). 

 

 
Figure 143: Pictures of reacted 7.2-m-long HL-LHC MQXB quadrupole magnet coil Q128 manufactured without 

ceramic binder on its outer surface. Left: view of outer coil surface, which appears more silverish and cleaner than 

before. Right: view of inner coil surface in the vicinity of a Ti-alloy pole junction, with no evidence of inner pole 

turn protrusion and of insulation degradation (Courtesy of N. Lusa, CERN).  

 

These two changes were, among others, applied on coil Q127, which was assembled and tested 

in MQXFBMT4 without benefit (see Section 5.4 and Figure 122). What eventually proved to be 

successful is the removal of the ceramic binder application on the outer surface of the coil outer layer 

(while still keeping the binder application on the outer surface of the coil inner layer) [311]. As 

illustrated in Figure 142, the coils manufactured without ceramic binder on their outer surface, come 

out flat from the reaction heat treatment and do not exhibit any hump.  
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Figure 144: Comparison of 2-dimensional geometry of 7.2-m-long HL-LHC MQXBP3 quadrupole magnet coils 

manufactured with (left side) and without (right side) ceramic binder on coil outer surface, after completion of 

vacuum pressure impregnation (Courtesy of N. Lusa and S. Izquierdo-Bermudez, CERN). 

 

In addition, the coil longitudinal elongation measured as result of unbolting the M20 screws on 

the retort is 20-25% smaller than on previous coils. Also, when inspecting the inner-layer pole turn 

conductors in the vicinity of the Ti-alloy pole junctions, one does not observe any significant protrusion 

anymore (see Figure 143). Subsequently, the torque needed to close the VPI mold is almost 50% smaller 

than before and it is much more uniform along the coil axis, while the impregnated coils do not exhibit 

any marked belly anymore. In short, all the undesirable effects that had been observed on coils produced 

by the standard procedures, have been eliminated. 

Of course, any engineering process change results in adverse effects whose impacts and potential 

risks need to be assessed and mitigated. As illustrated in Figure 144, the removal of the ceramic binder 

on the coil outer surface results in a slight change in the two-dimensional geometry: the coil angular 

extent decreases from 90 to 89.5 while the inner radius increases by 0.2 mm. The change in arc 

length can be compensated by shimming, the change of inner radius will result in a small loss of transfer 

function (estimated to 2.5 x 10-3), which does not need compensation and will offer a larger clearance 

for beam tube insertion. In addition, the data reported in Ref. [312] indicate that the removal of the 

ceramic binder on the coil outer surface introduces differences of integrated thermal contraction 

coefficients between inner and outer coil layers, in particular, in radial and azimuthal directions (the 

difference in axial direction is not significant).  

The differences in coil geometry and thermomechanical properties are likely to arise because, as 

explained in Section 5.5.4, during heat treatment, the ceramic binder reacts with the fiberglass insulation 

that is braided around the conductor and severely degrades its physical properties. As a result, when the 

ceramic binder is applied to the inner layer but not to the outer layer, one can expect that the inner-layer 

insulation braid is degraded, while the outer-layer insulation braid keeps its mechanical integrity, 

resulting in slightly different thermomechanical behaviors. 

When considering the pros and cons of eliminating the binder application on the coil outer surface, 

it was concluded that the benefits of avoiding the hump and belly outweigh the other risks, and it was 

decided to proceed with the assembly of a full-size magnet made from such coils. 
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Figure 145: Quench Performance of 7.2-m-long, 150-mm-single-aperture HL-LHC MQXFB03 quadrupole 

magnet prototype at CERN, in a test cold mass configuration and test cryostat, integrating the first-, second- and 

third- stage recovery actions: new shell design and welding parameters and new fixed point, new magnet loading 

procedures, and new coil manufacture procedures without ceramic binder on outer coil surface (Courtesy of 

F. Mangiarotti, CERN). 

 

5.5.10 Assembly and Test of MQXFB03 

MQXFB03 is the first magnet that integrates the actions from all 3 stages of the recovery plan: it relies 

on 4 new coils, manufactured without ceramic binder on their outer surface, it was loaded with the 

optimized bladdering & keying procedure validated on MQXFB02, and it was assembled into a test cold 

mass and cryostat configuration using the optimized shell design and welding parameters qualified on 

MQXFBP3. 

MQXFB03 was tested in the third and fourth quarter of 2023 and, as illustrated in Figure 145, 

and it is the first 7.2-m-long MQXFB magnet to achieve the target current of 16.53 kA (nominal +300 A) 

at both 1.9 K and 4.5 K. It exhibits good endurance after two warm-up/cooldown cycles with no 

retraining at 1.9 K. The initial training quenches at 1.9 K are all in the coil heads, in stark contrast with 

previous full-length MQXFB magnets. At 4.5 K and nominal 20 A/s ramp rate, there is one training 

quench (after initial cooldown and 1.9 K training) and one retraining quench (after 3rd cooldown and 

ramps to target and nominal current at 1.9 K), both above nominal and very near target current. There 

are two additional retraining quenches at 4.5 K and higher ramp rates, also near the target current. In 

addition, and as illustrated in Figure 146, MQXFB03 can be ramped up to target current with ramp rates 

up to 100 A/s at 4.5 K without quenching, while all previous full-length MQXFB magnets exhibited a 

noticeable ramp rate degradation below target current. This element, again, confirms the robustness of 

this magnet. 

In short, the performance limitation and phenomenology that had been observed on previous, full-

length, MQXFB magnet straight sections (near the apex of coils’ hump and belly) have been overcome 

and we can finally conclude that, with the implementation of the stage-3 recovery actions, the root cause 

of the problem has been eradicated. 
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Figure 146: Ramp rate sensitivity at 4.5 K of 7.2-m-long, 150-mm-single-aperture HL-LHC MQXFB quadrupole 

magnets at CERN, in a test cold mass and cryostat (Courtesy of F. Mangiarotti, CERN). 

 

Since then, a second full-length quadrupole magnet, referred to as MQXFB04, was manufactured 

following the same procedures as for MQXFB03 and integrating the recovery actions from all 3 stages. 

It was assembled with a nested MCBXFB dipole magnet corrector in a final Q2 cold mass and cryostat 

configuration and was cold-tested in the second quarter of 2024 [261]. The performances of MQXFB04 

are similar to those of MQXFB03, including after the warm-up cooldown cycle, confirming the success 

of the recovery plan. 

5.6 Conclusion 

We followed a chain of targeted diagnostic steps that led us to the identification of possible root causes 

for the performance limitation observed on the first two MQXFB prototypes, and to the definition and 

implementation of suitable recovery actions. Starting from accurate quench-start localizations in both 

transverse and longitudinal directions, we defined coil volumes of interest to be inspected. Using 

different techniques, from high-energy X-ray computed tomography to metallography in both transverse 

and longitudinal directions and deep copper etching, we were able to zoom in on specific flaws in the 

magnet coils, down to the level of local Nb3Sn strand damages, likely at the origin of the quench 

limitation. We could also determine the timing at which the damages occurred. Knowing the localization 

of the damages, we were able to establish correlations with specific mechanical features of the coil 

assembly, and knowing their timing, we could trace back the manufacturing process that produced them. 

An in-depth analysis of this specific manufacturing process and of related non-conformities led us to an 

understanding of the chain of events resulting in the observed behavior, which, in turn, gave us clear 

guidance on what needed to be improved. The elaboration and implementation of pointed corrective 

actions eventually enabled us to mitigate the identified risks one after another and resolve the quench 

limitation issue in the magnet straight section. None of the above would have been possible, without 

precisely knowing where to look. 

In the case of ITER cable-in-conduit conductors, the issue of performance degradation as a 

function of electromagnetic and thermal cycling was resolved by tightening the twist pitches of the first 

stages of the rope-type cable. This short twist pitch sequence dramatically reduced the risks of reacted 

Nb3Sn strand bending under the effect of the Lorentz forces, and the robustness of this new cabling 

pattern was confirmed by post-mortem analyses of conductor samples after testing in SULTAN which 

were devoid of any Nb3Sn filament crack.  
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In the case of 7.2-m-long MQXFB quadrupole magnets, the issue of performance limitation in 

the magnet straight section was resolved by achieving a better control of coil uniformity and, thereby of 

reacted conductors’ placement, by limiting deformations during manufacturing and by preventing 

subsequent coil overstressing during magnet and cold mass assembly. To close the loop, it would of 

course be interesting to verify that coils manufactured by the new procedure are also devoid of cracks 

in the vicinity of the Ti-alloy pole transitions, after assembly completion and following cold testing.  

Let us stress that, for both projects, the root causes were related to specific detailed mechanical 

engineering issues, that could be resolved by rather simple changes in design or process parameters and 

that there was nothing inherently wrong with Nb3Sn technology, save that it requires more care and is 

less forgiving than Nb−Ti technology. 

From the human and management points of view, the lessons learned from the MQXFB crisis are 

similar to those learned during the ITER CS conductor crisis. The three main keys to the success are: 

– having the right people at the right place (in particular, engineering should be done by engineers), 

bringing together all required expertise, regardless of affiliation, and getting them to work 

together in a collaborative and transverse manner; 

– development and implementation of a rigorous and systematic methodology, that addresses all 

issues and considers all options, without exclusive, and reliance on good engineering practices, 

to build confidence and contingencies; 

– enforcement of a decision-making process based on rational technical and scientific facts and on 

logical deductions rather than on opinions or beliefs. 

The efforts reported in Section 5 were concentrated on MQXFB magnet straight sections to 

address the specific issue of performance limitation observed on MQXFBP1 and MQXFBP2. However, 

as experienced with the 11 T dipole magnet program at CERN (see Section 4) and the MQXFA magnet 

production at AUP [111], a similar review of design features and assembly procedures may be required 

for the magnet end parts and longitudinal loading. The assembly and test of the following MQXFB 

magnets at CERN will be critical to assess whether this should be a concern or not. 
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6 Key Take-Away Points 

The main take-away points from the comprehensive review of ITER and HL-LHC experiences 

presented in the above sections can be summarized in ten bullet points: 

(1) Conductor: it is essential to develop and rely on robust Nb3Sn strands, which can be produced in 

large quantities and in a cost-effective manner. The root-cause analyses carried out for both ITER 

and HL-LHC crises were eventually successful because there was no suspicion about local defects 

in the strands themselves. If it had not been the case, disentangling strand from cable and magnet 

issues would have been very challenging. 

(2) Electromagnetic design: except for solenoids, most magnet designs are 3-dimensional and critical 

areas are ends and transition regions. For high-field accelerator magnets, it is critical to integrate 

in the electromagnetic design optimization the volumetric distribution of the Lorentz force in the 

coil heads and to try to minimize deleterious bending effects. Also, the shape of the end spacers 

should be optimized to reduce/prevent strand pop outs during winding. 

(3) Mechanical design: while Nb‒Ti strands and cables may tolerate deformation/displacement of a 

few tens of millimeters, reacted Nb3Sn strands and cables need to be supported with an accuracy 

better than, typically, 0.05 mm. All mechanical design aspects must be assessed at this scale. Also, 

the mechanical design should include from the start consideration of the full magnet system, 

including cold mass and cryostat as these may impact the loads experienced by the coils and the 

conductors. Finally, any mechanical engineering problem has usually more than one solution, each 

of these solutions should be carefully assessed, and the final choice depends on the program goal, 

e.g., manufacturing of a short model magnet relying on existing and limited infrastructure, or 

production of series magnets in an environment where investment on heavy tooling can be 

considered. 

(4) Electrical design and insulation: the electrical design of wind & react magnets must integrate the 

application of the heat treatment that can cause both mechanical and electrical degradations. In 

case of resin impregnation, the choice of the resin system must be optimized to limit the impact 

of cracking and debonding during cooldown and energization (in relation with the mechanical 

design). 

(5) Finite element modeling: the development of comprehensive finite element models, that describe 

the full magnet life cycle, that can be used as tools to identify weak or stress concentration points, 

and that can guide the choice of design solutions is indispensable. The models should rely on   

physical parameters, deduced for known material properties and should not be adjusted to fit 

observed behaviors. The models should be benchmarked and validated on mock-ups and ad hoc 

experiments to build confidence in their suitability. 

(6) Manufacturing processes: tooling and processes should be optimized to prevent: 

(i) deformations/displacement of conductors, or strands within conductors, in particular after heat 

treatment, and (ii) application of unnecessary stress overloads on reacted conductors. For 

accelerator magnet coils, this implies that coil handling and assembly require tolerances that 

correspond to fitting rather than mounting. 

(7) Instrumentation & diagnostics: instrumentation and diagnostics should be integrated from the start 

into the magnet design to be able: (i) to accurately determine quench-start localization, (ii) to 

monitor performance evolution and, eventually, degradation, and (iii) to measure key mechanical 

parameters in the most direct way possible. If the implementation of instrumentation requires 

design modifications, a local FE model should be developed to assess the modification impact. 

(8) Post-mortem analyses: the post-mortem analyses developed for ITER and HL-LHC have proven 

to be very efficient tools in root-cause analyses. However, they do require some time and need to 

be applied in a proper sequence to enable proper zooming into each problem type. 
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(9) Good engineering practices: the application of a systematic and rigorous methodology that 

addresses all problems one after another, without short cuts, has been key in resolving the ITER 

and HL-LHC crises. Also, good engineering practice calls for addressing all issues that arise, and 

if a cost- and schedule-effective solution can be found, to implement it, as this will help build 

contingencies and increase operation margin.  

(10) Design of experiments and decision-making processes: a development program, in particular for 

an immature technology, should be built step-by-step, starting from material samples and mock-

ups, to demonstrators, to short models, to full-length prototypes. This enables, at every step, 

qualification/validation of key design concepts, technological choices, manufacturing processes, 

and numerical models. Achieving maturation and understanding requires time, but skipping 

intermediate steps may lead to confusion in case of failure or unexpected results, calling for time- 

and resource-consuming crash programs. And last but not least, it is critical to implement a 

decision-making process based on thorough root cause and risk analyses and shielded, as much as 

possible, from schedule and management pressure. 

Despite the setbacks that were encountered on the path of Nb3Sn magnet development for ITER 

and HL-LHC, which were not exclusively due to technical issues, and which have been overcome, we 

can conclude that Nb3Sn has been demonstrated to be a viable and robust technology for fusion and 

accelerator magnet applications. We can even go beyond and state that, thanks to ITER and HL-LHC, 

Nb3Sn technology is reaching maturity, and that far from being prehistoric, it is now history in the 

making. As new large-scale projects of fusion reactors and particle accelerators are emerging, Nb3Sn 

remains a valid option to consider, bearing in mind the hard lessons learned from ITER and HL-LHC. 
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