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Abstract  

Future accelerator magnets are pushed to their limits in terms of magnetic field and also from the quench 

protection point of view. This forces the magnet designers to re-think the quench modelling. One issue that has not 

so far been largely explored is the mechanical behaviour of the superconducting coils during a quench. This can 

cause limitations to the design of high field accelerator magnets. This paper focuses on mechanical behavior in the 

event of a quench of a Nb3Sn 16 T dipole magnet currently developed in the framework of the EuroCirCol project in 

view of the Future Circular Collider conceptual design study. The thermo-mechanical analysis is performed through 

finite element modeling. The analysis takes into account the Lorentz force and the thermal stress due to the non-

uniform temperature distribution in the winding during a quench.  

Index terms- accelerator magnet, quench, finite element analysis, Lorentz forces, thermal stress. 

Ⅰ. INTRODUCTION 

The Future Circular Collider (FCC) is a collaboration, whose main purpose is to produce a conceptual design 

report of a 100 km particle accelerator for producing hadron collisions of up to 100 TeV center-of-mass energy [1]. 

EuroCirCol is an EU H2020 [2] funded project aiming to design a 16 T Nb3Sn dipole that could be used as a FCC 

main bending magnet [3]. Various 16 T magnet designs for the Future Circular Collider have been studied so far [4]-

[5]. EuroCirCol 16 T dipole magnet design study includes three magnet design options: a block coil [6], a cos- [7]-

[8] and common coil [5]. The present analysis deals with the mechanical impact of a quench in the block design 

option. One of the challenges in the design of such magnets is the high stored energy, which requires high reliability 

from the mechanical support structure and special attention from the magnet quench protection design.  

Nb3Sn is a strain sensitive material, whose critical current depends on strain and irreversible damage can occur 

at strain levels of 0.54% [9]. Due to the very low heat capacity at operation temperature of 1.8 K or 4.2 K, minor 

mechanical and thermal disturbances may cause superconductor to transfer to normal state and lead to a magnet 

quench. Due to high stored energy densities, after a quench the magnet temperature may rise up to 350 K, even in 

the cases with well-working quench protection system. Therefore, quantifying the thermal stress during a quench is 

important in order to analyze the risks for critical current degradation. Typically, the protection is triggered by the 

detection of a resistive voltage in the order of 100 mV across the transitioned zone. To avoid false quench detections, 

it is required that the voltage signal stays above the detection threshold for a given validation time (10 ms in the 

present LHC [10]). After the quench detection and validation, the magnet energy must be quickly damped to prevent 

damage due to local resistive heating. In high energy accelerator, external energy extraction is not a possible option 

because applying it fast enough would lead to too large terminal voltages. Typical maximum allowed terminal 

voltage is between 1 and 2 kV. Therefore, the stored energy in the magnet has to be absorbed by the magnet itself. 

This is obtained safely by using a quench protection system that quenches the whole coil and allows for a uniform 

energy dissipation. The protection system in large accelerators up to now has been based on resistive protection 

heaters placed on the coil surfaces. A novel method called Coupling Loss Induced Quench (CLIQ) [11], which has 

been explored recently, is based on discharging a capacitor into the coil. The coil will subsequently quench due to 

the induced inter-filament coupling losses. An indicator of the efficiency of quench protection systems is the time 

delay from its activation to the transition of the whole magnet. 
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During the first stages of the EuroCirCol  magnet design, it was assumed that the protection system was able to 

spread the normal zone to the entire winding within 40 ms. In order to ensure the magnet protectability, it was set as 

a design criterion that the hotspot temperature must remain below 350 K [12]. In addition to the peak temperature, 

the internal voltages in the coil have been analysed in various cases. The aim of this paper is to add the analysis of 

stress during a quench into the study. After all, it is assumed that eventually mechanical failure will be the reason for 

degradation after a high temperature quench (either through epoxy break or the mechanical failure of Nb3Sn 

material). The EuroCirCol 16 T magnet design options are particularly prone to high temperature differences during 

a quench because for economic reasons they are very compact and employ a graded design: Larger cable in high-

field region to ensure enough superconductor, and smaller cable in low-field area. This results in unequal copper 

cross-section areas for the cables and consequently different heat generation. Because of the grading within a coil 

layer, the maximum temperature difference between two cables during a quench can be particularly large, around 

100 K [12]. 

In this paper, we built a 2D finite element model of the magnet cross-section using the commercial simulation 

tool COMSOL [13], and computed the stress distribution during a magnet quench. The analysis takes into account 

the Lorentz forces and thermal stresses in addition to the stress resulting from the pre-load and cool down. The 

thermodynamic part of the quench modeling was done with Coodi [12] and used as an input for the COMSOL 

modeling.  

Ⅱ. MAGNET STRUCTURE 

The present EuroCirCol block-type dipole design features a coil configuration with two double pancakes [6]. 

The magnet cross section, showing the iron yoke and the coils with two different Nb3Sn cables is shown in Fig. 1 (a). 

The magnetic flux density distribution generated at nominal current is shown in Fig. 1 (b). Fig. 2 presents the 

magnet components in detail. Even though the final design can be a double-aperture configuration, we study here the 

so far designed single-aperture prototype design. This magnet utilizes for the pre-load so called bladder and key 

technology [14]-[15], which has been used in several high-field magnets developed recently [16]. The bladder is 

placed between the yoke and the inner iron pusher to create a clearance to insert the key (a set of stainless steel bars) 

and corresponding shims. Then, the bladder is deflated and removed, and the inserted keys provide the room 

temperature pre-stress. Then, during the cool down the thermal shrinkage of the external aluminum shell increases 

the pre-stress in the coil to fully compensate the stress due to Lorentz forces and to keep a good contact between the 

coil and the pole under operation. The magnet parameters are listed in Table I. The maximum horizontal and vertical 

Lorentz forces per aperture are 10500 kN/m and -5200 kN/m, respectively. 

 

Fig. 1. (a) Magnet cross section within its iron yoke (b) Block coil cross-section made of two different Nb3Sn cables 

and consisting of two double pancakes.  

 

TABLE Ⅰ. MAGNET PARAMETERS 
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Parameter values 

Nominal current 11470 A 

Bore dipole field 16 T 

Peak field in conductor 16.74 T 

Operating temperature 1.9 K 

Mid-plane shim thickness 1.75 mm 

Loadline margin (1.9 K) 14.01% 

Differential inductance at nominal current  

Stored energy at nominal current  

18 mH/m 

1.2 MJ/m 

Outer diameter of dipole 338 mm 

Number of turns HF cable per coil 5+5+10+10=30 

Number of turns LF cable per coil 18+18+19+19=74 

Maximum Fx/Fy Lorentz force  10500  kN/m /-5200  kN/m 

 

Fig. 2. One fourth of the magnet structure and the materials associated to each component. 

Ⅲ. COMPUTATION MODEL 

An electromagnetic analysis and a preliminary mechanical study of the 16 T block-coil dipole magnet was 

presented in [17]. The present work extends the study to the mechanical behavior of the Nb3Sn superconducting coil 

during a quench.  

The 2D mechanical analysis includes the following steps: (i) Key insertion process. The key insertion process 

provides the pre-load at room temperature (RT). (ⅱ) Cool down. The uniform temperature and the reference 

temperature are set to be 300 K at the beginning. Then the uniform temperature is decreased to 4.2 K 

homogeneously. The stress distribution changes due to the differences in the thermal expansion coefficients. (ⅲ) 

Excitation. The Lorentz force is applied to the windings. The magnetostatic computation is done at 105% of the 

nominal current including the effect of iron magnetization. (ⅳ) Quench process. During a quench, the Lorentz force 

is calculated at each simulation time for given current. The temperature distribution and the magnet current as a 

function of time are pre-computed with a tailor-made software called Coodi, and subsequently applied to the 

COMSOL mechanical model. The computation process of Coodi is detailed in [12]. The principal idea is to consider 

each turn adiabatic and isothermal. Then, the temperature of each turn is computed from the heat generation. When 

coupled to the magnet’s circuit, the current decay can be modeled. Steps (i)-(ⅲ) repeat the analysis presented in [17] 

and are considered here as the validation of the model. 
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In our 2D approximation, due to symmetry, it is sufficient to model one quarter of the magnet cross-section and 

plane stress model is assumed. The material properties for the magnet components are listed in Table Ⅱ. These 

parameters are based on results from the tested High-Luminosity LHC prototype magnets developed by US LARP 

[18] and CERN [19]. In the finite element model, the Young modulus E and thermal expansion coefficient of the 

block coil is anisotropic (see TABLE Ⅱ). For the key insertion process, the horizontal and vertical assembly 

interference between the key and the iron yoke are 750 μm and 50 μm, respectively. Two different types of contacts 

between the magnet components exist: those that are glued and those that can slide. Fig. 3 presents the mechanical 

structure with mesh and the different contact interface conditions. The friction coefficient of the sliding contact was 

0.2. For the boundary conditions in the left side and the bottom side (at the symmetry axes), we set 0 n u , where 

u is the displacement vector and n is the unit vector normal to the symmetry axes. The outer surface of the shell was 

free. 

TABLE Ⅱ. MATERIAL PROPERTIES  

Component Material 
E (GPa) 

 (1/K） 
293 K 4.2 K 

Block Coil Nb3Sn 
Ex=25,Ey=30,

Gxy=21 

Ex=27.5,Ey=33,

Gxy=21 

5

x =1.05 10  ,

5

y =1.15 10   

Magnetic pad and key Steel 316LN 193 210 69.47 10  

Shell Aluminum 7050 70 79 51.42 10  

Magnetic yoke and 

pusher 
Iron 213 224 66.76 10  

Pole Ti6Al4V 115 126.5 65.75 10  

Shim G10 30 30 52.39 10  

Filler Aluminum bronze 110 120 51.05 10  

 

 

Fig. 3. One fourth of mechanical structure with mesh and contact interfaces. 

Ⅳ. SIMULATED STRESS BEFORE QUENCH 

       To validate the analysis before the quench, we compared the results obtained with our model to those presented 

in [17] and computed with commercial software ANSYS. The maximum horizontal and von Mises stresses in the 

coils are reported in Table Ⅲ. The von Mises stresses in the coils at different analysis steps are shown in Fig. 4. The 

horizontal stress distributions at different analysis steps are displayed in Fig. 5. The maximum von Mises stress in 

the coils is 126 MPa at warm and 200 MPa after cool down. The maximum von Mises stress of the coils decreased 

to 185 MPa when powered to 105% of the nominal operation current (12040 A). The maximum horizontal stress is 
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210 MPa after cool down and it decreases to 202 MPa for the operation at 105% of the nominal current.  The peak 

von Mises stress is located at the corner of the center pole during pre-load and cool down step and it moves to the 

low field region of the coil after excitation. 

      The simulated von Mises stresses from the ANSYS and COMSOL models differ by less than 6% at the 

excitation. Reasons can be the different meshes, different non-linear solvers, or the way to apply the Lorentz force. 

However, we assume that this analysis validates our model and allows us to do predictions for the mechanical 

behaviors during the quench. 

TABLE Ⅲ. COMPARISON OF SIMULATED STRESS IN COILS AT ALL MODELLINGS STEPS  

 
Horizontal-stress (MPa) von Mises stress (MPa) 

COMSOL ANSYS
 

COMSOL ANSYS
 

Key insertion -141 -135 126 121 

Cool-down -210 -216 200 196 

Excitation @ 105% of the nominal 

current 
-202 -195 185 176 

 

Fig. 4. Von Mises stress distribution in the coils at different steps: (a) Key insertion: the peak stress is 126 MPa and 

located at the corner of the center pole. (b) Cool down: the peak stress is 200 MPa and located at the corner of the 

center pole. (c) Excitation at 105% of the nominal current: the peak stress is 185 MPa and occurs in the upper low 

field region of the coil. 

 

Fig. 5.Horizontal stress distribution in the coils at different step: (a) Key insertion: the peak stress is 141 MPa and 

located at the corner of the center pole. (b) Cool down: the peak stress is 210 MPa and located at the corner of the 

center pole. (c) Excitation at 105% of the nominal current: the peak stress is 202 MPa and moved in the low field 

region of the coil. 
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Ⅴ. STRESS DISTRIBUTION DURING A QUENCH 

In this paper, the protection system (heaters or/and CLIQ) is assumed to quench the coils totally 40 ms after an 

initial quench occurring spontaneously at 105% of nominal current. This 40 ms delay represents the time consumed 

in the quench detection and protection activation process and is based on LHC operation experience and expected 

quench heater performance [12]. During this 40 ms the magnet current is constant. After the 40 ms, the current starts 

to decay based on the magnet’s resistance development and inductance. A schematic of the current decay during the 

quench process is shown in Fig. 6. The temperature distributions in the coils after the current decay are shown in Fig. 

7. Two different cases are simulated. Case (a), the quench protection system is activated when a natural quench has 

not occurred which means that all the turns are still superconducting from t=0 ms to t=40 ms. Case (b), the 

simulation includes a hot spot turn (a turn with a natural quench) at the low field cable with the lowest temperature 

margin. The only difference between the hot spot turn and other turns is that during the 40 ms protection delay, heat 

is generated in the hot spot turn whereas other turns remain at operation temperature. Fig. 8. displays the magnet 

current decay and hotspot temperature development during a quench. The temperature of the hot spot reaches 356 K 

at the end of the quench when the hotspot is considered (case (b)). There is no heat transfer between the coils and the 

other components in our model. 

 

Fig. 6. A schematic of the simulated quench process. 

The maximum von Mises stresses in the both situations are shown in Fig. 9. The peak von Mises stress in the 

coils occurs at the end of the quench and is 216 MPa when there is no natural quench. In the initial stage of the 

quench, the peak stress increases. Then, the current changes slightly and the temperature increases rapidly as shown 

in Fig. 8. After 70 ms, the peak stress decreases slightly while the current decreases rapidly. After 140 ms, the 

current continues to decrease while the stress in the coils increases again. After 400 ms, the current and temperature 

do not vary notably anymore and the maximum von Mises stress levels off. The residual stress from pre-load and the 

thermal stress has led to a new the stress distribution in the coils. The distribution behaviours, in terms of peak stress, 

are similar in both cases. The Nb3Sn cables suffer from irreversible critical current degradation when they are 

directed to transverse pressure 200 MPa [20]. Thus, this state-of-the-art design, or its analysis, requires further 

investigation to guarantee that the magnet can survive quenches safely. 

 Fig. 10 and Fig. 11 show the von Mises stress distribution in the coils during the quench. The peak stress 

occurs in the low field region in the upper coil before 200 ms. After that, the location of the maximum von Mises 

stress changes to the corner of the pole. The peak stress occurs at the corner of the pole after the quench and the 

stress distribution behaviour is similar to the cool down process. In terms of peak stress, the distributions are similar 

in both cases. There is no stress accumulation occurring between the cables having the large temperature differences, 

e.g. the hot spot cable and its adjacent ones. This analysis suggests that it is enough to consider the stress distribution 

after the current has decayed. However, if the current decay and temperature evolution vary from the now 

considered case, one must confirm this observation.  

In the previous section the peak stress was considered as the criterion for determining if a quench is a safe 

event. However, the strain rate may influence the validity of the plane stress assumption (static model) used in the 
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modelling as well as on the material properties [21]. The strain at the corner of the center pole as a function of time 

is shown in Fig. 12. The horizontal strain changes from 0.005 to 0.0081 and vertical strain changes from 0.0016 to 

0.0056 in about 300 ms resulting in maximum strain rate on the order of 0.01 1/s. It is worth noticing that the cool 

down phase for a magnet lasts hours and the powering phase takes several minutes. Therefore, the dynamic loading 

response in case of a quench requires further analysis. 

 

 

Fig. 7. The temperature distribution after the quench (a) and (b) with the hot spot turn. 

 

Fig. 8. The magnet current decay and hotspot temperature development 

 

Fig. 9. The maximum von Mises stress during the quench. 
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Fig 10. The von Mises stress distribution during a quench when the hot spot is not considered. 

 

Fig 11. The von Mises stress distribution during a quench when the hot spot is considered. 
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Fig. 12. The strain as a function of time (b) in presented location (a). 

Ⅵ. CONCLUSIONS 

The mechanical behavior of the 16 T state-of-the-art block-coil dipole magnet design for FCC during a quench 

has been presented. The influence of pre-load, cool down, magnet excitation, temperature evolution and current 

decay during the quench were considered. The evolution of the maximum von Mises stress during the quench was 

not monotonous in the studied cases. A local minimum was observed around 170 ms. The peak stress reached 215 

MPa when the maximum hot spot temperature was 356 K. In the two simulated cases, where one ignores the hot 

spot turn and other considers it, the peak von Mises stress was similar as a function of time during the quench. Our 

analysis suggests that it is enough to consider the stress distribution after the current decay to find the worst case 

scenario. However, this conclusion cannot be taken for granted for any magnet since we considered only one case, 

employing 2-D model with homogenized cable internal structure. The dynamic loading response during a quench 

requires further analysis.  
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