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Abstract 

This research explored thermal and electrical sharing, as well as quench, in 

the cable/composite winding cross-section of an epoxy-impregnated HEP 

dipole accelerator magnet using HTS（ReBCO）Cables. While HTS insert 

designs can vary, and in some cases, either no insulation tape windings or fully 

cooled cable windings are being contemplated, this design is for cables with 

indirect cooling (epoxy-infiltration) with specified electrical and thermal 

inter-cable resistances. The cables also have a defined level of defects within 

them, both in terms of severity and density. A direct simulation of the magnet 

winding with full detail in the cable structures would be far too 

computationally expensive to give sensible run times. However, our approach 

was to use results from previous modeling runs on cables to develop simple 

cable structures which replicated the main results of the cable properties 

(temperature and voltage distribution at a given current) but were averaged 

over length scales smaller than the cable length scale, but larger than that of 

the tape. These proxies were then used to construct a magnet winding cross-

section, where inter-cable electrical and thermal interlayer values could be 

specified. Due to the complexity of structure, we simplified the epoxy layers 

in the model. For the present study, the magnet was designed with sixteen 

cables in each of the four quadrants, and one quadrant was studied. The 

cables themselves were constructed from thirty tapes each. The tendency for 

quench as a function of current was explored and compared to the 

performance of the isolated cables. 

 1. Introduction 

High-energy physics (HEP) magnets play a critical role in various advanced applications, 

including particle accelerators, nuclear fusion reactors, and medical photon therapy [1-4]. Among 

the superconducting materials utilized in such magnets, rare-earth barium copper oxide (ReBCO) 

coated conductors [5, 6] have garnered significant attention due to their outstanding 
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superconducting properties, notably higher critical current densities and superior performance 

in strong magnetic fields [7-9]. 

In practical implementations, cables typically contain manufacturing defects of varying 

severity and distribution, influencing electrical and thermal behaviors. This research addresses 

the critical need to evaluate the effects of such defects on the thermal and electrical characteristics 

of epoxy-impregnated dipole accelerator magnets employing ReBCO cable windings. We utilized 

finite element method (FEM) simulations via COMSOL Multiphysics to systematically investigate 

the relationship between defect presence, current sharing, and quench initiation with previous 

research [10-12], but restricted our focus to the cables themselves. We note that the thermal 

boundary conditions were quite important [13]. Here we model the performance of magnets 

which contain the cables, and in so doing the thermal boundary conditions are naturally modified, 

i.e., the helium cooling is at the magnet surface rather than the cable surface.  

Due to the computational limitations of directly simulating complex cable structures, we 

explored a multiscale modeling approach, in this case using simplified projected models which 

were developed based on previously synthesized cable simulation results [10, 14]. These 

projected models can effectively characterize key electrical and thermal properties at a medium 

scale, thus facilitating controlled and accurate simulation of magnet winding cross-sections. This 

study specifically evaluates one quadrant of a dipole magnet consisting of sixteen cables, each 

integrating ten stacks of three-layer cable [15, 16]. There were two defects uniformly placed in the 

middle layer of the three-layer cable. Each defect was 0.1mm long, spanned the entire tape width, 

and had an ampacity of 0.1 Ic [17]. Each cable was 4 mm  wide, 2.25 m thick, and 3 cm long. The 

thickness of the epoxy was 0.75 mm between each cable and outside the magnet.  

Our findings emphasize the significant impact of cable defects and thermal conditions on 

current sharing capabilities and magnet stability, providing essential insights for optimizing 

magnet designs and enhancing operational reliability. 

2. Methods 

We used the COMSOL Multiphysics software 3D FEM to model the cable. We used the 

Multiphysics model with electrostatic and temperature components in a series of steady-state 

simulations. The magnet is composed by 4 x 4 uniform cables which combine copper layer, YBCO 

layer and Hastelloy layer into one cable and we assumed the magnet was epoxy impregnated with 

CTD-101K with a 0.75 mm thickness between cable layers. Of course, some HTS magnet designs 

do not plan to use epoxy-infiltration, but we investigate here a class where this is assumed to be 

present. Each magnet cable contains 10 stacks of three-layer YBCO cables, each of which has two 

defects uniformly placed in the middle tape as shown in Figure 4. Each tape has 4mm width with 

0.75μm thickness and 3cm length. The three-layer cable model and performance were studied in 

our previous research [10]. The details of the magnet are provided in Table I. 
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Table I: Magnet details 

 

Width of cable 4 mm 

Thickness of cable 2.25mm 

Length of cable 3 cm 

Thickness of epoxy 0.75 mm 

Thickness of Cu 20 µm 

Thickness of Hastelloy 30 µm 

Thickness of REBCO 5 µm 

Length of defect 0.1 mm 

RRR value of Cu 100 

n-value 15 

Ic (4.2K, 8T) 596 A 

Jc(4.2K, 8T)  2.98 × 1010 A/m2 

ICR 5.40 × 103 μΩ*cm2 

ITR 5.40 × 103 K*m2/W 

 

Figure 1 shows the 3D view and Figure 2 shows the front view of the dipole magnet model 

structure. Voltages were applied to the ends of the cables as circled in Figure 1, corresponding to 

the positive terminal, and the other end of cables are grounded. The current flows from the 

positive terminal to the ground terminal. The initial voltage is 0 V, and the initial temperature is 

4.2 K. Heat transfer in the longitudinal direction was governed by the thermal conductivities of 

REBCO, Hastelloy, and copper (shown in Figure 3). The terminal (cable end) surfaces were defined 

as electrically conductive but thermally insulating following [18]. Heat transfer in the longitudinal 

direction was governed by the thermal conductivities of REBCO, Hastelloy, and copper following 

[19, 20]. 

 

Figure 1. 3D view of the racetrack dipole magnet. The simulation model took a part of the whole racetrack dipole 

magnet. 
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Figure 2. Cross section view of the magnet model. The grey blocks are the cables, and the blue area is the epoxy.  

 
Figure 3. The structure of the cable. 

 
Figure 4. The side view of the magnet structure. The purple blocks are defects. The green boxes are the three-

layer tape structures. 

The simulation simplified the model due to the complexity. The inside epoxy was treated as 

thermal contact layers, and the outside epoxy was treated as thin layers with 0.75 mm thickness. 

The model had a symmetric plane through x-axis as shown as blue area. The final model is shown 

in Figure 5. 
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Figure 5. The simplified magnet model. Used the thermal contact and thin layer with thickness instead 

of real epoxy layer to decrease the complexity of the model. 

 

The previous study from our group gave the inter-tape contact resistance (ICR) set at 5.40 × 

103 µΩ∗cm2, and the inter-tape thermal resistance was 5.54 K∗m2/W [21]. The FEM model 

included an extra fine mesh where the final geometry consisted of 155624 domain elements, 

15428 boundary elements, and 986 edge elements. The number of degrees of freedom (DOF) 

solved was 457431 (plus 48624 internal DOFs). Solvers have been set up automatically by the 

COMSOL Multiphysics software. Physics controlled mess was set as "extremely fine". Solver 

tolerance setting as 1e-6 during the simulations. 

 

The electrical conductivity of the cable is calculated as following, where the R stands for the 

resistance of the tape, t is the thickness, w is the width, l is the length, ρ is the electric conductivity, 

k is the thermal conductivity. 

𝑅 = 2
𝑡𝑐𝑢𝜌𝑐𝑢

𝑙𝑐𝑢𝑤𝑐𝑢
+

𝑡ℎ𝑎𝑠𝑡𝜌ℎ𝑎𝑠𝑡

𝑙ℎ𝑎𝑠𝑡𝑤ℎ𝑎𝑠𝑡
+

𝑡𝑌𝐵𝐶𝑂𝜌𝑌𝐶𝐵𝑂

𝑙𝑌𝐵𝐶𝑂𝑤𝑌𝐵𝐶𝑂
+ 𝜂𝐶𝑢𝑂𝑙𝐶𝑢𝑂𝑤𝐶𝑢𝑂           (1) 

𝜌 =
𝑅𝑤𝑡𝑎𝑝𝑒𝑙𝑡𝑎𝑝𝑒

𝑡𝑡𝑎𝑝𝑒
                  (2) 

The thermal conductivity of the cable is calculated as 

𝑘𝑥 = 𝑘𝑧 =
𝑘𝑐𝑢×𝑤𝑐𝑢

𝑤𝑐𝑢+𝑤ℎ𝑎𝑠𝑡
+

𝑘ℎ𝑎𝑠𝑡×𝑤ℎ𝑎𝑠𝑡

𝑤𝑐𝑢+𝑤ℎ𝑎𝑠𝑡
              (3) 

𝑘𝑦 =
𝑘𝑐𝑢×𝑡𝑐𝑢

𝑡𝑐𝑢+𝑡ℎ𝑎𝑠𝑡+𝑡𝑌𝐵𝐶𝑂
+

𝑘ℎ𝑎𝑠𝑡×𝑡ℎ𝑎𝑠𝑡

𝑡𝑐𝑢+𝑡ℎ𝑎𝑠𝑡+𝑡𝑌𝐵𝐶𝑂
+

𝑘𝑌𝐵𝐶𝑂×𝑡𝑌𝐵𝐶𝑂

𝑡𝑐𝑢+𝑡ℎ𝑎𝑠𝑡+𝑡𝑌𝐵𝐶𝑂
         (4) 

 

In the simulation, we applied the liquid helium pool cooling curve shown in Figure 6. The 

nucleate boiling peak temperature is 4.535 K, after that, cooling will transfer from nucleate boiling 

to film boiling accompanied by a huge decrease in the cooling power [18, 22]. Current sharing is 

defined as the achievable ratio of Icable /Icable_nominal that occurs just before thermal runaway. 
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Figure 6. The liquid helium pool cooling curve. [18][22] 

 

3. Results and Discussion 

The simulation results show that the temperature inside the magnet is not the same 

everywhere. The middle of the magnet is hotter than the outside. This is because heat flow to the 

helium cooled magnet surface is restricted by the epoxy layer within the winding, as would be 

expected. The temperature distribution within the magnet is shown as Figure 7. 

 
Figure 7. The temperature graph of the magnet. The center layers have higher temperature than the 

outside layers. The other half of the model is hidden due to the symmetric plane through x-axis. The 

I/Ic= 0.729, ICR=5.40 × 103 μΩ∗cm2, ITR= 5.54 K∗m2/W. 

 

Results of the dipole model applied to the whole magnet are shown in Figure 8. The cables 

were connected parallel, but due to the low ITR number, there should be no big differences 

between the parallel connection and serial connection for the power terminal. Figure 9 shows the 

cross-section of the magnet. It provides a full-size view of the temperature graph of the magnet. 

The result corresponds to the partial magnet simulation. 
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Figure 8. The full-size simulation model of dipole magnet. The magnet, composed of 4x4 epoxy-infiltrated cables, 

is placed in the liquid helium cooling pool. I/Ic= 0.82, ICR=5.40 × 103 μΩ*cm2, ITR=5.4 K*m2/W. 

 

Figure 9. The cross-section view of the full-size magnet model. The center cables had higher temperatures than 

the outside cables. 

 

The maximum current the magnet can carry before overheating (quenching) is about 71% of 

the normal current as shown in Figure 10. In contrast, a single layer of three-layer tape without 

epoxy can carry up to 90% of the normal current. [10] This shows that the epoxy makes it more 

difficult for the magnet to stay cool, causing it to overheat faster. The partial magnet simulation 

results match the full-size magnet well. 

 
Figure 10. The temperature vs current ratio graph of partial magnet and full-size magnet. 
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4. Summary and Conclusion 

This study analyzes the effects of cable defects and epoxy-infiltration on the thermoelectric 

current sharing characteristics of a high-temperature superconducting dipole magnet winding 

cross section. Using a simplified but effective finite element proxy model, the results show that 

epoxy insulation significantly reduces the maximum achievable current before the onset of quench. 

The maximum current sharing ratio of epoxy-impregnated cables is significantly lower than that 

of non-epoxy configurations. Poor ICR, ITR and high defect density would cause lower current 

sharing ratio. The cooling without using an insulating material was achieved with a two phases 

helium thermosiphon [23]. 

These findings highlight the importance of thermal management in optimized magnet design 

and emphasize that although epoxy-infiltration provides mechanical stability, it significantly 

inhibits heat dissipation, thus affecting the stability and reliability of the magnet. Future research 

should explore alternative insulation materials or cooling strategies to enhance thermal 

conduction and thus improve magnet performance. We have the plan to do experimental 

validation in future. 
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