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Abstract

:

A 20 T REBCO insert magnet has been designed considering a 15 T/150 mm background field generated by an LTS magnet. A two-nested-coil structure was chosen. The target of this project is to generate a 20 T/80 mm user field by inserting the outer MI-REBCO coil (Coil 2) first, then try to reach 35 T by inserting the inner NI-REBCO test coil (Coil 1). Coil 2 will be wound by copper packed, 185-μm thick REBCO tapes co-wound with 50-μm thick Hastelloy tapes. Coil 1 will be no-insulated wound by 65-μm thick REBCO tapes. Two mechanical models were built to estimate the stress distribution inside the HTS coils during operation. The influence of the screening current distribution on stress was discussed. The unbalanced force caused by the coil misalignment was also simulated. The 20 T HTS insert magnet is planned to be built and tested in 2021. The progress of coil winding and preliminary test results at 77 K were presented.
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1. Introduction


REBa2Cu3O7−x (REBCO), a high-temperature-superconducting (HTS) material, is believed to be the main candidate conductor for high field magnets [1]. Due to the high in-field critical current density, high upper critical field and high mechanical strength, REBCO tapes are widely used to wind high-field superconducting magnets above 20 T [1,2]. In 2019, National High Magnetic Field Laboratory (NHMFL) successfully built and tested a 45.5 T hybrid magnet with a 14.4 T HTS insert inside a 31.1 T resistive background magnet [3]. The REBCO coil, named ‘little big coil’ (LBC), quenched at a conductor current density of 1420 A/mm2, a peak magnetic stress of 691 MPa and a total strain of 0.38% [3]. A 32 T all-superconducting magnet was also successfully tested in 2017, which consists of a 17 T HTS insert and a 15 T LTS background magnet [4,5,6,7,8]. The REBCO tapes were co-wound with thin 316 L tapes (<12.5 μm) for insulation and reinforcement [9]. A 100-μm thick Cu stabilizer layer was chosen for the REBCO conductors to control the copper current density in the range of 400–450 A/mm2 [10]. MIT also built a series of HTS insert magnets for their 1.3 GHz NMR program. Their previous HTS insert magnet, H800, was designed to provide 18.8 T, quenched in 2018 [11,12]. A new H800 design (H800N) came up after the accident, which was designed to provide 19.7 T [13]. RIKEN proposed a novel winding method called ‘intra-layer no-insulation (LNI)’ to resolve the extremely long charging delay of a simple no-insulation (NI) coil [14]. In 2021, they inserted an LNI-REBCO and an insulated Bi-2223 coil into a 17 T LTS background magnet, which generated a total central field of 30 T for 15 min and quenched at 31.4 T [15]. The Grenoble/CEA group makes great effort in the metal-as-insulation (MI) winding technique, which can decrease the time constant while having the same self-protection aspect compared with the NI winding technique [16,17]. Based on this, they tested an MI HTS insert called the NOUGAT magnet to reach 32.5 T in a 20 T background resistive magnet [18]. SuNAM Co. constructed and tested a 26 T all-GdBCO magnet in 2015, achieving 26.4 T central magnetic field [19]. They used multi-width technique to wind HTS coils in order to control the critical current level. An optimization procedure was also used during the electromagnetic design [20]. Recently, a world-record 32.35 T all-superconducting magnet was successfully demonstrated by the Institute of Electrical Engineering of Chinese Academy of Sciences (IEECAS) in 2019 [21]. In their design, ‘double-winding’ technique was applied to effectively increase the electromagnetic operation margin in local regions. This winding method was firstly tested in a prototype coil that obtained 11.2 T central field at a transport current of 167 A in a 15 T background magnet [22]. Finally, the HTS insert contributed 17.35 T central field with the maximum operation current density of 334.6 A/mm2.



In this work, a 20 T class REBCO magnet was designed as the insert for a 15 T/150 mm background LTS magnet. Considering the space limit of the inner radius of the LTS magnet, we decided to wind an MI-REBCO insert using copper laminated tapes first, which together with the LTS magnet will generate a 20 T/80 mm background field environment. After that, a 15 T NI-REBCO test coil was designed as the innermost insert to generate a 35 T total central field. In order to reduce the hoop stress in the coils, both coils will be wrapped by an over-banding radial build. We calculated the distribution of critical current level based on the nonlinear fit of Ic (B, θ) data from Ref. [23], and built two different mechanical models to describe the stress condition in REBCO tapes. The screening current effect was also considered. The unbalanced magnetic force on the HTS insert aroused by the misalignment between two HTS coils cannot be ignored. Therefore, the conceptual design of the magnet structure is stiff in radial direction and flexible in axial direction, which is also good for quench protection.




2. Electromagnetic Design


2.1. Design Parameters


The 20 T REBCO insert has two nested coils, which will be wound by two different types of REBCO tapes. The outer coil (Coil 2) was designed to provide a stable background field and be efficiently protected from quench; therefore, it will use 4.8 mm wide coated conductors, with 50 μm thick copper strips on both sides to reduce the copper current density. The REBCO tapes will be metal-insulated, as the MI-REBCO coil has smaller charging-delay time constant compared to NI coils, and the co-wound layer can help to compact the coil and reduce the hoop stress compared to insulated coils. The inner one (Coil 1) is not insulated, wound by using 4 mm wide, 65 μm thick REBCO tapes. The specific parameters of the REBCO tapes are listed in Table 1.



The key parameters of the HTS insert magnet are listed in Table 2. Coil 2 consists of 28 double pancakes, designed to generate 5 T central field. The REBCO tape in Coil 2 has a 110 μm thick copper layer, which helps to reduce the engineering current density down to 274.8 A/mm2 in Coil 2. The main reason for controlling the current density is to limit the adiabatic heating during quench. Based on the equations of adiabatic heating under constant-current mode according to Ref. [24], it takes more than 1 s for the resistive zone to heat up from 4.2 K to 200 K. This 1 s heating time is considered to be sufficient for quench protection. In addition, the inter-turn resistance in MI-REBCO coils drops quickly when the coils are cycled, especially in 4.2 K, which will increase the time constant [25]. To reduce this influence, we co-wound Hastelloy tapes instead of stainless steel with REBCO tapes, because the resistivity of Hastelloy is more than two times larger than SS 316 at 4.2 K. Therefore, the inter-turn resistance can be kept relatively high after cycling operation.



Coil 1 consists of 20 double pancakes, designed to contribute 15 T magnetic field, with NI windings. NI-REBCO coils will be wrapped by an 11 mm thick over-banding layer, which is applied to compact the coil as tight as possible within the space limit, and to reduce the hoop stress in Coil 1 as well. Although the NI-REBCO coil can save more space for winding the over-banding layer, the MI technique wind the over-banding layer in a dispersed form, which may have a better effect on strain suppression. This is also one of our follow-up works. The engineering current density in Coil 1 will reach 938.5 A/mm2, which is pretty high. The self-protection merit of NI technology is the key issue to maintain the safe running of Coil 1 [26].




2.2. Safety Considerations


A series of safety-checking simulations have been applied to this magnet design, including critical current level, peak hoop stress in different coils, etc.



2.2.1. Critical Current Level


The critical current, Ic, varies at different parts of coils due to the influence of magnetic field. The distribution of I/Ic at Iop = 244 A was simulated to characterize the critical current level of the REBCO insert, as shown in Figure 1, based on the nonlinear fit of Ic (B, θ) data from Ref. [23]. The maximum I/Ic is 0.65 in Coil 1 and 0.32 in Coil 2. The upper pancake coils have a much larger I/Ic, but they are still within an acceptable range.




2.2.2. Hoop Stress


We presented two mechanical models to calculate the peak hoop stress (strain) in HTS coils, which are the bulk model and the discrete contact model [27]. The schematic diagrams are shown in Figure 2.



The bulk model assumes that all turns of REBCO coils are bonded together as one single block. The discrete contact model builds up a set of concentric annuli, with simple contact (no friction) between adjacent turns. The simulated hoop strain distribution in the central single pancake of Coil 1 (SP1) and Coil 2 (SP1) are shown in Figure 3, ignoring the effects of screening currents. The strain distribution calculated using Equation (1) is also presented, which assumes that all the turns are discrete [28]


   σ φ  =  B z  ( r , z ) ⋅  J  o p   ⋅ r ,  



(1)




where Bz (r,z) is the axial magnetic field and Jop is the engineering current density.



In the bulk model, the hoop strain in single pancake increases monotonically from outer to inner turns, and reaches a maximum of 0.35% in Coil 1 and 0.20% in Coil 2. Calculating by Equation (1), the hoop strain mostly increases from inner to outer, the maximum reaches 0.28% in Coil 1 and 0.20% in Coil 2. These two models assume that the coil is fully bonded or discrete, respectively, but the discrete contact model shows that the inner part of coils suffer the same hoop strain as Equation (1), after an inflection point, the hoop strain follows the similar trend of the bulk model. This indicates that the two coils are partially compacted and partially separated. The over-banding layer and the winding tension are necessary to strengthen the tightness of coils [29,30].




2.2.3. Non-Uniform Current Distribution


The screening current aroused by the perpendicular magnetic field will produce a non-uniform current distribution in REBCO tapes [31,32] and has a considerable influence on the Lorentz force distribution, as shown in Figure 4.



As seen in the uniform current distribution in Figure 4a, a constant force, fr, will be generated under a constant background field, Bz. But considering the screening current effect, radial force fr in the REBCO conductor will distribute unevenly, and even reverse in the tape bottom half, as shown in Figure 4b. The maximum radial Lorentz force can be estimated by [33]


   f r  →  J c  (  B z  ,  B r  ) ×  B z  ,  



(2)




where Jc is the field dependent critical current density of the REBCO tapes, Bz and Br are the axial and radial magnetic field on tapes, respectively. According to Refs. [33,34], current and field distribution of HTS insert magnet were simulated using the homogeneous T-A formulation. The stress distribution was then simulated by the discrete contact model based on the electromagnetic force from the output of the electromagnetic model. The results of the peak hoop strains in the representative single pancake coils, considering a non-uniform current distribution, are listed in Table 3, compared with the uniform current results from the bulk model.



From Table 3, the peak hoop strain is risky for most commercial REBCO tapes [19]; however, several favorable conditions, such as the effect of winding tension, friction between turns and spacer and epoxy impregnation between turns, might reduce the stress level [35,36,37]. In addition, the deformation of the REBCO tapes could change the angle with respect to the magnetic field, which may affect the screening current distribution and, in turn, influence the hoop stress distribution [38].






3. Conceptual Mechanical Design


The 20 T HTS insert magnet contains an NI inner coil and an MI outer coil, dry wound by REBCO tapes. In the two-nested-coil design, axial and radial misalignments can easily occur considering assembly tolerances and a mismatch of thermal expansion coefficients, which leads to an unbalanced electromagnetic force on the two coils. The unbalanced force on Coil 1 as a function of the radial misalignment Δr and the axial misalignment Δz are shown in Figure 5. According to Figure 5b, the radial force, as an unbalancing force, points to the non-equilibrium direction, and its ratio to the eccentric distance is approximately 200 N/mm; the axial force, as a restoring force, points to the equilibrium direction with the ratio of −400 N/mm.



Based on the result in Figure 5b, the radial unbalanced force will push coils further away from the balanced position, so a radial-rigid-alignment mechanical support is important to ensure the concentric alignment of the two coils. The axial force is towards the balanced point, which is favorable for restoring the axial alignment. Therefore, the axial-support structure can be flexible as millimeter-level axial misalignment is acceptable for the consideration of the mechanical stability.



The mechanical support structure of the 20 T HTS insert magnet was designed following the above objectives of radial-rigid alignment and axial-flexible support. The schematic diagram is shown in Figure 6. Coil 2 is rigidly fixed on the foundation, as the reference of the HTS insert. Coil 1 is radially aligned by the upper justification block and the alignment groove at the bottom. The support rods are spring-supported in the groove, and the upper locating rods of Coil 1 are also spring-linked with the justification block; therefore, the axial position of Coil 1 can be adjusted by the knob on the upper block linked with the upper locating rods of Coil 1. An altimeter will be fixed on the top of Coil 1 to display the relative position of the two coils in the axial direction.



Besides the unbalanced force caused by the misalignment as discussed above, the local force on the cross-over turns and torque on coils accompanying the quench process can also bring serious problems [12,13,39]. To reduce this hidden danger, it is necessary to check the axial strength of the support spring and the shear strength of the coil compression bolt, which is one of the important further works of the mechanical design.




4. Fabrication Progress


The fabrication of the 20 T HTS insert magnet is underway at the Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP) and Tsinghua University. The 20 double pancakes in Coil 1 are being wound on a horizontal winding machine, which makes it easier to control the axial height of each turn to be the same, without bumps. Due to the actual production tolerance of the REBCO tapes’ thickness, each double pancake was controlled to reach the designed outer radius, instead of the designed number of turns. One of the double pancakes is shown in Figure 7.



The transport test was carried out at 77 K to measure the critical current and the total internal resistance of an individual double pancake. A representative test result is shown in Figure 8. During the test, the transport current was loaded at a speed of 5 A/min. After the voltage reached the 1 μV/cm criteria, the current was unloaded at a speed of 10 A/min. The double pancake’s critical current is 41.5 A at 77 K. Due to the loading process being continuous, an induced voltage appeared, and the self-inductance is calculated as 5 mH. The slope of the curve in the superconducting zone reveals that the double pancake has a total internal resistance of 0.9 μΩ. This consists of the inner joint resistance and the turn-to-turn resistance in the NI coil.



In our fabrication of 20 T insert magnet, all the double pancakes will be tested in 77 K individually. After all the double pancakes are wound, Coil 1 and Coil 2 will be tested in 4.2 K liquid helium respectively.




5. Conclusions


We completed the electromagnetic design and conceptual mechanical design of a 20 T two-nested-coil REBCO insert in a 15 T/150 mm LTS background magnet. Two types of REBCO conductors are chosen, which consist of a thin-copper-layer tape to wind the inner NI coil and a thick-copper-layer tape co-wound with Hastelloy tapes for the outer coil. A series of safety simulations were carried out. As for the critical current level, the maximum I/Ic at Iop = 244 A is 0.65 at the upper edge of Coil 1. Two typical mechanical models to simulate the hoop strain distribution were built. The bulk model gives larger peak hoop strain in this magnet, which are 0.35% in Coil 1 and 0.20% in Coil 2. By comparing the results from the discrete contact model with the BJR equation, we found that several turns at the inner part of two coils will be separated during operation, which requires an over-banding radial build to reinforce and compact the coils. After taking the screening current effect into account, the screening-current-induced strain reaches 0.68% in Coil 1, but several favorable conditions are not considered. The unbalanced force caused by the misalignment of two coils is the main consideration for the conceptional mechanical design. The radial unbalancing force was calculated as 200 N/mm, and the axial restoring force was calculated as −400 N/mm. Based on these results, we designed a radial-rigid and axial-flexible support structure.
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Figure 1. The distribution of I/Ic in the HTS insert at Iop = 244 A. 
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Figure 2. The schematic diagrams of two mechanical models (for Coil 2). (a) The bulk model. (b) The discrete contact model. 
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Figure 3. Hoop strain’s distribution on Coil 1&2 SP 1 using two mechanical models and BJR equation. The legend illustrates the corresponding latitude locations of the profile path. 
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Figure 4. The effect of screening current on stress condition. (a) Stress condition without screening current effect. (b) Stress condition considering screening current effect. 
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Figure 5. The simulation of unbalanced force on Coil 1 caused by the misalignment of two coils. (a) Schematic diagram of misalignment in coils. (b) Simulation results of the radial and axial unbalanced force between two coils. 
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Figure 6. The schematic diagram of 20 T HTS insert magnet mechanical support structure. 
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Figure 7. An NI double pancake of Coil 1. 
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Figure 8. The transport test result of one double pancake of Coil 1. Current in double pancake was loaded at the speed of 5 A/min and unloaded at 10 A/min. 
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Table 1. REBCO Conductor Specifications.
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	Parameter
	Unit
	Coil 1
	Coil 2





	Width
	mm
	4
	4.8



	Total thickness
	μm
	65
	185



	Total copper thickness
	μm
	25
	110



	Hastelloy substrate thickness
	μm
	38
	50



	Young modulus (equivalent)
	GPa
	152.5
	110



	Required critical current in 5 T perpendicular field, 4.2 K
	A
	450
	450



	Required critical tensile stress in 4.2 K
	MPa
	770
	480
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Table 2. Key Parameters of 20 T Insert Magnet.
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Parameter

	
Unit

	
Coil 1

	
Coil 2






	
Winding inner radius

	
mm

	
8.5

	
46.2




	
Winding outer radius

	
mm

	
22.2

	
67.3




	
Turns per double pancake

	
-

	
210

	
90




	
Number of double pancakes

	
-

	
20

	
28




	
Total height

	
mm

	
168

	
280




	
Length per double pancake

	
m

	
40

	
65




	
Over-Banding Thickness

	
mm

	
11

	
3.7




	
Co-winding Thickness

	
μm

	
-

	
50




	
Operation Current

	
A

	
244




	
Engineering Current Density

	
A/mm2

	
938.5

	
274.8 1




	
Center Field Contribution

	
T

	
15

	
5




	
Inductance

	
H

	
0.27

	
0.85








1 The thickness of co-winding Hastelloy tapes was not considered.
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Table 3. Peak Hoop Strain in Different Single Pancakes (SP) Considering Non-uniform Current Distribution.
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SP No.

	
Coil 1 (%)

	
Coil 2 (%)




	
Uniform

	
Non-Uniform

	
Uniform

	
Non-Uniform






	
1

	
0.339

	
0.313

	
0.192

	
0.264




	
5

	
0.339

	
0.462

	
0.192

	
0.392




	
10

	
0.336

	
0.617

	
0.191

	
0.477




	
15

	
0.328

	
0.685

	
0.189

	
0.532




	
20

	
0.301

	
0.479

	
0.187

	
0.559




	
24

	
-

	
-

	
0.184

	
0.566




	
28

	
-

	
-

	
0.181

	
0.532
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