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1. INTRODUCTION 
 

HTS materials, such as rare-earth barium copper oxide 

(REBCO), Bi2Sr2CaCu2O8+x (Bi-2212) and 

Bi2Sr2Ca2-Cu3O10+x (Bi-2223), are well-known for their 

remarkable abilities to remain their superconductivities at 

high magnetic field intensities and at high temperatures 

[1-4]. With the incorporation of no-insulation (NI) 

technique and defect-irrelevant-winding (DIW) technique, 

REBCO superconducting magnets with high energy 

densities can be manufactured, which in turn makes it 

possible to obtain high magnetic field intensities with 

relatively small magnets [5, 6]. 

To design a superconducting magnet is a comprehensive 

process which should encompass various properties of 

superconducting materials along with considerations of 

manufacturing and operating issues. In section 2, we address 

the issues to be considered during a second generation high 

temperature superconductor (2G HTS) magnet design 

process. 

One of the most important behavior that 2G HTS wire 

shows is its anisotropic characteristics which are mainly 

caused by their sheet-like crystalline structures [2]. This 

anisotropy should be considered when estimating the critical 

current (Ic) of the entire magnet. As the magnetic field 

perpendicular to the planar face of the REBCO coated 

conductor (B//c) is more detrimental to the Ic than the 

parallel magnetic field (B//ab), the top and bottom edges of 

REBCO solenoid coil usually experience larger Ic drops 

than the center part of the solen 

oid. The use of REBCO conductors with different widths, 

namely multi-width winding technique, can reduce this 

undesired effect by allowing larger current-carrying 

capacities to the parts that are put under large radial 

magnetic field [7]. A detailed explanation about Ic 

estimation will be provided in section 3. 

A conceptual magnet will be provided and demonstrated 

in section 4. The magnet has a bore size of 240 mm and is 

designed to operate at a temperature of 20 K. With operating 

current (Iop) of 70% of its critical current, the magnet will 

reach a magnetic flux density of 3 T at its center. 

 

 
2. MAGNET DESIGN CONSIDERATIONS 

 
2G HTS wires are produced in forms of tape-shaped 

coated conductors and due to these particular shapes, 2G 

HTS wires are wound in so-called pancake forms. These 

pancake coils are then stacked coaxially and electrically 

connected with current joints to make a solenoidal magnet. 

The conductor inside the magnet have to withstand 

magnetic field induced by the magnet itself while carrying 

the operating current. The critical current of 2G HTS wire, 

when temperature is fixed, is determined by magnetic field 

intensities and field angles applied to the wire. The method 

we used for critical current estimation will be explained in 

the next section. 

Mechanical stress is another important issue to be 

addressed in superconducting magnets. Operating 

electromagnets are put under Lorentz force and this force 

induces deformations and stress to the magnets. This 

mechanical stress often works as physical constraints to 

superconducting magnets, usually to the ones with high 

magnetic flux density and large bore sizes. The provided 

conceptual magnet in this paper, however, is relatively small 
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in size so the mechanical stress is not a big concern. We 

used a simple model to simulate mechanical behaviors of 

the conceptual magnet. This analysis of mechanical stress 

will be briefly demonstrated in section 4. 

   Besides the topics mentioned above, there are many other 

important topics to discuss when it comes to designing a 

REBCO magnet. These include cryogenics, stability, 

protection and screening current related issues. Such topics 

are considered to be high in importance and are being 

actively discussed in applied superconductivity comm- 

unities. Aforementioned topics are not included in this 

paper. 

 

 

3. CRITICAL CURRENT ESTIMATION METHOD 

 

Critical current of superconducting wires are not set by 

fixed values but can be manipulated by their manufacturing 

processes. The Ic of 2G HTS wires thus have different 

values depending on the manufacturer. In this paper, we 

presumed a situation using REBCO wire made by SuNAM 

Inc. The experimental data was provided by Victoria 

University of Wellington and is shown in Figure 1 [8]. Since 

critical current up to 7 T was measured, which is larger than 

twice of the desired center magnetic flux density of 3 T, no 

extrapolation was needed in the Ic estimation process. 

When calculating the magnetic field inside of a magnet, 

the current density of HTS wire is assumed to be uniform 

with no screening current effects. While this is not a good 

physical model for a superconducting material, it provides 

simplicity and is suitable for fast calculations. In this case, a 

2G HTS magnet comprised of several pancake coils is 

equivalent to a sum of short and thick solenoids with current 

densities differing each other and uniform in each one. 

With a fixed Iop at a certain coil figure, magnetic field 

intensities and field angles are calculated for the entire 

region within the magnet. When looking at a specific point, 

 

 
 

Fig. 1. Critical current at varying magnetic flux density up 

to 7 T. The wire was manufactured by SuNAM and has a 

width of 4 mm. The temperature was set to constant as 20 

K and angle was given as a dependent variable. Angle of 0 

and 180 degrees represents the condition of B//c and the 

angle of 90 degree satisfies B//ab relations. The data was 

provided by Victoria University of Wellington. 

local critical current can be inferred from linear 

interpolation of experiment data. This calculation is 

performed along the entire magnet so that the minimum 

estimated local critical current can be found. If current Iop 

is equal to the minimum estimated local critical current, 

this Iop is determined as the Ic of the whole magnet. 

Note that this estimation process does not accurately 

depict real situations. In critical current measurement 

experiments, external magnetic field was applied 

uniformly in strength and angle along a single layer of 

HTS conductor as shown in (a) of Fig.2. In the situation of 

Ic estimation mentioned above, on the other hand, the 

strength and angle of magnetic field varies along a single 

layer of HTS conductor, like the one shown in (b) of Fig.2. 

The critical current of the said layer of HTS tape, in this 

case, should be between the minimum and maximum 

values calculated along the layer. We chose the minimum 

value to be the layer’s critical current in this paper and this 

should represent a conservative estimation of Ic of an HTS 

magnet. 

 

 

4. A DEMONSTRATION OF A CONCEPTUAL 

MAGNET 

 

A conceptual magnet of 240 mm bore size was designed 

using NI-MW method. In order to minimize the length of 

used REBCO conductor, the magnet was designed using MW 

technique; the width of a pancake increases as the pancake 

locates further away from the magnet’s midplane (z = 0), i.e., 

the pancakes with narrowest tape widths are located at 

magnet’s center while the ones with widest widths are located 

at magnet’s upper and bottom edges. The tape widths of 

pancake coils were restricted to be either 4.1 mm, 5.1 mm or 

6.1 mm as REBCO conductors with these widths can be 

provided rather easily by the manufacturer. The operating 

temperature was set to 20 K with conduction cooling 

considered. Detailed design parameters are shown in Table 1. 

The operational properties of the conceptual magnet was 

verified using COMSOL, the Multiphysics FEM program, 

using 2D axially symmetrical model. Detailed analysis of 

magnetic and mechanical properties will be followed in 

subsections of 4.1 and 4.2. 

 
4.1. Magnetic Properties and Related Issues 

The designed REBCO magnet consists of multiple 

single pancake coils and each pancake coil is regarded as a 

 

 
 

Fig. 2. REBCO tapes put under various magnetic fields. 

Magnetic flux line is shown in the figures. (a) A single 

layer of REBCO tape under uniform magnetic field. (b) A 

single layer of REBCO tape under varying magnetic field. 
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TABLE I 

CONCEPTUAL MAGNET DESIGN PARAMETERS. 

 
 
bulk solenoidal magnet, i.e., each part was thought of as a 

thick solenoid having a rectangular cross section with 

uniform current density of azimuthal direction. 

Operating current was set to 169.55 A, which is 70% of 

the magnet’s estimated critical current, 242.21 A. The 

simulated value of center field was 3.00 T. The maximum 

B field strength inside of the magnet is expected to be 3.55 

T. The top and bottom edges of magnet ((r, z) = (120 mm, 

143.55 mm), (120 mm, -143.55 mm)) are expected to meet 

their critical currents when operated with Ic, with B field 

strength of 3.61T and B field angle of 41 degrees. 

It is a common practice to electrically connect each 

pancake coils with lap splices, and the proposed 

conceptual magnet is assumed to be so. This type of 

magnet requires only one current source to be driven so the 

operating current would be identical in every part of the 

magnet. As each pancake coil can have differing tape 

width, current density in each part should be set 

accordingly. Thus the proposed magnet would have 

highest current density at its center and lowest current 

densities at each end. 

The uniform current density model of REBCO 

superconductors, however, is far from what happens in real 

situations. It is common for current density to vary in a 

single layer of REBCO tape in most situations, which is 

mainly due to the screening current effect of type II 

superconductors [9-11]. This uneven current profile results 

in a magnetic field distribution different from the one with 

uniform current density model, which in turn will result in 

a different estimated critical current value. Useful 

information about this issue can be found in a work by Min 

Zhang, Jae-Ho Kim, Sastry Pamidi, Michal Chudy, Weijia 

Yuan, and T. A. Coombs [12]. 

 

4.2. Simulation of Mechanical Behaviors 

Operating electromagnets are put under self-generated 

 
 

Fig. 3. Magnetic flux density distribution simulated using 

FEM. It is axis-symmetric along the z axis showing the 

cross sectional view of the magnet.  

 

 
 

Fig. 4. The entire magnet was considered as a single 

solenoid for the assessment of mechanical behaviors. The 

figures are depicted in real scales, in the unit of meters. 

Sections below z = 0 plane are not shown in the figure due 

to symmetry. (a) Current densities inside of the magnet. (b) 

Radial stress within the magnet. (c) Simulated hoop strain 

inside of the magnet. (d) Hoop stress in the magnet. 

 

magnetic field and the combination of this magnetic field 

and current density inside the conductor results in Lorentz 

force exertion on the magnet. As magnet deforms from its 

unloaded original shape, mechanical stress is generated 

and this balances out with Lorentz force, resulting in a 

static state. 

We made a simple model to simulate magnet’s 

behaviors on mechanical forces. In this method, the 

magnet was modeled as a single solenoid having a 

rectangular cross section, rather than a combination of 

separated pancake coils. As the original magnet has 

differing current densities on different sections, the current 

density was given as a distribution depending on z 

coordinate in this model. The magnet was assumed to be 

composed of singular, isotropic material with Young’s 

modulus of 150 GPa and Poisson’s ratio of 0.3. Hoop 

stress, hoop strain and radial stress was computed using an 

FEM software. As the magnet was designed with three 
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varying widths of REBCO tapes, three discrete current 

densities were assigned accordingly. 

As shown in Fig. 4, compressive radial stress was 

expected in the entire region, with the maximum value 

being 2.0 MPa. The maximum hoop strain was computed 

to be 0.05%, which is well below common REBCO tape’s 

strain limit [2]. Also, the maximum hoop stress was 64.3 

MPa. 

 

 

5. CONCLUSION 

 

In this paper, we presented a design of 3 T REBCO 

magnet which would be fabricated using no-insulation and 

multi-width winding techniques. The magnet comprises of 

multiple single pancake coils, which vary in their 

conductor widths from 4.1 mm to 6.1 mm, and has a cold 

bore size of 240 mm with the overall height of 293.4 mm. 

In order to show the feasibility of the designed magnet’s 

successful operation, we used simple models to simulate 

the magnet’s magnetic and mechanical properties. The 

magnetic flux density at the center of the magnet would 

reach 3 T within a tolerable strain limit when operated with 

Iop of 169.55 A. 

 

 

ACKNOWLEDGEMENT 
 

This work was supported by the Technology 

development Program(S2719669) funded by the Ministry 

of SMEs and Startups(MSS, Korea). 

 

 

REFERENCES  

 
[1] Y. Iwasa, Case Studies in Superconducting Magnets: Design and 

Operational Issues, New York, USA: Springer Science & Business 
Media, 2009. 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

[2] D. W. Hazelton et al., “Recent Developments in 2G HTS Coil 

Technology,” IEEE Transactions on Applied Superconductivity, vol. 

19, no. 3, pp. 2218-2222, 2009. 
[3] R. Flukiger, B. Hensel, A. Jeremie, M. Decroux, H. Kupfer, W. Jahn, 

E. Seibt, W. Goldacker, Y. Yamada, and J. Q. Xu, “High critical 

current densities in Bi(2223)/Ag tapes,” Superconductor Science 
and Technology, vol. 5, no. 1S, 1992. 

[4] K. Heine, J. Tenbrink, and M. Thöner, “High‐field critical current 

densities in Bi2Sr2Ca1Cu2O8x/Ag wires,” Applied Physics Letters, 
vol. 55, no. 23, pp. 2441-2443, 1989. 

[5] S. Hahn, D. K. Park, J. Bascunan, and Y. Iwasa, “HTS Pancake 
Coils Without Turn-to-Turn Insulation,” IEEE Transactions on 

Applied Superconductivity, vol. 21, no. 3, pp. 1592-1595, 2011. 

[6] S. Hahn, K. Radcliff, K. Kim, S. Kim, X. Hu, K. Kim, D. V. 
Abraimov, and J. Jaroszynski, “‘Defect-irrelevant’ behavior of a 

no-insulation pancake coil wound with REBCO tapes containing 

multiple defects,” Superconductor Science and Technology, vol. 29, 
no. 10, pp. 105017, 2016. 

[7] S. Hahn, Y. Kim, D. K. Park, K. Kim, J. P. Voccio, J. Bascuñán, and 

Y. Iwasa, “No-insulation multi-width winding technique for high 
temperature superconducting magnet,” Applied Physics Letters, vol. 

103, no. 17, pp. 173511, 2013. 

[8] S. Wimbush and N. Strickland, “Critical current characterisation of 
SuNAM SAN04200 2G HTS superconducting wire,” figshare, 

07-Jul-2017. 

[9] E. H. Brandt and M. Indenbom, “Type-II-superconductor strip with 
current in a perpendicular magnetic field,” Physical Review B, vol. 

48, no. 17, pp. 12893–12906, 1993. 

[10] M. Zhang, J. -H. Kim, S. Pamidi, M. Chudy, W. Yuan, and T. A. 
Coombs, “Study of second generation, high temperature 

superconducting coils: Determination of critical current,” Journal 

of Applied Physics, vol. 112, no. 3, pp. 039902, 2012. 
[11] Y. Yanagisawa, et al., “Effect of YBCO-Coil Shape on the 

Screening Current-Induced Magnetic Field Intensity,” IEEE 

Transactions on Applied Superconductivity, vol. 20, no. 3, pp. 
744-747, 2010. 

[12] M. Zhang, W. Yuan, D. K. Hilton, M. D. Canassy, and U. P. 

Trociewitz, “Study of second-generation high-temperature 

superconducting magnets: the self-field screening effect,” 

Superconductor Science and Technology, vol. 27, no. 9, pp. 095010, 

2014. 

 

 

 

46


