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1. INTRODUCTION  
 

This paper presents simulation approaches to calculate 

screening current and screening current induced field (SCF) 

in a high temperature superconductor (HTS) magnet. 

Unlike a resistive magnet, screening current is induced in 

an HTS magnet without being dissipated, and it is well-

known that its magnitude is proportional to that of radial 

magnetic field, which is penetrating component against an 

HTS tape width. Screening current, a major source of SCF, 

is of importance for magnet analysis because it causes 

performance degradation such as generated magnetic field 

degradation, field homogeneity distortion, and other 

negative effects [1, 2]. Because of this importance, 

research on screening current and SCF has been conducted 

with many experiments [3-7], and calculation method of 

screening current and SCF have been developed with 

multiple studies [8-26]. As a result, two methods, an 

analytic method [8-12] and a numerical method [13-26], 

have been proposed. Despite these developments, a 

comparison between analytic and numerical methods has 

not been discussed sufficiently. Thus, this paper suggests a 

typical simulation approach of each method and evaluates 

the approaches with a case study of a 7 T 68 mm cold-bore 

multi-width no-insulation GdBCO magnet in liquid 

nitrogen cooled environment of 77 K which was 

constructed and tested by the MIT Francis Bitter Magnet 

Laboratory [27]. For a precise analysis of the magnet, 

screening current and the measured magnet dimensions are 

considered; they are well-known major sources of large 

discrepancy between calculated and measured magnetic 

field. Finally, discussion on not only simulation results 

with each approach but also the difference between 

calculation and measurement would be provided. 

 

 

2. SIMULATION APPROACHES 

 

2.1. Bean Slab Model 

Bean slab model is a typical approach of an analytic 

method [28]. Fig. 1(a) indicates a current density of 

transport current and a magnetic field inside a slab without 

an external field which is called virgin state, while Fig. 1(b) 

with an external field. The particular current density and 

the magnetic field inside a slab are classified depending on 

the magnitude of an external magnetic field and a critical 

current density. Firstly, the field configuration is equal to 

Fig. 2 (a) when the intensity of external field (𝐻𝑒) is less 

than that of the virgin state field (𝐻𝑣). Secondly, the field 

configuration is equal to Fig. 2 (b) when 𝐻𝑒  is more than 

𝐻𝑣  and less than twice of 𝐻𝑣 . Lastly, the field configuration 

is identical to Fig. 2 (c) when 𝐻𝑒  is more than twice of 𝐻𝑣 . 

These classifications are applied to simulate screening 

current. For simulation of  screening current and SCF with 

this model, magnetic field calculation is firstly performed 

at the center of all individual turns assuming that an 

operating current flows uniformly in each single pancake 

(SP) in an HTS magnet; in this process, Gaussian 

quadrature and elliptic integral should be used to calculate 

the field. With the calculation results, a critical current 

density of a slab, an inclination of the graphs in Fig. 2, is 

determined based on measured critical current 𝐼𝑐(|𝐵|, 𝜃) 

data. Finally, a penetration depth, which is an important  
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Fig. 1. Bean slab model: (a) virgin state; (b) exposed to an 

external magnetic field. Dash lines shown in (b) is equal to 

the field (𝐻) graph in (a). The x-axis indicates the width of 

an HTS tape. 

 

 
 

Fig. 2. The three cases of Bean slab model carrying DC 

transport current; Ha,1−3
+/–

 is a boundary field at the edge of 

an HTS tape. The x-axis indicates the width of an HTS tape. 

 

variable of Bean slab model, is determined with the 

calculated field and the critical current density [28]. 

 

2.2. Finite Element Method 

Finite element method (FEM) is a well-known 

simulation approach of numerical method. In this paper, 

FEM adopting domain homogenization [29] and H- 

formulation [30]  is described in cylindrical coordinate 

(𝑟, 𝜙, 𝑧). Five steps are essentially required to calculate 

screening current and SCF: 1) selection of a certain basis 

element; 2) determination of a governing equation; 3) 

assignment of a boundary condition; 4) assignment of an 

integral constraint; and 5) consideration of a non-linear 

material property, index resistivity.  

 

(Step 1) Edge-element or curl element is selected as a 

basis element of FEM. The element is able to transform 

conventional second order point form electromagnetics 

governing equation, vector potential equation, into first-

order point form, H-formulation [30]. This transformation 

is possible since the edge-element satisfies divergence 

constraints of electromagnetics (∇ ⋅ 𝐇 = 0 and ∇ ⋅ 𝐄 = 0) 

in electric charge free space.  

(Step 2) Our governing equation is Faraday’s law of 

induction 
 

∇ × 𝐄 =
∂(𝜇0𝐇)

𝜕𝑡
, 

  

Magnetic field intensity (H), a primary variable, has only 

radial (𝐻𝑟) and axial (𝐻𝑧) components, while electric (E), 

a secondary variable, azimuthal (E𝜙).  

(Step 3) Boundary condition is equal to a conventional 

one. When magnetic field simulation is performed with 

FEM, for example, the region of “air” should be large 

enough to contain that of “source”, and primary field 

variables are zero at the boundary of the “air”. This 

conventional boundary condition is identically used to 

calculate of screening current and SCF.  

(Step 4) Ampère’s circuit law of (2) is used to assign our 

integral constraint. This circuit law calculates azimuthal 

current density (J) in an HTS magnet assuming time-

varying electric field is almost zero, and an integral of the 

current density (3) becomes our integral constraint to be 

satisfied:  

 

∇ × 𝐇 = 𝐉 +
∂𝜖E

𝜕𝑡
≈ 𝐉, 

 

and 

 

∫ 𝐽𝜙
𝑆

(𝑟, 𝑧, 𝑡) (≡
𝜕𝐻𝑟

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑟
) 𝑑𝑟𝑑𝑧 = 𝐼𝑜𝑝(𝑡), 

 

where 𝐼𝑜𝑝(𝑡) , 𝜖 and are time-varying operating current, 

and electric permitivity. Because (3) requires long 

computation time, (4) was proposed to reduce the time. 

 

∫ 𝐽𝜙
𝑆

(𝑟, 𝑧, 𝑡) (≡
𝜕𝐻𝑟

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑟
) 𝑑𝑧 =

𝐼𝑜𝑝(𝑡)

𝐷
, 

 

where D is thickness of an HTS tape. By this development 

called domain homogenization.  

(Step 5) HTS tape has a highly non-linear resistivity [31], 

index resistivity (𝜌), and the resistivity is represented with 

E-J power law of (5): 

 

𝜌(𝐽) =
𝐸𝑐

𝐽𝑐
|

𝐽

𝐽𝑐

|
𝑛−1

=
𝐸

𝐽
, 

 

where 𝐽𝑐 , 𝐸𝑐 , 𝐽, and n stand for, respectively, critical current 

density, critical electric field of 1 μV/cm, current density, 

and the index.  

 

(1) 

(2) 

(3) 

(4) 

(5) 
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3. CASE STUDY: A 7 T 68 MM NO-INSULATION 

GDBCO MAGNET OPERATING AT 77 K 

 

A case study was conducted with a 7 T 68 mm no-

insulation (NI) GdBCO magnet constructed and tested by 

MIT Francis Bitter Magnet Laboratory [26]; the magnet 

consists of 13 double pancakes (DPs) wound with GdBCO 

tape manufactured by SuNAM Co., Ltd. It reached its 

operating current of 25 A with a certain charging rate of 1 

A/min in liquid nitrogen at 77K. Axial magnetic field was 

measured along the magnet axis within a given range from 

−40 mm to 40 mm. To carefully conduct the case study, 

SCF and construction errors of magnet dimensions, such as 

discrepancy between a designed inner diameter and a 

measured inner diameter, were taken into account. And, 

short sample critical current data of SuNAM HTS tape [32], 

Fig. 3, were provided because of the limit of measured data 

at 77 K although length-wise critical current data are 

required for precise calculation of screening current and 

SCF. 

 

3.1. Key Parameters 

Table I shows key parameters for simulation of the 

magnet. Construction and operation parameters are 

specified from the reference [27], and the index 𝑛 is from 

a reference [32]. 

 

3.2. Simulation Results 

Fig. 4 shows the simulation results: (a) total current 

density with assuming current flows uniformly in each 

single pancake of the HTS magnet (𝐽𝑡𝑜𝑡,𝐼𝑑𝑒𝑎𝑙 ); (b) total 

current density with FEM (𝐽𝑡𝑜𝑡,𝐹𝐸𝑀); (c) total current density 

 

 
 

Fig. 3. SuNAM HTS tape critical current (𝐼𝑐) information 

measured at 77 K.  

 
TABLE  Ⅰ 

KEY PARAMETERS OF THE 7 T 68 MM COLD BORE NI MAGNET. 

 

 
 

Fig. 4. Simulation results. (a) - (c) stand for total current 

density, while (d) – (e) screening current density. The y-

axis indicates the DP z axis, while the x-axis is for the DP 

r axis in millimeters. Color bar indicates current density in 

A/mm2. The number beside triangles of the color bar 

indicates the minimum and maximum values. 

 

with Bean slab model (𝐽𝑡𝑜𝑡,𝐵𝑒𝑎𝑛 ); (d) screening current 

density with FEM ( 𝐽𝑠𝑐,𝐹𝐸𝑀 ); and (e) screening current 

density with Bean slab model (𝐽𝑠𝑐,𝐵𝑒𝑎𝑛). Calculation results 

shown in Fig. 4 (d) and (e) agree reasonably well with a 

proportional characteristic that the magnitude of screening 

current is proportional to that of the radial magnetic field. 

Thus, screening current is intensely induced at top and 

bottom double pancakes (DPs), while it is marginally 

induced around the magnet mid-plane.  

Fig. 5 compares calculation results obtained with 

different approaches to a measurement result of axial 

magnetic flux density (𝐵𝑧 ) along the magnet axis. The 

figure indicates total axial magnetic flux density with 

assuming that the operating current flows uniformly in 

each single pancake of the HTS magnet (𝐵𝑧,𝐼𝑑𝑒𝑎𝑙 ), total 

axial magnetic flux density calculated by FEM (𝐵𝑧,𝐹𝐸𝑀), 

total axial magnetic flux density calculated with Bean slab 

model (𝐵𝑧,𝐵𝑒𝑎𝑛), and measured axial magnetic flux density 

( 𝐵𝑧,𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 ). Fig. 6 compares calculation and 

measurement results of SCF 

Table II indicates results of comparison between Bean 

slab model and FEM in terms of computation time and 

accuracy; Analytic indicates results with Bean slab model, 

while Numerical with FEM. The accuracy is calculated by 

considering the mean value of the error, which is the most 

simple technique in error estimation discipline. 

 
TABLE  Ⅱ 

COMPUTATION TIME AND CALCULATION ACCURACY. 
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Fig. 5. Calculation and measurement results of total axial 

magnetic flux density. 

 

 
 

Fig. 6. Screening current induced field calculated by each 

approach and measured by MIT Francis Bitter Magnet 

Laboratory. 

 

3.3. Discussion 

The difference between simulation results of SCF was 

found. Because Bean slab model is known for extremely 

estimating or over-estimating screening current rather than 

other simulation approaches, such as FEM.  However, Fig. 

5 indicates the opposite result. To investigate the difference 

between the expectation and the calculation results, we 

examined radial component of total magnetic flux density 

and induced magnetic flux density by screening current, 

SCF. Fig. 7 shows simulation results: (a) total radial 

magnetic flux density assuming operating current flows 

uniformly in each single pancake of the HTS magnet 

(𝐵𝑟𝑡𝑜𝑡,𝐼𝑑𝑒𝑎𝑙
); (b) total radial magnetic flux density with 

FEM (𝐵𝑟𝑡𝑜𝑡,𝐹𝐸𝑀
); (c) total radial magnetic flux density 

profile result with Bean slab model (𝐵𝑟𝑡𝑜𝑡,𝐵𝑒𝑎𝑛
); (d) radial 

component of SCF calculated by FEM (𝐵𝑟𝑠𝑐,𝐹𝐸𝑀
); and (e)  

radial component of SCF calculated by Bean slab model 

(𝐵𝑟𝑠𝑐,𝐵𝑒𝑎𝑛
). As shown in Fig. 7, calculated radial magnetic 

flux density with each simulation approach has a little 

discrepancy. A result of FEM shows that SCF is intensely 

induced around the center of each single pancake (SP). 

This result agrees with a conventional idea that SCF would 

eliminate radial magnetic field around the mid-plane of 

each SP. On the other hand, the calculated SCF with Bean 

slab model has a tendency that SCF is intensely induced at 

the edge side of SP, not the mid-plane. This tendency could 

cause the axial field to be calculated larger than that with  

 
 

Fig. 7. Simulation results of the radial component of total 

magnetic flux density and SCF. (a) - (c) stand for total 

magnetic flux density, while (d) – (e) SCF. The y-axis 

indicates the DP z axis, while the x-axis is for the DP r axis 

in millimeters. Color bar indicates magnetic flux density in 

tesla T.  

 

FEM; it might be a limit of Bean slab model calculating 

screening current without any iterative technique. To sum 

up, by this intrinsic difference between simulation 

approaches, comparison result from Table Ⅱ may not be a 

determinant to evaluate which approach is although the 

comparison shows Bean slab model seems a better 

approach in terms of computation time and accuracy.  

 

 

4. CONCLUSION 

 

This paper presents simulation approaches, a case study 

indicating simulation results, and discussion. It reports that 

SCF degrades the magnetic field by 0.065 T (9%) with 

FEM, while 0.03 T (4%) with Bean slab model, where the 

degradation was calculated from the peak value of each 

approach compared with the measured data. This result 

might indicate the opposite against an expectation that the 

calculated SCF with Bean slab model is larger than that 

with FEM. Further, as seen in Fig. 6, the result with the 

ideal assumption, current flowing uniformly in an HTS 

magnet, has a good agreement with the measured data 

rather than that with other approaches. It implies that there 

are still a few things not considered yet, such as thermal 

contraction of an HTS tape in a cryogenic environment, 

lengthwise critical current data winding an HTS magnet, 

and other components affecting SCF. Thus it is required to 

conduct more studies with actually constructed HTS 

magnets in terms of SCF for developing far more precise 

simulation technique. 
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