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Analysis of Screening Current Effects in a Hybrid
Nb3Sn/REBCO Superconducting Accelerator

Magnet Using a T-A Formulation
Ye Yang, Yufan Yan, Febin Kurian, Mukesh Dhakarwal, Masami Iio, Kento Suzuki, Xiaorong Wang,

Ramesh Gupta, Toru Ogitsu, and Tengming Shen Senior Member, IEEE

Abstract—To explore the feasibility of using high-temperature
superconducting (HTS) REBCO coated conductors in future
accelerator magnets, two REBCO flat racetrack coils were
fabricated using 4-mm wide EuBCO tapes at the High Energy
Accelerator Research Organization (KEK). These coils were
tested as an insert inside a Nb3Sn common-coil dipole magnet,
which provides a background field of up to ∼9.5 T, at the
Brookhaven National Laboratory (BNL). REBCO tapes offer
exceptionally high critical current density under strong magnetic
fields; however, they also exhibit significant magnetization due
to screening currents, leading to magnetic field errors. This
study presents a 2D finite element model of screening current-
induced fields (SCIF) in REBCO coils using the T-A formulation,
along with the results obtained. Simulations were then performed
for two KEK test cases: one where the REBCO conductors
were oriented with the HTS tapes parallel to the background
field, and another where the tapes were perpendicular to it.
Since screening currents also influence the stress distribution and
increase the peak stress in the coils, the mechanical effects of these
currents were analyzed. The implications of these simulation and
test results for the design of Nb3Sn/REBCO superconducting
accelerator magnets are discussed.

Index Terms—Accelerator magnets, Common-coil dipole, HTS
insert coil, Hybrid magnet, Screening current

I. INTRODUCTION

H IGH-temperature superconducting (HTS) cuprate con-
ductors, including both BSCCO and REBCO, have

been developed into practical metal/superconductor composite
conductors and are commercially available in lengths suitable
for magnet applications [1], [2], such as nuclear magnetic
resonance [3], fusion [4], and high-energy physics facilities.
Some HTS devices will enable new high-energy physics
facilities and experiments with unprecedented capabilities [5],
[6]. Examples include a high-energy upgrade of the LHC
using 20 T accelerator magnets, which have 2.5 times the
field strength of existing LHC Nb-Ti magnets and exceed the
capabilities of Nb-Ti and Nb3Sn magnet technologies, achiev-
ing a maximal center-of-mass collision energy of 33 TeV,
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and a multi-TeV muon collider [7]. In addition, some devices 
will enable significant improvements in power 
efficiency, especially within high-radiation environments, 
by replacing resistive magnets or by raising the opeartion 
temperature of superconducting magnets from 4.2 K (liquid 
helium cooled) to 20-50 K (conductively cooled by 
cryocoolers). Examples include focusing solenoid magnets 
for positron sources for lepton accelerators [8] and 
solenoids to capture secondary particles, such as pions, 
produced at targets in high-intensity accelerator facilities [9].

There have been extensive studies and significant advances 
in key technologies of REBCO solenoids, such as insulation, 
field quality control, and stress management in recent years; 
For the accelerator magnets, the REBCO coil is usually 
employed as an insert in a Nb3Sn/REBCO hybrid dipole 
magnet. For developing high-field hybrid magnets, orienting 
the HTS coil parallel to the background field offers significant 
advantages, including the ability to achieve higher magnetic 
fields and reduced field changes. This design philosophy has 
been a milestone in the development of FEATHER magnets, 
an aligned-block REBCO dipole magnet [10], [11].

The purpose of this work is to investigate the potential of 
using high-temperature superconducting REBCO-coated con-
ductors to construct future accelerator magnets. Two racetrack 
coils were fabricated at the High Energy Accelerator Research 
Organization (KEK) using 4-mm wide EuBCO tapes insulated 
with radiation-resistant ceramic insulation material [12]. The 
coils were then tested at the Brookhaven National Laboratory 
(BNL) as inserts inside a Nb3Sn common-coil dipole magnet, 
which can provide a background field of up to ∼9.5 T. An 
important technical issue revealed in solenoid studies is the 
critical role of screening currents in determining the operational 
limits and post-quench survival of REBCO coils in high 
magnetic fields [13]–[15]. In this study, we analyze two test 
cases with a 2D finite element model based on the
T-A formulation [16]. We then evaluate screening current
distributions and coil stresses considering screening current
effects in two cases that the HTS insert coil is parallel and
perpendicular to the background field.

II. MODEL DESCRIPTION

A. Coil configuration

Fig. 1 shows the schematics of the magnetic and mechanical
models. The Nb3Sn common-coil dipole magnet DCC017 at
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Fig. 1. Magnetic model for simulating screening current effects. The upper
one presents the global geometry of the HTS / LTS hybrid magnet, where
two racetrack coils are placed in the background field perpendicular (case 1)
and parallel (case 2) to the HTS tape. The lower one shows the details of the
HTS coil aligned in the field of the LTS magnet.

TABLE I
PARAMETERS OF THE HTS INSERT IN THE HYBRID SETUP

Item Unit Value
HTS tape width mm 4.0
HTS tape thickness mm 0.16
Thickness of HTS film µm 2.5
Insulation thickness on each side mm 0.10
Total number of turns - 20
n-value - 45

BNL can provide a background dipole field of up to ∼9.5 T
with a nominal current of 10 kA [17]. It features a large
aperture of 31×338 mm2 to accommodate two HTS insert
coils.

The HTS insert coil consists of two racetrack coils, each
wound with 20 turns around the pole, with a minimum bending
radius of 5.5 mm and a distance of 11 mm between the inner-
most layers. To investigate the screening current effects based
on conductor orientation, the HTS coil was positioned in one
of the common-coil apertures in the following configurations:

1) Background field perpendicular to the HTS tape.
2) Background field parallel to the HTS tape.

The HTS insert does not include a bore; instead, a Hall sensor 
is embedded at the center of the pole for field measurements. 
The coil parameters are listed in Table I. The HTS insert and 
LTS outsert are charged with the independent power supplies. 
The HTS inserts in configurations 1) and 2) generate the 
main dipole fields in the horizontal and vertical directions, 
respectively.

B. Magnetic and mechanical models

The screening current is analyzed in this study using the
T − A formulation [16]. The governing equations are given
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Fig. 2. Critical current density as a function of temperature, magnetic field,
and angle used in the simulation. Data shown in cross symbols was provided
by Fujikura Ltd. [18], and data with triangle symbols were measured by
KEK [12]. The lines represent fitted curves used in the models.

Fig. 3. Mechanical model for simulating the stress with the imported screen-
ing current distribution. The roller constraints are applied to the symmetrical 
planes, and the limited horizontal displacement with the range from -inf. to 
0 is added to the edge of the aluminum banding to improve the calculation 
convergence. The contact between each layer is frictional to each other.

by

∇× (ρHTS∇× T n⃗) · n⃗+
∂(B⃗ · n⃗)

∂t
= 0 (1)

∇× (ν∇× A⃗)− J⃗ = 0 (2)

where T is the magnitude of the current vector potential, n⃗ is
the unit normal vector at the current source point perpendicular
to the HTS tape surface, J⃗ is the current density vector, ν is
the reluctivity, which is related to the nonlinear B −H curve
of the iron yoke, and A⃗ is the magnetic vector potential. The
T formulation is applied in the superconductor region, while
the A formulation is applied in all regions. The resistivity of
the HTS film is expressed as

ρHTS =
Ec

Jc(T,B, θ)

∣∣∣∣∣ J⃗

Jc(T,B, θ)

∣∣∣∣∣
n−1

(3)

where Ec = 0.1 µV/cm is the critical electric field, and Jc
is the critical current density as a function of temperature,
magnetic field, and angle. A current constraint is applied as a
boundary condition at the edges of the HTS film, given by

It =

∫
J⃗dA =

∮
T⃗ dl = (T1 − T2)δ (4)

where It is the transport current, δ is the HTS film thickness,
and T1, T2 are the current vector potentials at the two edges
of the HTS tape.
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TABLE II
MATERIAL PROPERTIES FOR THE HTS TAPE BEFORE INSULATION

Item Unit Value
Material - Cu Hastelloy Ag EuBCO Buffer Total

Thickness µm 80 75 2 2.5 0.7 160.2
Young’s modulus GPa 40 210 90 180 90 122.6

Fig. 2 shows the critical current density (Jc) curves used in 
the simulation. We adopted the model proposed in [19] to fit 
the critical current measurements conducted by KEK [12] and 
the data provided by Fujikura Ltd. [18]. The measurements 
were performed under external fields ranging from 10 T to 
15 T applied along the c-axis of the tape at 4.2 K. In this 
model, the angular dependency was preserved as originally 
proposed, while the Jc field and temperature dependencies 
were fitted using the data for fields perpendicular and parallel 
to the tape.

A separate mechanical model was developed to further 
evaluate screening current-induced mechanical stresses in one 
quadrant of the HTS insert coil, as shown in Fig. 3. The 
Young’s modulus of the non-insulated HTS tape was aver-aged 
using the material properties of REBCO, Hastelloy, and copper, 
as listed in Table II, following the approach described in [20]. 
The thermal expansion coefficient of the HTS tape was 
assumed to be 11 × 10−6 K−1. In this study, the non-insulated 
HTS tapes were coated with a ceramic spray, and the coil was 
wound wet using a ceramic adhesive. Due to the expected weak 
bonding between turns, the model assumes that each ceramic 
insulated tape is in contact with neighboring turns with a 
friction coefficient of 0.2. The contacts between the pole and 
the HTS coil, as well as between the banding and the HTS coil, 
were also modeled as frictional contacts.

The simulation includes two steps: cool-down to 4.2 K and 
energization. A preload is applied to the HTS coil to counteract 
the total magnetic force by introducing an opposing force 
through a 4-mm thick aluminum banding. The final preload 
state is achieved after the cool-down process. In this study, 
we did not consider the specific method for applying the 
preload to the HTS insert coil. Potentially, the ”bladder & key” 
technology, combined with banding tension, could be utilized 
in a practical implementation.

III. CASE STUDIES

Fig. 4 shows the simulation results for ramping the hybrid 
magnet in the two orientations. To evaluate the influence of 
screening currents, the Nb3Sn magnet was first charged to 
its nominal current of 10 kA, followed by the energization 
of the HTS insert coil through two cycles, reaching up to 
approximately 70% of Jc. Due to the angular dependence of 
Jc, the HTS insert coil can operate at currents up to 1 kA 
in the parallel case, which is roughly double the maximum 
current achieved in the perpendicular case.

A. Screening current induced magnetic field

The multipole field harmonics and the field changes within
the range between the injection and extraction fields are critical 
for accelerator magnets [21]. Since this HTS insert is not

designed to minimize field errors, we do not discuss harmonics 
in this study and instead focus on the variation of the central 
field. Fig. 5 shows the changes in the magnetic field at the 
center of the HTS insert coils. For the perpendicular case, as 
shown in Fig. 6, the screening current fully penetrates the 
HTS tape, and most of the screening current-induced field 
(SCIF) is generated during the energization of the outsert. The 
maximum field change is approximately -250 mT at the start 
of the ramp, decreasing to around -150 mT in the high-current 
region due to the reduction in Jc. During the discharge of the 
Nb3Sn magnet, the field change increases again, reaching up 
to 300 mT at zero current.

In contrast, when the outsert field is parallel to the HTS tape, 
the screening current penetrates the HTS tape more gradually 
even at high magnetic fields, due to the weak horizontal 
component of the external field. At the nominal current of the 
LTS outsert, the screening current is primarily concentrated at 
the edges of the HTS tape. Consequently, the central field 
changes by less than 10 mT, which is significantly lower 
than in the perpendicular case. After the HTS insert coil 
is energized, it generates a horizontal field, enabling further 
penetration of the screening current into the HTS tape. This 
leads to an 80-mT field change at the hybrid magnet’s nominal 
current, as shown in Fig. 5.

These results indicate that the perpendicular case introduces 
a substantial field error at the magnet center, which is unde-
sirable for accelerator magnets. In other words, adjusting the 
orientation of the HTS tape can effectively reduce the field 
error.

B. Screening current induced stress

The mechanical behavior of the HTS insert coils is also 
influenced by screening currents. Fig. 7 illustrates the magnetic 
force distributions at the hybrid magnet’s nominal current, 
with and without considering the screening current effect. In 
the perpendicular case, the force density with the screening 
current effect is similar to that without it. The force direction 
is entirely parallel to the tape surface, subjecting the tapes 
to compressive forces. In contrast, in the parallel case, most 
forces are perpendicular to the tapes, and the force density 
distributions differ significantly depending on whether the 
screening current effect is considered. As described in the 
previous section, the screening current does not fully penetrate 
the HTS tapes and the higher Jc, resulting in huge forces 
that primarily concentrate at the edges of the tapes. This may 
result in bending stress concentrated close to the tape edges, 
potentially causing greater degradation of the HTS insert coil 
compared to the perpendicular case.

A mechanical analysis was also conducted to investigate the 
effects of screening current-induced stress using the calculated 
force density. Similar to general superconducting accelerator 
magnets, preload is applied to prevent overstress in the HTS 
tape. Fig. 8 illustrates the horizontal stress distribution in 
the HTS insert coil, with and without the consideration of 
the screening current effect. Due to the preload, the HTS 
insert coil remains under compression after energization. In 
the parallel case, excluding the localized stress concentration
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(a) B⃗ ⊥ HTS tape (b) B⃗ // HTS tape

Fig. 4. Ramping the hybrid magnet up to about 70% of Jc(4.2 K, Bop, θ))for the HTS insert coils. The red and black lines in the upper figures indicate the
currents in the Nb3Sn and HTS coils, respectively. The red and black lines in the lower figures show the x and y components of the magnetic field generated
by the hybrid magnet.

(a) B⃗ ⊥ HTS tape

B⃗(b) // HTS tape

Fig. 5. The change in the magnetic field at the center of the HTS coils for 
two cases. The red and blue lines represent the field change, accounting for 
the screening current effect contributed by the HTS insert and Nb3Sn magnet 
ramping.

at the tape edges, the maximum stress after cool-down is 
-77 MPa, which increases to -70 MPa when the hybrid 
magnet is energized to its nominal current. With the 
preload, the stress distribution closely resembles that 
observed without the screening current effect. This indicates 
that the preload process plays a critical role in mitigating the 
complex magnetic forces induced by the screening current.

In the perpendicular case, since the horizontal component of 
the magnetic force dominates (see Fig. 7), the vertical preload 
does not directly cancel the magnetic force. The maximum

Fig. 6. Screening current distribution in the HTS insert at 450 s when both 
the HTS insert and the LTS outsert reach the nominal currents. The upper 
and lower figures show the fields parallel and perpendicular to the HTS 
tapes, respectively. The red dot line indicate the HTS insert quadrant for 
the mechanical analysis.

stress is -28 MPa after cool-down, and it decreases to -66 MPa
after energization. As the screening current effect does not
significantly change the force density distribution, the stress
distribution in the perpendicular case is very similar to that
observed without considering the screening current effect.

For REBCO-coated conductors, the critical current remains
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Fig. 7. Magnetic force density distribution at the hybrid magnet nominal 
current (450 s). The left and right two figures represent the force density 
without and with the consideration of the screening current effect.

Fig. 8. Horizontal stress distribution in the HTS insert coil at the nominal 
current of the hybrid magnet (450 s). The top figure corresponds to the parallel 
case, while the bottom figure represents the perpendicular case.

nearly constant across a wide strain range from -1.2% to
+0.45% [22], corresponding to stress values ranging from 
-1440 MPa to 540 MPa. Therefore, we do not expect 
any degradation of the critical current during energization.

IV. CONCLUSION

This paper analyzed and compared the screening current 
effects in an HTS racetrack insert placed in two different 
orientations within a Nb3Sn common-coil magnet. Screening 
currents play important but very different roles in these two 
cases. A large field error is induced with the background field 
applied perpendicular to the tape but the screening current 
tends to have a small role in modifying magnetic force. 
In contrast, a smaller field is induced by screening current 
with the background field applied parallel to the tape but the 
screening current modifies the magnetic force significantly. 
Additionally, the magnetic force concentrates at the edge of the 
tape because the screening current does not fully penetrate the 
tape. With the preload suppressing the HTS insert coil against 
the magnetic force, no degradation of the critical current is 
expected for either orientation even considering the screening 
current effect.
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