
electronics

Article

Measurement of Magnetic Field Properties of a
3.0 T/m Air-Core HTS Quadrupole Magnet and
Optimal Shape Design to Increase the Critical Current
Reduced by the Incident Magnetic Field

Yojong Choi 1 , Junseong Kim 1, Geonwoo Baek 1, Seunghak Han 1, Woo Seung Lee 2 and
Tae Kuk Ko 1,*

1 School of Electrical and Electronic Engineering, Yonsei University, Seoul 30722, Korea;
cyj7287@yonsei.ac.kr (Y.C.); junsung0616@yonsei.ac.kr (J.K.); bgw03@naver.com (G.B.);
seunghak90@yonsei.ac.kr (S.H.)

2 Francis Bitter Magnet Laboratory, Plasma Science and Fusion Center, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA; wooseung@mit.edu

* Correspondence: tkko@yonsei.ac.kr; Tel.: +82-2-2123-2772

Received: 16 February 2020; Accepted: 3 March 2020; Published: 7 March 2020
����������
�������

Abstract: Air-core high-temperature superconducting quadrupole magnets (AHQMs) differ from
conventional iron-core quadrupole magnets, in that their iron cores are removed, and instead
high-temperature superconductors (HTSs) are applied. The high operating temperature and high
thermal stability of HTS magnets can improve their thermodynamic cooling efficiency. Thus,
HTS magnets are more suitable than low temperature superconducting magnets for withstanding
radiation and high heat loads in the hot cells of accelerators. AHQMs are advantageous because
they are compact, light, and free from the hysteresis of ferromagnetic materials, due to the removal
of the iron-core. To verify the feasibility of the use of AHQMs, we designed and fabricated a
3.0 T/m AHQM. The magnetic field properties of the fabricated AHQM were evaluated. Additionally,
the characteristics of the air-core model and iron-core model of 9.0 T/m were compared in the scale
for practical operation. In comparison with the iron-core model, AHQM significantly reduces the
critical current (IC) due to the strong magnetic field inside the coil. In this study, a method for the
accurate calculation of IC is introduced, and the calculated results are compared with measured results.
Furthermore, the optimal shape design of the AHQM to increase the critical current is introduced.

Keywords: air-core quadrupole magnet; critical current degradation; heavy-ion accelerator;
high-temperature superconductor; iron-core quadrupole magnet; optimum shape design

1. Introduction

Generally, quadrupole magnets for beam focusing in accelerators are manufactured using low
temperature superconductors (LTSs) [1]. However, the LTS, which has a low thermal stability, is not
suitable for use in the in-flight fragment (IF) pre-separator of a heavy-ion accelerator, because there is
a radiation region that causes a high heat load [2,3]. In comparison with LTSs operating in a liquid
helium environment, the high operating temperature and high thermal stability of high-temperature
superconductors (HTSs) can improve the thermodynamic cooling efficiency [4]. The removal of the
heat load at 40 K is approximately 10 times more efficient than that at 4–5 K [5,6]. Thus, HTS magnets
are more suitable than LTS magnets in withstanding radiation and high heat loads in the hot cells
of accelerators.
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Because of these advantages, including the thermal stability of HTS, as an example, it has been
reported that in the Rare Isotope Science Project for the construction of a heavy-ion accelerator called
RAON in Korea, six HTS quadrupole magnets will be installed in succession for beam focusing at the
front region of the IF pre-separator [7]. Additionally, HTS quadrupole magnets using air-cores have
many advantages for heavy-ion accelerator applications, because of the elimination of the iron-core
of the conventional HTS quadrupole magnet. Quadrupole magnets with a removed iron-core are
advantageous because of their compactness and lightweight, and they are free from the hysteresis
of ferromagnetic materials. Therefore, a new quadrupole magnet has been proposed with two
differences [8]: replacing the LTS with the HTS wires, and removing the iron-core. As an initial study
to replace the existing quadrupole magnets, the effects of the manufacturing error, and the comparison
of the characteristics with the iron core, were performed [9,10]. However, no case has been reported on
the construction and operation of quadrupole magnets using HTS wires detached from the iron-core.
Therefore, research should precede the manufacturing of air-core quadrupole magnets, and the analysis
of the magnetic field properties based on the magnetic field measurements. To verify the feasibility
of the air-core HTS quadrupole magnet, we designed and fabricated an air-core high-temperature
superconducting quadrupole magnet with a field gradient of 3.0 T/m, an effective length of more than
200 mm, and a uniformity of less than 1%. We also fabricated a field mapper to measure the field
quality of an air-core HTS quadrupole magnet. We measured the magnetic field at the measuring
points of reference in a radius of 70 mm inside the beam tube, and calculated the magnetic field
properties. We confirmed that the fabricated air-core HTS quadrupole magnet meets the required
magnetic field quality.

However, in our previous comparative studies, we found that the air-core model has a stronger
magnetic field applied to the coil, where the superconducting wire is located compared to the iron core
model [10]. The air-core HTS quadrupole magnet, which must satisfy the required field characteristics
only by the HTS wire, generates a larger magnetic field inside the superconducting coil than the
iron-core model. Because the 2G HTS wire reduces the critical current via the incident magnetic field,
the critical current may be considerably reduced because of the strong magnetic field generated inside
the coil of the air-core model. Because the critical current of the superconducting tape is inversely
proportional to the operating temperature, a method to lower the operating temperature is generally
selected to increase the critical current [11]. The operating temperature can be further reduced by
installing a cryocooler in the magnet with the use of cold refrigerant [12–14]. However, facilities that
operate accelerators provide a certain cooling temperature by using instruments, such as a cryocooler,
and require considerable effort to further reduce the operating temperature. For example, the RAON
in Korea has adopted the circulating gas helium cooling method, and has set the nominal operation
temperature to 40 K [4,6,15]. Therefore, designing the shape and arrangement of the quadrupole
magnet for a high critical current is required to secure the margin of the operation current and to
increase operational safety. Because of the laminated structure of the 2G HTS-tape coated conductor,
the critical current reduced by the magnetic field is affected, not only by the strength of the magnetic
field, but also by the angle [11,16]. In the 2G HTS wire, the perpendicular magnetic field has a greater
influence on the reduction of the critical current than the parallel magnetic field. Conventional HTS
wires have the most significant reduction in the critical current when a perpendicular magnetic field
is applied. Therefore, in applications using HTS wires, the lowest critical current in all sections is
evaluated as the critical current of the entire magnet, because the magnet is continuously winding
the HTS tape. Therefore, in general, while predicting the critical current of superconducting magnets,
including iron-core quadrupole magnets, only the perpendicular magnetic field is considered [6,7,10].
However, the recently developed 2G HTS tapes have different critical current characteristics than those
of conventional 2G HTS tapes, because of the introduction of an artificial pinning center to improve
its magnetic field performance [17,18]. For example, SuNAM 2G HTS tapes have a minimum critical
current at the incidence angle of 30–70◦, and not 90◦ [17,19]. In particular, the air-core HTS quadrupole
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magnets, which are arranged for the required field properties, generate a stronger parallel magnetic
field than the perpendicular magnetic field in the coil in which the superconducting wire is placed.

Therefore, both the magnetic field strength and angle must be considered to accurately predict the
reduction of the critical current of the air-core HTS quadrupole magnet. In this paper, we propose a
method of calculating the critical current suitable for the air-core model. The calculated critical current
was compared to the measured critical current using a 3.0 T/m HTS quadrupole magnet, in order to
ensure the reliability of the calculated critical current, and it was confirmed that it fits well. Recently,
a prototype of a 9.0 T/m HTS quadrupole magnet using iron-core was developed and tested at the
Institute for Basic Science (IBS) and Korea Electrotechnology Research Institute (KERI) [6]. We designed
a 9.0 T/m class air-core HTS quadrupole magnet with the same specifications as the iron-core HTS
quadrupole magnet, and the differences between the air-core model and the iron-core model were
compared. In this study, the characteristics, such as magnetic field properties and mechanical stress,
including critical current, were compared and analyzed. Comparable results show that the air-core
model is suitable to replace the iron-core model; however, the critical current of the air-core model is
significantly reduced, eliminating the margin of the operational current at an operating temperature
of 40 K. Therefore, we also designed the new optimal shape of the 9.0 T/m air-core HTS quadrupole
magnet to minimize the critical current degradation, considering both the angle and the intensity of
the magnetic field. The critical currents of the air-core and iron-core HTS quadrupole magnet in the
temperature range of 30–60 K were compared, and the operating current margin was evaluated for
each operating temperature.

In this study, an air-core HTS quadrupole magnet is successfully constructed and tested to validate
its applicability. Furthermore, a critical current calculation method suitable for the air-core model is
proposed and compared with the experimental results. An optimal design method for increasing the
critical current of an air-core model with a lower critical current compared to the iron-core model is
introduced. By applying the proposed design method, it is expected that the air-core HTS quadrupole
magnet can achieve a higher critical current margin and improve operation stability.

Section 2 demonstrates the feasibility of the air-core model through the fabrication and testing of a
3.0 T/m air-core HTS quadrupole magnet. Section 3.1 proposes a critical current calculation method for
the air-core model. Section 3.2 compares and verifies the proposed critical current calculation method
with the experimental results of the manufactured DPC. Section 4 compares several characteristics
of the air-core model with the 9.0 T/m iron-core HTS quadrupole magnet developed as a prototype.
Section 5.1 introduces the optimization algorithm for air-core quadrupole magnets to maximize critical
current. Section 5.2 analyzes the characteristics of the newly optimized air-core model. Section 6
contains the conclusion and discussion.

2. Test of 3.0 T/m Air-Core HTS Quadrupole Magnet

2.1. Harmonic Coefficients and Major Magnetic Properties

Considering the boundary conditions of the actual quadrupole magnet, the solution of Laplace’s
equation in the cylindrical coordinate system is given by the following equation [20]:

V(ρ,ϕ, z) =
∞∑

n=0

∞∑
m=0

[
ρ0

n + 2m

(
ρ

ρ0

)n+2m

(sn,m(z) cos(nϕ) + ln,m(z) sin(nϕ))], (1)

where ρ is the radial distance, ϕ is the angular coordinate, z is the height and ρ0 is the reference
radius. ln,m (z) and sn,m (z) are the normal and skew components, respectively, and contain information
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regarding the coil shape and the position. From the gradient in Equation (1), the magnetic flux density
of the cylindrical coordinate system is obtained as follows [20]

Bρ(ρ,ϕ, z) =
∞∑

n=0

∞∑
m=0

[

(
ρ

ρ0

)n+2m−1

(sn,m(z) cos(nϕ) + ln,m sin(nϕ)] (2)

Bϕ(ρ,ϕ, z) =
∞∑

n=0

∞∑
m=0

[
ρ0

n + 2m

(
ρ

ρ0

)n+2m

(−nsn,m(z) sin(nϕ) + nln,m cos(nϕ))] (3)

Bρ and Bϕ are the magnetic flux density components in the radial and azimuthal directions,
respectively. In the quadrupole magnet, one of the skew or normal terms can be excluded by the
placement of each pole. The magnetic field is represented by its periodic function with respect to the
azimuthal angle. The magnetic field for the azimuthal angle, measured at the reference radius, is the
main component in which the secondary harmonics is used for focusing the beams of the quadrupole
magnet. The magnetic field properties of the quadrupole magnet are generally evaluated using three
factors—gradient, uniformity and effective length—which are represented using Equations (4)–(6),
respectively [20].

G =
Bρ2(ρ0, z = 0)

ρ0
(4)

Uρn =

∫
∞

−∞
Bρn(ρ0, z)dz∫

∞

−∞
Bρ2(ρ0, z)dz

, (3−D) (5)

Le f f =

∫
∞

−∞
Bρ2(ρ0, z)dz

Bρ2(ρ0, z = 0)
(6)

The gradient representing the slope of the magnetic field from the reference radius to the center
represents the magnetic strength of the quadrupole magnet. Uniformity is used to evaluate the
homogeneity of the magnetic field, and is classified by each order. The main uniformities in the
air-core quadrupole magnet are the 6th and 10th order components. The effective length represents the
influence of the secondary component, which is the main harmonic of the quadrupole magnet, on the
direction of the transporting beam trajectory.

2.2. Fabrication of 3.0 T/m Air-Core HTS Quadrupole Magnet

To validate the design and operation of the air-core HTS quadrupole magnet, an air-core HTS
quadrupole magnet with a gradient of 3.0 T/m, an effective length of more than 200 mm and a uniformity
of less than 1%, was designed and fabricated. Figure 1a shows the coil arrangement of the designed
quadrupole magnet. Each pole consists of two double-pancake coils (DPCs), and each DPC consists of
two racetrack-type single-pancake coils (SPCs). Figure 1 shows the SPC configuration parameters and
the location parameters of the DPCs used in the design. Table 1 summarizes the design parameters
for each SPC. Turns of all SPCs were insulated using stainless steel (SUS) tape, which is suitable for
withstanding high radiation. Figure 2a shows the co-winding process of the HTS tape with the SUS
tape. Approximately 2-km long HTS and SUS tapes were used for the 16-SPC winding. Figure 2b
shows a DPC module containing two SPCs, the current lead, and bobbin plates. The quadrupole
magnet assembled on the beam tube is shown in Figure 2c. To eliminate field changes caused by
the magnetization of the surrounding components, bobbin plates and beam tubes were fabricated of
aluminum and SUS, respectively, with nonmagnetic properties. The surface of the bobbin plate was
anodized to insulate the bobbin plate fabricated by aluminum.
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Figure 1. (a) Solid view of the designed quadrupole magnet; (b) Design parameters for the single-
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Figure 1. (a) Solid view of the designed quadrupole magnet; (b) Design parameters for the
single-pancake coil (SPC); (c) Design parameters for position of the double-pancake coil (DPC).

Table 1. Design parameters of the 3.0 T/m air-core high-temperature superconductors (HTSs)
quadrupole magnet.

Design Parameter SPC 1 SPC 2 SPC 3 SPC 4

HTS tape width (H1) 4.1 mm
SUS tape width (H2) 4.2 mm

HTS tape thickness (t1) 0.14 mm
SUS tape thickness (t2) 0.08 mm

Distance from center (D) 96.4 mm 102.5 mm 128 mm 134 mm
Coil width (W) 78 mm 109 mm 193 mm 109 mm

Turns (N) 195 turn 200 turn 125 turn 200 turn
Radius of curve (RC) 20 mm

Coil length (LC) 179 mm
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Figure 2. Manufacturing process of the quadrupole magnet. (a) Co-winding process of the HTS tape
with the stainless steel (SUS) tape; (b) Manufactured DPC module containing two SPCs, current lead
and bobbin plates; (c) Air-core quadrupole magnet assembled on beam tube.

2.3. Experimental Setup for the Magnetic Field Measurement of the Air-Core HTS Quadrupole Magnet

A mapper using a stepping motor was fabricated to measure the magnetic field of the 3.0 T/m
air-core HTS quadrupole magnet. Figure 3a shows a fabricated mapper with three axes. The mapper is
designed to be moved to the x, y and z axes using cartesian coordinates, and it is possible to measure
the magnetic field densities in three directions (BX, BY, BZ) using a 3-axis hall probe located at the
end of probe arm. Five hundred mapping points were set in the azimuth range from 0◦ to 360◦ at
15◦ intervals and in the z range from −180 to +200 at 20-mm intervals. Figure 3b shows the mapping
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points used for magnetic field measurements. The measured magnetic fields were converted to the
radial direction components Bρ by performing calculations in the cartesian coordinate system to the
cylindrical coordinate system.Electronics 2020, 9, 450 6 of 22 
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Figure 3. (a) Manufactured mapper with three axes; (b) Mapping point set for magnetic
field measurement.

The operating current of the fabricated 3.0 T/m air-core HTS quadrupole magnet was set to 50 A,
and all coils were connected in series to conduct the same current. A constant current source (HP
6671A) was used to supply a constant current, and a high-speed data acquisition system for the voltage
measurement of the Hall probe was connected to the mapper. A cryostat filled with liquid nitrogen was
maintained at a temperature of 77 K to provide a cooling temperature below the critical temperature of
the HTS wire. Furthermore, a continuous liquid nitrogen supply device was constructed to replenish
the evaporated liquid refrigerant due to the heat generated during the current operation.

2.4. Measurement of the Magnetic Field Properties

Figure 4a shows the measured and calculated Bρ values for each azimuthal angle at the z position
in the negative direction, and Figure 4b shows the measured and calculated Bρ values for each
azimuthal angle at the z position in the positive direction. The measurement results were found
to agree well with the calculation results; however, errors were found at the z positions of 100 mm
and 120 mm. At some points, the measured Bρ values in the negative direction were larger than the
calculated Bρ values; however, the measured Bρ values in the positive direction were smaller than
the calculated Bρ values. This difference is presumably due to the measurement position error of
the mapper. However, in the calculation of the magnetic field properties, the positive and negative
measurement results are integrated over the entire range, and this error does not affect the field
property evaluation. Additionally, the magnetic field density measured at z = 0 was higher than the
calculated results. Therefore, the field gradient using the measured value was slightly higher than
the calculated result. Figure 5 shows the field gradient and major harmonics evaluated along the z
direction. The difference in the field gradient is assumed to be due to the manufacturing error and the
mapper measurement error. However, in the case of the air-core quadrupole magnet, the field gradient
can be adjusted without changing the uniformity and effective length by adjusting the operating
current. The changes in the field properties with operating current are introduced in Section 4.
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10th order uniformity is shown, whereas the measured uniformity is shown for various orders, as well
as for the 6th and 10th order components. However, all uniformities were rated at less than 1%, and
met the design target range. Table 2 compares the magnetic properties evaluated from the design and
measurement results. Despite some manufacturing errors, all magnetic properties were found to meet
the design objectives.
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Table 2. Evaluation of magnetic field properties of the 3.0 T/m air-core HTS quadrupole magnet.

Magnetic Properties Target Design Measurement

Gradient (G) ≥3.0 T/m 3.044 T/m 3.127 T/m
Effective length (Leff) ≥200 mm 210.4624 mm 209.9693 mm
6th uniformity (U6) ≤1% −0.0629% 0.1673%

10th uniformity (U10) ≤1% −0.7027% −0.6242%

3. Calculation of Critical Current Reduced by Incident Magnetic Field

3.1. Critical Current Reduced by Incident Magnetic Field

The 2G HTS tape reduces the critical current by the incident magnetic field, and is affected by
the strength and angle of the incident magnetic field. In general, the 2G HTS tape reduces the critical
current most when a perpendicular magnetic field is applied. However, the recently developed 2G
HTS tape reduces the critical current in the incident magnetic field condition to 30◦–70◦, instead of
the perpendicular magnetic field condition, by introducing an artificial pinning center to improve the
magnetic field performance under a high magnetic field.

Figure 7a shows the measured critical current of 4 mm SuNAM REBCO tapes at 40 K. The lowest
critical current for each incident magnetic field intensity is depicted by a blue circle. The measured
critical current is the lowest in the range of 30–70◦, and the stronger the intensity of the incident
magnetic field, the greater the influence of the parallel magnetic field components on the reduction of
the critical current. Additionally, air-core HTS quadrupole magnets are applied with a larger magnetic
field in the parallel direction than in the perpendicular direction. Therefore, as the required magnetic
field strength of the air-core HTS quadrupole magnet increases, the critical current reduction for all
angles should be considered. The linear interpolation method was used to calculate the critical current
over all angles and intensity ranges. Figure 7b shows the critical currents fitted using this linear
interpolation method. The critical current was normalized by dividing it by the critical current IC0

when no magnetic field was applied. These normalized critical currents can then be applied to HTS
tapes with various critical currents.
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Figure 7. IC(B,θ) of a 4 mm SuNAM REBCO tape at 40 K. (a) Critical current according to angle and
applied magnetic field; and (b) linear interpolation using the measured values.

Figure 8 shows the divided sections to obtain the critical current of the HTS tape from the observed
field strength and angle. Because the calculated or measured magnetic field values are not continuous
but discrete, the critical current density for each section is numerically integrated using the strength
and angular components of the magnetic field generated at each point. The critical current of the HTS
tape is calculated using Equations (7)–(10), and the lowest critical current calculated by extending to
all areas of the magnet can be predicted as the critical current of the quadrupole magnet. The critical
current calculated at a fixed current is only related to the critical current margin. For a magnetic field
that changes with the operating current, the critical current for the operating current must be calculated
repeatedly. The critical current is calculated by increasing the operating current, and the calculated
critical current is evaluated as the exact critical current of the quadrupole magnet when the operating
current matches the critical current calculated.
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Ic_point(x, y, z) = δpoint(B,θ)·Ic0 (7)

Jc_section(x, y, z) =
Ic_point(x, y, z)

xdiv·ydiv
(8)

Ic_tape_section(z) =
∫ x2

x1

∫ y2

y1

Jc_section(x, y, z)dydx (9)
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Ic_tape = min
(
Ic_tape_section(z)

)
, (10)

where IC, IC0, and JC are the critical current calculated, critical current at 77 K when no magnetic field
is applied, and the critical current density, respectively. δ is the normalized critical current obtained
from the interpolation fitting data.

3.2. Critical Current of Two DPCs Fabricated for 3.0 T/m Air-Core Quadrupole Magnet

Because of the structural symmetry of the quadrupole magnets, all areas of the quadrupole
magnets can be interpreted by interpreting 1/16th of the quadrupole magnets. In the 1/16th analysis
area, the SPC is divided into a half long cuboid part, half short cuboid part, and curved part. Figure 9
shows the area for calculating the critical current and the parts of each divided SPC.
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minimum critical current. The minimum critical current calculated when considering only the 
magnetic field incident in the perpendicular direction is different from that calculated by considering 
the magnetic fields of all angular components. The critical current of each DPC manufactured for the 
3.0 T/m air-core quadrupole magnet was measured in a bath of liquid nitrogen. Figure 10b shows the 
I–V curves measured at the two DPCs. The lengths of the HTS wire used in the windings of DPC 1 
and DPC 2 were 256 m and 236 m, respectively, and the quench voltage was determined by the 1 
μV/cm criterion.  

 
(a) 

Figure 9. (a) Critical current calculation area for air-core HTS quadrupole magnet; (b) parts of each
divided SPC.

Figure 10a shows the minimum critical current of each SPC calculated with increasing operating
current. The black solid load line is drawn to find the current whose operating current matches
the minimum critical current. The minimum critical current calculated when considering only the
magnetic field incident in the perpendicular direction is different from that calculated by considering
the magnetic fields of all angular components. The critical current of each DPC manufactured for the
3.0 T/m air-core quadrupole magnet was measured in a bath of liquid nitrogen. Figure 10b shows the
I–V curves measured at the two DPCs. The lengths of the HTS wire used in the windings of DPC
1 and DPC 2 were 256 m and 236 m, respectively, and the quench voltage was determined by the
1 µV/cm criterion.
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Figure 10. Critical current of each DPC. (a) Minimum critical current calculated for each operating
current; (b) critical current measurement result.

Table 3 summarizes the calculated and measured results of the critical currents of DPC 1 and DPC
2. Because DPC 1 consists of SPC 1 and SPC 2, and DPC 2 consists of SPC 3 and SPC 4, the lower
critical current of the two SPCs is regarded as the critical current of the DPC. In DPC 1 and DPC
2, the critical current calculation error was found to be well matched with −4.673 A and 0.45 A,
respectively. However, the errors of critical current, which is considered only in the perpendicular
direction of magnetic field, differ greatly (48.62 A and 43.23 A, respectively). Additionally, the parts for
which the minimum critical current is calculated for each SPC are compared in Table 3. Critical currents
considered only in the perpendicular direction have a minimum value only in the center of the long
part and the short part, whereas critical currents with all angles considered are observed in various
parts. Figure 11a,b show the critical current degradation ratio for each SPC at the cross section (z = 0).
At 70 K, the critical current of SPC 2 is reduced the most, whereas at 40 K, the critical current of SPC 1 is
reduced the most. The calculation results show that the critical current distribution can vary depending
upon the temperature range.

Table 3. Comparison of measured and calculated critical current of each DPC.

Coil
Calculated

(with Only B⊥)
Calculated

(with All Angles) Measured
Error

Only B⊥ Angles

DPC 1
SPC 1 121.60 A (long) 77.24 A (short)

72.98 A 48.62 A −4.67 ASPC 2 122.83 A (long) 68.31 A (curve)

DPC 2
SPC 3 121.98 A (short) 79.20 A (short)

78.75 A 43.23 A 0.45 ASPC 4 128.12 A (short) 81.82 A (short)
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4. Comparison of Air-Core and Iron-Core of 9.0 T/m HTS Quadrupole Magnet

The prototype HTS iron-core quadrupole magnet for HQ4 in the IF separator was designed
and fabricated by IBS and KERI. Prototype HTS quadrupole magnets have been reported to have
been successfully fabricated and tested [6]. We designed an air-core quadrupole magnet that meets
the same requirements to compare the characteristics of the air-core and iron-core models. Table 4
summarizes the design parameters of the designed air-core quadrupole magnets for a gradient of
9.0 T/m, an effective length of 550 mm, and a uniformity of less than 1%.

Table 4. Design parameters of the 9.0 T/m air-core HTS quadrupole magnet.

Design Parameter Unit SPC 1 SPC 2 SPC 3 SPC 4 SPC 5 SPC 6 SPC 7

HTS tape width (H1) mm 12.1
SUS tape width (H2) mm 12.1

HTS tape thickness (t1) mm 0.1
SUS tape thickness (t2) mm 0.12

Distance from center (D) mm 193.9 240.9 258.4 275.8 293.6 319.1 381.6
Coil width (W) mm 239.8 158.4 305.3 216.3 209.4 344.6 257.9

Turns (N) turn 300 300 300 300 300 300 209
Radius of curve (RC) mm 27.1 25.5 26 24.6 28.1 24 26.9

Coil length (LC) mm 480.8 477.6 554.3 551.5 489.2 481 557.3

Figure 12 shows the magnetic properties of the designed air-core HTS quadrupole magnet with
the operating current. The uniformity and effective length of the air-core quadrupole magnet with
the iron-core removed with nonlinear magnetization characteristics do not change depending on the
operating current. Then, the required field gradient can be satisfied by adjusting the operating current.
The iron-core model is designed to be more than 550 mm, because the effective length can be adjusted
by the operating current. However, the air-core quadrupole magnet should be designed to meet the
required effective length. Therefore, the designed air-core quadrupole magnet was set to have a field
gradient of more than 9.0 T/m, an effective length of 550 ± 1 mm and uniformity of less than 0.5%.
Uniformity, which does not change with the current of air-core quadrupole magnet, is set to be lower
than the requirements in consideration of manufacturing errors. Table 5 summarizes the specifications
designed for HQ4 of the IF separator. The designed air-core quadrupole magnets met all the required
magnetic field properties.
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maximum von Mises stress of the two models was compared by the finite element method (FEM). 
For this FEM analysis, the design parameters of the 9.0 T/m iron-core quadrupole magnet were used, 
as reported previously [7]. Figure 13a shows the calculated magnetic field of the iron-core quadrupole 
magnet, and Figure 13b,c show the Lorentz force and von Mises stress calculation results for the iron-
core and the designed air-core quadrupole magnet. Several characteristics, including von Mises stress 
and critical currents of the air-core and iron-core quadrupole magnets, are compared in Table 6. 
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Figure 12. Magnetic field properties of the designed air-core HTS quadrupole magnet with respect to
operating current.

Table 5. Specifications of the HTS quadrupole magnets for HQ4 of the in-flight fragment (IF) separator.

Name Reference Radius Field Gradient Effective Length Uniformity

Required specifications 150 mm 9.0 T/m 550 mm <1
Set target for air-core 150 mm >9.0 T/m 550 ± 1 mm <0.5

Design results 150 mm 9.1019 T/m 550.4 mm −0.1393 (U6)
−0.2555 (U10)

Additionally, the magnetic field of the iron-core quadrupole magnet was extracted and the
maximum von Mises stress of the two models was compared by the finite element method (FEM).
For this FEM analysis, the design parameters of the 9.0 T/m iron-core quadrupole magnet were used,
as reported previously [7]. Figure 13a shows the calculated magnetic field of the iron-core quadrupole
magnet, and Figure 13b,c show the Lorentz force and von Mises stress calculation results for the
iron-core and the designed air-core quadrupole magnet. Several characteristics, including von Mises
stress and critical currents of the air-core and iron-core quadrupole magnets, are compared in Table 6.
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Lorentz force and von Mises stress calculation results of HTS coil in the iron-core model; (c) Lorentz 
force and von Mises stress calculation results of HTS coil in the air-core model. 

Table 6. Comparison of the air-core model with the iron-core model. 
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Operating current A 310 310 
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Weight of iron yoke kg 0 2430 

Maximum perpendicular field on HTS tape T 1.85 1.52 
Maximum parallel field on HTS tape T 3.41 1.93 

IC at 40 K (using tape IC = 831 A @ s.f, 77 K) A 317.83 428.46 
Volume of HTS tape mm3 35.785 × 106 5.8271 × 106 
Weight of HTS tape kg 292.72 47.67 
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The field gradient, effective length, and uniformity of the two models with the same operating 
current of 310 A are designed to meet the required specifications of HQ4. In the iron-core model, the 
pole tip field of the iron yoke is 1.52 T, which is not significantly greater than the magnetic field 

Figure 13. Finite element method (FEM) analysis results for the air-core and iron-core HTS quadrupole
magnet. (a) Calculation result of the magnetic flux density of iron-core and HTS coil; (b) Lorentz force
and von Mises stress calculation results of HTS coil in the iron-core model; (c) Lorentz force and von
Mises stress calculation results of HTS coil in the air-core model.

Table 6. Comparison of the air-core model with the iron-core model.

Parameters Unit Air-Core Iron-Core

Operating current A 310 310
Field gradient T/m 9.1019 9.0
6th Uniformity % −0.1393 0.5
10th Uniformity % −0.2555 0.01
Effective length mm 550.4 564

Pole tip field of iron yoke T 0 1.52
Volume of iron yoke mm3 0 3.0919 × 108

Weight of iron yoke kg 0 2430
Maximum perpendicular field on HTS tape T 1.85 1.52

Maximum parallel field on HTS tape T 3.41 1.93
IC at 40 K (using tape IC = 831 A @ s.f, 77 K) A 317.83 428.46

Volume of HTS tape mm3 35.785 × 106 5.8271 × 106

Weight of HTS tape kg 292.72 47.67
Total length of HTS tape km 13.443 2.207

Length of coil mm 686.3 660.16
Maximum Lorenz force of coil MN/mm3 341 250

Maximum von Mises stress of coil MPa 11.9 7.81

The field gradient, effective length, and uniformity of the two models with the same operating
current of 310 A are designed to meet the required specifications of HQ4. In the iron-core model,
the pole tip field of the iron yoke is 1.52 T, which is not significantly greater than the magnetic field
generated inside the HTS tapes. Because the air-core model does not contain an iron yoke, there is
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no magnetic field in the yoke, and the air-core does not include the volume and weight of the iron
yoke. The air-core quadrupole magnet has an additional 11.236 km of HTS wire compared with the
iron-core model, which adds an additional weight of 245.05 kg. However, because an iron yoke is not
used, the air-core model can be made lighter at 2184.95 kg. The maximum Lorenz force of the air-core
model and the iron-core model is calculated at 341,250 MN/mm3, respectively, and the maximum
von Mises stress of the coil in the air-core model is 4.09 MPa higher than that of the iron-core model.
The yield stress of an HTS coil containing co-winded stainless steel (AISI 304) as insulation is estimated
to be 400 MPa [9]. Therefore, both models have enough margin for the yield strength of the HTS
coil. The maximum perpendicular magnetic field applied to the HTS tape differs by 0.33 T, but the
maximum parallel magnetic field applied to the HTS tape is 3.41 T (about 1.77 times stronger than the
iron-core model). Among the compared parameters, the difference in critical current because of the
large magnetic field of the air-core is noted. For critical current calculations, HTS tapes with a critical
current of 831 A were used when magnetic fields were not applied at 77 K. The critical currents of the
air-core model and the iron-core model, calculated at 40 K, were 317.83 A and 428.46 A, respectively.
It has been reported that the critical current of the superconducting wire is reduced by approximately
20% after an exposure to 100 MGy radiation [2,21]. Therefore, the air-core model using HTS tape with
a critical current of 831 A lacks the margin for an operating current of 310 A after exposure to radiation.
For the higher capacity air-core HTS quadrupole magnet, the shape design to increase the critical
current is introduced in Section 5.

5. Optimum Shape Design to Minimize IC Degradation by the Incident Magnetic Field

5.1. Optimization Algorithm for Air-Core Quadrupole Magnet Design

The air-core HTS quadrupole magnet consisting of seven SPCs in one pole has 35 design variables
(5 variables per SPC). Additionally, six parameters—G, Leff, U6, U10, length of HTS tape (LHTS) and
IC—were evaluated for optimal design. Finding the best combination of variables while increasing
or decreasing all variables takes a considerable amount of time. Therefore, appropriate optimization
algorithms should be used. In this study, one of the optimization methods, the genetic algorithm
(GA), was used for the optimal design of the air-core quadrupole magnet. GA is a probability-based
algorithm, and many studies have demonstrated that it can effectively find the global optimum without
converging to the local optimum in complex nonlinear problems [22–24]. GA imitates the evolutionary
process of nature, in which objects selected from the population are bred and mutated, resulting in
better populations surviving in the next generation.

Figure 14 shows the optimal design process using GA. At the beginning of the process, 40 initial
populations with 35 variables are created, and the constraints are evaluated first. Constraints were set
up to be examined for interference between each SPC. The combination of variables that does not meet
the constraint is modified into appropriate variables and used for parent generation. After calculating
the six design factors of 40 shapes, the value of the objective function (OF) with the weight factor is
calculated. Each combination of variables is then assigned a fitness, so that more objects with smaller
OF values can be selected. Thus, each OF was set to have a smaller value as it approached the desired
design goal. The OF for the six parameters was set using Equations (11)–(17). The field gradient and
effective length were set to have a smaller OF value as they approached the target value. Additionally,
the uniformity and length of the HTS tape were set to have smaller OF values, as the calculated values
are smaller. The specifications of G, Leff and U were set by dividing the weight factor, so that no smaller
value was found within the target range. The weight factor applied to each OF is represented by
Equations (18)–(23). The weight factor of the critical current, K6, was set as a negative number, so that
the greater the critical current, the smaller the OF value.
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To eliminate interference between SPCs, all seven D values (distance from center) were
reconstructed with one D1 for the innermost SPC and six g (gap between SPCs). Equation (24)
was also used as a constraint to avoid interference between neighboring poles. This constraint ensures
that the boundaries of neighboring poles and the SPC are more than 1 cm apart. Additionally,
the magnitude of each weight factor was set for faster convergence in consideration of the values of the
respective OFs calculated. Additionally, to improve the convergence speed of GA, the method that uses
the best performing shapes in the next generation without going through other processes was used.

OF = K1·OF1 + K2·OF2 + K3·OF3 + K4·OF4 + K5·OF5 + K6·OF6 (11)

OF1 =
∣∣∣Gtarget −G

∣∣∣/Gtarget (12)

OF2 =
∣∣∣Le f f ,target − Le f f

∣∣∣/Le f f ,target (13)

OF3 = |U6| (14)

OF4 = |U10| (15)

OF5 = |LHTS| (16)

OF6 = IC (17)

K1 =

 0 , i f
∣∣∣Gtarget −G

∣∣∣ < (
Gtarget·5/1000

)
800, else

(18)

K2 =

{
0 , i f

∣∣∣Le f f ,target − Le f f
∣∣∣ < 1 mm

300, else
(19)

K3 =

{
0 , i f

∣∣∣U6,target −U6
∣∣∣ < 0.5%

80, else
(20)
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K4 =

{
0 , i f

∣∣∣U10,target −U10
∣∣∣ < 0.5%

120, else
(21)

K5 = 300 (22)

K6 = −2 (23)

W + N·(t1 + t2) + 0.01 < D (24)

5.2. Optimization Result

Table 7 summarizes the designed parameters of shape that show the lowest IC reduction while
meeting all design requirements. The design variables for each SPC were set to D, W, N, RC and LC,
and all parameters except the turn of SPC 6 determined the optimal value within the set boundary
conditions of the variables. For ease of actual fabrication, the maximum boundary for the number of
turns was set to 300 turns that can be manufactured.

Table 7. Design parameters of the 9.0 T/m air-core HTS quadrupole magnet.

Design Parameter Unit SPC 1 SPC 2 SPC 3 SPC 4 SPC 5 SPC 6 SPC 7

HTS tape width (H1) mm 12.1
SUS tape width (H2) mm 12.1

HTS tape thickness (t1) mm 0.1
SUS tape thickness (t2) mm 0.12

Distance from center (D) mm 180.3 225.6 247.0 264.5 295.1 320.8 365.2
Coil width (W) mm 215.1 96.4 354.3 338.0 206.9 448.5 378.9

Turns (N) turn 285 251 264 287 287 300 243
Radius of curve (RC) mm 26.1 26.5 27.9 30.3 30.7 31.2 27.2

Coil length (LC) mm 477.6 516.5 551.3 490.9 558.5 539.1 483.8

Figure 15a,b show the calculated magnetic field patterns of the initial model (case #1) and the
optimized model (case #2) at z = 0, which is the center of the beam transporting direction. The magnetic
field patterns at the reference radius (R = 150) of case #1 and case #2 are similar, but the magnetic
field patterns inside the coils are different. In case #2, the maximum magnetic flux density norm was
2.4683 T, which is approximately 15% less than case #1, as the coil was positioned close to the adjacent
pole, and the offset magnetic field increased.
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In case #2, the areas with the lowest critical current from SPC 1 to SPC 7 were calculated to be 
long, short, curved, short, short, short and curved, respectively. Additionally, among the seven SPCs, 
SPC 1 was calculated to have the largest critical current degradation. The case #1 was also calculated 
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Figure 15. Comparison of magnetic field patterns at the cross section (z = 0). (a) case #1; (b) case #2.

Figure 16a shows the field gradient and the 6th and 10th harmonics along the beam direction in
the case #2 geometry. The second harmonics at position z = 0 is 1.3517 T, and the field gradient at a
reference radius of 150 mm was calculated to be 9.011 T/m. The uniformities calculated from each
harmonic are shown in Figure 16b. The uniformity was the highest in the 6th and 10th order, and some
12th order components were generated. All uniformities were rated within 0.5% of the design target.
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Figure 16. (a) Magnetic field characteristics along the z direction of case #2; (b) Uniformity calculated
for each harmonic number.

Table 8 summarizes the magnetic properties calculated using the optimally designed case #2
geometry. All magnetic properties of the designed case #2 meet the set design target.

Table 8. Magnetic field properties of the optimally designed case #2.

Name Reference Radius Field Gradient Effective Length Uniformity

Required specifications 150 mm 9.0 T/m 550 mm <1
Set target for air-core 150 mm 9.005~9.095 T/m 549~551 mm <0.5

Design results 150 mm 9.011 T/m 549.82 mm 0.1349 (U6)
−0.1563 (U10)

In case #2, the areas with the lowest critical current from SPC 1 to SPC 7 were calculated to be
long, short, curved, short, short, short and curved, respectively. Additionally, among the seven SPCs,
SPC 1 was calculated to have the largest critical current degradation. The case #1 was also calculated to
have the short region of SPC 1 where the critical current was greatly reduced. In both cases, the lowest
critical current was calculated at the z = 0 position of SPC 1. Figure 17a,b compare the degradation
ratio patterns of case #1 and case #2 calculated at z = 0.
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The critical current was calculated at an operating temperature of 40 K, and HTS tape with a
critical current of 2829 A was used when the magnetic field was not applied. Compared to case #1,
case #2 showed an increased critical current in all SPCs except SPC 3. Additionally, the lowest critical
current of SPC 1, which is evaluated as the critical current of the quadrupole magnet, increased from
317.83 A to 423.14 A.

Figure 18 compares the critical current for each operation current of the iron-core model and the
two cases of air-core models. At 40 K, the critical current of case #1 had a small margin, while the
critical current of case #2 with the optimal design increased to 423.14 A, similar to the IC of the air-core
model. The operating current to satisfy 9.0 T/m was 310 A, and at 40 K, case #1 had a safety margin
of approximately 2.5%, whereas case #2 had a safety margin of approximately 27%. Additionally,
considering the temperature rise of the HTS coil due to radiation heating, the iron-core model, air-core
model (case #1) and air-core model (case #2) have temperature margins of 7.4, 0.6 and 6.6 K, respectively.
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6. Conclusions and Discussion

In this study, we fabricated a 3.0 T/m air-core HTS quadrupole magnet, and measured the magnetic
field properties to validate the air-core HTS quadrupole magnet with HTS tape and with its iron-core
removed. We confirmed that the measured magnetic field properties meet the desired ones. We also
designed an air-core model to meet the requirements of HQ4, which will be installed at the front end of
IF of RAON, to evaluate the availability of the air-core HTS quadrupole magnet in the actual accelerator
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capacity. Additionally, the magnetic field properties, volume, weight, maximum magnetic field, critical
current, Lorenz force and mechanical stress of the 9.0 T/m air-core model and the iron-core model
were compared. Compared to the iron-core model, the air-core model uses more HTS wires without
the use of iron; however, the removal of iron can make it 88.19% lighter than the iron-core model.
We confirmed that both models could be designed to meet the required magnetic field properties.
Moreover, we confirmed that the uniformity and effective length of the air-core model do not change
with the magnitude of the operating current, because the air-core model does not use iron with
nonlinear magnetization characteristics. However, there is a linearly proportional relationship between
the operating current and the field gradient. Therefore, the air-core model can meet the desired field
gradient without changing other magnetic field properties by adjusting the operating current.

Notably, the air-core model with the iron-core removed significantly reduced the critical current,
because a stronger magnetic field was applied to the HTS tape. Therefore, we propose a calculation
method that considers the critical current data measured from all angles for the accurate prediction of the
critical current, and compares it with the critical current measurement results of the two DPCs fabricated
to ensure the reliability of the critical current calculation. Therefore, we proposed a calculation method
that considers the reduction of the critical current at all angles for the accurate prediction of the critical
current. To ensure the reliability of the critical current calculation, the critical currents of the two DPCs
were measured and compared with the calculation results. The critical current calculation results were
found to agree well with the experimental results. We also introduced an optimization process using
GA to increase the critical current. The optimally designed air-core HTS quadrupole magnet in case #2
satisfied all required magnetic field properties, while increasing the critical current by approximately
33%. The increased critical current was similar to that of the iron-core model, and a safety margin
of approximately 27% was confirmed to be obtained at an operating temperature of 40 K. HTS tape
with higher IC or HTS tape with good performance for the applied magnetic field can be used to
increase the critical current, but these models can be more expensive to manufacture. Additionally,
for higher capacity air-core models, the geometry of reducing the critical current reduction can be
considered simultaneously with this method. Additionally, for the higher capacity air-core model,
the critical current reduction can be considered simultaneously with the alternative to other HTS
tapes. Consequently, the optimal shape to reduce the critical current degradation can be expected to be
applied to the design of air-core models because of several advantages over the iron-core to secure a
higher safety margin.

However, since the air-core model cannot adjust the field uniformity and effective length by the
operating current, the air-core quadrupole magnet should minimize factors, such as the manufacturing
error that can cause a difference in the design requirements. In the next study, we will conduct a study
to apply the magnetic field shimming method to adjust the field uniformity and effective length of the
air-core quadrupole magnet that does not change with the operating current.
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