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Abstract

Rare earth barium copper oxide (REBCO) materials have shown the possibility of high-temperature superconductor (HTS)
magnetic resonance imaging (MRI) magnets due to their elevated transition temperature. While numerous MRI magnet designs
have emerged, there is a growing emphasis on estimating the cost before manufacturing. In this paper, we propose two designs of
REBCO whole-body MRI magnets: (1) 1.5 T and (2) 3.0 T, the standard center field choices for hospital use, and compare their
costs based on conductor usage. The basis topology of the design method is based on discretized solenoids to enhance field
homogeneity. Magnetic stress calculation is done to further prove the mechanical feasibility of their construction. Multi-width
winding technique and outer notch structure are used to improve critical current characteristic. We apply consistent constraints for
current margins, sizes, and field homogeneities to ensure an equal cost comparison. A graph is plotted to show the cost increase
with magnetic flux growth. Additionally, we compare our designs to two additional MRI magnet designs from other publications
with respect to the cost and magnetic flux, and present the linear relationship between them.
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1. INTRODUCTION

Magnetic resonance imaging (MRI) is a valuable tool for
diagnosing medical conditions by visualizing internal body
structures. Traditional MRI magnets are constructed using
low-temperature superconductors (LTS), despite the
discovery of high-temperature superconductors (HTS) [1-
5]. HTS has a key selling point which is the ‘high critical
temperature’ compared to LTS but due to its practical
problems including the high cost, it is still challenging to
build an MRI magnet with HTS.

Rare earth barium copper oxide (REBCO) is a type of
high-temperature superconducting (HTS) material that has
been developed for use in various industries and medical
applications, including MRI magnets. The cost of REBCO
superconducting tapes varies between manufacturers and is
generally significantly higher than low-temperature
superconducting (LTS) wires [6-8]. Despite the cost
challenge, some laboratories have constructed HTS MRI
magnets for research purposes [9-12].

Higher critical magnetic field of REBCO makes it
essential for high-field MRI magnet designs [13]. However,
the magnet cost takes the largest portion of an MRI system,
underscoring the importance for magnet engineers to create
cost-effective designs for MRI magnets. This is essential
for ensuring competitiveness with conventional LTS MRI
magnets [14-15].

While numerous studies have explored the design
aspects of MRI magnets, our work explicitly focuses on the
economic implications of magnet development. The
originality of our research lies in the comprehensive
comparison of the conductor costs associated with our
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designed 1.5 T and 3.0 T magnets against existing magnet
designs. This approach offers valuable insights into the
economic feasibility and potential cost efficiencies in
magnet design and construction.

In this paper, we present two designs for REBCO whole-
body MRI magnets one for 1.5 T and the other for 3.0 T
with comparing their conductor costs depending on their
magnetic flux including two more designed MRI magnets
in other papers. MRI magnets are divided into three pairs
of solenoid coils for the field homogeneity optimization
and outer notches are implemented to improve the critical
current distribution. The mechanical feasibility of the
designs is shown by calculating the magnetic stress.

2. MAGNET DESIGN METHOD

2.1. Conductor specification

We chose SuperOx as the manufacturer for the REBCO
conductor used in our design. The tape widths ranged from
4.1 mm to 7.1 mm for the multi-width winding technique
[16]. The thickness of the tape was 0.075 mm.

2.2. Design specification

The main coil's inner winding radius was set at 450 mm
to accommodate an average individual with a 40 cm
shoulder width inside the bore [17]. This design accounted
for the inclusion of additional components, such as
gradient and shim coils [18]. Spacers between single
pancake (SP) coils and double pancake (DP) coils had a
thickness of 0.2 mm. Aim load line current margin was
20%. In MRI applications, achieving a field homogeneity
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below 1 ppm over the DSV after shimming is crucial for
imaging quality. However, immediate post-manufacturing
levels have a field homogeneity around 100 ppm.
Moreover, since the average shoulder width of men is
around 40 cm, the magnetic field should be homogeneous
over 40 cm for clear images of the entire body of an
individual [19]. Therefore, the target field homogeneity
was below 100 ppm over a 40 cm diameter spherical
volume (DSV) [20].

2.3. Field homogeneity optimization
An ideal, infinitely long solenoid magnet has perfectly
homogeneous magnetic fields within, but practical

magnets require adjustments to enhance field homogeneity.

In order to meet the homogeneity specification, we selected
a discretized solenoid structure. This method included
modifying the distances between each solenoid pair to
minimize field inhomogeneity within predefined height
limits. The main coil comprised three pairs of solenoid
coils, while the shield coil had one pair, as visually
represented in the scaled illustration provided in Fig. 1.

The field homogeneity, which was the objective
function, was calculated by the equation below:

ﬁ — Bmax - Bmin (1)
B Bmax + Bmin’

where Bp., and B,,;,, are maximum and minimum
magnetic fields within 40 cm DSV. We optimized the axial
placement of the solenoid pairs to achieve the best field
homogeneity within the specified height limits. If the
optimal homogeneity exceeded 100 ppm, we relaxed the
limit and extended the magnet length, aiming to achieve
homogeneity below 100 ppm. Fig. 1 shows how we set the
optimization variables. M1 and M2 shared an identical
length, shorter than M3, due to the coils nearer to the
magnet center contributing to higher field inhomogeneity.
This division simplified the homogeneity optimization
process.

For the shield coil, the winding inner radius was fixed at
double that of the main coil, enabling us to identify a
suitable point where it could reduce the 5 G line without
significantly affecting the center field. The location of the
shield coil remained a constant, unaltered during
optimization iterations, simplifying the overall process.
The axial maximum location of the shield coil was
consistently set to the height limit throughout different
optimization round runs.

2.4. Critical current optimization

The critical current of a REBCO tape is influenced by
the external magnetic field, particularly the magnetic field
magnitude and angle. These two parameters determine the
critical current at a specific temperature. In a solenoid
magnet, the magnetic field exhibits similar values within
the winding bore, with the field angle being the dominant
factor that determines the critical current.

When the magnetic field is perpendicular to the REBCO
tape surface, the critical current is at its lowest. On the
other hand, the critical current is highest when the field is
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Fig. 1. A scaled quadrant cross-sectional illustration of the
magnet design method. M1, M2, and M3 represent the
discretized solenoid pairs for the main coil while S
corresponds to the shield coil. Distances between the pairs
are denoted as d1, d2, and d3 which were optimization
variables.
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Fig. 2. A scaled cross-sectional view of M1 (only 3.0 T
case is shown). The outer notch is enlarged to show the
difference between the turns with and without the notch.

parallel to the tape surface. Based on this understanding,
we can intuitively deduce that the critical current of the
coils located at the edges of a solenoid magnet is lower than
that of the inner coils due to the larger radial magnetic field.
Consequently, we positioned REBCO tapes with larger
widths at the edges of each discretized solenoid pair.

As the tape width increases, the current density
decreases, resulting in a smaller axial magnetic field. The
remaining magnetic flux contributes to an increase in the
radial magnetic field. Consequently, the critical currents
are lower at the transition points where tape width changes.

In the MRI magnet design, there were three distinct
transition points: from 4.1 mm to 5.1 mm, from 5.1 mm to
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Fig. 3. Flow chart of the MRI magnet design process.
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6.1 mm, and from 6.1 mm to 7.1 mm. Among these, the
transition from 4.1 mm to 5.1 mm represents the most
significant change in width. To deal with this, we reduced
the number of turns in the coil with 4.1 mm tape at the

transition point, implementing so called the notch structure.

This allowed the axial magnetic field to gradually decrease,
resulting in higher critical currents compared to the magnet
design without the notches. We removed the turns from the
outside and these outer notches are shown in Fig. 2. The
overall design flow chart is shown in Fig. 3.

3. DESIGN RESULTS

3.1. Coil dimension

For the 1.5 T MRI magnet, we used 12 turns of REBCO
tape in each single pancake for the main coil, with 8 turns
in the shield coil. The optimized d1, d2, and d3 were 27.02
mm, 61.57 mm, and 31.97 mm, respectively. The overall
height of the magnet was 1750 mm, with 19.2 km of
conductor usage in a 4.1 mm equivalent length.

In the case of the 3.0 T MRI magnet, we increased the
number of turns to 30 for the main coil and 19 turns for the
shield coil. The optimized d1, d2, and d3 were 27.86 mm,
63.27 mm, and 32.39 mm, respectively. The overall height
of the magnet reached 1780 mm, and we utilized 46.1 km
of conductor in a 4.1 mm equivalent length.

3.2. Magnet operation

The design for the 1.5 T MRI magnet was carried out at
20 K, assuming conduction cooling. It operated at 841.9 A.
The feasibility of high current operation in a conduction-
cooled magnet was demonstrated in [21]. This design had
a 21% current margin, and it achieved a field homogeneity
of 93.5 ppm over a 40 cm DSV. Fig. 4 was drawn to verify
the result of the calculation.

Similarly, the 3.0 T MRI magnet was designed to
operate at 20 K using conduction cooling, with an
operating current of 675.8 A. It also had a 20% current
margin. Over a 40 cm DSV, the field homogeneity reached
88.1 ppm.

3.3. Stress analysis

It is important to note that magnetic stress increases with
higher magnetic field and current density within the wire.
Therefore, we focused our stress analysis on the M1
position, which is the closest to the magnet center and
specifically a pancake with a tape width of 4.1 mm, as it
exhibits the highest current density.

Our design goal was to create a magnet with full radial
compressive stress and hoop stress below 500 MPa, as
described in [22-24]. The mechanical properties of the coil
winding materials used for the magnetic stress calculation
can be found in Table | [25]. We made the assumption of
plane stress, neglecting axial force, shear stress, and
thermal stress.

To describe the force balance between Lorentz force and
internal stress, we used the equation:

do, o0, — 0y

o = —JB,(r, 2). (2)

Here, r, g,, g9, ] and B, represent the radial coordinate,
radial stress, hoop stress, current density, and the z-
component of the magnetic field, respectively [26]. The
B,(r,z) value in equation (2) was assumed to be linear
within the coil winding.

The result of the magnetic hoop stress calculation is
illustrated in Fig. 5, showing that the hoop stress level met
our predefined constraint. Additionally, the radial stress
was calculated to be fully compressive.

In the 3.0 T case, the radial stress remained fully
compressive, but the calculated hoop stress was 661 MPa.
In order to mitigate the hoop stress, we introduced a
stainless steel overband. Metal tape co-winding can also
reduce hoop stress by lowering current density. However,
we chose to implement an overband to reduce the use of
REBCO tape and ensure cost-effectiveness.

We used a total overband thickness of 1.5 mm to meet
the hoop stress limit. This resulted in a reduction of the
maximum hoop stress at the coil winding to 360 MPa, and
the maximum hoop stress at the overband was 452 MPa.
Both values satisfied the hoop stress constraint.

3.4. Cost comparison of MRI magnets

The design process aimed to create two MRI magnets
with different center fields but similar dimensions to
facilitate cost comparison, where cost was evaluated based
on the length of REBCO tape used in each magnet.

TABLE |
MECHANICAL PROPERTIES OF THE REBCO TAPE AND THE OVERBAND.
Parameters Units  Values
REBCO
Equivalent Young’s modulus (E,, Eg) [GPa]  100; 150
Equivalent Poisson’s ratio (v;.g) 0.18
Yield strength [MPa] 500
Stainless steel overband
Equivalent Young’s modulus (E;, Eg) [GPa]  190; 190
Equivalent Poisson’s ratio (v;.g) 0.30
Yield strength [MPa] 500
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TABLE Il
COIL DIMENSION PARAMETERS OF THE MRI MAGNETS.
Parameters Units 15T 30T
Main coil winding inner radius [mm] 450.00
Main coil winding outer radius [mm] 450.90 452.25
Turns per main coil SP 12 30
Shield coil winding inner radius [mm] 900.00
Shield coil winding outer radius [mm] 900.60 901.42
Turns per shield coil SP 8 19
SP-SP spacer thickness [mm] 0.2
DP-DP spacer thickness [mm] 0.2
Total number of DP coils 208 210
dl [mm] 27.02 27.86
d2 [mm] 61.57 63.27
d3 [mm] 31.97 32.39
Overall height [mm] 1750 1780
Total conductor usage (4.1 mm equivalent) [km] 19.2 46.1
TABLE III
OPERATION PARAMETERS OF THE MRI MAGNETS.
Parameters Units 15T 30T
Center field [T] 15 3.0
Operating temperature [K] 20
Operating current [A] 841.9 675.8
Critical current at the load line [A] 1062 849.7
Current margin [%] 21 20
Magnet constant [MT/A] 1.78 4.44
Inductance [H] 4.56 28.0
5Gline (rx z) [m x m] 3.0x 3.7 35x%x4.1
Field homogeneity over the 40 cm DSV, peak-to-peak [ppm] 93.5 88.1
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Fig. 4. Homogeneity contour lines near DSV for the 1.5 T
MRI magnet.
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Additionally, two other MRI magnet designs were
included for reliability comparison [27, 28]. We plotted the — Coil winding |
costs of these four magnets against the magnetic flux 340 = _Overand
passing through their bores in Fig. 6.

We faced two challenges in our cost comparison
analysis. First, there were not many published papers that
explicitly showed both the manufacturer of the REBCO  Fig. 5. Magnetic hoop stress of the (a) 1.5 T MRI magnet
tape and the total length they used in the design. Second,  and the (b) 3.0 T MRI magnet.
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Fig. 6. Conductor cost comparison of the MRI magnet
designs with two reference magnets whose inner winding
radii are 160 mm.

obtaining price inquiries from manufacturers our

institution was not intending to purchase from was difficult.

Despite these challenges, we obtained conductor prices
from the manufacturers used in the designs through price
inquiries [29, 30].

To highlight the relationship, we fitted a linear graph to
the data, demonstrating its near-linearity. The largest cost
deviation from the linear fitting function was observed in
the magnet design [28], with an error of 16.8%.

4. CONCLUSION

This paper presents a comparative study of two whole-
body MRI magnets, one operating at 1.5 T and the other at
3.0 T. The homogeneity optimization was achieved using
a discretized solenoid topology with multi-width winding
and outer notches. Both MRI magnets featured a winding
inner radius of 450 mm.

For the 1.5 T and 3.0 T MRI designs, the field
homogeneities over a 40 cm diameter spherical volume
(DSV) were measured at 93.5 ppm and 88.1 ppm,
respectively. The conductor usage was calculated at 19.2
km for the 1.5 T magnet and 46.1 km for the 3.0 T magnet.
Additionally, both designs achieved fully compressive
radial stress and hoop stress below 500 MPa.

The 3.0 T MRI magnet required a 1.5 mm stainless steel
overband to reduce hoop stress, while the 1.5 T magnet did
not require additional structural support. To provide a
comprehensive cost comparison, the designed MRI
magnets were analyzed alongside two reference magnets,
and the data was represented in a graph with linear fitting.
The largest cost deviation from the fitted graph was 16.8%.
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