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An initial look at the magnetic design of a 150 mm

aperture high-temperature superconducting magnet

with a dipole field of 8 to 10 T
X. Wang, D. Arbelaez, L. Brouwer, S. Caspi, P. Ferracin, L. Garcia Fajardo, S. Gourlay, H. Higley, M. Juchno,

M. Marchevsky, I. Pong, S. Prestemon, J. L. Rudeiros Fernandez, G.L. Sabbi, T. Shen, R. Teyber, G. Vallone,

D. van der Laan, J. Weiss

Abstract—High-temperature superconducting REBa2Cu3O7−x

(REBCO) conductors have the potential to generate a high mag-
netic field over a broad temperature range. The correspond-
ing accelerator magnet technology, still in its infancy, can be
attractive for future energy-frontier particle colliders such as
a multi-TeV muon collider. To help develop the technology,
we explore the requirements and potential characteristics of
a REBCO magnet, operating at 4.2 or 20 K, with a dipole field
of 8 -– 10 T in a clear aperture of 150 mm. We use the
canted cos θ magnet configuration to reduce the electromagnetic
stresses on the conductors. We present the resulting dipole fields,
field gradients for combined-function cases, conductor stresses,
magnet dimensions and conductor lengths. We also discuss the
conductor performance that is required to achieve the target
dipole field at 4.2 and 20 K. The information can provide
useful input to the development of REBCO magnet and conductor
technology for collider-ring magnets in a muon collider.

Index Terms—REBCO, muon collider, arc magnet

I. INTRODUCTION

H IGH-field accelerator magnets enable future energy-

frontier colliders [1], such as a multi-TeV muon collider

that offers enormous potential for particle physics but is also

challenging to build [2]–[6].

To generate a dipole field above 16 T, a practical

limit of today’s Nb3Sn conductors, the magnet community

is taking several approaches to develop magnet technol-

ogy using high-temperature superconductors (HTS), such as

Bi2Sr2CaCu2O8−x and REBa2Cu3Ox (RE = rare earth, RE-

BCO) [1]. One approach focuses on the HTS/Nb3Sn hybrid

configuration [7], [8]. This approach effectively leverages

conductor grading, as it replaces the otherwise HTS outer

coils with Nb3Sn coils that are relatively less expensive than

HTS [9].
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Another approach uses only high-temperature superconduc-

tors. The all-HTS approach is unavoidable as we are destined

for higher fields [10], [11]. Moreover, high-temperature su-

perconducting magnets can operate at elevated temperatures,

especially for REBCO, our focus here [12].

Higher operating temperatures improve cooling efficiency

and reduce power consumption of large cryogenics systems.

Studies at the Large Hadron Collider show that the coefficient

of cooling performance improves by a factor of 3.5 from 1.9

to 4.5 K and by a factor of 10 from 1.9 to 20 K based on

the Carnot factor [13], [14]. The improved cooling efficiency

makes future colliders more affordable and sustainable because

the cryogenics system for the superconducting magnets is a

key power consumer [15]–[17].

HTS accelerator magnets operating at elevated temperatures

can also help address the heat-load and radiation-damage

challenges that can be unprecedented in a muon collider [18]–

[20].

Finally, an elevated operating temperature allows cooling

options beyond liquid helium, the essential coolant for su-

perconducting accelerator magnets that has become scarce in

recent years [21].

Despite its potential, REBCO accelerator magnet technology

is in its infancy, with slowly evolving conductor architectures

and magnet concepts. The European programs have demon-

strated a dipole field of 5.4 T in a racetrack design and 4.5

T in a dipole magnet with a 40 mm aperture, both at 4.2

K [22]–[24]. The latter also demonstrated successful operation

from 85 to 5 K with increased field generation [23]. The

U.S. Magnet Development Program, in collaboration with

conductor vendors, is working to generate a dipole field of

5 T [25]–[29].

Meanwhile, the fusion community is developing RE-

BCO magnets for high-field compact fusion reactors that can

affect the future circular colliders in multiple ways [30]–[34].

In this context, we started a design study of a REBCO magnet

that can generate a dipole field of 8 – 10 T, a stretch goal

beyond 5 T, also to keep engaging conductor vendors.

Such a field range is relevant for a muon collider with a

center-of-mass energy of 3 TeV [35]. Although the maturing

Nb3Sn magnet technology can cover this field range [36]–[40],

developing a REBCO version is a critical practice and stepping

stone to meet the needs of future colliders.
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We report the results of an initial conceptual study of a

large-aperture REBCO dipole magnet using CORC
R© wires for

the storage ring of a muon collider. The design is based on

the canted cos θ (CCT) concept. Our driving questions are:

• Based on the demonstrated performance of CORC
R© con-

ductors, what magnet performance can we expect at 4.2

and 20 K?

• How much conductor do we need to make such a magnet?

• What further magnet and conductor development is

needed?

By addressing these questions, we hope to eventually achieve

two goals with the broader community: 1) to provide feedback

to the development of REBCO high-field magnets; 2) to plant

a seed towards an affordable and sustainable multi-TeV muon

collider.

II. PROPERTIES OF EXISTING CORC
R© CONDUCTORS

CORC
R© wires, developed and commercialized by Ad-

vanced Conductor Technologies LLC, consist of multiple RE-

BCO tapes helically wrapped around a metal core [41], [42].

Although not fully transposed, the resulting wire is mechan-

ically and electromagnetically isotropic, convenient to design

and make magnets.

One may adjust the bending and current-carrying capability

of a CORC
R© wire in two ways: the number and property

of REBCO tapes; and the wire fabrication process.

We use the performance of CORC
R©-02, a proto-

type CORC
R© wire made of commercial REBCO tapes [43],

as a starting point to determine the magnet performance. The

wire has 32 tapes distributed in 16 layers around a Cu former.

The wire diameter is 3.4 mm.

The critical current of CORC
R©-02 wire was measured at a

bend radius of 31.5 mm and 4.2 K, as a function of applied

magnetic flux density, B, ranging from 8 to 12 T. The applied

magnetic field is transverse to the CORC
R© wire. The measured

critical current follows a power law of

Ic(B) = βBα, (1)

where β is a constant and α = −0.77 [43].

The existing data show that the critical current of commer-

cial REBCO tapes decreases by about 50% when the operating

temperature increases from 4.2 to 20 K, with the applied

magnetic field perpendicular to the tape broad surface [44]–

[46]. We assume that the critical current of a CORC
R© wire

follows the same temperature dependence. We choose 20 K,

considering liquid H2 as a potential coolant for REBCO mag-

nets [47].

The wire shows no degradation in critical current under

cycling I × B electromagnetic forces up to 50 kN m−1 at

4.2 K [43].

We use 30 mm as the minimum bend radius for

the CORC
R© conductors.

III. CONCEPTUAL CCT MAGNETS FOR THE STORAGE

RING OF A MUON COLLIDER

The CCT concept [48]–[53] offers several attractive fea-

tures for a large-aperture accelerator magnet. A CCT magnet

can effectively intercept the accumulation of electromagnetic

stresses on the conductors that are embedded in the magnet

mandrels. This can help address the high electromagnetic

stresses on conductors resulting from a combination of high

dipole field and large magnet aperture as required by a

muon collider. The design also offers excellent geometric

field quality. The magnet performance can be analytically

determined [53]–[55], useful for design studies.

We consider two magnet cases for the storage ring in a

muon collider with a center-of-mass energy of 3 TeV. First, a

dipole magnet to set a baseline for the magnet performance and

parameters. Second, a dipole-quadrupole combined-function

magnet to avoid the neutrino hot spot [2], [18].

The dipole case has two designs, one with four nested layers

and the other with six nested layers. The combined-function

case has six nested layers. Each design has three cases: with

one, two, or three CORC
R© wires in the groove. The wires form

a ribbon-type cable, electrically parallel without transposition.

Table I lists the main geometric parameters for the concep-

tual CCT magnets. Groove depth and therefore layer thickness

varies according to the number of wires in the groove.

TABLE I
MAIN GEOMETRIC PARAMETERS FOR THE CONCEPTUAL CCT MAGNETS.

Parameter Unit Value

Clear aperture mm 150
Spar thickness mm 5

Groove diameter mm 4.1
Rib thickness at the mid-plane mm 0.5

Radial clearance between Layers mm 1
Number of layers – 4 or 6

A. Dipole case

Suppose the longitudinal axis of the CORC
R© wire follows a

space curve C(t) = (x(t), y(t), z(t)) in a Cartesian coordinate

system with the parameter t. For the single CORC
R© wire at

the bottom of the groove, we have

C(t) =

(

r cos t, r sin t,
r sin t

tan θ
+ p t

)

, (2)

where r is the radius of the wire axis, when projected to the

x-y plane, and 2πp gives the wire pitch along the z axis. We

define the wire tilt angle as the angle between the wire axis,

when projected to the y-z plane, and the z axis, at t = 0 [53]

(Fig. 1).

For the four-layer design, the tilt angle is θ for the pure

multi-pole magnet case. The tilt angle is 22◦ in Layers 1 and

2, and 18◦ in Layers 3 and 4. The tilt angle is 16◦ in Layers

5 and 6 for the six-layer design.

When the groove contains a single stack of wires, if Wire

1 at the bottom of the groove follows (2) with r1 and θ1, then

we have tan θn/ tan θ1 = rn/r1 for Wire n [29], [55].

Fig. 1 shows two CCT layers for a dipole case with ten

turns of a single CORC
R© wire.

Based on the conductor peak field and the conductor Ic(B)
from (1), we determine the maximum dipole field, or the short-

sample prediction, for various designs. At 4.2 and 20 K, the
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Fig. 1. Layer 1, gold and Layer 2, blue, of a dipole design. Only ten turns
of a single CORC

R© wire are shown.

current-carrying capability of a REBCO tape is usually limited

by the field perpendicular to the tape broad surface [56].

Therefore, we use the field component that is transverse to

the longitudinal axis of the CORC
R© wire to determine the

conductor peak field. Fig. 2 shows an example of the load

line for a six-layer three-wire design.
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Fig. 2. Load line for the peak conductor field on Layer 1, Wire 1 for the
dipole design with six layers and three wires (red solid line), without iron.
The conductor-field load line for Layer 6, Wire 3 is also included. The top
black dashed line is the power-law fit of the measured Ic(B) data at 4.2 K
from [43] (circles). The bottom dashed line is an imagined Ic(B) data for
the same conductor at 20 K, assuming 50% reduction in Ic from 4.2 K for
the same applied flux density.

Table II lists the short-sample prediction of the dipole field

of the various designs, without iron. The dipole-field transfer

function (TF) is defined as the ratio between the dipole field

in the magnet aperture and the total magnet current. The

magnet inductance is estimated by approximating the ribbon-

type cable as a line current located at the geometric center of

the cable [53]. Bp in Table II is the peak field transverse to the

longitudinal axis of the wire. The inductance L, stored energy

E, and conductor length l are for a unit magnetic length. Rmin

is the minimum bend radius of the wire. OD is the magnet

outer diameter without iron.

The total tape length scales from the total CORC
R© wire

length by a ratio of 57. Two factors determine the ratio:

the number of tapes in a CORC
R© wire, 32 for CORC

R©-02

wire [43], and the length reduction when a tape transforms

from a straight to helical shape.

We calculate the eletromagnetic force, based on J×B, on

the wire to assess if the wire can sustain the magnetic force

during operation. The force is transverse to the longitudinal

TABLE II
SHORT-SAMPLE PREDICTION OF THE DIPOLE FIELD B1 AND MAIN

CHARACTERISTICS OF VARIOUS DESIGNS AT 4.2 AND 20 K, WITHOUT

IRON.

Number of layers 4 6
Number of wires per layer 1 2 3 1 2 3

TF T kA−1 0.52 0.51 0.51 0.79 0.78 0.77
Bp/B1 − 1 % 5 2.4 0.5 2.2 0.4 0.2

L mH m−1 11 12 13 30 34 40
Rmin mm 30

OD mm 229 262 294 270 319 368

B1(4.2 K) T 5.6 8.3 10.5 7.2 10.6 13.2
Itotal(4.2 K) kA 10.7 16.1 20.5 9.0 13.6 17.2

E(4.2 K) MJ m−1 0.6 1.6 2.8 1.2 3.1 5.8

B1(20 K) T 3.8 5.6 7.1 4.8 7.2 8.9
Itotal(20 K) kA 7.2 10.9 13.9 6.1 9.2 11.6

E(20 K) MJ m−1 0.3 0.7 1.3 0.6 1.4 2.6

lwire km m−1 0.4 0.9 1.4 0.7 1.4 2.3

ltape km m−1 23 51 80 40 80 131

axis of the wire because the current density vector J is tangent

to the longitudinal axis of the wire.

The six-layer three-wire design sets the upper bound of the

electromagnetic force on the CORC
R© wire of all the designs

in Table II. The peak force density is about 110 mN mm−3

at 1 kA (Fig. 3). The corresponding peak electromagnetic

force on the wire, at the short-sample prediction, is 33 kN

m−1 at 4.2 K and 15 kN m−1 at 20 K. Assuming a 1

mm contact width between the wire and mandrel, the peak

force density translates to about 33 MPa stress transverse to

the CORC
R© wire.
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Fig. 3. The distribution of the electromagnetic force density at 1 kA along
Layer 1 Wire 1 in the six-layer three-wire design.

Table III gives the normal terms of the integrated geometric

field errors of the six-layer three-wire dipole design, calculated

by the Opera 3D software. The integrated field errors are

defined as

b̄n + i ān =

∫

[Bn(z) + i An(z)]dz
∫

B1(z)dz
104, (3)

where Bn is the normal and An is the skew multipole of
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order n. B1 is the main dipole field. The multipoles vary along

the z-axis, the longitudinal axis of the magnet (Fig. 1). The

field errors are in units of 10−4 of the main dipole field, at

a reference radius of 50 mm. The skew terms are practically

zero.

TABLE III
INTEGRATED GEOMETRIC FIELD ERRORS OF THE SIX-LAYER THREE-WIRE

CCT DIPOLE, WITHOUT IRON. UNIT: 10−4 OF THE MAIN DIPOLE FIELD.

b̄2 b̄3 b̄4 b̄5 b̄6 b̄7 b̄8 b̄9

0.00 −0.02 0.00 0.00 0.00 0.00 0.00 0.00

B. Dipole-quadrupole combined-function case

A combined-function magnet can take at least two configu-

rations. One is through asymmetric conductor placement [39],

[57], [58]. The other is a nested configuration with a dipole

coil inside a quadrupole coil or vice versa [38], [39]. The CCT

concept can work with either configuration [53], [59], [60]. We

start with the first approach to save conductors.

For a single layer of combined-function CCT coil, the

longitudinal axis of a CORC
R© wire follows

C(t) =

(

r cos t, r sin t, η
r sin t

tan θ
+ ε

r sin 2t

2 tan θ
+ p t

)

, (4)

where η scales the dipole field and ε scales the quadrupole

field. Although the definition for the tilt angle for the

combined-function case remains the same as in the dipole case

(Section III-A), its value deviates from θ in (4). Using the

small-angle approximation, we find the actual tilt angle θ′ as

θ′ = arctan

(

tan θ

η + ε

)

. (5)

Fig. 4 shows two CCT layers for a combined-function

design with ten turns of a single CORC
R© wire.

Layer 1
Layer 2

Fig. 4. Layer 1, gold and Layer 2, blue, of the combined-function design.
Only ten turns of a single CORC

R© wire are shown.

The transfer functions of the dipole and quadrupole fields

depend on the scaling factors η and ε. Here we consider a

case with η = 1 and ε > 0. As ε increases, we gain on

the quadrupole component and lose on the dipole component

as the tilt angle θ′ decreases and the pitch length increases,

consistent with earlier findings [59].

We use the six-layer three-wire design from Table II as

the basis to introduce the quadrupole component. We vary ε
from 0.5 to 0.9 to maintain a dipole field of around 8 T at

4.2 K, which can allow a comparison with the Nb3Sn magnet

design and technology [38]. Table IV gives the short-sample

prediction of the resulting combined-function magnets. The

TABLE IV
SHORT-SAMPLE PREDICTION OF THE COMBINED-FUNCTION MAGNETS

WITH DIFFERENT GRADIENTS, WITHOUT IRON.

ε(η = 1) 0.5 0.7 0.9

θ1,2 degree 33 39 44
θ3,4 degree 24 28 33
θ5,6 degree 20 24 28

Rmin mm 30

B1 TF T kA−1 0.51 0.45 0.40

G TF T m−1 kA−1 2.00 2.45 2.80

L mH m−1 20 16 14

B1(4.2 K) T 9.7 8.6 7.7

G(4.2 K) T m−1 37.9 46.7 53.8
Bp(4.2 K) T 11.7 11.5 11.4

Itotal(4.2 K) kA 18.9 19.1 19.3

E(4.2 K) MJ m−1 3.5 3.0 2.7

B1(20 K) T 6.5 5.8 5.2

G(20 K) T m−1 25.6 31.7 36.4
Bp(20 K) T 7.9 7.8 7.7

Itotal(20 K) kA 12.8 12.9 13.0

E(20 K) MJ m−1 1.6 1.4 1.2

lwire km m−1 1.9 1.8 1.8

ltape km m−1 108 103 103

inductance L, stored energy E, and conductor length l in

Table IV are again for a unit magnetic length.

The θ value for each layer increases from that in the dipole

case to keep the minimum bend radius of the wire at 30 mm.

Otherwise, the minimum bend radius is 20 mm for ε of 0.5

and is 13 mm for ε of 0.9. The increased tilt angle, however,

only reduces the short-sample prediction by less than 6% from

the case with the original θ value.

In all three cases of Table IV, the transverse force density

on a single CORC
R© wire is less than 110 mN mm−3 at 1 kA,

similar to the six-layer three-wire dipole case. This translates

to a peak force of 41 kN m−1 on a single wire at the short-

sample limit, 4.2 K.

Table V gives the integrated, normal, geometric field errors

of the combined-function magnets. The reference radius is 50

mm. The skew terms are less than 0.01 units.

TABLE V
INTEGRATED GEOMETRIC FIELD ERRORS OF THE COMBINED-FUNCTION

DESIGN, WITHOUT IRON. UNIT: 10−4 OF THE MAIN DIPOLE FIELD. η = 1.

ε b̄2 b̄3 b̄4 b̄5 b̄6 b̄7 b̄8 b̄9

0.5 1895 0.02 −0.02 −0.01 0.00 0.00 0.00 0.00
0.7 2648 0.05 −0.03 −0.01 0.00 0.00 0.00 0.00
0.9 3405 0.07 −0.03 −0.01 −0.01 0.01 0.00 0.00

Fig. 5 shows the vectors of flux density on the z = 0 plane

for the dipole and combined-function cases.

IV. DISCUSSION

Based on the performance of the existing CORC
R© wire,

we can generate the target dipole field of 8 – 10 T at 4.2

K using four CCT layers and a ribbon-type cable of two or

three wires in each layer. The dipole field decreases by about

33% when the operating temperature increases from 4.2 to 20

K (Table II). This is due to the reduction of the conductor
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Fig. 5. Vectors of flux density on the z = 0 plane for (a) the dipole case and
(b) the combined-function case. Both cases have six layers and three wires in
each layer. The red dots represent the centers of Wire 2 in each layer when
the wires cross the z = 0 plane.

critical current, as explained in Appendix A. We need the six-

layer three-wire design to generate 8 T at 20 K using today’s

conductor (Table II).

The performance of the combined-function cases at 4.2 K

can also meet the target dipole field range of 8 – 9 T, although

the gradient up to about 50 T m−1 is lower than the maximum

target gradient of 87 T m−1 [35]. The 50 T m−1 gradient is

also lower than the 80 T m−1 level that can be achieved by the

nested design for Nb3Sn [38]. Thicker coils with more CCT

layers or a nested version should be studied. The maximum

dipole field and gradient reduce by 33% from 4.2 to 20 K

(Table IV).

Although a ribbon-type cable using CORC
R© wires is a

straightforward option to increase the total magnet current and

magnetic fields, there can be issues. The electrical resistance

at the cable terminations will affect the current distribution

among the wires. The current distribution may not be uniform

during current ramping as the wires are not transposed.

A higher conductor critical current is necessary to reduce

the number of wires in a ribbon-type cable or eliminate it.

Suppose we use only one wire in each layer for the designs in

Table II, we may use (7) to estimate the necessary conductor Ic
for design cases without iron.

For instance, if we double the Ic of CORC
R©-02, from 6 to

12 kA at 12 T 4.2 K (Fig. 2), then the short-sample prediction

will increase to 8.4 T for the four-layer design and 10.8 T

for the six-layer design, both at 4.2 K. This corresponds to a

whole-wire current density of about 1000 A mm−2 at 12 T, 4.2

K. If we triple the Ic of CORC
R©-02 for the same applied flux

density, the six-layer single-wire design will generate around

9 T at 20 K.

To reach the ambitious Ic target, we need to continue in-

creasing the critical current in REBCO tape over a temperature

range from 4.2 to 20 K. Including more tapes in a wire is also

viable to increase the Ic of CORC
R© wires [61]; maintaining

the wire bend radius around 30 mm or less requires a system

approach to optimize the tape geometry and cable fabrication

process. Therefore, it is critical to continue engaging and

collaborating with conductor vendors to address our magnet

needs.

We expect the CORC
R© wire to survive the electromagnetic

force as the wire demonstrated no degradation after cycling

to 50 kN m−1 at 4.2 K [43]. The expected transverse stress

is also below the 100 MPa stress limit where the conductor

degradation occurs under an applied load, without epoxy im-

pregnation [62]. The analysis reported here does not consider

the tensile load on the CORC
R© wire that appears in the CCT

configuration. Detailed analysis on the mechanics of conductor

and magnet structures with more realistic conditions will be

carried out in future studies [63], [64]. More experimental

data on the conductor performance under transverse electro-

magnetic forces are important to inform future magnet and

conductor designs aiming at a dipole field of 15 T or higher.

The results presented here are determined without iron.

Actual magnets will need iron to reduce the fringe field. We

estimate a roughly 500 mm thick iron for a dipole field of

13 T and an aperture of 150 mm [65]. The six-layer three-

wire magnet in Table II would have an OD of 1.4 m with

the iron. The iron yoke will increase the magnetic field in the

aperture. It may also deteriorate the field quality even for a

large-aperture magnet. Detailed finite-element analysis will be

required to clarify both aspects.

Although the CCT design offers excellent geometric field

quality as shown in Tables III and V, these field error values

are computed without considering the magnet fabrication and

assembly tolerance that can lead to field errors. In addition,

the persistent magnetization in superconductors and dynamic

effects cause additional field errors in CCT magnets [28], [66],

[67]. A higher critical current in CORC
R© wires can exacerbate

the issue but promising mitigation methods exist [10], [68].

For the results reported here, the tilt angle of each layer

(Section III) is chosen such that the minimum bend radius

of the winding is or approaches 30 mm, the minimum bend
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radius of CORC
R©-02 wire. For a magnet aperture of 150 mm,

these tilt angles are sufficiently low for a high efficiency in

field generation. On the other hand, small tilt angles elongate

the coil ends, which can consume more conductors for a short

magnet (Table II). More detailed study is required on the trade-

off between the magnet efficiency and conductor usage [53].

Conductor grading is not considered for the wire length

presented in Tables II and IV. The averaged conductor-field

load line in Layer 6 is 62% of that in Layer 1 for the six-layer

three-wire design (Fig. 2). Therefore, there is room for grading

and conductor saving. One may grade the CORC
R© wire using

fewer tapes or using tapes with lower Ic.

Model coils using prototype conductors should be built

and tested to determine the feasibility of a magnet concept.

The community will also benefit from investigating diverse

magnet concepts and conductor architectures. The Conductor

on Molded Barrel design, under investigation at Fermi Na-

tional Accelerator Laboratory [27], can offer effective stress

management and efficient conductor usage. Nes and collab-

orators designed a cloverleaf-type dipole magnet using dual-

REBCO tape conductor to generate a dipole field of 9.4 T [69].

We need to be creative to secure expensive yet much-needed

conductors.

Testing magnets with relevant magnetic fields in relevant

conditions can also help develop quench detection and protec-

tion technology [70] that is critical for REBCO magnets with

high stored energy (Tables II and IV). Detailed analysis on the

quench protection should be developed and validated against

the experimental data.

Of particular interest is to test REBCO magnets in liquid H2.

Not only the impact on the magnet stability and field quality is

worth studying but also we can get familiar again with liquid

H2 as a coolant [71], [72]. Although we sacrifice significant

magnetic-field performance from 4.2 K, what we will learn

can help improve the sustainability of future energy-frontier

colliders.

V. CONCLUSIONS

High-temperature superconducting REBCO magnets can

generate high magnetic fields beyond liquid helium tempera-

ture. This potential can make future machines such as a muon

collider more affordable and sustainable.

We present an initial scoping study with magnet designs that

can generate a dipole field of 8 – 10 T in a REBCO magnet

with an aperture of 150 mm. The study is based on the canted

cos θ (CCT) concept, without iron. The conceptual magnets

consist of up to six layers, using a ribbon-type cable of up to

three CORC
R© wires in each layer. Based on the performance

of existing CORC
R© wires, the dipole case can generate 13.2

T, the short-sample prediction at 4.2 K and 8.9 T at 20 K.

The 33% reduction in dipole field at 20 K is due to the

reduced current-carrying capability in REBCO conductors at

higher temperatures. A combined-function case can generate

a dipole field of 8 T with a gradient of about 50 T m−1 at 4.2

K, partially meeting the requirements of a lattice design for a

muon collider with a center-of-mass of 3 TeV.

The magnets have an outer diameter of 370 mm

without iron. Without conductor grading, about 2.3 km

long CORC
R© wires or 130 km long REBCO tapes would be

required for a six-layer three-wire dipole-magnet design with a

1 m long magnetic length. We need to continue engaging and

collaborating with conductor vendors to increase the critical

current of REBCO conductors.

The results reported here and follow-up studies will help

develop the REBCO magnet and conductor technology to meet

the needs of future energy-frontier colliders.
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APPENDIX A

IMPACT OF OPERATING TEMPERATURE ON THE

PERFORMANCE OF REBCO MAGNETS

Suppose the critical current of the conductor follows a

power law, such as (1), at different temperatures. When a

magnet is iron free, the peak field on the conductor scales

linearly with the current, I = γB, where γ is a constant. The

conductor peak field at the short-sample limit is

B =

(

γ

β

)
1

α−1

, (6)

where α and β are defined in (1).

The ratio between the peak conductor fields at temperatures

T1 and T2 is then

B(T1)

B(T2)
=

(

γ

β(T1)

)
1

α(T1)−1
(

β(T2)

γ

)
1

α(T2)−1

. (7)

If the exponents α are similar at both temperatures, then the

ratio becomes

B(T1)

B(T2)
=

(

β(T2)

β(T1)

)
1

α−1

. (8)

Equation (8) explains why, without the iron, the magnet

performance at 20 K is about 33% lower than that at 4.2 K,

given β(20 K)/β(4.2 K) = 0.5 and α = −0.77.
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