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Abstract

Magnetic Resonance Imaging (MRI), a powerful medical diagnostic tool, is the largest 

commercial application of superconductivity. The superconducting magnet is the largest and most 

expensive component of an MRI system. The magnet configuration is determined by competing 

requirements including optimized functional performance, patient comfort, ease of siting in a 

hospital environment, minimum acquisition and lifecycle cost including service. In this paper, we 

analyze conductor requirements for commercial MRI magnets beyond traditional NbTi 

conductors, while avoiding links to a particular magnet configuration or design decisions. 

Potential conductor candidates include MgB2, ReBCO and BSCCO options. The analysis shows 

that no MRI-ready non-NbTi conductor is commercially available at the moment. For some 

conductors, MRI specifications will be difficult to achieve in principle. For others, cost is a key 

barrier. In some cases, the prospects for developing an MRI-ready conductor are more favorable, 

but significant developments are still needed. The key needs include the development of, or 

significant improvements in: (a) conductors specifically designed for MRI applications, with form-

fit-and-function readily integratable into the present MRI magnet technology with minimum 

modifications. Preferably, similar conductors should be available from multiple vendors; (b) 

conductors with improved quench characteristics, i.e. the ability to carry significant current 

without damage while in the resistive state; (c) insulation which is compatible with manufacturing 

and refrigeration technologies; (d) dramatic increases in production and long-length quality 

control, including large-volume conductor manufacturing technology. In-situ MgB2 is, perhaps, 

the closest to meeting commercial and technical requirements to become suitable for commercial 

MRI.

Conductor technology is an important, but not the only, issue in introduction of HTS / MgB2 

conductor into commercial MRI magnets. These new conductors, even when they meet the above 

requirements, will likely require numerous modifications and developments in the associated 

magnet technology.
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1. Introduction

Magnetic Resonance Imaging (MRI) is one of the primary tools in medical diagnostics [1]. 

MRI is the only chemically sensitive in-vivo imaging technique with high-resolution soft-

tissue contrast. It allows physicians to produce clinically relevant images of soft tissue 

lesions and functional parameters of body organs, without the use of invasive procedures or 

ionizing radiation such as X-rays.

Close to 50,000 MRI scanners are installed worldwide. Over 35,000 of these scanners use 

superconducting magnets. Approximately 4,000 scanners are installed annually including 

more than 3,000 superconducting systems. An estimated 33.8 million MR procedures were 

performed in the United States in 2013 vs. 9.1 million in 1995. In the United States in 2013, 

there were almost 8,000 hospital and non-hospital MRI locations that in total used over 

11,000 scanners [2].

Advantages of superconducting MRI systems include better performance, the highest 

temporal and spatial homogeneity of the magnetic field, high signal-to-noise ratio (SNR), 

the shortest scan time, and the highest patient throughput. Superconducting scanners are the 

only configuration for thin slices and high-end applications. Superconducting magnets offer 

the lowest weight: less than 10 tons for 3 T units. Typical commercial actively-shielded 

superconducting scanners have no excessive stray magnetic field outside the scan suite.

The overwhelming majority of commercial whole-body superconducting scanners are either 

1.5 T or 3 T units. Over 70% of the installed and new superconducting scanners are 1.5 T 

units. The 1.5 T systems are a good compromise between performance, patient comfort, ease 

of siting in a hospital environment, optimized installation, and life-cycle cost. Since 

approximately 2010, the 3 T scanners represent over 20% of the new installations [2]. The 3 

T scanners, however, do not represent the fastest-growing MRI segment as they were 5–10 

years ago.

The majority of the newly-installed superconducting whole-body scanners are cylindrical in 

shape. The cylindrical configuration represents the most efficient way to generate a highly 

uniform magnetic field with the optimal magnet and scanner cost. Cylindrical MRI systems 

have a known but clinically accepted limitation [3]: a narrow patient bore and >100 cm 

length. This tunnel creates several issues: (a) obese patients may not fit into the tunnel, (b) a 

claustrophobic effect causes certain patients to reject the procedure, creating financial loss 

for the image center and diagnostic loss for the patient, and (c) it restricts interventional 

medical procedures. To address the narrow-bore issues, a wider, 70-cm patient bore was 

introduced by Siemens in 2005. Now over half of new MRI installations in developed 

countries have the wider-bore configuration [2].

Commercial MRI magnets utilize NbTi conductor. The MRI industry uses approximately 

4,000 tons of NbTi conductor per year (the weight includes copper stabilizer). The NbTi 

conductor is a mature, mechanically-strong, manufacturing-friendly material well optimized 

for MRI production. NbTi magnets are compact, demonstrate reliable performance and are 

cost-effective. The low critical temperature of 9.3 K is the major disadvantage of NbTi 
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conductor, which requires operation at liquid helium temperature. This results in a higher 

refrigeration cost and high on-site construction cost if ventilation ducts need to be built.

The use of NbTi conductor makes MRI the largest user of helium in the world. MRI utilizes 

about 20% of all helium, compared to only 5% in early 1990s [4], [5]. Cryogenic 

applications use over 50 million cubic meters of gaseous helium per year (estimated using 

the data in reference [6]). Consistent increases in helium prices and high helium prices in 

developing countries affect the growth of the MRI market. Low life-cycle cost, practically 

quench-free MRI scanners that do not require liquid cryogen may become game changers.

MRI design always involves a compromise, since trade-offs and proven alternative solutions 

are possible. For a novel solution to be accepted in the marketplace as a game-changer, it 

must appeal to the clinical users far beyond its pure technical merits, namely by providing 

unquestionable cost and/or imaging benefits. Therefore, within the trade-offs, MRI designers 

favor the lowest scanner cost option including the lowest production and life-cycle cost: 

price of the installed commercial 3T scanner must be below $3M, and even lower for 1.5 T 

scanners. In most cases, the optimized design decisions lead to the architecture of 

commercial 1.5 T and 3 T magnets.

This paper analyses alternatives to NbTi conductors for commercial MRI magnets. Potential 

conductor candidates include MgB2, ReBCO and BSCCO options. The authors tried to 

generalize the conductor requirements and avoid links to a particular magnet configuration 

or design decision.

The eventual market verdict on alternative to NbTi for MRI application depends on many 

factors. Benefits to the customer (hospitals, physicians and patients) such as improved 

scanner performance, patient comfort, reduced acquisition and life-cycle cost are the key 

factors. Cryogenic benefits are among the factors that may favor customer satisfaction. 

However, in this paper the authors deliberately leave out side-by-side cost comparisons and 

acceptance predictions, focusing primarily on the analysis of technical requirements and 

technical readiness of each of the conductor options. Similarly, cryogenic solutions have 

been given limited consideration here, since the impact of cryogenics on conductor 

requirements is to some extent limited. Whether it is a helium bath-cooled or “cryogenless” 

conduction-cooled, besides insignificant differences in available coil envelope and the 

additional provisions for heat conducting pathways, the key conductor requirements outlined 

in this paper, such as coil current density, quench protection (assuming present-day-like 

magnet protection schemes), persistence, conductor quality, winding manufacturability etc. 

are similar for either cryogenic option. For designs operating above 4K (e.g. for 20K–40K 

configurations), the conductor parameters such as Ic and N-value will be less favorable than 

the 4K parameters used in this analysis, which will further add to the challenges to fulfill the 

requirements outlined in this paper.

2. Customer requirements to superconducting MRI scanners and magnets

Cylindrical whole-body scanners represent the mainstream of the clinical MRI imaging. 

They accommodate the complete human anatomy, as the patient is positioned on the table 
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and can be advanced along the bore to any position required for the imaging. The imaging 

takes place in a large, centrally located elliptical or spherical field-of-view (FOV), and the 

whole-body scanner can cover any part of anatomy of the human body, with the high 

performance whole-body gradient coils and radio frequency (RF) coil mounted in the 

magnet bore that ensure high image quality. Such clinical universality, combined with the 

ever-advancing imaging techniques, has been the key to widespread clinical acceptance of 

whole-body MRI. In terms of trade-offs, this universality comes at a price of large size, large 

amount of superconductor and structure and hence of a considerable cost of the whole-body 

magnet, as well as the amount of helium that is used in traditional cylindrical MRI magnet 

design.

Specialty MRI scanners, designed for particular aspects (regions) of the human anatomy, 

present a smaller-sized alternative to the whole-body MRI. Whether it is a head, extremity, 

or neonate imager, the appeal of a dedicated MRI is rooted in its small envelope and field-of-

view, with geometry tailored to the targeted anatomy only. This can potentially deliver lower 

cost, greater ability to site the scanner within a small specialized room, faster installation, 

simpler maintenance and more advanced cryogenics [7]. On the flip side, the specialty 

scanners have obvious drawbacks compared with their whole-body counterparts. The lack of 

clinical universality is one of the major disadvantages which does not allow to address 

variation in the scanning needs, or different patient flows in clinical environment, while still 

requiring construction of an RF-screened imaging room together with the full range of 

electronic components (albeit of smaller ratings and size). The above drawbacks are 

responsible for the limited clinical success of specialty scanners so far. Their present market 

share is limited to less than 5% of the total MRI market.

2.1 Commercial whole-body MRI magnets

Designers of MRI scanners and superconducting magnets must address multiple trade-offs 

[3], [7]. The high image quality and fast patient throughput require a higher field strength of 

at least 1.5 tesla, high field homogeneity and temporal field stability in a large volume. 

High-strength gradient coils are necessary to improve the image quality and reduce the 

scanning time. Modern gradient coils require additional space for efficient and expensive 

cooling arrangements, which competes with the magnet design space in the bore. Customers 

want a low-cost scanner including installation and life-time cost. These requirements may be 

translated to light weight, compact magnets with reduced stray magnetic field, and low 

operational cost with minimized or no low helium loss, long helium refill intervals, and low 

power consumption. Fast installation with minimum on-site construction, minimized 

maintenance, service at field help in reduction of the life cycle cost of the scanner. Patient 

comfort is improved in wider-bore, shorter scanners. The latter advantage, however, incurs 

additional penalty in magnet cost and design risk compared to their longer, narrow bore 

counterparts.

These conflicting requirements to scanners result in the following top-level Specifications 

for whole-body MRI magnets:
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2.2 Specialty magnets

From purely technical standpoint, specialty MRI magnets have several advantages:

a. Anatomy-targeted geometry often opens up additional optimization options (such 

as, for example, asymmetric designs [8], [9]). This can lead to non-traditional 

coil topology, as well as alternative structural and cryogenic solutions. Because 

of the small dimensions and limited FOV in the specialty scanners, the amount of 

shimming steel is reduced;

b. The small diameter of the field generating coils translates to a significantly 

reduced dipole moment and stray field. This allows the forsaking of active 

shielding coils, which are commonplace in the whole body 1.5T clinical 

scanners. The absence of shielding coils in the high-temperature superconductor 

(HTS) specialty magnets not only saves almost half of HTS vs. the shielded 

design [10]; it also eliminates challenge of high hoop stresses in the shielding 

coils while drastically simplifying structure and cooling arrangements. For the 

above reasons all HTS MRI demonstrator designs until now have no shielding 

coils. While the iron shield they employ may provide sufficient stray field control 

in a 1.5T specialty magnet, this approach is not feasible for the whole body, or 

3T specialty MRI scanners, which require a separate development;

c. Another benefit of the small size of specialty HTS scanners is low stored energy 

Emagnet which involves less support structure. It also makes much easier to 

protect the magnet during quench, as smaller energy per unit volume is deposited 

in quench. Smaller coils mean faster normal zone spreading, reduced voltages 

and peak temperatures;

d. Cryogenics options are also improved. Small dimensions lend themselves better 

to pure conduction-cooled design, due to shorter, simpler conduction pathways 

and lesser temperature gradients, especially with absent shield coils. In designs 

where cryogens are used (either in open bath or closed volume), less volume is 

required to cool down smaller cold mass.

Table 2 presents comparative examples with parameters for three specialty HTS MRI 

demonstrators. Obviously, all these proof-of-principle magnets are well below the minimum 

performance requirements for commercial whole-body MRI scanners outlined in Table 1. 

Larger warm bore, actively-shielded configuration, improved uniformity and drift will all 

dramatically increase technical challenges and require significant developments.

Because of the above benefits, the specialty MRI magnets might represent a naturally 

attractive introductory path for MgB2 and HTS, as outlined in [7], [14], [15] and illustrated 

by the examples in Table 2. However, in order to have eventual success in the clinical 

marketplace, the HTS design must address issues of the wide bore magnet technology. It is 

due to this consideration and due to the small portion of clinical market currently 

represented by low-temperature superconductor (LTS) specialty magnets, we will focus this 

paper on the whole body magnets.
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Below we will discuss conductor requirements which are stemming from the needs of 

commercial whole-body MRI magnets.

3. Design of whole-body MRI magnets

In this section, the major mechanical and electromagnetic characteristics of whole-body 

MRI magnets will be illustrated in terms of 1.5 tesla scanners. The 1.5 tesla whole-body 

scanners represent roughly 75% of all superconducting scanners produced in recent years. 

Magnetic fields in coils, forces, stresses, and energy in the 3 tesla whole-body magnets will 

be significantly higher. The force as well as the stored energy is roughly proportional to the 

square of center field while the peak magnetic field in coils and the stresses depend on the 

particular design.

A multi-coil configuration is typical for magnets up to 4 tesla [7]. As a first approximation, 

the number and position of coils in multi-coil design, as well as the total amount of 

conductor can be determined using parametric relations derived in [10] in function of coil 

envelope and field-of-view. The analysis below allows us to delineate and compare 

requirements for wide bore MRI magnets with different options.

Parametric analysis was carried out for the typical uniformity of MRI magnets of 10 ppm in 

45 cm DSV (diameter spherical volume). The 5 gauss field is located 4 m axially and 2.5 m 

radially from the iso-center of the magnet. Two options of the coil inner diameters (ID) are 

evaluated: 90 cm and 100 cm. The former option can be considered as a reference point for 

the whole-body magnet designs with 60 cm patient bore, while the scanners with the larger 

70-cm patient bore are illustrated by superconducting coil ID of 100 cm. We consider 

magnets with average current densities over the coil winding of 100 Amp/mm2 and 150 

Amp/mm2. Although superconducting magnets with such parameters do not represent any 

particular commercial configuration, the analysis is helpful for understanding of the trends 

and trade-offs.

In order to deliver the required uniformity, actively-shielded superconducting MRI magnets 

must have at least 8 coils (Figure 1). Ultra-short magnets may require more than eight coils. 

MRI magnets consist of a set of so called Main coils, six symmetric coils in a typical eight-

coil configuration. Two Shielding coils reduce stray magnetic field to a specified level; the 

current direction in the Shielding coils is opposite to that in the Main coils. The Main coil 1 

usually experiences the highest peak field, forces and stresses as compared with other coils. 

Shielding coils often have the highest magnetic hoop stress.

Electromagnetic analysis demonstrates that the peak magnetic field on conductor in a 1.5T 

magnet is above 3 tesla, both parallel and perpendicular to the main magnet axis. In shorter 

magnets, the peak field may increase to 4.5 tesla or even higher. Figure 2 shows that the coil 

height, and, hence, the peak magnetic field (Figure 3), increases significantly when magnets 

become shorter. Reduction of the current density has little effect on the coil width and 

location while the coil height is in reversely proportional to the current density. If the 

magnets are shorter than about 130 cm for the required uniformity and stray field, the coil 

height and magnetic field grow fast, typically more than 0.1 tesla of the field increase per 1 
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cm reduction of the magnet length. Even in longer magnets with reduced bore diameter, the 

peak field is above 2.5 tesla unless a coil geometry is chosen that significantly extends 

(spreads) its axial dimension, and the design moving closer toward compensated solenoids 

used in UHF magnets. For long magnets, reduction of the current density from 150 

Amp/mm2 to 100 Amp/mm2 helps in the field reduction by about 0.25 tesla.

Conductor in MRI magnets operates at high compressive and tensile stresses. Typical tensile 

stresses–such as hoop stress - are 50 to 100 MPa. Compression stresses of 20 MPa are not 

unusual. The coils may experience even higher local stresses. The hoop stress is roughly 

proportional to current density Javg. If not constrained by an external support, the hoop 

stress in the shielding coils may be a factor of two higher than in the Main coils. Reduction 

of the bore size has relatively small effect on the hoop stress in the Main coils while it allows 

a significant reduction of the stress in the Shielding coils adding challenges to design of the 

actively-shielded magnets. Note that there are design approaches that minimize or even 

eliminate the tensile stresses during magnet operation. Still, the tensile stress in conductor is 

unavoidable during coil manufacturing.

Figure 4 shows conductor length necessary to build the magnet, and conductor needs for the 

larger Main coil #1 and Shielding coil. Note that conductor for shorter coils require more 

superconducting material (larger superconducting cross-section) due to higher field on 

conductor. Conductor weight is estimated in assumption of a copper stabilized conductor. 

The conductor length requirements will be discussed in detail in section 4.7.

The whole-body MRI magnets store a rather high energy of 2 MJ minimum (Figure 5). For a 

given uniformity, the energy is approximately proportional to cube of the coil bore while the 

magnet length and current density have little effect. Efficient configurations have high heat 

loads of 5 to 10 J/gm where the heat load here is defined as a ratio of stored energy to 

conductor mass. For magnets operating at 20K or lower temperature, such heat loads 

correspond to an average quench temperature in the magnet of 80K to 90K. Unless properly 

protected, the magnets may be damaged during quench. All coils must be fully resistive 

within few seconds after initiation of quench, see the detailed analysis in section 4.3. 

Efficient quench protection is one of the most challenging requirements to the whole-body 

MRI magnets made of MgB2 or HTS.

The parametric analysis above assumes the most cost-effective MRI configurations, with a 

number of rectangular cross-section superconducting coils, Figure 1. Within each coil we 

assume a uniform distribution of current. This means that the distance between current-

carrying elements (superconducting filaments or tape) is small compared to the coil size. 

Although typical for commercial MRI magnets, this configuration is not the only option. 

Conductor length constraints, challenges in force transfer, limitations on the peak field or 

quench voltages may force the magnet designers to consider other configuration options. For 

example, the 11.7 tesla Iseult magnet [16] uses 170 double-pancakes (DP) in the main coils. 

Separation between the DP coils varies to provide the highest uniformity. Other very-high 

field magnets, 7 tesla and higher, often utilize very long main solenoids and a number of 

compensation coils. Specialty magnets may use cold or warm iron to minimize the amount 

of conductor, as seen in Paramed’s 0.5T MgB2 OpenSky scanner [17] that uses the DP coil 
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configuration as well. While addressing certain technical challenges, these options result in 

either higher cost, or reduced performance (such as reduced field-of–view).

4. Conductor requirements, challenges and opportunities

In this section, we will derive conductor requirements from the magnet constraints. Certain 

descriptions and requirements are to a large extent rooted in the traditional, mature, NbTi-

based multi-coil magnet configuration that was optimized for commercial whole body MRI 

magnets. Such design solutions can naturally serve as a starting point and a basis for any 

benchmarking. Below we will also discuss alternative magnet design and conductor options.

The HTS and MgB2 conductor technologies offer new opportunities and also introduce new 

constraints. These opportunities and constraints may offer additional options to be 

considered for non-traditional approaches presently not used in commercial NbTi magnets. 

However, for an alternative HTS / MgB2 (non-NbTi) magnet configuration to succeed in the 

very competitive commercial marketplace, its merits and trade-offs must compare favorably 

with the existing, proven, cost-effective and well-established solutions. Obviously, conductor 

development and development of the magnet technology for a new conductor type should go 

side-by-side. Differences in solutions for various design areas between NbTi and MgB2 / 

HTS-based MRI magnets are illustrated in Table 3 and will be discussed below.

4.1 Magnet uniformity

In order to provide high-quality images, MRI magnets must generate magnetic fields with 

very high temporal and spatial uniformity on the order of several parts-per-million (ppm) 

over the whole imaging volume. In typical commercial 1.5 T and 3 T magnets, the field 

uniformity is on the order of 10 ppm peak-to-peak in about 45 cm diameter volume, Table 1.

MRI system designers may trade off a reduced image volume and system compactness either 

at a penalty of longer scanning time that assumes, for example, multiple scans to achieve 

complete extended coverage, or limit system application to dedicated examinations such as 

brain scanning. The reduced imaging volume, however, has typically a minor effect on 

conductor requirements including peak field, critical current and conductor length, when 

compared for a fixed coil envelope. The multi-coil configuration (Figure 1) is the most cost-

effective option for compact, high-uniformity scanners. Disadvantages of this option may 

include higher peak field, high compression stresses and tight positional tolerances.

Positional tolerance is one of the major manufacturing challenges. All coils need to be 

wound within a pre-manufactured pocket - whether such pocket is an integral part of the 

former, or used as an off-line tool - with a precise number of turns. Typically, the 

accumulated misplacement of a turn in the coil pocket needs to be half-a-turn width or less. 

This means that tolerances on conductor dimensions should be on the order of ±10 micron. 

The current needs to be evenly and predictably distributed within conductor. The current 

distribution should not change over time: the latter might be influenced by external effects 

such as shimming, a change in the background magnetic field caused by moving objects, or 

the effect of gradient coils. The above requirements mean that a conductor with twisted 

filaments is a preferred option for MRI.
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The presence of magnetic materials in conductor is undesirable. The magnetic materials may 

result in high local stresses in conductor, they cause degraded, unpredictable uniformity and 

magnetic field drift.

One issue of HTS MRI that is absent in traditional LTS magnets, is screening currents which 

are induced in wide superconducting tapes during ramp. It is known that the screening 

currents in NMR with inserts made of HTS tape may significantly degrade NMR 

performance [18], [19].

The long decay time of the screening currents means that an installed MRI magnet would 

require periodic post-installation re-shimming when the harmonics from decaying currents 

start to diminish. The issue may be handled, for example, by providing sufficient capacity of 

shimming coils embedded into the gradient coils, which obviously impacts complexity and 

cost of the scanner as they need shimming to be adjusted as the screening currents decay.

4.2 Persistence

The typical guaranteed long-time field decay in MRI magnets needs to be less than 0.1 ppm/

hour. This means that the center field will not degrade by more than 0.088% per year. Higher 

field decay will result in frequent needs to re-ramp the magnet which will incur higher 

operating cost in a commercial environment.

The total voltage across the magnet U and the total resistance of the circuit Rc may be 

estimated as:

(1)

where decay is the field decay (in ppm per hour), Emagnet is the magnet energy (in mega-

joules) and Io is the magnet current (in Amps). For a whole-body 1.5 T scanner, Emagnet is 

on the order 2 to 3 MJ (Figure 5). Assuming an operating current of 500 Amp, the total 

voltage drop across the magnet will be less than 0.3 micro-volt, and the total circuit 

resistance will be below 0.5 nano-ohm.

There are leading two mechanisms of long-term field decay in persistent magnets:

1. Field decay due to resistance of joints;

2. Field decay in the conductor due to non-sharp transition from superconducting to 

the resistive state.

From the estimate above, the resistance of individual joints must be less than 10−11 ohm. 

Joints in MRI magnets are typically expected to operate in a background field of up to 0.5 

tesla in 1.5 T magnets, and up to 1 tesla in 3 T scanners. Shielding of the joints, although 

feasible, increases the magnet cost.

The voltage drop across conductor may be expressed as
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(2)

where V is the voltage drop across a sample, Vc is the voltage criterion (typically, 1 micro-

volt/cm), I is current and Ic is the critical current at given field and temperature, index N is 

the best-fit value for the current-voltage curve.

The index N (or N-value) depends on superconducting materials. While the N-value is 

ultimately limited by the depth of the individual fluxon pins (related to flux creep) in 

otherwise perfect materials, extrinsic limits like filament sausaging may also play a role. 

[20]. For NbTi the index N is typically above 40 at background fields below 7 tesla. In HTS 

materials, especially when operated at higher temperatures, the relative pinning strength is 

comparatively lower as compared to the thermal activation, which leads to flux creep, but 

extrinsic limitations on N may be just as important ([21] and references there), especially at 

low temperatures. The N-value in HTS conductor is often below 30 and in some cases 

degrades to less than 20 at a relatively low background field of 0.5 tesla. The N-values in 

HTS vary dramatically not only due to physical factors such as field, temperature and 

orientation but from vendor to vendor even for similar conductor types.

From Eq. (2), reduction of the guaranteed N-value by a factor of two requires operation at a 

current I/√2, or about 30% lower to achieve the same low voltage drop (or the magnet field 

decay). Due to significant variability of the field across the coils, it is difficult to estimate the 

effect of N-value on the voltage drop in the actual magnets. The curves are not universal and 

should be calculated for each particular magnet and conductor configuration. For 

conduction-cooled and MgB2 / HTS magnets, additional factors must be considered such as 

possible temperature variability. Because most of the decay occurs in small areas with the 

highest field, only guaranteed N-values should be used. Figure 6 illustrates a reduction of the 

operating current needed to ensure a specified field decay for a particular magnet 

configuration. If the N-value is 30, this magnet can operate at 65% of Ic. If the N-value is 

15, the magnet must operate at no more than 40% of the critical current in order to meet the 

field decay requirements.

As an alternative to relying on future success in HTS joint development, resistive joints used 

in conjunction with a highly stabilized current supply may be an option. The introduction of 

embedded leads for external quench dump goes hand in hand with this approach. This 

approach is presently avoided in commercial LTS MRI magnets. The high-stability supplies 

are expensive. Although adequate for some routine MRI applications, the field stability in 

driven magnets is inferior to persistent magnets. In addition, the loss in high-current leads 

will put additional load on the cryogenic system, especially in cryogen-less configurations. 

Use of filtering components, e.g. like that used by the 11.7 tesla Iseult circuit [22] may help 

alleviate cost increase from the high quality power supply.

4.3 Stability and quench protection

Conductor stability is one of the key drivers in the LTS magnet design, forcing solutions that 

limit potential frictional movements at conductor and coil interfaces to a several-micron 
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level. Dramatically increased enthalpy and temperature margins in HTS / MgB2 conductor 

results in the increase of the minimum quench energy by several orders of magnitude. 

Therefore, the conductor micro-motion or other small-scale mechanical effects should not 

cause accidental quenches of the HTS / MgB2 magnets. In the indirectly-cooled magnet 

configurations, different stability-related issues come forward, such as control of external 

heat input sources from leads and switches, or losses due to low-level index N. However, 

limits on winding tightness and positional tolerances must still be imposed by perhaps more 

relaxed but no less important factors: a) shimmability; b) efficient through-the-coil 

conduction in cryogen-free magnets; c) displacements control in HTS conductors - stress 

sensitivity of oxide conductor requires special control of stresses, including axial and hoop 

stress in pancakes. Together with the different coil topology options, change in requirements 

on positional displacements may enable structural options not employed in LTS MRI 

magnets.

Although HTS / MgB2 conductors are stable and should not quench without significant 

external influence, there is always a possibility of unfortunate events that may cause the 

magnet to quench. These include, for example, failure of the cryogenic system, local 

overheating due to interaction of the scanner components, personnel errors or hardware 

malfunctions.

In addition, patient / personnel safety requires a possibility for fast shut down of the magnet 

within typically less than 30 seconds [23]. A forced magnet quench is a typical method for 

the fast ramp down, with all or most stored energy released within the cryostat. Present 

clinical MRI magnets rely on a passive quench detection/protection system that spreads the 

energy by initiating secondary normal zones in multiple coils.

Obviously, the magnet must not be damaged or show performance degradation in case of 

quench. Even a remote possibility of magnet damage at a hospital installation is 

unacceptable for commercial scanners. The properties of HTS / MgB2 conductors, while 

including improved stability, have other aspects that create challenges for the quench 

protection of the MRI magnets, especially for efficient commercial configurations with 

stored energy above 0.5 MJ and the average current density above 100 A/mm2. Slow normal 

zone propagation3 increases the quench detection time and the protection activation time 

which poses a danger of local overheating at the quench origin, before the quench protection 

system can have the opportunity to react.

Let us use the adiabatic MIIT criterion to estimate the maximum protection time in the 

magnets with passive protection, i.e. the time necessary to reduce current to zero or a close 

value:

(3)

3The normal zone propagation velocity in adiabatic conditions Vnz ~ Javg /(C·ΔT1/2)·(ρ·k)1/2 where ΔT = Tc−Top, Top is the 
magnet operating temperature, k is thermal conductivity. Vnz in HTS / MgB2 is two orders of magnitude or more lower as compared 
to NbTi due to high specific heat C at higher operating temperature and high Tc.
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Here C and ρ are the specific heat and resistivity of the conductor, To and Tmax are initial 

and the maximum acceptable conductor temperature at the hot-spot location, J is the current 

density distributed evenly in the conductor cross-section, and to is quench time when current 

is zero.

The adiabatic MIIT criterion provides a reasonable estimate of the peak temperature in the 

flat central area of the normal zone profile, where conduction to the adjacent parts of the coil 

can be neglected, and the joule heat generated in conductors is absorbed by coil enthalpy 

alone [24]. In (3), we use enthalpy of the bare conductor only, while additional insulating 

and structural components in certain coil configurations can substantially add to the total 

heat absorbing capacity. Therefore, our estimates below may represent conservative values.

For simplicity, we assume that current remains constant from time zero to to. Then, the right 

integral in Eq. (3) is equal J2 × to. The available time to is driven by low-resistivity 

stabilizing material in the conductor. Examples of the stabilizer include copper or the use of 

a sheath material (such as Glidcop) with a higher thermal conductivity and lower electrical 

resistivity [25]. The values of the left-hand integrals are given in [26] for a variety of 

materials. For OFHC copper with the residual resistivity ratio (RRR) of 100 and Tmax equal 

to the room temperature, the integral is equal to about 1.5×1017 sec_Amp2/m4. The integral 

is significantly lower for higher-resistivity materials: the integral is on the order of 1015 

Amp2_sec/m4 for NbTi and materials used in HTS conductors.

Assuming that the low-resistance shunting materials occupy only half of the cross-section, 

the quench time must be less than

(4)

Eq. (4) gives the quench time of up to 2.2 sec for J = 150 Amp/mm2, and 5 sec for J = 100 

Amp/mm2. This timing is consistent with results of the detail quench analysis for MgB2 

coils [27]. The latter reference shows that time to reach the room temperature is on the order 

of 2–3 seconds at J = 175 Amp/mm2
, and that available quench time is significantly shorter 

if the fraction of stabilizing material is smaller. The quench time includes quench detection, 

activation of the protection circuit, propagation of the normal zone through the whole or 

majority of the coil cross-section, and current decay. For the internal passive protection, the 

conductor shall be designed to withstand - in adiabatic conditions - the full operating current 

for about twice the quench time to without overheating above 100°C and any performance 

degradation of either conductor or the coil.

Passive quench protection may not be feasible for the MgB2 / HTS whole-body magnets. 

The latter units may require an external energy dump due to inability quickly and effectively 

spread the secondary zones. With the external dump, embedded leads become a necessity. 

The magnet design will need to accommodate high voltage on the order of 1 kV driven by 

fast evacuation of the stored energy over 2 MJ for the 1.5T whole-body magnets. If the 

magnet is designed to operate in the persistent mode, such high voltage across the leads 
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creates significant challenge: it requires either very high-resistance, large-volume switch, or 

ability of the switch to carry significant currents well over 10 Amp while open (in resistive 

mode). All these features create extra complexity and cost of the clinical system with added 

external cables and dump resistor components.

The no-insulation approach [28] is successful for quench protection in relatively small HTS 

magnets with stored energy below 1 MJ. The no-insulation approach, however, may have 

significant disadvantages if used in commercial MRI magnets. Such magnets may require a 

very long ramp time and have long settling time. There is a high potential for screening 

currents to affect uniformity. Interaction with gradient coils may cause uniformity drift or 

even quench.

4.4 Conductor shape

The use of wider tape -the only viable configuration for ReBCO - instead of the traditional 

NbTi wire has significant implications in MRI design. It impacts coils topology, support 

structure and manufacture process. With the layer winding, one would need to overcome 

challenges of the long conductor lengths, long interlayer transitions and provide extra spaces 

to accommodate large radii of coil in/out leads while the pancake coils would involve 

multiple inter-pancake joints at the coil outer diameter (OD). With the pancake approach, 

one can see a potential of coil topology switching from the traditional 8-coil multi-coil 

design to multiple pancakes or pancake blocks. In order to deliver required homogeneity, 

such pancakes/blocks would be strategically distributed axially, spaced apart and separated 

by spacers that support inter-pancake forces [22], [29].

4.5 Insulation

Conductor insulation is one of the critical issues that drives the design of the magnet. 

Reliable, high-quality, low-cost insulation must be compatible with the coil winding process 

and cryogenics. Commercial NbTi wires use two types of insulation: approximately 40-

micron thick varnish, typically formvar, and braid. Both varnish and braid are continuously 

applied to the conductor. Varnish is a mature, cost-efficient, high-strength insulation (BDV 

over 3 kV [30, part 3]). During varnish application, the wire is heated–although for a short 

time–to temperature above 400°C. This process must not result in the conductor damage or 

degradation of superconducting properties. Formvar is a low thermal class material (class 

105). This means that any exposure to temperature above 130°C may result in the insulation 

damage [30, clause 1.8]. Formvar-insulated wire can be used in epoxy-impregnated coils if 

the epoxy temperature does not exceed 120°C during application and curing. The latter may 

preclude the use of formvar-insulated conductor in the vacuum-impregnated coils (VPI) that 

are typically cured at temperature close to 200°C. Low thermal resistance formvar-insulated 

wire is a preferred material for use in conduction-cooled magnets that do not carry liquid 

cryogen. However, quality of varnish insulation deposited over conductors with irregular, 

non-smooth cross-sections (e.g. wire-in-channel (WIC), HTS tapes with sharp corners, etc.) 

may present significant challenge not faced by monolith round or rectangular conductors.

The wire-in-channel conductor typically uses a polyester braid insulation, about 150-micron 

thick. The braid is essentially a separator; its breakdown voltage (BDV) is typically less than 
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1 kV. The braid-insulated conductor can be used in dry- and wet-wound coils, and in VPI 

coils. The high thermal resistance of the braid is disadvantageous for the cryogen-less 

magnets, unless the braid is substantially permeated by epoxy with high thermal 

conductivity.

HTS and MgB2 conductors often use kapton tape insulation. The tape, although acceptable 

for relatively small magnets, has relatively low guaranteed breakdown voltage: unavoidable 

insulation gaps between turns of the tape may result in electrical shorts and even damage of 

the magnet.

Conductor insulation must be selected to be consistent with the magnet protection. If the 

conductor is insulated, the insulation must be designed for the inter-layer voltage of several 

hundred volts. The hot spot temperature during quench may be up to 100°C. This high 

temperature must not cause any magnet damage or performance degradation.

4.6 Refrigeration

One of key HTS benefits is the potential for different cryogenics that operate more 

efficiently at higher temperatures. The use of traditional helium bath in commercial MRI 

with new superconductors would only be accepted if they manage to directly beat NbTi on 

cost and manufacturability–definitely an uphill battle. Meaningful cooling alternatives 

include either full “dry” conduction cooling, or low-volume close loop systems that can 

tolerate Top significantly above the present 4K. The use of different, higher temperature 

cryogens, such as LH2 [7] can become a game changer at a later stage of HTS introduction 

into MRI design. Conduction-cooled magnets have intrinsic issue of ride-through limitation. 

To resolve it, the design may resort to high-enthalpy thermal batteries–an approach that has 

been explored in various applications [31], [32], [33], and which could substantially change 

topological arrangements inside MRI magnet.

4.7 Manufacturability

A low-cost, high yield manufacturing process is paramount for commercial MRI magnets. 

Any conductor must be consistent with the coil winding technology: dry, wet winding using 

epoxy, paraffin wax or other compounds, or VPI. For commercial MRI magnets 

manufacturers, a react and wind approach has significant advantage over the wind and react 

option: no coil heat treatment after winding. Such heat treatment will significantly increase 

the production time and limit cost-effective design options. In many cases, it would also 

limit manufacturing options to the assembly of individually produced off-line and then heat-

treated coils, rather than direct winding inside a common former.

To achieve a low price for commercial MRI magnets, manufacturers must assure high yield 

of the conductor. This requires low conductor breakage rate, minimum scrap, minimum 

failure in magnets. MRI magnets must meet all requirements: the magnet operation of 1% 

below the nominal field, or field decay of only 10% above specification are unacceptable.

The 1.5T whole body MRI magnets require 15 to 20 kAmp-km of conductor, with total 

weight on the order of 500 kg or more (Figure 4a). Assuming operating current of 500 Amp, 

the magnets need 30 to 40 km of conductor. The larger Main coil #1 (Figure 1) and 
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Shielding coil require a minimum of 5 km conductor each. In order to minimize the number 

of joints and reduce cost in the layer-wound coils, no more than two conductor pieces per 

coil can be used. Therefore, most part of the conductor, say, more than 70%, shall be 

delivered in lengths in excess of 3 km. The remaining conductor shall have piece lengths 1 

km or longer. Reduced piece length will increase scrap and require additional joints. The 

additional joints will increase the magnet cost and may increase the field decay. Preferably, 

all conductor should be delivered ready to be wound: no treatment, inspection or testing 

should be required at the magnet production plants. Conductor vendors must guarantee all 

properties over 100% of the conductor length including electrical, mechanical, thermal and 

dimensional specifications. It is highly desirable that the same form-fit-and-function 

conductor is available from multiple vendors.

4.8 Conductor price

Design of commercial MRI magnets is cost-driven while the magnets and scanners must 

provide the specified performance. NbTi conductor for MRI is the lowest cost 

superconducting material, priced at about $1,000 per kAmp-km of the critical current at 4 T, 

4.2 K [3]. Figure 4a shows that the total length of conductor for 1.5 T whole-body scanners 

ranges from about 15 kAmp-km for the smaller bore, longer scanners up to over 20 kAmp-

km for the wide-bore, short length scanners. In Figure 4, the operating current is considered 

rather than the critical current in conductor. Per Figure 6, magnets made of NbTi conductor 

with high guaranteed N-value of over 35 may operate at 70% of the critical current. Other 

considerations such as stability, quench protection, cryogenics may lead designers to 

operation at, say, 50% of the critical current. Therefore, the conductor price for the 1.5 T 

NbTi scanner may range from about $25k to $50k. Obviously, this is an estimate only. The 

actual conductor price depends on multiple details that are outside of the scope of this 

publication. The estimate, however, is a reasonable approximation of the acceptable price of 

HTS in large volume production.

MgB2 / HTS conductor promises to simplify cryogenics and reduce life-cycle cost by 

eliminating the need in helium and other liquid cryogens.

4.9 Conductor Specification for commercial whole-body MRI magnets

Table 4 summarizes requirements for conductors in MRI magnets. The table includes 

multiple trade-offs. For example, the N-value may be reduced if the critical current and Jeng 

are increased. Higher operating temperature will help to simplify cryogenics while it will 

cause the increase of the conductor cost. The yield strength may be reduced at the expense 

of additional structural components. The relaxed dimensional tolerances will require 

additional shimming capacity that will incur additional cost, occupy expensive space in the 

magnet bore and may cause uniformity drift. The conductor requirements in this section 

should be considered as a minimum commercially-competitive specification.

5. Non-NbTi conductor options

In this section, we consider different conductor types to see whether they can meet the 

requirements listed in Table 4. Table 5 shows a variety of conductors and their level of 
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compliance with this specification. Analyzing these conductors by this set of requirements is 

not as straightforward as it might seem at first. In most cases, the available Nb3Sn, HTS and 

MgB2 conductors are not optimized for MRI specifications. For example, MRI magnet 

designs typically call for a relatively high amount of stabilizer, either in the conductor itself, 

or added on externally. Commercially available Nb3Sn conductors are aimed at higher field, 

more aggressive applications like particle accelerators or research magnets (where 

occasional quenching is acceptable), or fusion, but in all cases the stabilizer (copper) 

fraction is intentionally much lower than that needed for MRI applications. In fact, most of 

the HTS/MgB2 conductors are designed at much lower stabilizer (copper) fractions than 

MRI conductors. Beyond this, the conductors overall size and in some cases aspect ratios 

were not chosen with MRI magnets in mind. So, below we do our best to consider some of 

these aspects and project accordingly.

We also included Nb3Sn for comparison among other non-NbTi alternatives. It should be 

pointed out that Nb3Sn coils have been considered and are presently used for high field 

(B0>7T) NMR magnets, mostly in hybrid designs, in combination with NbTi coils, where 

the additional margin that Nb3Sn provides at high fields is essential. However, it is difficult 

to advocate for use of Nb3Sn in 1.5T whole-body MRI magnets, with the peak field on 

conductor below 5 tesla. In this application, the use of Nb3Sn conductor significantly 

increases the design and manufacturing complexity and the overall magnet cost. The authors 

are not aware of any clinical ultra-high field MRI magnets that use Nb3Sn conductor, 

although Nb3Sn could have an advantage here. Similarly, Nb3Sn conductor might be 

considered in the case of a conduction cooled system where higher temperature margins are 

needed. The 0.5 T Magnetic Resonance Therapy (MRT) scanner [34] introduced by General 

Electric in 1990s is an example of the latter approach. It should be noted, however, that since 

then the substantial advances in commercial cryocoolers capacity as well as in the magnet 

design made possible today a whole-body conduction-cooled MRI magnet design with the 

traditional NbTi conductor.

Of course, there are multiple HTS, MgB2, and Nb3Sn sub-strand types and manufacturers, 

which further complicates the analysis. We have thus chosen a subset of selected (or 

representative) manufacturers, and described their most relevant conductors.

For MgB2, HyperTech Research and Columbus Superconductors are well known for 

manufacturing in-situ [35], [36], and ex-situ MgB2 [37], [38] respectively. For the HTS 

conductors, several manufacturers also exist, but the conductors selected are representative. 

A variety of Nb3Sn conductors exist, including conductors designed for fusion and high 

energy physics applications. However, for MRI use, a set of distinct but related conductors 

designated Nb3Sn Tube (HyperTech, [39]), and PIT (Bruker [40] and Supramagnetics [41]) 

are most relevant, and we choose the HTR tube conductor as representative here.

Conductor shape

All conductor types except the coated conductor and Bi:2223 are available as round or 

rectangular wire. MgB2 is available as either round or rectangular for either in-situ or ex-situ 

approaches. Bi:2212 and Nb3Sn are typically produced round, although there is no apparent 
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barrier to making them in a rectangular form. Bi:2223 and YBCO coated conductor are 

made available only as tapes, and are limited to this geometry.

Filament size

The multi-filament conductor is available for all conductor types but ReBCO. MgB2 

conductor can range be readily available at the 40 micron filaments for either the in-situ or 

ex-situ approach, although typical tape conductors from Columbus have non-round filaments 

with high aspect ratio [37], [38]. The Bi:2212 and Bi:2223 conductor have relatively larger 

filaments, for Bi:2212 this is due to filamentary bridging, for Bi:2223 this is due to 

filamentary aspect ratios. YBCO tapes are at present monolithic, and thus have very wide 

filament sizes perpendicular to the tape (and very thin parallel to it). The twist pitch values 

for all conductors are within the requirements of Table 4, except for YBCO which is 

monolithic.

Critical current Ic per Table 4 should be above 400 A at an operating temperature and 3 T. 

This is described in Table 4 in terms of the typical conductor size (for application relevant 

conductors) and the Ic at the specific conditions, and the requirement is met for all 

conductors except the ex-situ MgB2. The next criterion is for the critical current in the 

winding to be above 250 A/mm2, including the insulation and epoxy, if present. In order to 

make a fair comparison, we set the Jc reduction (or area reduction) to be 15% of the total for 

all conductors in order to calculate Je,w. This may be most accurate for low aspect ratio 

rectangular conductors. This requirement was met for all conductors except the ex-situ 

MgB2.

The yield strength requirement and piece length requirement were met for all conductors, 

and the N-value requirement was met for all conductors except Bi:2212 and Bi:2223 

conductors. Only the MgB2 conductors are typically magnetic as now manufactured, 

although it is known that non-magnetic versions of these conductors are under development. 

This magnetic response is relatively slight, and comparable to the magnetization from the 

superconducting filaments themselves.

The requirement for minimum bending radius is < 50 mm. When discussing this 

requirement, it is important to discuss whether the conductor is to be used in a Wind and 

React (W&R) or React and Wind (R&W) mode. For YBCO and the ex-situ version of 

MgB2, the conductors are only supplied after reaction. On the other hand, YBCO tape has 

aspect ratio (width : height) and thus has an easy and hard bend direction, the easy direction 

is listed in Table 5. The minimum bending requirement is met outright only by YBCO and 

only assuming bending is the easy direction which creates certain limitations in 

manufacturing options for layer-wound coils. The minimum bending radius for ex-situ 

MgB2 is within 20% of this mark, but again, only in the easy bending direction. The in-situ 

approach for MgB2 can only meet this requirement is used in a W&R mode. It is worthwhile 

to mention that this requirement is driven not by the coil size (the bending radius of which 

all these conductors could meet), but by end-of coil handling (coil leads). If the approach to 

coil terminations is modified, this constraint could be relaxed, and most of these conductors 

would meet specification, and all would be usable in R&W mode.
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Quench protection

Here we have re-cast this in terms of how many seconds of operation (under full current) the 

conductor has after a quench initiates before it reaches 100 °C locally. We have used a 

simple approach [49] to give a first cut answer to this problem, where Z/Jeng
2 = τ(Am/Acd), 

where Am is the area of the matrix and Acd is the total cross sectional area of the composite. 

In case that a significant amount of copper stabilizer is used, Z = 105 A2s/mm4, and from 

this we can calculate τ. It is in this requirement that most conductor fall short, as fabricated, 

as can be seen by the values given in Table 5. On the other hand, this should not be a 

surprise, since the NbTi conductor which is presently being used for MRI has been 

specifically designed with this parameter in mind. For NbTi conductors, two different 

approaches are used. Both approaches were proposed by J. Stekly in early1960s and assume 

the use of significant amount of a low-resistance, high thermal conductivity stabilizing 

material such as copper or aluminum [50]. In the first approach of the monolith conductor, 

the NbTi wire itself is designed to incorporate a relatively large amount of copper, enough to 

increase protection time to the needed level. In the second wire-in-channel (WIC) approach, 

a NbTi conductor with a relatively low fraction of copper is embedded in a copper channel, 

and the composite conductor reaches the needed Cu fraction for magnet protection.

Such modifications have not been made to production conductors in Table 5 (except Nb3Sn). 

However, the manufacturers should be able to add the needed amount of copper, either by 

the WIC approach, paralleling that of some NbTi conductors, or by soldering a copper strip 

onto a rectangular strand (e.g., MgB2 strand), or by electroplating onto the starting 

conductor as is typically done for YBCO. In this case, the question then becomes how much 

is Je,w degraded by this process. We have chosen to approach this by adding enough 

stabilizer to hit the minimum Je,w target given in Table 4, and then calculate the resulting 

time for protection, and the value is given in Table 5. Most of the conductors fare well in this 

process; the one exception is ex-situ MgB2 (although in-situ MgB2 fares well).

Persistent joints are routinely available for Nb3Sn conductor to be used in commercial NMR 

magnets. There are reports describing successful joints for MgB2 conductor, for example 

[51] – [53]: The MgB2 joints, however, still require significant development to be acceptable 

for commercial production environment. In particular, the yield of successful joints shall be 

above 95% minimum. Repeatable and reliable persistent joints for Bi:2212, Bi:2223, or 

ReBCO conductors had not been developed yet although there are reports describing 

successful attempts, for example [54].

If we exclude cost from consideration, it would seem that in-situ MgB2, YBCO, and Nb3Sn 

come closest to meeting the needed specifications for a 1.5 T, 4 K MRI. Ex-situ MgB2 falls 

short in Ic and Je, suggesting it is better suited for lower field MRI. Bi:2212 and Bi:2223 fail 

to meet the N-value specification, although of course they can be used either with active 

power supplies or by operating at a relatively low fraction of I/Ic–but these are typically 

undesirable and costly choices. The tube type (and by extension PIT type) Nb3Sn meets all 

requirements, except minimum bending radius in R&W mode. Thus it can be used either in 

the wind-and-react (W&R) mode which incurs an additional magnet manufacturing cost, or 

used in the react-and-wind (R&W) mode with modifications to the approach to terminations. 

In situ MgB2 is in a similar position as Nb3Sn, meeting all requirements except requiring 
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either use in W&R mode, or a use I R&W mode with a modification the approach to coil 

terminations. YBCO meets most requirements, but does have the significant disadvantage of 

a lack of persistent joint technology.

In the above discussion, we have limited ourselves to the technical aspects of the conductors, 

but have ignored costs. However, when these considerations are added, it is clear that given 

that YBCO coated conductors are presently 10–20 times the per meter cost of MgB2 or 

Nb3Sn, these conductors have a significant disadvantage which can only be overcome by a 

huge reduction in cost for YBCO. This coupled with the lack of persistent joints for YBCO 

suggests that the conductors which best fit the 4 K, 1.5 T application space (besides NbTi) 

are in-situ route MgB2 and powder-in-tube (PIT) or Tube type Nb3Sn. These conductors 

bear a more detailed examination against NbTi for this application, where the potential for 

cost benefits of conduction cooling mode are weighed in.

6. Conclusion

We outlined conductor requirements for commercial whole-body MRI magnets and 

evaluated possible conductor options. From a technical point of view, none of the HTS or 

MgB2 conductor meets the minimum specification for commercial MRI magnets at the 

moment. For some conductors, MRI specifications will be difficult to achieve in principle. 

For other, cost is a key barrier. In some cases, the prospects for developing an MRI-ready 

conductor are more favorable, but developments are still needed.

In the development of MRI-specific designs, quench characteristics, i.e. the conductor ability 

to carry significant currents without damage while in the resistive state is the common issue 

that must be addressed. It is shown that any conductor type for use in the whole-body MRI 

magnets requires a significant amount of a low-resistance stabilizing material such as copper 

to be added. The stabilizer is likely to occupy at least 50% of the conductor cross-section.

Selection of a proper insulation that is compatible with the coil winding process and 

cryogenic approach is another challenge. A mature, high-quality, low-cost formvar-type 

varnish insulation is a preferred insulation, especially in the cryogen-less magnets.

The development of MRI-specific designs and proven long length and quality of the non-

NbTi conductor is required before MRI producers will decide to consider alternative 

materials for commercial MRI scanners. The worldwide production of an alternative 

conductor should exceed 100 tons a year to be seriously considered as NbTi replacement in 

commercial MRI magnets. The same form-fit-and-function conductor shall be available 

from multiple vendors. Conductor manufacturing technologies that guarantee specified 

properties over 100% conductor length need to be developed.

The in-situ MgB2 conductor is, perhaps, the closest to commercial MRI requirements. This 

conductor still needs developments including but not limited to development of an MRI-

specific conductor design which is properly stabilized, affordable, and commercially 

available in long lengths. MRI manufacturers prefer conductor that does not require 

processing after winding.
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Conductor technology is an important but not the only issue in introduction of HTS / MgB2 

conductor in commercial MRI magnets. These new conductors, even when the meet the 

above requirements, will likely require modifications in the magnet technologies. Efficient 

technologies shall be developed including efficient winding technologies, reliable passive 

quench protection with fast detection of the normal zone and prompt current decay, 

superconducting joints, thermal switches that are compatible with HTS / MgB2 and can 

operate at elevated temperature. Refrigeration should be optimized for HTS / MgB2 

conductor: lower operating temperature results in lower conductor cost, while increasing the 

refrigeration cost.

Finally, the eventual acceptance in the marketplace of the new conductors for MRI magnets 

will be to large extent determined by the impact that new magnet technology has on the total 

life cost of new systems for their clinical users. That includes cost of magnet components 

(superconductor being primary one), cost of manufacture, and cost of service of the installed 

scanner with the account of impact of its cryogenics.
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Figure 1. 
Coil configurations for MRI magnets

Abbreviation: ID-Length-Javg, where ID is inner diameter of the Main coils (cm), Length is 

the length of all coils and Javg is the average current density (Amp/mm2)
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Figure 2. 
Width and height of the Main coils #1 vs magnet length, warm bore diameter and current 

density. “Length” here is specified as the axial distance between superconducting coils. The 

“length” does not include cryostat.

Parizh et al. Page 25

Supercond Sci Technol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Peak magnetic field and radial field in the Main coils #1 vs magnet length, bore diameter 

and current density.
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Figure 4. 
Conductor length requirements
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Figure 5. 
Stored energy vs length
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Figure 6. 
Operating current vs. N-value
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Table 1

Typical parameters of commercial whole-body MRI magnets

1.5 tesla 3 tesla

Length (including cryostat)1) 125 to 170 cm 150 to 180 cm

Patient bore 60 cm (standard bore) and 70 cm (wide bore)

Warm bore 82 to 93 cm

Outer diameter (including cryostat) 180 to 210 cm 180 to 210 cm

Design uniformity, 10 ppm peak-to-peak in ellipsoid 2) • 30 cm to 45 cm axial direction

• 45 cm to 55 cm in radial direction

Stray field envelope - 5-gauss line (Z × R) 4 m × 2.5 m 5 m × 3 m

Long-term field decay <0.1% field loss a year

Notes:

1)
In further analysis, we assume that the cryostat length is 20 cm longer than the superconducting coils, and the outer diameter of the cryostat is 20 

cm larger than the outer diameter of the coils. Although these lengths depend on the magnet design and cryogenic approach, the values above are 
within a typical range.

2)
The design uniformity in Table 1 assumes fully-shimmed magnet. Shorter magnets may have reduced field of view, especially in the axial 

direction.
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Table 2

1.5 tesla and 3 tesla demonstration smaller-bore HTS magnets

Reference [11] [12] [13]

Organizations Industrial Research LTD, 
HTS-110 LTD (New Zealand)

Sumitomo, Kobe Steel, Kyoto 
University (Japan)

Mitsubishi, Kyoto and 
Tohoku Universities (Japan)

Application Ortho Brain Animal size demo

Center field, T 1.5 3 2.9

Inner diameter coil, cm 27.6 ~60 32

Outer diameter coil, cm 39 estimate1 81 42

Length coil, cm 35 estimate 97.2 45

Stored energy, kJ 33 estimate 2,300 250 estimate

Peak field, T 2.2 to 2.5 5.0 4.2

Current, Amp 125 ? 185

Average current density, A/mm2 120 estimate 100 estimate 139

Conductor YBCO tape Bi-2223 tape ?

Operating temperature, K 20 20 20

Conductor use, kAmp-km 0.62 8.3 1.8 estimate

Winding type Double pancakes Layer-wound, impregnated Double pancakes

Operating mode Driven mode Driven mode
1 ppm/hr @ 1.5T

Driven mode

Uniformity 40 ppm @ 12 cm DSV 5 ppm @ 25×25×20 cm 1.7 ppm @ 10cm VRMS

Stray field (5 gauss, Z × R) 2.7 m × 2.1 m (no yoke) Unshielded 4.0 m × 3.2 m

1
“Estimated” parameters in Table 2 are results of reverse engineering carried out by authors of this manuscript. The estimated values were not 

explicitly provided in the original publications.
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Table 3

Design solutions in commercial NbTi-based MRI magnets and potential approaches for MgB2 / HTS MRI2

Areas of design Present commercial MRI MgB2 / HTS MRI

Conductor * NbTi/Cu, round or rectangular
* Graded btw coils and/or layers
* Isotropic Ic

* MgB2 (round); Bi2212 (wire), ReBCO and 
Bi2223 tapes
* Tape graded between pancakes due to Ic 
anisotropy

Coil topology * Multicoil design (8 is common)
* ΔR/ΔZ ≪1 pursued to lower Bpeak

* Option: axially distributed pancakes;
* ΔR/ΔZ>1 in pancake design

Coils manufacture & assembly * Layer winding; epoxy-filled coils
* Wound into formers, or in former modules

* React and wind (R&W) or wind-and-react 
(W&R)
* Modular pancakes with ReBCO

Joints * Superconducting, R<10−11ohm each * Future developments with R<10−11ohm, or
* Resistive, with high-stability power supply

Formers * Multi-pocket, or modular assembly
* No thermal contact w/coil required

* Require thermal connections in conduction 
design

Intra-coil stress support * Axial: through conductor / coil bulk
* Hoop: by copper and/or overwrap

* Hoop: reinforcement strip in HTS conductor

Inter-coil force management * Transfer to formers via flanges or OD/ID * Axial force transfer through pancakes

Quench protection * Passive detection; internal protection
* Heaters in coils start secondary zones

* Active detection option
* External high voltage dump

Current leads * Insertable, or
* Embedded, permanent

* Permanent, to allow external dump

Cooling * Coils is helium bath; require He vessel
* Minimized used helium volume

* Conduction cooling
* Convective loops / heat pipes
* Higher temp. cryogens, e.g. LH2

* Thermal battery for ride-through

Shimming * Passive ferromagnetic shims on trays
* Hybrid, with superconducting shim coils

* Passive ferromagnetic shims
* Compensation of screening currents

Magnet-gradient interaction * More pronounced at B0≥3T, with strong gradient coils * Less sensitive due to higher margin and better 
accommodation of extra heating

2
The Nb3Sn conductor is discussed in Section 5
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Table 4

Conductor Requirements for 1.5 T whole-body MRI magnets

Property Preferred requirements

Conductor shape Round or rectangular wire (not cable)

Filaments Multi-filamentary, twisted, <100 mm pitch

Critical current >500 Amp at 3 tesla and operating temperature

Jc_eng, Amp/mm2 >250 Amp/mm2 at 3 tesla and operating temperature. Jc_eng here includes insulation4

N-value >25 guaranteed over 100% length

Yield strength @ Rp=0.2% >100 MPa

Bend radius <50 mm, no Ic degradation

Quench performance From LN temperature, the conductor shall be able to carry full current for time 105 Amp2_sec/mm4/
Jeng

2 without overheating above 100°C

Magnetic materials None (target). If magnetic materials are used, these materials must have predictable and consistent 
properties over the whole length

Insulation (if used) Continuous (braid or varnish). Break-down voltage (BDV) > 500 V

Processing Target: No processing / heat treat after winding

Dimensional tolerances Less than ±10 micron

Total length, km 20–30 km per magnet

Piece lengths (for layer-wound coils) 70%: more than 3 km
Minimum piece length: 1 km

4
Jc_eng is an average (engineering) current density at critical current. Jeng is the current density at the nominal current of the magnet.
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