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1. INTRODUCTION 
 

Nuclear magnetic resonance (NMR) is used in nuclear 

magnetic resonance spectroscopy, which is a useful 

method to determine the structure of molecules. NMR is 

widely used such as in drug discovery and development for 

pharmacy, protein structure analysis for biochemistry. For 

a better NMR spectroscopy performance, the main 

research and development (R&D) direction of NMR is to 

produce higher magnetic field to produce higher MR 

frequency which is actively being conducted by various 

institutes [1 – 7]. 

In a view of biomedical applications, a “Multi-bore 

NMR” concept has been proposed, which is array of NMR 

magnets in purpose to perform multiple NMR 

spectroscopies simultaneously [8]. This method is 

expected to deliver potentials to quickly cope with 

pandemic virus such as COVID-19 by multiple inspection 

of virus samples. The multi-bore NMR concept requires 

mass production of the superconducting magnet where 

LTS magnets are of potential candidates due to its merits 

over the HTS counterparts in its relatively lower 

fabrication cost. The operation cost of LTS magnet, usually 

recognized high owing to the increase of liquid helium cost, 

can also be lowered by adopting helium zero boil-off 

technology [9]. 

Before the normal operation, however, LTS magnet has 

to undergo various premature quenches, the so-called 

“training” [10]. It is in this operation stage where large 

liquid helium (LHe) consumption is inevitable even with 

helium zero boil-off technology. To avoid such dissipation 

of LHe, an LTS magnet with moderate size and field 

strength is designed to target a “training-free” NMR 

magnet which can make a mass production possible. It is 

well-known that 400 MHz NMR is the most widely utilized 

for spectroscopy due to its high price-spec ratio. But for 

multi-bore NMR application, we expect 200 MHz NMR 

has better potentials compared to 400 MHz NMR magnet 

[11] due to its: 1) > 6 times lower stored magnetic energy 

which corresponds to lower costs; 2) < 3 times volume 

resulting in higher compactness; 4) less complex 

configurations with less number of coils; 3) possible 

training-free features with lower mechanical stress. 

200 MHz NMR magnet is designed in a thorough step-
by-step manner to set as a starting point for multi-bore 
NMR development consisting four important aspects of 

superconducting magnets: 1) electromagnetics; 2) 
mechanical stress; 3) cryogenics; and 4) stability and 
protection. The magnet produces central magnetic field of 
4.7 T which is the required for a 200 MHz NMR magnet 
with the selected Supercon’s NbTi MR24 wire. To improve 
the homogeneity of the magnetic field, harmonic analysis 

was performed, and two correction coils were applied. 
Stress analysis results showed that the magnet is 
mechanically stable withstanding the high Lorentz force. 
In cryogenics section, the amount of refrigerant used was 
calculated using both perfect mode and dunk mode. Lastly, 
enthalpy margin and minimum propagation zone (MPZ) 

were dealt with through stability analysis, and post quench 
analysis indicates that the magnet can be self-protected. 
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Abstract  

 

One of the recent proposals with nuclear magnetic resonance (NMR) is a multi-bore NMR which consists of array of magnets 

which could present possibilities to quickly cope with pandemic virus by multiple inspection of virus samples. Low temperature 

superconductor (LTS) can be a candidate for mass production of the magnet due to its low price in fabrication as well as operation 

by applying the helium zero boil-off technology. However, training feature of LTS magnet still hinders the low cost operation due 

to multiple boil-offs during premature quenches. Thus in this paper, LTS magnet with low mechanical stress is designed targeting 

the “training-free” LTS magnet for mass production of magnet array for multi-bore NMR. A thorough process of an LTS magnet 

design is conducted, including the analyses as the followings: electromagnetics, mechanical stress, cryogenics, stability, and 

protection. The magnet specification was set to 4.7 T in a winding bore of 85 mm, corresponding to the MR frequency of 200 MHz. 

The stress level is tolerable with respect to the wire yield strength and epoxy crack where mechanical disturbance is less than the 

minimum quench energy. 
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Fig. 1. The magnet consists of a main coil (Coil 1) and two 

correction coil (Coil 2 and Coil 3). 

 
TABLE I 

KEY PARAMETERS OF ELECTROMAGNETIC DESIGN 

 

 
 

2. ELECTROMAGNETICS 

 

2.1. Electromagnetic(EM) Design 

The 200 MHz LTS NMR magnet consists of three coils 

connected in series. Each coil is wound by the orthocyclic 

layer winding method and impregnated with epoxy. The 

coil shape is shown in Fig. 1. Coil 1 is the main coil that 

generates the magnetic field required for NMR, and Coil 2 

and Coil 3 are correction coils added to improve field 

homogeneity. Table I shows the key parameters of the 

designed coil. The main coil was designed to have a radial 

thickness of 22.5 mm and a height of 450 mm. The inner 

radius of 42.5 mm was determined considering the room 

temperature bore diameter of 51 mm and additional radial 

space for cryostat, thermal shield, and bobbin. The total 

number of turns is 3375 for the main coil and 124 for each 

correction coil. The correction coil shape was designed for 

the purpose of attenuating secondary harmonics and is 

described in detail in the performance part. The designed 

magnet satisfies the central magnetic field requirement at 

an operating current of 505 A. The operating temperature 

is 4.2 K and the stored energy is 33.3 kJ. The current 

density was computed for each type: 1) engineering current 

density is 198 A/mm2 and; 2) filament and matrix current 

densities are 1715 and 249 A/mm2, respectively. 

 
 

Fig. 2. Electromagnetic field density distribution of the 

magnet. 

 
TABLE II 

ELECTROMAGNETIC PERFORMANCE ESTIMATION 

 
 

 

2.2. EM Performance Estimation 

For electromagnetic analysis, Comsol, a commercial 

software based on finite element method, and in-house 

Matlab code were used. The central magnetic field for 200 

MHz NMR corresponds to 4.7 T and the required field 

homogeneity is < 1 ppm. The field homogeneity without 

any correction coil was over 28 ppm, whereas after 

applying the correction coils to offset the second 

harmonics, the homogeneity performance was secured to ~ 

0.14 ppm maintaining the magnitude of the central field to 

4.7 T. Fig. 2 shows the magnetic flux density distribution.        

Since it is a solenoid type magnet, Bz has the largest 

magnetic flux density at z = 0. From the calculated 

magnetic field distribution and the LTS wire’s critical 

current data provided by the manufacturer, the minimum 

critical current of the magnet was found to be about 750 A 

at the inner most turn where the field is the maximum. 

Table II shows the parameters regarding electromagnetic 

performance. 

 

2.3. Conductor Parameter 

The superconducting wire for the 200 MHz NMR 

magnet was selected as NbTi MR 24 wire from Supercon. 

Table III shows the wire specification. The selected wire 

has a copper to NbTi ratio of 7:1 and consists of 24 

filaments. The filament diameter is 125 𝜇m, and the wire 

diameter is 1.72 mm in the bare state and 1.80 mm 

including insulation. The critical current at 5 T, 4.2 K was 

calculated by interpolating the manufacturer's data and is 

700A. The magnetic field dependent critical current of the  
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Fig. 3. The magnetic field dependent critical current of 

NbTi MR 24 wire at 4.2 K and the load line according to 

the operating current. 

 

conductor at 4.2 K and the load line according to the 

operating current is shown in Fig. 3. The load line critical 

current is found to be 600 A.  

 
TABLE III 

CONDUCTOR SPECIFICATIONS 

 

 
TABLE IV 

MECHANICAL PROPERTIES OF COMPOSITE CONDUCTOR 

 
 

 

3. SOLID MECHANICS 

 

3.1. Mechanical Properties 

In magnet stress analysis, the effect of the magnetic 

stress due to the Lorentz force and the winding tension 

were considered using the mechanical properties of 

composite conductor shown in Table IV. 

The effective Young’s modulus of the coil in hoop (Eh), 

radial (Er), and axial (Ez) directions were calculated using 

the mixture rule for composite winding. The equations of 

mixture rule are represented as: 

 

𝐸ℎ =
𝐴1𝐸1+𝐴2𝐸2

𝐴1+𝐴2
                                                                    (1) 

𝐸𝑟,𝑧 =
𝐸1𝐸2(𝐿1+𝐿2)

𝐿1𝐸2+𝐿2𝐸1
                                                                (2) 

 

where A1 and A2 are the cross section area, E1 and E2 are 

Young’s modulus, L1 and L2 are the length. The subscripts 

are, respectively, 1 for NbTi and 2 for copper. Shear  

 
Fig. 4. Computed (a) hoop and (b) radial stresses of the 

designed magnet at z = 150 mm. The inner radius is 42.5 

mm. 

 

modulus and Poisson’s ratio were assumed to be 31.5 GPa 

and 0.33, respectively [12]. Also, the winding tension was 

assumed as 1kgf applied over the cross section of the wire’s 

end. 

 
3.2. Stress-Strain Analysis 

Stress analysis was performed using the finite element 

method, force equilibrium, and generalized Hooke’s laws 

under the plane strain assumption. A roller condition was 

applied at z = 0 mm as a boundary condition. Fig. 4 and 5 

show magnetic stress and strain, respectively. Magnetic 

hoop stress shows the peak value of 28.2 MPa at z =
150 mm in the innermost radius and tends to decrease as 

the radius increases. On the other hand, winding hoop 

stress tends to change from -0.2 MPa to 3.8 MPa as the 

winding progresses. 

Since we are yet to decide specific epoxy material for 

winding, thermal stress is not considered for stress 

calculation. Additional thermal stress, which is expected to 

be compressive, may be tolerable considering the sum of 

electromagnetic and winding stress of 28 MPa and the 

yield strength of < 200 MPa for NbTi wire [13]. 

At the same position of peak hoop stress, the peak hoop 

strain is calculated to be 0.07% which is a value tolerable 

for critical current degradation; a degradation would hardly 

occur before ~ 0.2% of hoop strain [14]. For magnetic 

radial stress, which is tensile stress, the peak value reads 

1.1 MPa. Winding radial stress, also tensile, has a peak  
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Fig. 5. Computed (a) hoop and (b) radial strains of the 

designed magnet at z = 150 mm. The inner radius is 42.5 

mm. 

 

value of 1.2 MPa in the innermost radius and gradually 

decreases and disappears at the point where the winding 

ends. This value can be considered tolerable regarding the 

tolerable radial tensile stress for epoxy is ~ 5 MPa [15]. 

Small magnets are known to have more advantageous 

characteristics than large magnets in training. In particular, 

solenoids of a few centimeters bore diameter typically have 

a current close to critical current at the first quench. Such 

training free characteristics can be expected from small 

solenoid magnets with bore of about 0.5 m or less [10]. The 

magnet designed in this research has a bore diameter of 85 

mm for winding and is small enough to have training-free 

characteristics. In addition, according to the analysis 

results, the influence of mechanical disturbance with low 

peak stress is expected to be appropriate for maintaining 

this characteristic.  

 

 

4. CRYOGENICS 

 

In this section, the amount of cryogen to cool the magnet 

is estimated considering the enthalpy difference between 

the initial temperature (room temperature of 300 K) and the 

operation temperature (4.2 K). Here we have only 

considered the cooling of conductor winding since the 

structure is yet to be designed. Also, the heat input from 

the cryostat was neglected provided that sufficient 

shielding is done. They will be taken into account in further 

detailed design research. 

 
Fig. 6. Temperature versus critical current plot. Beyond 6 

K, the current enters the region of current sharing through 

the matrix. 
 

TABLE V 

COOLING SPECIFICATIONS 

 
 

TABLE VI 
STABILITY CHARACTERISTICS 

 
 

The magnet is cooled with liquid helium (LHe). 
However, for an initial cool down the magnet is cooled by 
a two-step cool down procedure, using LN2 from 300 K to 
77 K and LHe from 77 K to 4.2 K, to make the best use of 
the merit of liquid nitrogen (LN2) in both economic and 
thermodynamics perspectives. LN2 not only is an order of 
magnitude less expensive than LHe in volume but also has 
60 times higher latent heat of vaporization. Under a 
“perfect” cool down mode, the magnet is cooled by a series 
of infinitesimal perfect energy exchange with refrigerant. 
An extreme mode of cool down is to “dunk” the whole 
magnet initially at Ti into a bath of refrigerant [15]. In 
perfect mode, 8.9 litter for LN2 and 4.7 litter for LHe is 
expected to be consumed, whereas in dunk mode, 13.7 
litter for LN2 and 62.5 litter for LHe was calculated 
considering the required cooling energy of 2377 kJ. 
Cooling specifications are summarized in Table V. 

 

 

5. STABILITY AND PROTECTION 

 

5.1. Stability 

Fig. 6 shows a critical current versus temperature plot. 

The operating current to load line critical current (Ico) ratio 

was calculated to be 0.85. The superconductor operates in 

a completely superconducting mode until the current 

sharing temperature (Tcs) is reached. Above Tcs, the current 
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flowing through the superconductor also flows through the 

matrix composed of copper. The current flowing into the 

matrix generates joule heat, which causes a larger temperature 

rise [15]. To obtain Tcs, a linear approximation was used with 

the critical current being 0 A at 9.8K. The magnet designed in 

this paper has a temperature margin of 1.8 K, and current 

sharing starts from 6 K. Under adiabatic conditions, enthalpy 

margin was calculated to be 4.2 mJ/cm3. 

The minimum propagating zone (MZP) is the largest 

volume in which a magnet can maintain a superconducting 

state even if a normal state region occurs in the 

superconducting winding due to joule heating. The critical 

size of the hot spot that maintains the superconducting state 

can be estimated by the equation of MPZ, and the equation 

is represented as: 

 

𝑅𝑚,𝑧 = √
3𝑘𝑤𝑑(𝑇𝑐𝑠−𝑇𝑜𝑝)

𝜌𝑚𝐽𝑚
2                                                         (3) 

 
where Rmz is the radius of a spherical MPZ. Jm, kwd and 𝜌𝑚 
indicate matrix current density, thermal conductivity and 
resistivity of copper at 4 K, respectively. Rmz was 
calculated to be 13.9 mm and thus the minimum quench 
energy (MQE) was 47.2 mJ. If the hot spot size is smaller 
than Rmz, the generated heat is conducted along the wire 
axis and dissipated, and the normal state region returns to 
the superconducting state. Stability characteristics are 
summarized in Table VI. 

A quantitative observation on training-free 
characteristic can be made through MQE and assumptions 
with mechanical disturbance by epoxy crack and wire 
motion within the hotspot volume (𝑉ℎ𝑜𝑡𝑠𝑝𝑜𝑡) and hotspot 
area (𝑆ℎ𝑜𝑡𝑠𝑝𝑜𝑡) [16]. First, the strain energy of the epoxy 
crack can be calculated as 1 2⁄ 𝜎𝑟𝜖𝑟𝑉ℎ𝑜𝑡𝑠𝑝𝑜𝑡. Second, the 
energy dissipated during wire motion can be estimated 
with a friction energy density 𝜎𝑟𝜇𝑘𝑑𝑆ℎ𝑜𝑡𝑠𝑝𝑜𝑡 , where 𝜇𝑘 
and 𝑑  are kinetic friction coefficient and movement 
displacement, respectively. Assuming friction coefficient 
of 0.2 and displacement of 0.1 mm in transverse direction, 
the maximum mechanical disturbance energy within the 
winding is ~12 mJ which is about 1/4 of the MQE. This 
result may present possible training-free feature of the 
magnet upon nominal operation.  

 
5.2. Protection 

When the quench occurs in the superconducting magnet, 
the hot spot is generated, and the magnetic energy stored 
in the magnet is dissipated to the corresponding part and 
the temperature rises. At this time, the key to protection is 
to keep the rising temperature below the dangerous 
temperature, ~150 K. The final temperature Tf, which is 
raised by the adiabatic heating condition from the initial 
operating temperature Ti, can be obtained by the equation 
called the Z function [15]: 
 

𝑍(𝑇𝑓 , 𝑇𝑖) =  ∫
𝐶𝑚

𝜌𝑚
𝑑𝑇

𝑇𝑓

𝑇𝑖
                                                           (4) 

 

where Cm is the conductor’s volumetric heat capacity.  

Superconducting magnet protection methods can be 

broadly divided into passive and active. If the normal zone 

generated by quench rapidly diffuses throughout the 

magnet, that is, if the normal zone propagation (NZP) 

velocity is high, it is possible to prevent the magnetic 

energy stored in the magnet from being concentrated on the 

local hot spot. Consequently, if the maximum rise 

temperature is kept below 150 K, this can make the magnet 

self-protective. The NZP velocity can be obtained by the 

following equation. 

 

𝑈𝑙 ≈
𝐽𝑚

𝐶𝑚(�̃�)
√

𝜌𝑚(�̃�)𝑘𝑚�̃�

(𝑇𝑡−𝑇𝑜𝑝)
                                                           (5) 

 

where �̃� is average temperature of the transition 

temperature, Tt = Tcs, and Top, which is 5 K. The 

longitudinal NZP velocity of the designed magnet was 

calculated to be 45.4 m/s. Assuming that the transverse 

(turn-to-turn) NZP velocity Ut is 0.1Ul, Ut is 4.54 m/s. 

Winding direction NZP time can be calculated by dividing 

the outermost winding tern length by Ul and its value is 4.5 

ms. The NZP time in the radial direction can be calculated 

by dividing the distance between the outer radius and the 

inner radius by Ut, and its value is 4.95 ms. Applying the 

same method, the axial NZP time is 99.1 ms. Through this, 

it can be assumed that the normal zone generated in the 

magnet is completely diffused within 0.1 s. 

The magnet must be protected in an appropriate way 
when the quench occurs. In current design, the super-

conducting magnet is separated from the power supply and 
the stability is confirmed under the adiabatic heating in 
magnet with shorted terminals in which internal magnetic 
energy is consumed by itself. The Z function in this 
condition can be expressed as follows. 
 

𝑍(𝑇𝑓 , 𝑇𝑖) =  
1

2
(

𝐴𝑚

𝐴𝑐𝑑
) 𝐽𝑚

2 (
𝐿

𝑅𝑛𝑧
)                                                (6) 

 

where Am, Acd, L, and 𝑅𝑛𝑧 are the cross-sectional areas of 

matrix and conductor, the inductance of the magnet with 

0.26 H, and the constant normal zone resistance, 

respectively. 𝑅𝑛𝑧 is actually dependent on temperature, but 

for the sake of simplicity, it is regarded as a value at Tf and 

is represented as: 

 

𝑅𝑛𝑧 =  𝑓𝑟
𝜌𝑚(𝑇𝑓)𝑙𝑡𝑜𝑡𝑎𝑙

4𝐴𝑚
                                                              (7) 

 
where  𝑓𝑟  is the fraction of the hot spot volume in the 
winding, and 𝑙𝑡𝑜𝑡𝑎𝑙  denotes the total length of the coil.  

To predict the final temperature Tf, 𝑓𝑟 was assumed for 
two cases. First, since the NZP time is < 0.1 s, considering 
the case where the normal zone rapidly diffuses throughout 
the magnet and the entire volume has a resistance 
component, 𝑓𝑟 = 1, Tf was calculated to be around 57 K.  

Next, from a conservative point of view, 𝑓𝑟 that causes 
the temperature of the magnet to rise to 149 K, at which the 
magnet is not permanently damaged, was calculated to be 
0.054. When 𝑓𝑟 reaches this value by the calculated NZP 
velocity, the magnet can be self-protecting, and the 
designed magnet satisfies the size limit of the self-
protective magnet under the condition 𝑓𝑟 = 0.054 . The 
equation for size limit is as follows [15]. 
 
𝑎1(𝛼−1)

𝑈𝑡
<

𝐿

𝑅𝑛𝑧
                                                                  (8) 
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where 𝑎1is the innermost winding radius, and 𝛼 is aspect 

ratio of the outermost winding radius 𝑎2 to 𝑎1 (𝑎2/𝑎1). 

 

 

6. CONCLUSION 

 

This paper describes the design of a 4.7 T 85 mm bore 

low temperature superconductor magnet (LTS) for 200 

MHz multi-bore nuclear magnetic resonance (NMR) 

spectrometer. The key design point was to generate center 

magnetic field of 4.7 T required for a 200 MHz NMR 

which can have low mechanical stress level to operate 

without premature quench due to mechanical disturbance. 

For electromagnetic design, two correction coils were 

designed based on harmonic analysis to achieve 

homogeneity of 0.14 ppm. Considering the Lorentz force 

and the winding tension through stress analysis, the peak 

hoop strain and peak radial stress acting on the magnet 

under the operating current condition were tolerable. For 

the stability analysis of the magnet, the enthalpy margin 

was calculated showing a value of 4.2  mJ/cm3 which 

corresponds to minimum quench energy of ~47.2 mJ. 

Based on the mechanical stress analysis, the mechanical 

disturbance was calculated to be ~12 mJ which conveys the 

possibility to operate the magnet without training. Post-

quench analysis was also performed for the protection of 

the magnet. The results show that the peak temperature 

after quench under the adiabatic heating in magnet with 

shorted terminals was calculated to be 149 K for the 

conservative case where hotspot volume fraction is 0.054.  

From the design results, the designed magnet is expected 

to operate stably with sufficient margin fulfilling the 

performance requirements. With the design basis of LTS 

magnet obtained through this study, we expect to have 

gained the potentials to develop LTS magnets for multi-

bore NMR also contributing to the one of the starting point 

of this research direction. 
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