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with a high-temperature superconducting magnet
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Strong magnetic fields are required in many fields, such as medicine 
(magnetic resonance imaging), pharmacy (nuclear magnetic 
resonance), particle accelerators (such as the Large Hadron Collider) 
and fusion devices (for example, the International Thermonuclear 
Experimental Reactor, ITER), as well as for other diverse scientific 
and industrial uses. For almost two decades, 45 tesla has been the 
highest achievable direct-current (d.c.) magnetic field; however, 
such a field requires the use of a 31-megawatt, 33.6-tesla resistive 
magnet inside 11.4-tesla low-temperature superconductor coils1, 
and such high-power resistive magnets are available in only a few 
facilities worldwide2. By contrast, superconducting magnets are 
widespread owing to their low power requirements. Here we report 
a high-temperature superconductor coil that generates a magnetic 
field of 14.4 tesla inside a 31.1-tesla resistive background magnet 
to obtain a d.c. magnetic field of 45.5 tesla—the highest field 
achieved so far, to our knowledge. The magnet uses a conductor 
tape coated with REBCO (REBa2Cu3Ox, where RE = Y, Gd) on a 
30-micrometre-thick substrate3, making the coil highly compact 
and capable of operating at the very high winding current density 
of 1,260 amperes per square millimetre. Operation at such a current 
density is possible only because the magnet is wound without 
insulation4, which allows rapid and safe quenching from the 
superconducting to the normal state5–10. The 45.5-tesla test magnet 
validates predictions11 for high-field copper oxide superconductor 
magnets by achieving a field twice as high as those generated by 
low-temperature superconducting magnets.

Besides its no-insulation construction, the magnet design is mostly 
conventional, as described in Methods. Table 1 summarizes the key 

design parameters of our REBCO tape and magnet. The magnet 
(Fig. 1), named ‘little big coil’ (LBC), consists of a stack of 12 single 
pancake coils (hereafter ‘pancakes’) wound with 4.02-mm-wide and 
43-μm-thick REBCO tape. The tape is composed of a thin 30-μm-thick 
Hastelloy C-276 substrate, 1.5 μm of REBCO, a thin silver coating  
and a final hermetic 5-μm-thick electroplated copper stabilizer, man-
ufactured by SuperPower, Inc. Such thin substrate tapes only became 
available recently but they immediately attracted our attention because 
they could enable a very compact and mechanically strong winding. 
The effective Young’s moduli E shown in Table 1 benefit greatly from 
the high ratio of Hastelloy (E = 210 GPa) to Cu (E = 100 GPa) content 
of the winding.

The coil was the third in a series of LBCs, with LBC1 reaching 40 T, 
LBC2 attaining 42.5 T and LBC3 achieving 45.5 T, all in the same 
31.1-T background field and all with nominally the same design. We 
found that tests in liquid nitrogen were valuable for checking joint 
resistances and establishing key operation parameters, including the 
coil constant, the characteristic coil resistance, Rc, and the charging time 
constant12–15. Occasionally some joints were remade to reduce resistive 
losses and minimize coil warming during test. For the high-field test, 
LBC3 was placed in a 37-mm-diameter liquid helium cryostat inside 
the resistive background magnet (50-mm warm bore, 18 MW, 31.1 T) 
at the National High Magnetic Field Laboratory (MagLab). To mitigate 
trapped helium bubbles, which allow heating of the magnet above 4.2 K 
during charging16, a small-diameter tube above the magnet periodically 
pumped away helium vapour during the test so as to limit the temper-
ature of the top surface of LBC3, which reached 7 K at the moment of 
the 45.5-T quench. A Hall sensor calibrated up to 44.8 T in the 45-T 
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Fig. 1 | Design and construction of LBC. Left, principle of the no-
insulation technique. Centre, construction design of LBC (not to scale). 
Right, Photograph of LBC. Owing to the no-insulation technique, any 
dissipative region is bypassed by current transfer to adjacent turns. 

Because of this vital ‘current-sharing’ feature, electrical burn-out—often 
observed in ‘insulated’ high-field HTS coils—was not observed after the 
45.5-T quench, even at the extremely high conductor current density of 
1,420 A mm−2.
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hybrid magnet was used to measure the centre field, together with a 
pickup coil (the linearity of which was confirmed in multiple charging 
tests before the main 45.5-T test). Figure 2 shows the measured central 
field of 45.5 T at an LBC3 quench current of 245.3 A and a conductor 
current density of 1,420 A mm−2. This field is 0.2 T lower than the field 
of 45.7 T, which was calculated using the designed magnet constant of 
59.7 mT A−1 and the measured background field of 31.1 T. A centre 
field discrepancy between measurement and calculation is typically 
observed in high-temperature superconductor (HTS) magnets owing 
to diamagnetic screening currents that lower the transport-current 
field17–23. We also took into account a turn-to-turn leakage current 
of 0.2 A, calculated from the measured overall coil voltage of 9.45 mV 
and the measured characteristic resistance of 47.1 mΩ, which corre-
sponds24 to a centre field of 12 mT. LBC3 was ‘dry-wound’—that is, 
the coil was free of epoxy or any other encapsulant and the individual 
turns within the winding were essentially ‘self-supporting’, with a hoop 
stress of σθ = BJR, where B is the field, J is the conductor current density 
and R is the local radius. The peak magnetic stress was estimated to be 
691 MPa, and the sum of the magnetic and bending strains was 0.38%.

The 45.5-T quench field of LBC3 is the highest d.c. field reported 
until now, slightly exceeding the 45-T field of the hybrid magnet at 
MagLab1, which has been serving MagLab users since 2000, and higher 
than the 40-T field of LBC1 and 42.5-T field of LBC2 thanks to small 

refinements in the construction of LBC. Like the 45-T magnet, our 
magnet is also a hybrid, but in this case the superconducting magnet is 
inside the resistive magnet (unlike the 45-T hybrid magnet, where the 
11-T Nb3Sn superconducting magnet is outside the resistive magnet). 
Owing to the compact no-insulation design and the ultrathin REBCO 
tape, the overall winding current density at 45.5 T was 1,260 A mm−2, 
nearly five times larger than that of the recently tested HTS/low- 
temperature superconductor (LTS) 32-T magnet, in which the inner 
two 17-T solenoids were made from insulated REBCO with a much 
thicker Hastelloy substrate (50 μm) and higher Cu thickness (100 μm)25.

This test magnet was highly instrumented, allowing many impor-
tant lessons to be learned for future use. Figure 3 illustrates the volt-
age behaviour of the six pancake pairs during the 45.5-T quench and 
shows good agreement between the experimental measurements of the 
coil voltage and our predictive lumped-circuit model26. The quench 
was initiated at the DP6 end (DP, double pancake; pancakes P11 and 
P12) and sequentially propagated by inductive coupling to the top DP 
(DP6 to DP1) within 0.1 s. Owing to this very fast electromagnetic 
quench propagation27–31, LBC3—like LBC1 and LBC2—experienced 
no electrical burn-out. Our simulations predicted a peak temperature 
of less than 85 K, making damage from heating during the quench very 
unlikely. However, we noticed increased resistance in several joints after 
the test and elected to conclude the testing before further quenches so 
as to perform a ‘post-mortem’ to better evaluate the coil.

In the post-mortem, we unwound each pancake carefully and ran 
each tape through our continuous-critical-current measuring tool, 
YateStar32, the principles of which are described in Methods. YateStar 

Table 1 | Key parameters of LBC, its conductor and the outer 31-T 
resistive magnet

Parameters Values

REBCO tape

Width; thickness 4.02 mm; 0.043 mm

Thickness of substrate; thickness of 
copper

0.03 mm; 0.01 mm

Effective Young’s moduli, Er; Eh; Ez 69 GPa; 144 GPa; 144 GPa

LBC

Winding inner diameter; outer diameter; 
height

14 mm; 34 mm; 53.1 mm

Number of pancakes 12

Turns per single pancake 226.4 (average)

Total number of turns 2,717

Magnet constant 59.7 mT A−1

Total inductance 50.4 mH

Characteristic resistance, Rc 47.1 mΩ

Charging time constant 1.07 s

31-T background magnet

Magnet constant 0.843 mT A−1

Self-inductance 4.30 mH

Mutual inductance with LBC 1.09 mH

Hall sensor (calibrated)
LBC current
Pickup coil

44.8 T

45.5 T
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Fig. 2 | Magnetic fields measured at the centre of LBC3 and power-
supply current during the test. A calibrated Hall sensor was used up to 
44.8 T, and a pickup coil (the linearity of which was confirmed by multiple 
charging tests before the main test) was used above 44.8 T. LBC3 reached 
45.5 T before it quenched at a current of 245.3 A, a conductor current 
density of 1,420 A mm−2, a peak magnetic stress of 691 MPa and a total 
strain of 0.38%.
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Fig. 3 | Voltages of DPs during the quench of LBC3 at 45.5 T. Left, 
Measured voltages. Right, Simulated voltages. The simulation used a 
previously validated lumped circuit model26. The quench was initiated 
at DP6 and propagated inductively very rapidly (simulation, 1.46 m s−1; 

experiment, 1.75 m s−1, almost that of a low-temperature superconductor 
magnet). Although LBC3 suffered no over-temperature or burn-out 
during quenching, it did experience mechanical overstrain that we believe 
is avoidable, as noted in the text.
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provides a detailed longitudinal and transverse measure of the uni-
formity of the critical current. We performed YateStar characterizations 
for LBC3 before winding, after winding and unwinding two pancakes  
(no damage was seen, and the pancakes were then rewound with the 
same tape), and finally on all 12 pancakes after the 45.5-T quench. 
Figure 4a shows that there was evident post-quench degradation of 
the critical current Ic(x) in most pancakes, but—most importantly—
that this damage was absent in pancakes P2 and P11. The majority 
degradation pattern of Ic(x) increased with increasing radius and 

increasing hoop stress, reasonably matching the calculated magnetic 
strain distribution. Moreover, the outer turns usually had a perma-
nent (that is, plastic) wavy deformation on the conductor edge farthest 
away from the coil centre. The asymmetric Hall array scans shown in 
Fig. 4b are associated with preferential penetration of flux into the tape 
through damaged regions on one side of the conductor, a behaviour 
that occurred every time that a slit edge faced outwards towards the 
coil ends. The absence of damage in pancakes P2 and P11 is correlated 
to the fact that their slit edges faced inwards, towards the coil centre. 
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Fig. 4 | Post-mortem analysis of the superconducting tape. a, Transport 
critical current Ic versus position x of the 12 tape lengths before (black) and 
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b, Two-dimensional remnant magnetization maps show the transverse 
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12 tapes in Fig. 4a show sharply reduced Ic(x) as x increases, whereas the 
tapes of pancakes P2 and P11 are undamaged. The figure shows that the 
dominant damage pattern is one-sided, especially for end pancakes P1, P3, 
P4, P10 and P12. Pancakes P2 and P11, which have slit edges facing the 
magnet centre, exhibit essentially no longitudinal or transverse damage.
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The inner edge of P2 is typical of as-delivered tapes. The damage in P1 is 
the cause of the asymmetric Hall probe scans in Fig. 4b, whereas P2 has 
an essentially symmetric flux pattern, indicative of uniform current flow 
uninterrupted by propagated crack damage.
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Most interestingly, these pancakes did not exhibit the large hoop-stress 
damage that reduced Ic to less than half of the inner-turn Ic in most 
pancakes.

To describe the damage pattern of the tape, we note that the 
REBCO tapes were made with a width of 12 mm and were then cut 
into tapes about 4 mm wide, which led to so-called front- and back-
slit tapes with one slit edge and middle-slit tapes with two slit edges. 
Pancakes P5–P9 were wound with such middle-slit tapes, whereas all 
the other pancakes had back-slit tapes. The key result is that pancakes 
P2 and P11 had their not-slit edge facing the coil ends, where radial 
fields were highest and where screening-current stresses and additional 
out-of-the-tape-plane forces added to the axial hoop tensions, produc-
ing unpeeling stresses that could propagate the small cracks generated 
during slitting33. These damaged regions are shown in Fig. 5. Therefore, 
the most important finding of the post-mortem is the survival of pan-
cakes P2 and P11, where cracks did not propagate even in the presence 
of strong out-of-plane forces. To further test this explanation of the 
non-uniform damage, we wound three additional single pancakes out 
of the remaining unused tape and tested two of them in the position 
of pancake P1, one with the slit edge facing out and one facing in, and 
with the third one at the magnet centre. As we show in Extended Data 
Figs. 1, 2, subsequent tests of these coils in the same 31-T magnet fully 
support the interpretation that orienting the damaged, slit edge towards 
the interior of the magnet suppresses in-service cracking of the REBCO 
layer. Accordingly, we believe that the 45-T LBC may be capable of even 
higher fields when proper attention is given to the positioning and 
quality of the slit edges. We conclude that, although this test magnet 
cannot yet be considered as a working user magnet, it does provide a 
viable route to ultrahigh-field superconducting magnets made from 
copper oxide high-temperature superconducting conductors.
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Methods
Magnet construction. The design of LBC in the resistive magnet (31 T, 50 mm 
warm bore, 18 MW) is strongly constrained by the 37-mm inner diameter of the 
helium cryostat. Inner and outer winding diameters of 14 and 34 mm, respec-
tively, and a height of 53.1 mm were chosen. Earlier insulated-winding versions of 
REBCO coils with Hastelloy and Cu thicknesses of 50 μm and 20 μm, respectively, 
allowed total fields of 33.8 T (ref. 34) and 35.4 T (ref. 35), the latter at a conductor 
current density of 508 A mm−2. Making a similar-sized winding that could be safely 
quenched at much higher current density required a no-insulation winding4, the 
key attribute of which is automatic bypass of the current around hot spots through 
turn-to-turn contacts; this avoids excessive heating during quenching, which could 
lead to magnet burn-out28–31. The small 14-mm winding diameter made DP wind-
ings (made with a single length of tape, without an inner joint) infeasible, owing 
to the excessive hard-way bend required at the inner winding bore, and all 12 coils 
were thus wound as single pancakes with both inner and outer resistive joints 
to electrically connect adjacent pancakes. The tape was wound with the REBCO 
layer facing radially inwards to provide compressive bending strain to minimize 
the overall strain produced by the tensile Lorentz forces. An inner Cu winding 
support tube acted as current lead for the bottom pancake (Fig. 1), making LBC 
very compact. A separate copper current lead was connected to the top pancake.

After winding, the 12 pancakes were axially compressed with a preload of 86 kg 
provided by three parallel sets of Belleville washers, as shown in the schematic 
in Fig. 1. To mitigate hot spots (due to diamagnetic levitation of helium liquid, 
leading to trapped helium gas bubbles around the end windings16) during the test, 
great care was taken with the joints so as to generate the minimum heat possible.  
Inner joints had resistance values (measured in liquid nitrogen before the main 
test) of 0.05–0.98 μΩ, and outer joints had 0.04–2.1 μΩ.
Magnet testing. We found that liquid nitrogen tests were valuable for checking 
joint resistances and establishing key operation parameters, including the coil 
constant, the characteristic coil resistance Rc and the charging time constant12–15. 
Occasionally some joints were remade to reduce resistive losses and minimize coil 
warming during the test. For the high-field test, LBC3 was placed in a 37-mm- 
diameter liquid-helium cryostat inside the resistive background magnet (50-mm 
warm bore, 18 MW, 31.1 T) at MagLab. To mitigate the trapped helium bubbles16, 
a small-diameter tube was placed above the magnet, and the helium vapour was 
pumped away during the test so as to limit the temperature of the top surface of 
LBC3 to 7 K at the moment of the 45.5-T quench. A Hall sensor that was calibrated 
up to 44.8 T in the existing 45-T hybrid magnet was used to measure the centre 
field of LBC3, together with a pickup coil; the linearity of the pickup coil was con-
firmed by comparing the fields measured by the pickup coil with those measured 
by the calibrated Hall sensor in multiple charging tests before the main 45.5-T test.
Hall probe array measurements of the uniformity of the tapes. The data in 
Fig. 4 were all taken in our combined transport and magnetization tape evalua-
tion instrument, YateStar, which allows continuous scanning of the critical cur-
rent Ic at 77 K with a resolution of about 2 cm while passing the tape through 
two magnets applying fields of 0.6 T perpendicular and parallel to the tape, thus 
allowing measurement of the Ic anisotropy. The transport-current measurement 
gives an integrated measure of the longitudinal distribution of Ic but cannot define 
the transverse distribution. The transverse distribution can be deduced from the 
remanent-field screening-current distribution, which was measured by an array of 
seven Hall probes, spaced about 0.5 mm apart and placed above the tape between 
the two magnets. These measured the local field due to the screening currents, 
which would be symmetrical and peak in the centre for a uniform critical current 
density distribution36,37. This colour visualization gives an immediate indication of 
whether localized damage is present or not. Pancakes P2 and P11 in Fig. 4b show an 
essentially uniform and symmetrical colouring along their whole lengths, whereas 
the highest field (red, about 8 mT) corresponds to the trapped field of the remanent 
screening currents in the tape centre, which proves the lack of any substantial 

damage in these tapes, which is also consistent with the transport measurements in 
Fig. 4a. By contrast, other tapes (for example, those in pancakes P1 and P12) show 
transport Ic distributions that degraded considerably from the inner to the outer 
winding turns of the coil, largely due to the σθ = BJR magnetic stresses that increase 
from the inner to the outer turns.This damage becomes progressively more asym-
metric owing to preferential damage on the outer slit edges. The induced screening- 
current stresses also play a major role in the asymmetric damage pattern and the 
consequent plastic rippling of most of the tapes. This damage is shown in Fig. 5.
Subsequent single-pancake tests. To test our hypothesis that conductor damage 
at the high stresses of our 45.5-T coil occur only when the slit edge points towards 
the exterior of the coil, we made three subsequent test coil sets, named Coil A, 
B and C. In the first of these sets, we made single-pancake test coils out of the 
same 30-μm-substrate tape used in the three LBC series magnets, but in this case 
all lengths had only one slit edge. The geometry of these three coils is shown in 
Extended Data Fig. 1. Two of the coils (A and B) were placed in a position similar 
to that of pancake P1 in LBC3 in the 31-T magnet, whereas coil C was placed in 
the central field region corresponding to pancakes P6 and P7. Each length of tape 
was run through YateStar before winding and after the tests. Coils A and B were 
built to investigate the effect of the radial field and were placed 100 mm above the 
centre of the 31-T magnet, where the radial field was the largest (about 1.6 T). 
In the tests of all of the three coils, the current ramp rate was 1 A s−1 for a target 
current below 200 A and 0.5 A s−1 for higher target currents. During unwinding 
of the coils, the tapes were unsoldered from the current leads, and some damage 
occurred during unsoldering.

Extended Data Fig. 2 shows two-dimensional Hall magnetization maps before 
(upper) and after (lower) the high-field tests and their reconstructed transport 
critical current Ic (77 K, B||c, 0.6 T) for coils A, B and C. None of the coils was 
quenched. Coils A and B were cycled eight and five times, respectively, between 
225–250 A in a background field of 31 T. The peak hoop strain (magnetic plus 
bending) was 0.27%. Coil A showed no Ic degradation, but coil B developed obvious 
damage on its slit edge (see circled region), and this edge also suffered permanent 
rippling damage. The arrowed defects in coil B have a period matching the coil 
circumference, which we attribute to a periodic stress concentration. Coil C was 
cycled five times between 220–240 A and 240–250 A. The current was raised to 
295 A at the end of the test, which corresponds to a combined magnetic and bend-
ing hoop strain of 0.5%.

Collectively these three tests show that damage was only seen for the coil in the 
high-radial-field position and only when the slit edge was facing outwards in the 
damaging orientation. Damage was absent when the slit edge was facing inwards 
and not seen in the centrally placed pancake even when the maximum magnetic- 
plus-bending strain was 0.5%, that is, even greater than that of LBC3 (0.38%). 
The results demonstrate that the proper edge orientation of pancakes wound with 
REBCO conductor has an important role in suppressing mechanical damage in 
high-field REBCO magnets.

Data availability
The data that support the findings of this study are available from the correspond-
ing author upon reasonable request.
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Extended Data Fig. 1 | Geometry of three single pancake test coils. 
The test coils were made with the same 30-μm-thick substrate tape used 
in LBC3 and were built to simulate the outermost 25 turns of LBC3. The 
tapes in Coil A and Coil B have only one slit edge, where their orientation 
and position is varied from the supposed damage-free orientations of 
Fig. 4. Coil A is positioned with its slit edge facing inwards towards the 

magnet centre, whereas Coil B has the reverse and unsafe orientation. 
Coils A and B are placed into the same 31-T magnet used for the LBC3 
coil test in a position similar to that of pancake P1, where the radial field is 
highest. Coil C is placed in the central field region, where the radial field 
is essentially zero and only hoop tension operates, mimicking the central 
pancakes P6 and P7.
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Extended Data Fig. 2 | Two-dimensional Hall magnetization maps and 
reconstructed transport critical current, Ic. The maps were obtained for 
coils A, B and C before (top) and after (bottom) the high-field tests, and Ic 
was reconstructed for 77 K, B||c and 0.6 T. None of the coils was quenched. 
Coils A and B were cycled eight and five times, respectively, between 
225–250 A in a background field of 31 T. The peak hoop strain (magnetic 
plus bending) was 0.27%. Coil A showed no Ic degradation, but coil B 

developed obvious damage on its slit edge (see circled region), which also 
suffered permanent rippling damage. The arrowed defects in coil B have a 
period matching the coil circumference, which we attribute to a periodic 
stress concentration. Coil C was cycled five times between 220–240 A and 
240–250 A. The current was raised to 295 A at the end of the test, which 
corresponds to a hoop strain of 0.5%.
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