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REBa2Cu3O7−δ (REBCO, RE = rare earth) tapes doped with 5% and 15% Zr have been scaled up to lengths
more than 40 m in a pilot‐scale advanced metal organic chemical vapor deposition (A‐MOCVD) tool. The pre-
cursor compositions used for the long tapes were guided by a study of the influence of (Ba + dopant)/Cu con-
tent on the critical current density (Jc) of 5 and 15 mol.% Hf‐ and Zr‐added tapes at 4.2 K and 13 T. The 40‐m‐
long tapes exhibited a critical current (Ic) over 4,000 A/12 mm at 4.2 K and 13 T as well as over 1,400
A/12 mm at 20 K and 20 T. The critical current densities of a 40‐m‐long tape doped with 5% Zr at 4.2 K mea-
sured at the National High Magnetic Field Laboratory (NHMFL) were > 10 MAcm−2 and >5 MAcm−2 at 14 T
and 30 T, respectively, which are over three times those of commercial REBCO tapes. The infield Jc of 5% Zr‐
added 40‐m‐long tapes was similar to those of previously‐reported high‐performance short samples made with
15% Zr or Hf. These results demonstrate the excellent potential of A‐MOCVD for manufacturing high Ic REBCO
tapes for use in ultrahigh‐field magnet applications.
1. Introduction

Superconducting magnet technology is a critical enabler of the
Large Hadron Collider (LHC) [1] and other particle accelerators. All
superconducting magnets for particle accelerators have been built
using Nb–Ti or Nb3Sn strands and cables [2]. To meet future demands,
next‐generation particle accelerators require much higher magnetic
fields. There are several ongoing design studies to upgrade the LHC
magnets with HTS whose upper critical field (Hc2) exceeds 100 T at
4.2 K whereas that of Nb3Sn is limited to 23.5 T [3,4].

Another application in which HTS is an enabler is fusion where
high‐field magnets contain the plasma produced in the reactor
[5–7]. ITER, the most ambitious international scientific fusion project,
uses superconducting magnets to confine the plasma designed to gen-
erate 500 MW power [7]. The only viable option during the design of
ITER for constraining burning plasmas at the center of the reactor was
Nb3Sn. However, recent advancements in HTS materials, particularly
REBCO, could considerably advance the design and development of
magnetic fusion devices in a compact form owing to their wider oper-
ational temperature range, higher specific heat, higher allowable
mechanical stresses and strains, and higher magnetic fields [8,9]. In
2001, MIT planned to construct a REBCO‐based toroidal field (TF) coil
by stacking demountable REBCO‐coated structural plates to exploit the
anisotropy of coated conductors by orienting their basal plane parallel
to the magnetic field [8,10]. Since then many designs of magnetically‐
confined fusion devices have been developed based on REBCO conduc-
tor because of its superior performance at 20 K and 20 T.

At a magnetic field of 20 T, 50‐kA class conductors are required for
fusion and other ultrahigh‐field magnets [3,11]. This necessitates the
use of over 200 REBCO tape strands, which considerably increases
the cost of the coils. For example, 3–4 GA‐m of REBCO tape is required
for a 400 MW compact fusion device; the tape itself will cost about
$600 M today. The entire cost of a 400 MW existing natural gas power
plant that compact fusion seeks to replace is $550 M [12]. A solution
to address this cost challenge is to use tape strands of much higher Ic.
With tape strands with 5x Ic, their number can be reduced ∼5x from
∼200 to ∼40. Concerns about change in mechanical strength with
fewer strands can be addressed by using dummy strands of Hastelloy.
Since cables for compact fusion magnets already use a considerable
amount of copper and solder to an extent that even REBCO tapes with
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severe Ic dropouts can be used [13,14], it is likely that high Ic tape
strands can be safely utilized.

Our work is built on the A‐MOCVD technique that was developed
to grow >4‐μm‐thick REBCO films without any Jc degradation with
film thickness, in short samples [15]. This method uses Ohmic heating
of the substrate, and laminar precursor vapor flow that enables the
growth of thick REBCO films in a single pass with 45% precursor‐to‐
film conversion efficiency which is about 4x that of conventional
MOCVD process [15]. Additionally, this method facilitates excellent
control of BaMO3 (BMO, M = Zr, Hf) nanocolumns along the c‐axis
[16,17]. When an applied magnetic field is oriented along the c‐axis
of the film, the BMO nanocolumns serve as pinning centers, improving
critical current [18,19]. We demonstrated short REBCO samples with
Je ∼ 4,600 A/mm2 (based on a 0.1‐mm‐thick tape) at 4.2 K, 20 T,
and 15 mol% Hf‐added REBCO tapes with Jc > 9 MAcm−2 at 20 K
and 9 T [17,20,21]. The number of strands for achieving the required
operating current can be considerably reduced using these REBCO
tapes with four to five times higher Ic than the commercially‐
available REBCO tapes [22–24].

Scaling these results from short tapes made by A‐MOCVD to long
length was the next imminent goal. A pilot‐scale A‐MOCVD system
was constructed to fabricate 40–50‐m‐long REBCO tape in a single
pass. The influence of barium and dopant content on REBCO tape per-
formance at 4.2 K and 13 T, as well as at 20 K and 13 T, was also inves-
tigated to guide the selection of precursor chemistry for long tape
fabrication.

2. Experimental method

Because of the 2.2 times longer deposition length of the pilot‐scale
A‐MOCVD tool (Fig. 1) compared to the R&D A‐MOCVD tool, the depo-
sition time for the long 4‐µm‐thick‐film REBCO tapes was reduced to
less than half. In A‐MOCVD, a 12‐mm‐wide substrate with an architec-
ture of lanthanum manganate (LaMnO3; 50 nm)/magnesium oxide
(MgO; 50 nm)/yttrium oxide (Y2O3; 7 nm)/aluminum oxide (Al2O3;
80 nm)/Hastelloy C‐276 (50 μm) was Ohmic heated using direct cur-
rent [25]. Transverse laminar precursor vapor flow was used to deposit
the REBCO film on this heated substrate, allowing for the growth of a
thick epitaxial superconductor film [25]. A 2‐μm‐thick silver‐shunt
layer was deposited on the REBCO tapes using DC sputtering, and then
the tapes were oxygenated at 500 °C for 2 h. While the barium content
of the precursor was varied, the nominal contents of rare earth
Fig. 1. Pilot scale Adva
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(0.65 mol each of gadolinium and yttrium) and copper (2.6 mol for
R&D A‐MOCVD and 2.3 mol for pilot A‐MOCVD) precursors were kept
constant. To enhance the infield performance, 5 or 15 vol.% Hf or Zr
was added to the precursor. Using 2D Scanning Hall Probe Microscopy
(SHPM) at a speed of 36 cm/min, the Ic uniformity of all the long tapes
was determined at 77 K, 0 T [26]. Short samples were cut from each
end of the long tapes for transport Ic measurements using the four‐
probe method. To reduce heating effects at the high currents used,
the transport Ic was measured over a bridge width of ∼1 mm, made
by wet etching. A voltage criterion of 1 μV/cm was used to determine
the critical current. Vibrating sample magnetometer (VSM) measure-
ments were made in the direction of B ? tape at 0–14 T and
4.2 K–77 K to determine the infield performance. The average sample
dimensions used for VSM measurements were 3.25 mm × 3.5 mm.
Transport current measurements in magnetic fields up to 32 T were
performed at the National High Magnetic Field Laboratory (NHMFL),
Tallahassee. Such measurements were done over ∼0.5‐mm‐wide
bridge to avoid overheating. Inductively coupled plasma mass spec-
trometry (ICP‐MS) was used to determine the composition of the film.

3. Results and discussion

1) Role of barium and dopant on > 5‐µm‐thick REBCO film perfor-
mance at 4.2 K and 20 K at 13 T

Fig. 2 depicts the critical current with respect to (Ba + dopant)/Cu
ratio at orientations B?tape (4.2 K, 13 T and 20 K, 13 T) of the best‐
performing 5 mol.% Hf, 5 mol.% Zr, 15 mol.% Hf, and 15 mol.% Zr
short samples with a thickness > 5 µm, fabricated in the R&D A‐
MOCVD tool. The Ic at 4.2 K and 20 K in a magnetic field of 13 T
was calculated by multiplying the lift factor value with the transport
Ic at 77 K, self‐field. Lift factor is the ratio of Ic at 4.2 or 20 K, 13 T
(B?tape) to Ic at 77 K, 0 T, measured using VSM. It is seen in Fig. 2 that
regardless of the type of dopant or its concentration, at the optimum
(Ba + dopant)/Cu value, the peak Ic of the thick film REBCO is
>6000 A/12 mm at 4.2 K and 13 T. The peak Ic is >3,000
A/12 mm for all categories of samples at 20 K and 13 T. The corre-
sponding (Ba + dopant)/Cu ratios for the peak‐Ic REBCO samples
are 0.67, 0.72, 0.76, and 0.78 for 5 mol.% Hf, 5 mol.% Zr, 15 mol.%
Hf, and 15 mol.% Zr, respectively. The findings indicate that for the
highest in‐field Ic at 4.2 K and 20 K, the Hf‐doped REBCO film requires
less Ba content than the Zr‐doped sample and that samples with a
higher dopant content require higher Ba content. These results demon-
nced MOCVD tool.



Fig. 2. Effect of (Ba + Dopant)/Cu ratio on the critical current (measured by VSM) of A-MOCVD REBCO tapes at 4.2 K and 20 K. The horizontal bands shown
serve to compare the peak Ic values of the tapes at 4.2 K, 13 T and 20 K, 13 T.
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strate the important role of Ba content in the REBCO film deposited
using A‐MOCVD for use in high‐field applications at 4.2 K and 20 K.
5% Zr content was used for long tapes fabricated in this work.

2) 40‐m REBCO tapes doped with Zr for high‐field Ic at 4.2 K and 20 K

The pilot‐scale A‐MOCVD tool was used to produce 40‐m‐long
REBCO tapes doped with 5 mol.% or 15 mol.% Zr. Fig. 3 shows the
SHPM longitudinal Ic profile at 77 K, 0 T of three 40‐m‐long tapes.
The Ic values shown in the SHPM profile have been calibrated with
the transport Ic measured at one end of the tape. Tape 1 and Tape 2
were doped with 5 mol.% Zr with 1.85 and 1.84 Ba stoichiometry
respectively in the precursor, whereas Tape 3 was doped with
15 mol.% Zr with 2.08 Ba stoichiometry in the precursor. The mean
Ic of Tapes 1 and 2 was ∼750 A/12 mm with <10% standard devia-
tion, whereas the mean Ic of Tape 3 was 405 A/12 mm with ∼10%
standard deviation. A lower Ic at 77 K, 0 T of the tape with higher
Zr content is consistent with our previous observations [15].

Fig. 4 (a and b) shows the dependence of the lift factor in Ic on mag-
netic fields up to 13 T applied along the c‐axis of samples from the
three 40‐m tapes at 4.2 K and 20 K. For 5% and 15% Zr‐doped tapes,
the minimum lift factors at 4.2 K, 13 T were 4.6 and 11.2 respectively.
The lift factors at 20 K are two times lower than the values at 4.2 K.
While the critical current of 15% Zr tape was lower at 77 K, the lift fac-
tor of this tape is higher than that of 5% Zr‐doped tapes. This result is
also consistent with our prior observations [27,28]. The higher Zr con-
tent results in an increased density of BZO nanocolumns which con-
tribute to improved pinning and a higher lift factor. The lift factor of
samples from the end section of all tapes exhibited a higher value,
which is attributed to a higher (Ba + Zr)/Cu composition resulting
from variations in the MOCVD process.

Fig. 5 (a and b) shows the influence of the applied magnetic field up
to 13 T, oriented along the c‐axis, on the Jc of the end section of 40‐m
tapes at 4.2 K and 20 K, respectively. All three 40‐m tapes consist of 4‐
µm‐thick REBCO films, and the critical current density presented in
Fig. 5 was calculated based on this thickness. The graphs show that
below 6 T at 4.2 K and 20 K, 5% Zr‐doped tapes exhibit higher Jc than
15% Zr‐doped tapes. However, both 5% and 15% Zr‐doped tapes fol-
low a considerably similar field dependence of Jc in applied magnetic
3

fields >6 T. The corresponding log (Jc vs. applied magnetic field) plot
is shown in the inset Fig. 5 (a and b). The log plots illustrate that field
dependence of Jc of both 5% and 15% Zr tapes followed a power law
trend Jc = H −α, at magnetic fields >6 T, which is the accommodation
field for all three tapes. At 13 T, Jc of all 40‐m tapes is > 9 MA/cm2 at
4.2 K and >4.4 MA/cm2 at 20 K. These exceptional results of 40‐m
tapes show the consistency of the A‐MOCVD to produce multiple tapes
with Jc > 9 MA/cm2 at 4.2 K, 13 T. The maximum Jc of 10.3 MA/cm2

at 4.2 K, 13 T was achieved in the 5% Zr‐doped tape.
The electromagnetic properties including critical current, lift fac-

tor, and n‐value at the start and end sections of the tapes described
in Fig. 5 are summarized in Table 1. The n‐value is calculated by fitting
a part of the I‐V curve, and is sensitive to experimental noise and num-
ber of data points in the transition region. Across all tapes, n‐values
ranged from 20 to 30, and are comparable with those of commercial
tapes [29]. The alpha values at 4.2 K and 20 K are also included in
Table 1. Based on the alpha values, the Ic of the tapes at 4.2 K, 20 T
and 20 K, 20 T can be determined and are presented in Table 1. At
4.2 K, the Ic of all 40‐m tapes is >4,000 A/12 mm and > 3,000
A/12 mm at 13 T and 20 T, respectively. A maximum Ic of 4,525
A/12 mm at 4.2 K and 13 T was achieved in Tape 2. At 20 K, 20 T,
the Ic of the tapes is > 1,400 A/12 mm.

The Jc criterion used in VSM measurements is more stringent (∼1.
5 × 10−7 V/cm at the sample perimeter) [30,31] compared to the
standard 1 μV/cm criterion used in transport measurements. As a
result, Jc values obtained from VSM are not directly comparable to
those from transport measurements. So, we calibrated the VSM data
with the 77 K transport measurement. The critical current of tape 2
was measured using both VSM and four‐probe methods which shows
agreement with each other. At 4.2 K and 20 T, VSM measurement
recorded 3360 A/12 mm, while the four‐probe method yielded a
slightly higher value of 3645 A/12 mm. To verify the VSM results,
transport Ic of the end section of Tape 2 was measured at NHMFL at
4.2 K in magnetic fields up to 32 T applied along the c‐axis and is
reported in Fig. 6. For comparison, the previously reported data on
15% Zr‐ or Hf‐doped short REBCO samples prepared by our R&D A‐
MOCVD tool and measured at NHMFL, and Lawrence Berkeley
National Laboratory (LBNL) are shown in Fig. 6 [20,21]. Considerably
high Jc values of 10.67 MA/cm2 have been achieved at 4.2 K, 14 T, and



Fig. 3. Ic profiles at 77 K, 0 T of three 40-m-long REBCO tapes fabricated in pilot-scale A-MOCVD tool for 4.2 K and 20 K applications.

Fig. 4. Lift factor measured by VSM at (a) 4.2 K and (b) 20 K of the start and end sections of three 40-m tapes.
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5.62 MA/cm2 at 4.2 K, 30 T for the long tape. These values are close by
to the previously‐reported values for 0.9‐μm thick, 15 mol% Zr; 4.6‐μm
thick [28], 15 mol% Zr; and 4‐μm thick, 15 mol% Hf‐added REBCO
4

tapes [21] processed in short length by A‐MOCVD. Notably, these
tapes performed 2.5 times better than the best commercial HTS tapes
[23]. Our demonstration of high critical currents even over 40‐m



Fig. 5. Jc (measured by VSM) at 4.2 K (left) and 20 K (right) at the start and end sections of three 40-m tapes.

Table 1
Electromagnetic properties of three 40-m Advanced MOCVD tapes.

Temperature Tape ID Tape 1 (Start) Tape 1 (End) Tape 2 (Start) Tape 2 (End) Tape 3 (Start) Tape 3 (End)

77 K Transport Ic 869 735 930 819 403 362
n-value 24.6 19.8 29.6 25.0 19.7 20.3

4.2 K Lift factor @ 13 T 5.04 6.69 4.6 5.5 11.21 11.79
Ic @ 13 T 4,379 4,917 4,259 4,525 4,517 4,267
Alpha value 0.81 0.75 0.77 0.74 0.73 0.72
Ic @20 T 3,106 3,563 3,064 3,360 3,297 3,138

20 K Lift factor @ 13 T 2.47 3.0 2.3 2.63 5.45 5.72
Ic @ 13 T 2,146 2,197 2,120 2,193 2,196 2,070
Alpha value 0.99 0.99 0.95 0.95 0.9 0.9
Ic @20 T 1,402 1,436 1,413 1,462 1,494 1,408

Fig. 6. Critical current density of 40-m long tape versus magnetic field applied along the c-axis at 4.2 K. Data of short samples taken from [20,21,28] are included.
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lengths by A‐MOCVD confirms the scalability of this method to pro-
duce high‐performance tapes.

4. Conclusion

Most of the previously‐reported A‐MOCVD REBCO tapes with the
best critical currents in high magnetic fields and low temperatures
are those with ≥15% dopant content. In this work, we have shown that
by optimizing the barium level in Zr‐ or Hf‐doped REBCO film, a sim-
ilar superior performance can be achieved in 5% Zr‐doped thick‐film
tapes. Guided by these results on optimum precursor composition,
4‐μm‐thick‐film REBCO tapes with 5 mol% Zr doping were fabricated
in lengths over 40 meters in a pilot‐scale A‐MOCVD tool, in a single
pass. Critical currents of these tapes along their length have been mea-
sured using 2D SHPM. The infield performance at the end section of
each long tape has been measured at 4.2 K and 20 K in magnetic fields
up to 13 T (B ? tape). At 13 T, considerably high critical currents
>4,000 A/12 mm and > 1,400 A/12 mm have been obtained at
4.2 K and 20 K respectively in the long tapes. We measured the Jc of
the end section of a 40‐m‐long 5% Zr‐doped REBCO tape at 4.2 K
and fields up to 32 T at NHMFL. Remarkably high critical densities
over 10 MA/cm2 have been obtained at 4.2 K and 14 T. The perfor-
mance of this tape is on par with the previously‐reported high Ic tapes
with film thickness <5 µm. Such a superior performance reveals the
potential of A‐MOCVD to fabricate of long REBCO tapes for
ultrahigh‐field magnets.
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