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Abstract
We fabricated three racetrack coils (RC1, RC2, and RC3) from Bi-2212 Rutherford cables
(17-strand, thickness x width = 1.44 mm X 7.8 mm, strand diameter = (0.8 mm) and applied
overpressure processing heat treatment (OPHT). The quench currents of RC1 and RC2 reached
5268 A and 5781 A, respectively, despite them still, surprisingly, exhibiting some Bi-2212
leakage to the surface. After removing most of the leakages using a simple-to-implement
insulation scheme, the quench current of RC3 improved to 6485 A, which is about three times
the average quench current of a dozen racetrack coils that had been fabricated and reacted using
the conventional 1 bar heat treatment. The results confirm the effectiveness of the OPHT
technology and the new leakage control scheme for coils made from Bi-2212 Rutherford cables.
Coils exhibited an increased quench current with increasing the current ramp rate from 5 to
200 A s~ '; they were quite stable against point and transient disturbances, and were capable of
adsorbing persistent Joule heating at ~80 mW for >15 s before quenching. These behaviors are
different from Nb-Ti and Nb;Sn accelerator magnets. Overall, our results provide a critical
evaluation and verification of Bi-2212 wire and magnet technologies (wire, insulation, heat
treatment, coil fabrication, and coil operation), reveal crucial new stability features of Bi-2212
magnets, and demonstrate technological options for it to become a practical high-field magnet
technology.

Keywords: Bi-2212, overpressure processing, accelerator magnet, quench, HTS racetrack coil

(Some figures may appear in colour only in the online journal)

1. Introduction with increasing magnetic fields, and carries high J. well

above 20 T. For example, a high J, of 950 A mm 2 at 42K
Like Nb-Ti and Nb3Sn, Bi-2212 is available as an isotropic, and 45T was demonstrated by Oxford Superconducting
multifilamentary round wire and can be made into 5-20kA  Technology (OST, now Bruker OST) in 2005 [4]. However,
Rutherford cables and 10-100kA cable-in-conduit cables efforts at making superconducting coils using Bi-2212 wires
[1-3]. At 4.2 K this high-T cuprate round wire conductor also  for a few years after 2005 yielded disappointing results. For
carries a high critical current density J. that slowly declines example, a dozen racetrack coils made from Bi-2212
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Table 1. Parameters for the racetrack coils fabricated. Wires were fabricated by Bruker OST using the powder-in-tube technique. They share a
similar Ag:Ag-0.2 wt%Mg:Bi-2212 ratios. The RC3 Rutherford cable was painted with a TiO, coating before insulated with a mullite sleeve

insulation.

Coil ID RCl1 RC2 RC3

Wire ID PMM130411 PMM120928 PMM120928

Wire design 19 x 36 37 x 18 37 x 18

Precursor powder Nexans batch #77, composition Biy 17Sr1.94Cag g9Cu3.000x
Filament twisted No

Witness round wire diameter (mm) 0.8 mm (as-drawn), ~0.775 mm (after 50 bar OPHT)
Witness strand Jg (4.2 K, 14 T) (A mm~2) after 50 bar OPHT ~420 ~500 ~500
LBNL cable ID 1066 1067 1067

Cable design

Cable length
Insulation

17-strand, 1.44 mm x 7.8 mm (bare), pitch angle = 15°, pitch
length = 55 mm, packing factor = 82%

7.5m
Braided mullite Braided mullite TiO, + braided mullite
sleeve sleeve sleeve
~150 pm

Mullite sleeve thickness
Heat treatment
Impregnation

Field generation constant

Beeswax

50 bar OPHT in a mixture of Ar/O, (P(O,) = 1 bar)
Beeswax NHMFL mix 61 epoxy
0.4065 TKA™!

Rutherford cables at Lawrence Berkeley National Laboratory
(LBNL) using a wind-and-react approach showed a wire J
much lower than critical current test barrel values shown by
OST [5, 6]. Despite these coils being made in a meticulous
manner to avoid contamination, they exhibited leakage, signs
of the Bi-2212 liquid phase inside Bi-2212 filaments leaking
out of the silver matrix during heat treatment and reacting
with the insulation.

Further studies revealed that a basic problem of Bi-2212
wire is that it is a powder-in-tube wire in which there is
necessarily porosity so as to allow the Bi-2212 powder par-
ticles to slide over one another during the wire fabrication
[7-10]. At the end of wire manufacture this porosity is typi-
cally about 35%, very well distributed and generally invisible
in wire cross-sections. On heating the wire into and through
the partial melt state, the gas inside these pores expands about
four times. If the wire ends are closed or the wire is long,
these internal gases cannot escape and thus cause significant
creep of the Ag, wire expansion and Bi-2212 dedensification,
and even wire burst. By contrast, gas can generally escape in
short wires reacted with open ends [11], thus avoiding this
long length wire problem. The J. of such wires is generally
much higher than in coil-length wires. Leakage is thus a
natural consequence of the internal gas pressure and the creep
rupture of silver sheath that it causes, which manifests as
longitudinal cracks parallel to the wire axis that relieve the
principal circumferential stress in the wire sheath [12].
Overpressure processing heat treatment (OPHT) was devised
to prevent this Ag creep by using an external gas pressure to
counteract wire expansion. OPHT shrinks wire diameters and
almost fully densifies the Bi-2212 filaments, raising the J.. in
wires [13] substantially above those obtained previously by
OST [4]. It was successfully applied to a solenoid wound
from single round strands (10 bar OPHT), which generated an
additional 2.6 T in a background field of 31.2 T for a total

field of 33.8 T [13]. More typically a 50 bar OPHT is now
applied as a standard HT.

However there were still concerns towards applying the
OPHT technology to practical coils, such as those required for
accelerator magnets [14]. A key question was its applicability
to coils made with Rutherford cables, in which strands are
twisted, rolled, and heavily deformed, especially at the edges
of cables. Coils useful for accelerator magnets, including
racetrack coils [15], cosine—theta coils, and canted cosine—
theta coils [16, 17], are all reacted inside a fixture that defines
their shapes during reaction but they are made using alloys
such as stainless steels and Inconel. A concern was that these
materials react with oxygen and can cause local oxygen
deprivation, therefore changing the reaction and Bi-2212
stoichiometry, thus reducing J.. Bi-2212 needs diligent pro-
cessing control (peak processing temperature and the time in
the melt among others) [18, 19], and this control needs to be
applicable, reliable, and reproducible to a relatively large
thermal mass sitting in a high density, high pressure gas
mixture (Ar and O, with a total pressure of >25 bar and with
an oxygen partial pressure of 1bar). Racetrack coils are a
great tool for examining these and other issues relevant to
fabrication and operation of practical accelerator magnets
[20]. Here we apply the OPHT for the first time to racetrack
coils made using Bi-2212 Rutherford cables.

2. Experiment design

2.1. Conductor, coil design, and coil fabrication

Table 1 lists specifications of the three two-layer, six-turn/
layer racetrack coils (RC1, RC2 and RC3) fabricated for these
experiments. All three coils were wound using the ‘double-
pancake’ technique with each coil having two layers, each of
which is comprised of six turns; the ramp turn between the
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Figure 1. (a) Transverse cross-section of RC1 strand PMM 130411,
and (b) transverse cross-section of RC2/3 strand PMM120918.

(¢) An insulated 17-strand Bi-2212 Rutherford cable. (d) RC3 after
potting. S.S. = stainless steel.

two layers is in the highest field region. Coils were wound on
an UHV cleaned and preoxidized INCONEL® 600 island
(straight length = 152.4 mm; arc radius = 39.4 mm). Volt-
age taps made of pure Ag foil were added during coil
winding. After winding, the coil was enclosed inside a
package of preoxidized INCONEL® 600 tooling consisting of
a horseshoe, an end shoe, and two lead support pieces. The
coil pack was then assembled inside two preoxidized
Inconel® 600 plates and shipped to the National High
Magnetic Field Laboratory (NHMFL) for OPHT. The weight
of the reaction package is ~8.2kg and it measures
370 mm x 120 mm X 31 mm.

A key difference between RC1 and RC2 is that the wire
was changed from a wire with a 19 x 36 architecture (36
bundles, each having 19 filaments) to a wire with a 37 x 18
architecture. RC3 is identical to RC2 except that its cable was
brush painted with several coats of TiO,-polymer slurry
before being insulated with the same mullite sleeve used for
the cables and coil winding of RC1 and RC2. The TiO; slurry
was prepared with a recipe [21, 22] used for single strand
solenoids with properties already reported [23-25]. Figure 1
shows cross-sections of the wires and the insulated Ruther-
ford cable. The RC2 and RC3 strand (PMM120928) repre-
sents the state-of-the-art industrial wires fabricated from
2005-2016 whereas the RC1 strand (PMM130411) has a sub-
par performance.

2.2. Heat treatment and impregnation

To prepare coils for OPHT, coils were heat treated at 450 °C
for 4h in flowing O, (pO, = 1 bar) to remove the organic
sizing in the braided mullite insulation sleeve [6], and the
ends of their strands were sealed using hydrogen torches.
After that, the coil package was vertically positioned inside
the NHMFL overpressure process (OP) furnace and reacted
using a peak reaction temperature of ~892 °C in a flowing
mixture of argon and O, (Ar:O, = 49:1) with a total gas
pressure of 50 bar [13].

To facilitate a possible postmortem examination of coils,
RC1 and RC2 were impregnated with Beeswax. RC3, how-
ever, was impregnated with an epoxy developed for the NMR
900 MHz spectrometer magnet at the NHMFL (NHMFL ‘mix
617). Before potting, the INCONEL® 600 horseshoe and the
INCONEL® 600 end shoe were replaced with stainless steel
counterparts; the INCONEL® 600 lead supports were
replaced with G-10 counterpart. Figure 1 shows a photo of
RC3 after epoxy impregnation. After potting, the coil was
assembled inside side bars and cover plates made of stainless
steel to prevent motions due to Lorentz forces during high-
current tests.

2.3. Coil test

The coil was connected to a header with 10 kA vapor cooled
current leads. The coil was connected to Cu current leads
using two 7.8 mm wide Nb-Ti Rutherford cables. The typical
joint resistance between Nb-Ti cables and Bi-2212 cable
(soldered using Sng;PbssAgy; splice length = 80 mm; Nb-Ti
was soldered to both sides of Bi-2212.) is ~1 n{2 at 4.2 K.

Voltage signals for each layer were connected to a
multichannel, 16 bit data acquisition system that sampled at
both 10Hz and 1kHz. Voltage signals of half coils (a coil
layer), the whole coil, and the imbalance value were also
monitored by an FPGA board for quench detection. Typical
quench detection voltage thresholds are 50 mV for the whole
coil, 30 mV for layer 1, 30 mV for layer 2, and 50 mV for the
voltage imbalance between half coils. After detecting a
quench, the power supply is turned off and a dump resistor is
switched into the circuit. The coil current is then forced to
decay with a time constant 7 = L/Rp, where L refers to the
coil inductance and Rp is the value of the dump resistor
(L =~ 36.3 uH, Rp ~ 20mf), and 7 =~ 1.89 ms).

3. Results

3.1. Overall performance

Figure 2 shows that the quench current (/) at 4.2 K increases
with increasing current ramping rate d//dt for RC1, RC2 and
RC3. I, is defined as the maximum current reached by the
power supply upon detecting a quench while increasing the
current linearly. For RC2, the I, increases from 5483 A with
dr/dt = 10As™!, to 5781 A with dI/dt=150As",
respectively whereas for RC3, the I, increases from 6255 A
with dI/dt =5As™" to 6485A with dI/dr = 150 As™',
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Figure 2. Dependence of I, on the current ramping rate d//dr for
RC1, RC, and RC3.

Table 2. Holding current tests on RC2 and RC3.

Coil  Hold current (A)  Quench?

RC1 4570 Hold for 100 s and no quench
5085 Quench after 3.5s

RC2 5178 Hold for 100 s and no quench
5280 Hold for 100 s and no quench
5380 Hold for 100 s and no quench
5432 Quench after 20 s
5482 Quench after 8 s
5584 Quench after 3 s

RC3 6130 Hold for 180 s and no quench
6200 Hold for 180 s and no quench
6300 Quench after 5s

respectively. This behavior is different from the well-known
behavior of Nb-Ti and Nb3;Sn Rutherford cable based coils
for which I decreases with increasing ramping rate, e.g. by
~20% from dI/dt=5As"" to dI/dt=150As""' for a
Nb3;Sn LARP quadrupole magnet [26]. RC2 and RC3 did not
exhibit the quench training found in Nb-Ti and Nb;Sn
accelerator magnets [27, 28]. Moreover, repeated tests yielded
the same I, within =5 A. With a field generation constant of
0.4065 TKA ™', the peak field generated by RC3 is 2.64 T.

Table 2 summarizes the results of current hold tests at
4.2 K. The coils can be held in a stable manner at a current
slightly below the lowest I; determined by the linear current
ramp test. For example, the lowest I; for RC3 was 6255 A.
RC3 was ramped up to 6200 A at dI/dr = 50 A s~ and then
could sit at 6200 A for 180s without quenching. After a
current ramp to 6300 A at 50 As™', it quenched at 6300 A
after only 5s.

3.2. VI characteristics at 4.2 K and quench origins

Figure 3 shows coil and turn voltages of RC2 during a linear
current ramp of 10 As™'. Figure 4 shows an example of coil
and turn voltages of RC2 during a current hold test at 5432 A
at 4.2 K that results in a thermal run-away and a current dump

after 20 s. Both cases result in a quench with characteristics of
Viayer1 and V. increasing positively, driven by increasing
internal resistance, and Vi, going negative, driven by
inductive voltages. When V.. reached 0.1V at t = 55.839 s
(figure 3), voltages of several turns (L1-T5, LT-T6, ramp turn,
L2-T6, and L2-T5) had turned positive, showing resistive
transitions at these turns and that the quench was not pointlike
in nature; similarly, when V. reached 0.1 V at t = 63.700 s
(figure 4), voltages of the inner turns (L1-TS, LT-T6, ramp
turn, L2-T6, and L2-T5) had turned positive. When RC2 was
held at a constant current before the quenches (figure 4), the
quenching turns also showed higher resistive voltages at
t=50s (I =5432A) than at t =35s (I =5075A) (for
example, the voltage of the ramp turn increased from 1.3 to
11 uV), due to increasing index losses when increasing
superconductor current around its critical current.

3.3. Bi-2212 leakage

Overpressure processing had been expected to prevent the
creep rupture of silver [12], therefore eliminating leakages.
Surprisingly, leakage was still observed on RC1 and RC2
(figure 5). Most leakage was present at cable edges. Painting
the Rutherford cable with a TiO, slurry before insulating it
with the mullite sleeve nearly removed all leakage spots after
50 bar OPHT. As shown in figure 6, only six leakage spots
were visible for the layer 1 of RC3. As noted also in some
solenoid coils at the NHMFL, it appears that there can be a
thermodynamically-driven leakage mechanism during the
highest temperature portion of the heat treatment in which
constituents of the Bi-2212 core can diffuse through the Ag to
react with metallic oxide formers. TIO, is an effective barrier
to such diffusion here and in the solenoids.

3.4. Conductor cross-sections

Figure 7 shows an optical micrograph of the transverse cross-
section of a piece of Ag/Bi-2212 cable from RC1 that con-
tains leakage. The strand at the edge of the cable lost a portion
of its filaments. Interesting no silver ruptures (‘open wounds’)
like those observed by Shen et al [12] were observed, despite
careful and gradual sectioning. For a round strand, the 50 bar
OPHT shrinks the wire diameter by ~4% [29]. Strands within
a cable sintered together, without developing gaps between
strands, while shrinking in size. The cable shrank to
approximately 1.33mm x 7.3 mm after the OPHT. Many
strands within the cable developed a peanut shape.

3.5. Performance of extracted strand tests

Strands were extracted from unreacted Rutherford cables and
reacted using 50 bar OPHT, and their /. were measured and
shown in figure 8. No definitive /. differences were found
between the kinked and the straight sections.
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Figure 3. RC2 voltage development during a current ramping test (d//dz = 10 A s~"). (a) Voltage tap connection schematics. As an example,
L1-T1 means the turn 1 (the outermost turn) of the layer 1. The right hand side shows Vii(?), Viayer 1(), and Viayer 2(8). (b) I(2). (c) Turn
voltages. (d) V(¢) of the ramp turn. The ramp turn is ~12.3 cm long. (e) E(¢) of the ramp turn. The inset is the E~I of the ramp turn.
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voltage.
4. Discussion

4.1. Bi-2212 racetrack coil technology: reaching a new height
with OPHT

Figure 9 compares the quench current of RC1, RC2, and RC3
with previous coils fabricated at LBNL using the conven-
tional 1 bar heat treatment. The critical currents /. (determined
with the electrical field criterion E. = 107>V m™ ') of pre-
vious coils at 4.2 K, self-field are 1526 A for HTS-SC-04,
1711 A for HTS-SC-06, 2636 A (quench value) for HTS-SC-
08 and 2417 A for HTS-SC-10, respectively [6, 30], with an
average current of 2072 A. RC3 reached 6485 A, more than
tripling this benchmark performance. Overall, all three RC
coils show good performance, providing a first proof that the
OPHT Bi-2212 coils can be reliable and reproducible (at least
for the coil sizes of RC1-3).

Figure 10 compares the J(B) characteristic of the strand
PMM120928 used for RC2 and RC3 after 1 bar HT and
50bar OPHT to that of the strand PMM 070420 used for
HTS-SCO08 after 1 bar HT, together with the load lines of the
HTS-SC and RC coils. HTS-SC-08 reached ~80% of its short

sample limit whereas RC1, RC2 and RC3 reached ~91%,
~88% and ~97% of their respective short sample limits along
the load line. Figure 10 also shows that the performance
improvement of the HTS-SC coils to RC1 and RC2 are
mostly due to the large benefits to J. of the OPHT. Using
1 bar HT samples wound from 1 m long wires reacted with
their ends open on ITER barrels, we found that Ji of the 1 bar
HT strand PMM120928 (320 Amm 2 at 42K and 5T ) was
only slightly better than that of the strand PMM 070420
(270 A mm ). By contrast the 50 bar HT raised Jg of the
single strand to 674 Amm ™ Z at 4.2 K and 5 T. The further Jg
improvement from RC2 to RC3 is likely due to the reduced
leakage resulting from the added TiO, layer.

4.2. Leakage mechanisms and an insulation scheme for
leakage control

Leakage has long been a problem for Bi-2212 coils [31],
although the NHMFL solenoids mostly found no leakage
after OP reaction. When we did see leakage we observed that
there was always a continuous diffusion path between the
Bi-2212 and a highly stable metal oxide of the sort found in
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Figure 5. Typical leakage pattern in RC1 and RC2. (a) RC1 after reaction. (b) Most leakage (black areas) appears at the cable edge. A leakage
spot before (c) and after (d) the mullite insulation sleeve was removed.

Figure 6. RC3 after reaction with its layer 1 exhibiting only seven
leakage spots. L = Leakage.

Inconel. We postulated that this allowed a second mechanism
of leakage unconnected to the creep rupture of the Ag gen-
erated by internal gas pressure. We call this a thermodynamic
leakage mechanism that is possible because essentially any
element that can dissolve in Ag at the reaction temperature is
then capable of diffusing to a lower energy reaction state. The
surprising leakage in RC1 and RC2 is consistent with this
mechanism. The specifics here are reactions between the
Ag/Bi-2212 wire and the mullite insulation that draw
Bi-2212 towards the Inconel 600 reaction box [32]. Insulating
Bi-2212 wires with TiO, plus mullite sleeve insulation seems

to effectively remove such reactions and therefore leakage, as
demonstrated by solenoids earlier and again in RC3. The key
in either case is to interpose an impermeable barrier between
the wire and the reaction box for which TiO, is a simple and
effective solution.

4.3. Coil stability and quench origins

Nb-Ti and Nb3;Sn magnets rarely reach their short sample J..
They are generally unstable and show premature quenches
triggered by localized, transient, and fast disturbances such as
flux jump, epoxy cracking, and conductor motion. Their
instability has been well documented and clearly implied by
the sharp decrease of their J. with temperature and magnetic
field. It is reflected also a decrease in their quench current
with increasing ramp rate due to conductor heating induced
by increasing AC losses. Here the inverse ramp rate
dependence of I, in RC1, RC2, and RC3 and the absence of
quench training are important evidence of a significantly
higher stability of Bi-2212 magnets, which is not surprising
given the slow decline of its J. with increasing temperature
and magnetic field. At 2.5T, the T, of Bi-2212 wires is
~30K, considerably higher than the equivalent values for
Nb-Ti and NbsSn.

Figures 3 and 4 show that the RC coils quench when their
inner turns reach their /. values. Their quenches are thermal
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1000.00pm ——

Figure 7. (a) A transverse cross-section of a RC1 cable piece that contains a leakage. (b) A magnified view of the three filaments at the right
edge. The filament at the cable edge showed missing filaments, a sign of leakages, for at least the filament bundles inside the rectangle box.
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Figure 8. /. of strands extracted from RC1 and RC2/3 Rutherford
cables and reacted using the 50 bar OPHT.

run-away events driven by Joule heating coming from the
slight resistance that develops as they approach their critical
current. For example, for the current holding test shown in the
figure 4, the resistive voltage of the ramp turn increased from
~10 4V at t = 43.7s to ~20 uV at t = 60 s, thus generating
a steady heat input to the conductor averaging ~80 mW for a
total heat input of ~1.3 J before the thermal run-away occurs
at r =~ 62 s. Both the amount of time that leads to this quench
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Figure 9 : Progress of /; in LBNL Bi-2212 racetrack coils.

and the amount of energy are considerably larger than those
in Nb-Ti and Nb3Sn magnets.

5. Conclusions

In summary, three racetrack coils have been fabricated with
Bi-2212 Rutherford cables and reacted with a new 50 bar
OPHT and they show exceptional performance, tripling the
critical current of coils made using the conventional 1 bar heat
treatments. The results confirm the effectiveness of the OPHT
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Figure 10. Jg(B) of witness strands for coils RC1, RC2, RC3, and
HTS-SC-08. Jg is defined as I./A, where the change of conductor
area A is ignored and A is set to 0.5024 mm?. Samples for RC1, RC2,
and RC3 were strands extracted from Rutherford cables and then
received a 50 bar OPHT.

technology and provide a critical evaluation and verification
of the Bi-2212 wire and magnet technologies (wire, insula-
tion, heat treatment, coil fabrication, and coil operation). In
addition, the work demonstrates crucial features of Bi-2212
magnets, including cable dimension changes, leakage, ramp
rate dependence, and quench behavior. A new technology
option of insulating cable with TiO, and then mullite sleeve is
shown to be effective for removing leakage in RC coils.
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