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Stability of Second Generation HTS Pancake
Colils at 4.2K for High Heat Flux Applications
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Abstract—We explored high magnetic field superconducting
properties and stability at 4.2 K of Second Generation High
Temperature Superconductors using both short conductors and
small pancake coils. A 50 m length of wire was carefully
characterized for performance along the length in self-field at 77
Kand in 10 m lengths at 75 K and a 0.52 T field oriented parallel
and perpendicular to the face of the conductor. Short lengths of
conductor were tested at 4.2 K and 0-25 T in parallel and
perpendicular fields, demonstrating an overall critical current of
420 A/mm? in a parallel field of 25 T. These characterized lengths
were made into small pancake coils which were equipped with a
central heater, voltage taps and taps for thermocouples. We
report on the stability testing at 4.2 K of one of these coils.

Index Terms— High-temperature superconductors,
magnetic fields, stability, superconducting coils.
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I. INTRODUCTION

significant issue in future superconducting magnet

technology for colliders is an increasing irradiation

dosage that deposits heat while damaging the conductor
and other magnet materials [1,2]. Interest in high temperature
superconductors (HTS) arises from the anticipated large
energy margin due to the high transition temperature and very
high upper critical field of the HTS materials, which is much
higher than that of NbsSn.

In the manufacture of Second Generation High Temperature
Superconductor (2G HTS) YBCO wire, the process used by
American Superconductor (AMSC) provides the flexibility to
engineer 2G performance, architectures and stabilizer
materials towards a variety of applications [4-6]. These so-
called *“344 superconductors” are produced using the
RABITS™/MOD approach [7]. They are also of interest for
High Energy Physics applications as the critical current at high
fields can be substantial [8, 9]. The manufacturing technology
is based on the coating of wide bi-axially textured foils, which
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offers a significant cost advantage over other technologies.
Second, the stabilization of the 344 superconductors is
achieved with a lamination process. The laminate material can
be selected to have a low or high electrical and thermal
conductivity and it allows great flexibility in adapting the 344
superconductors to the desired application. In this project, we
looked at the stability of 344 superconductors laminated with a
copper stabilizer, occupying 50% of the cross-section.

Characterizations of short lengths of early 2G HTS wires
demonstrated a potential for high performance at 25 T and 4.2
K, showing an engineering critical current of 200 A/mm? [8].
For actual applications, this number is on the low side as
insulation needs to be added. A doubling of this performance
to 400 A/mm? in a conductor with 50% copper stabilizer
makes the superconductor more attractive for high field use.
More recent process improvements have increased
performance at higher temperatures. At 4.2K as well, a high
performance was demonstrated in short lengths of R&D type
344 superconductors at fields of up to 15 T [9]. In this work
we used well-characterized longer lengths of high
performance 344 superconductors to measure high field
performance at 4.2 K. We use the same wires for stability
measurements in a background field of 6 T.

Il. ColL MANUFACTURE AND CHARACTERIZATION

A. Manufacture of 344 Superconductors

The manufacture of 2G HTS wires is based on a thin film
approach. The active component, the YBCO (YBa,Cus0;) or
(RE)BCO layer, is ~1 um thick, but despite the fact that only
one such layer is present in a single conductor, J. can reach
over 130 A/mm? at 77 K, self-field (SF). This high
performance requires well-aligned YBCO grains with very
low grain boundary mis-orientation angles. Templates for
growing these near-single crystal-like YBCO films are
therefore very well-textured. AMSC uses a bi-axially textured
NiW substrate onto which thin epitaxial oxide buffer layers
are deposited (RABITS™). The YBCO layer is grown using a
low-cost, solution-based Metal Organic Deposition (MOD)
process. The process is also amenable to chemical
modifications and doping to improve flux pinning and
enhance in-field performance. The coating process is presently
done on a 40 mm wide foil. After YBCO reaction and Ag
coating, the conductor is slit to 4 mm. This slit “insert” wire is

Fig. 1. Cross section of a 4.4 mm wide 344 superconductors
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laminated on both sides to a slightly wider copper foil (4.4
mm), see example in Fig. 1. The superconductor for this Phase
| Project was made using an experimental double coat
technology for the YBCO layer. The double coat has a total
thickness of 1.4 um, comprised of two layers which are
chemically different and formulated to give the desired flux
pinning properties. For example, for undoped YBCO the
difference between parallel and perpendicular field direction is
high at all temperatures. R&D flux pinning efforts are
therefore geared towards retention of the high J; in the parallel
field orientation while enhancing J. in the perpendicular field
orientation.
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Fig. 2 Sketch of double YBCO architecture (top) and field-angle dependence
of I(bottom). Bottom curve: 0.8 um thick YBCO layer, no doping. Mid
curve: 0.8 um thick YBCO layer with RE doping. Top curve: 0.8 um thick
YBCO layer with RE doping.+ 0.6 um thick YBCO layer with planar defects,
giving a 1.4 um thick hybrid BCO layer.

An example is shown in Fig. 2 [6], where precipitates called
nanodots enhance the perpendicular-field I, values in the first
coat. Planar 124 stacking faults (top layer) maintain effective
ab-plane pinning in the second coat. Other than this double-
coat technology, production and testing followed standard
AMSC manufacturing procedures and methods.

B. Characterization at 77 K

56 m of 344 superconductors were tested at 77 K, SF, using
a 1 uV/cm criterion and a 1 m tap distance, in a continuous
manner. Data are taken every 0.5 m. Fig. 3 shows the I, results
along this 56 m length. Minimum I. is 106 A, while the
maximum | is 130 A. For the pancake coil manufacture, we
used 10 m lengths starting at 0 m. Short lengths which were
used for the high field measurements were taken from the 45-
56 m position. A detailed knowledge of I variability along the
length is of importance when the stability results are

2

interpreted. Low I variability is essential in ensuring that
quenches will initiate near the heating element and not in
sections with a low local I.. For this reason two of the 10 m
lengths were also measured at LANL continuously.
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Fig. 3. I along the length of a 56 m long section of 344 superconductors, 0.5
m voltage tap distance, 77 K, SF.

The LANL facility measures I, on a much shorter length
scale, and uses a small background field. Measurements of the
10 m lengths were done at 75.5 K and a background field of
0.52 T, which could be rotated in a perpendicular or parallel
field orientation; tap distance was 2 cm. In Fig. 4 the top
curve (squares) is the original measurement at AMSC at zero
field. The continuous curves are the I. values for a parallel
(top, B//ab) and perpendicular field (bottom, B//c).
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Fig. 4. I (75.5 K) along 10 m length, B=0.52 T, in parallel (B//ab) and
perpendicular (B//c) orientation. Y. Coulter, LANL.

The ratio at 0.52 T is ~2. A second 10 m length, not shown,
had comparable results.

TABLE 1 STATISTICS IN TWO 10 M LONG 344
SUPERCONDUCTORS, 0.52 T (Y. COULTER, LANL)

| statistics First Second
10 m length 10 m length

Field orientation B//ab Bl/lc B//ab Bllc
lc—max (A) 84.2 415 91.8 46.4
lc—min (A) 69.5 30.0 66.8 31.8
l.—mean (A) 78.2 37.0 83.9 41.9
I — St dev (A) 2.7 1.8 35 2.2
I — St dev (%) 35 4.9 4.2 53
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Statistics of both lengths are shown in Table 1. Standard
deviations varied between 3.5 to 5.3%.

C. Manufacture of small pancake coils

The 344 superconductors for the manufacture of the small
pancake coils were helically wrapped with paper insulation.
10 m lengths were used per coil, which had a 2” ID, a 3.2”
OD, and 48 turns. In the middle of the coil a heater strip was
inserted, consisting of a thin (0.025 mm) Inconel foil,
carefully cut to a 2 mm width with four evenly spaced taps for
contact to a power supply. The heater was electrically well-
insulated from the conductor. The heater extended over one
full turn. Voltage taps were distributed on either side of the
heater, and also in a radial direction. Also included were small
copper taps to attach thermocouples rather than inserting the
thermo-couples between layers during winding. These taps
work well for cryo-cooler mounted coils; for submerging in a
liquid cryogen the taps need to be thermally insulated with a
small amount of foam.

Coils were tested as wound, after epoxy-impregnation, and
after several thermal cycles, before stability testing at FSU.
One of the coils is shown in Fig. 5. Current leads were
widened at the base to create a large current injection area,
needed for the 400-800 A anticipated for testing at 4.2 K. The
final V-1 curve after potting and thermal cycling is shown in
Fig. 6. I, is 77 A at 77 K, SF, and 0.1 pV/cm. The 25%
reduction in I, compared to the continuous I, wire tests is due
to the perpendicular field components at 77 K which will
reduce I. in the inner windings. This effect is much less at
lower temperatures and in a background field, when coil I, and
short sample test results are expected to agree well. The
transition is sharp, with an index value n=31 (V~(I/Ic)"). .

D. Characterization at 4.2 K

Short samples measuring 120 A at 77 K, SF, were tested at
4.2 K and fields of 0-25 T, at the NHMFL. For parallel fields a
modified ITER-type probe was used, suitable for a tape-like
geometry. Four voltage taps were used, with a 40 or 60 cm tap
distance. Like the ITER probe for testing NbsSn wire, this
probe aimed at having the entire conductor length between the
voltage taps at the same field. Current injection length was
around 20 cm.

Fig. 5 Small pancake coil using first length of 10 m of 344 superconductors
(see Table 1), with current leads and voltage taps (wide and narrow Cu foils)
and centrally located heater, one full turn, for stability testing in liquid He.
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Fig. 6. 77 K V-1 curve for pancake coil at 77 K. Index value n=31 (V~(l/Ic)").

Current direction was selected such that the sample would be
in compressive hoop stress in field. A rig for short U-shaped
samples was used for the By, orientation.

Both measurements were carried out in a standard 52 mm
bore, 25 T Bitter magnet at the NHMFL Fig. 7 shows . versus
By.. Fig. 8 shows I versus By;p. I in a perpendicular field By,
is about a factor of 5-6 lower than I. in a parallel field Bjxp.
For 2G HTS coils (solenoids or racetrack) operating in a
parallel background field, the results in parallel field (Fig. 8)
are the most relevant. Note that with the 0.96 mm? conductor
cross section, I, (A) and J. (A/mm?) are numerically virtually
the same. At 25 T in parallel field, the engineering critical
current is around 420 A/mm?.

Strain sensitivity of this double coat conductor was re-
measured at 77 K, and was no different from the standard
conductor with a 0.8 um YBCO layer. We do not anticipate
significant changes in the strain dependence at 4.2 K and high
magnetic fields, which was earlier measured at both 50 K and
4.2 K, using a Walter Spring [10]. At 4.2K and 19 T and at
0.45% strain, I, was reduced by about 14 %, but this reduction
was completely reversible.
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Fig.7. Short sample I versus perpendicular magnetic field By at 4.2 K. 1 cm
tap distance, 1 uV/cm criterion. Cross sectional area (50% Cu) is 0.96 mmZ.


HP_Administrator
Text Box
ESNF, No. 6, October 2008; ASC Preprint 5LA06 conforming to IEEE Policy on Electronic Dissemination, Section 8.1.9


ESNF, No. 6, October 2008; ASC Preprint SLA06 conforming to IEEE Policy on Electronic Dissemination, Section 8.1.9

800

42K, Bllab

600 -

Ic (A)

400 +

200

O T T T T
8 12 16 20 24 28

Field (T)

Fig. 8. I versus parallel magnetic field B, at 4.2 K, 1 m long sample, 40 cm
tap distance, 0.1 u\V/cm criterion. Cross sectional area is 0.96 mm?, including
the 50% copper section. At 25 T the engineering critical current is 420
A/mm?,

When loaded up to 0.55% strain, I, was irreversibly reduced
to about 95% of its original value. 0.4% appears a safe strain
limit at high magnetic fields.

The angular dependence of this wire was determined at 7 T,
and is shown in Fig. 9. Even at a relatively low field of 7 T the
increased ratio 1(B//ab)/ 1.(B/c/) to >4 compared to a ratio of
2 at 77 K is evident.
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Fig. 9. I versus field angle at 4.2 Kand 7 T.

I1l. ColIL STABILITY TESTING

A. Stability testing approach

Stability testing of the coil shown in Fig. 6 was performed in
a 6 T background magnetic field provided by a 200 mm warm
bore, cryocooled superconducting magnet. The resulting peak
hoop stress on the conductor in the coil is 0.31 MPa per
Ampere of transport current. To ensure that the steady-state
hoop stress during stability testing remained well below the
conductor stress limit, the transport current was limited to 500
A, corresponding to a hoop stress of 155 MPa. Note that this
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does not take into account local stresses within the conductor
due to quenching. The magnitude and effects of these transient
stresses remain unknown in YBCO coated conductors and
depend in part upon the normal zone propagation velocity.
Thus, in order to minimize the likelihood of damage to the
coil, the steady-state operating stress was kept to a
conservatively low level.

To prepare for in-field stability testing, the coil was mounted
to a G10 plate using black Stycast 2850 FT. The G10 was cut
with the lamination in radial direction. The current leads were
laminated with Bi2223 conductors to decrease the Joule
heating. The coil and leads were then reinforced using white
Stycast 1266 and fiber glass. After centering the coil, the coil
assembly was tightly screwed onto the main G10 board
beneath the measurement probe. At this point, the remaining
instrumentation wiring was attached and the helium sensor
position was adjusted to ensure that the helium level was kept
at least 25.4 cm above the coil upper surface. The probe was
then inserted into the cryostat within the magnet. The
background field was ramped to 6 T while the YBCO coil
remained at room temperature. Lastly, the YBCO coil was
cooled slowly, first by LN, then with helium gas, and lastly
with liquid helium. The entire cool-down process from room
temperature to 4.2 K required about 8.6 hours.

Stability testing ensued via two approaches. In the first set
of tests, the ability of the coil to remain stable during current
ramping and while maintaining a steady-state transport current
for an extended period was tested. In all cases, the coil was
ramped at 1 A/s. In the second set of tests, a steady-state heat
load was applied while the transport current was maintained at
an otherwise stable steady-state value. Due to a malfunction
temperature was not recorded during these runs. Voltage at
various locations in the coil was used to detect changes in
stability.

B. Stability test results

Fig. 10 shows the series of test results for the first set of
stability experiments. In Fig. 10a, I(t) and E(t) are shown for
the coil first being ramped to 100 A, held steady for about 15
minutes, and then ramped to 200 A and held for 7 minutes. A
non-zero electric field ~0.5 pV/cm was observed during both
ramp steps. The coil remained stable at both 1 = 100 A and | =
200 A. One electric field spike occurred at about t = 21
minutes which may be a flux jump. At t ~ 26 minutes the coil
current was ramped down to zero. Fig. 10b shows I(t) and E(t)
for the second testing of the coil. In this case, the coil was
step-ramped to 200 A, held for about 20 minutes, ramped in
two steps to 300 A and held for 7 minutes. Again, E ~ 0.5
puV/ecm was observed during ramping. A few flux jumps were
again seen at 200 A and at 300 A.

Despite the few flux jumps, the coil was stable. Lastly, as
seen in Fig. 10c, the coil was ramped directly to 300 A and
then step-ramped to 400 A where it was held for 20 minutes.
During the ramping to 300 A, E ~ 0.5 uV/cm but with a
number of spikes to about E ~ 0.7 uV/cm which may be flux
jumps. During the subsequent step-ramp, the typical E ~ 0.5
uV/em was observed. No flux jumps were observed for | >
300 A, including the 20 minute hold at 400 A (unless these
flux jumps produced much lower electric field than those seen
at lower current). The coil was stable at 400 A.
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The second set of stability testing, which uses the heater
embedded within the coil, began with I = 400 A. The initial
heat load was 0.01 W/cm? which was held for 1 minute while
monitoring the coil voltage. If no voltage rise was seen in the
coil, then the heat load was increased by 0.01 W/cm? and held
steady for another minute.
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Fig.10: E(t) and I(t) for studying the coil stability during ramping and steady-
state transport current, at 4.2 K and a background field of 6 T. (a), (b) and (c)
curves represent three sequential tests of the coil, each going to higher current
(200, 300 and 400 A).

This process was repeated until the head load reached 0.30
W/cm?, at which point the heat load was held for 5 minutes.
No voltage increase was observed, so the heat was increased
in 0.01 W/cm? increments (1 minute each) until reaching 0.40

5

W/cm? which was held for 3 minutes, and then to 0.5 W/cm?
which was held for 5 minutes. The 0.5 W/cm? corresponds to a
total heat dissipation of 3.2 W in the one-turn heater. V(t) and
the head load ramping are seen in Fig. 11. The non-zero
voltage in the first 7 minutes was due to ramping the coil to
400 A. There were no subsequent voltage spikes (flux-jumps)
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Fig.11: V(t) and heat(t) for studying coil stability with steady-state | = 400 A
and a progressively increasing heat load.

1.0E-03 0.4
8.0E-04 4 &
_ +03 £
% 6.0E-04 1 S
2 +02 2
£ 4.0E-04 T
g g
toi §
2.0E-04 4 2

0.0E+00 O T N YRTTY YT TURY IPSTY VN TROT Weon Mw» st 0.0

10 12 14 16 18 20 22 24 26 28
Time (min)

Fig.12: V(t) and heat(t) for studying coil stability with steady-state | = 500 A
and a progressively increasing heat load. The first indication of quenching is
seen at heat = 0.294 W/cm?2.

or systematic increases due to the heat load. The coil was
stable. In the last coil stability experiment, the current was
ramped to 500 A. In this case, the initial steady-state heat load
was again 0.01 W/cm? and this was increased in a step-and-
hold manner similar to the experiment at 400 A. The V(t) and
the head load ramping for this case are seen in Fig. 12. The
voltage was tracked at various locations in the coil, and the
end-to-end voltage could directly be related to the voltage
generated near the heater turn. In the run of Figure 12 the heat
load was increased to 0.294 W/cm?, the voltage rose to 0.08
mV and then returned to zero, indicating a disturbance and
recovery. The voltage began to increase again for a heat load
of 0.328 W/cm?, at which point the experiment was terminated
to prevent damage to the coil. At this point the 0.328 W/cm?
corresponds to a total heat dissipation of 2.2 W in the one-turn
heater.

IV. DISCUSSION

Earlier J;(4.2K, B) measurements at FNAL using short
sections of 344 superconductors with high 1. [9] showed an
increasing ratio of 1.(Bya)/1c(Byc) with increasing field, from
2-3 at 1T to around 7 at 14 T. This ratio, unlike Bi-2223, was
nearly temperature independent from 4.2 K to 33 K. In the
present wire with a slightly lower I the ratio tends to saturate
at around 6 at fields above 15 T and at 4.2 K, as can be seen in
Fig. 13. The high 7:1 ratio in the earlier work might have been
related to I, difference between wire pieces used for the
perpendicular and parallel field measurements. While the 77 K
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I values for the parallel field orientation were within a few
percent for earlier and present work (127 and 120 A,
respectively), at 4.2 K and field the earlier wire had a 15%
higher 1, suggesting that the earlier samples probably had a
higher degree of planar pinning. The 6:1 ratio is high for
applications in which both perpendicular and parallel field
components are experienced. For regular solenoids, for
example, 2:1 ratio is believed ideal.
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Fig. 13 1.(Byan)/1c(Byc) ratio versus magnetic field B at 4.2 K.

For the present purpose in which the 344 superconductors
would be used in a parallel background field generated by a
LTS-based magnet, a 6:1 ratio is not a particular disadvantage,
and insert coils experiencing a total field of 25 T are expected
to be able to use the full I; in parallel field of well over 400
A/mm?,

An interpretation of the stability measurements from Fig. 11
and Fig. 12 is difficult due to the absence of good temperature
data close to the heater. We therefore used the following
approach.

First, we calculated the ideal case in which the coil remains
superconducting up to the temperature when I, reaches 400
and 500 A. For this we made an estimate of the field
experienced by the superconductor near the heater and then
used earlier 1.(B, T) data for the same type of wire [9].

Second, we estimated the local temperature using thermal
modeling of the coil section around the centrally located
heater. For this modeling we used in-house measurements of
the thermal conductivity in coils stacks of 344
superconductors in the perpendicular and parallel orientation.
For power dissipation we used the final total dissipated power
at 400 and 500 A.

Third, we compared these two temperatures: the transition
temperature and the anticipated final temperature from the
steady state heating.

At 400 and 500 A currents the magnetic field in the coil can
be calculated as function of location. Near the inner turns, the
field is highest, and its orientation is mainly parallel to that of
the applied field. At 400 and 500 A DC the self-fields in that
location are 0.93 and 1.16 T, respectively, and the 400 A and
500 A levels therefore correspond to 50 and 63% of short

sample I at 6.93 and 7.13 T, respectively.

Near the heater which is located in the mid section and
extends over one full turn, the situation is more complex. The
self-field is low near the center of the heater (mid-plane of the
coil) but then rapidly increases towards the top and bottom of
the coil. Fig. 14 shows the combined field strength which
would be seen by the superconductors next to the heater. It
ranges form 0.33 in the center to 0.83 T near the edge of the
heater, and neighboring superconductor. We assumed the
average to be 0.6 T to calculate the expected 1(B)-T plot. At
6.6 T (the background field combined with the self-field) we
do not have any direct measurements but can deduce J.(6.6 T)-
T from earlier data as measured by FNAL [9]. For this, their I,
(B,T) values have been scaled down by 15%, and the results
are shown in Fig. 15. From Fig. 15 we can determine the
anticipated transition temperatures at 400 and 500 A.

*_ Htotal

20 15 10 05 00 08 10D 14 20
7 alang the heater keight (mm)

Fig. 14. Self-field of coil near heater, from top to bottom of coil (along the 4
mm width of the neighboring 344 superconductors).
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Fig. 15. Ic s6 1) Versus temperature. Values have been calculated using data
from a similar 344 superconductor, measured at FNAL [9].

These can now be compared with the final steady state
temperatures predicted by the thermal modeling study, for the
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two total dissipation levels of 2.2 and 3.2 W experienced at the
end of the runs shown in Fig.11 and Fig. 12. Table 2 shows
the comparison.

TABLE 2 TRANSITION TEMPERATURES Tcs AT 6.6 T (FIG. 16)

AND FINAL TEMPERATURE FROM HEATER INPUT,  THERMAL
MODELLING
lop Tes— FIG. 16 T-THERMAL MODEL
400 A (50% 1) 28.7 K 30.1K
500 A (62% 1) 23.0K 220K

For the 400 A case (50% of I;) the thermal modeling
predicts a slightly higher temperature (+1.4 K) than the
transition temperature expected from Fig. 6. For the 500 A
case (63% of I.) the thermal modeling predicts a slightly lower
temperature (- 1K) than this transition temperature. In both
cases there is a discrepancy (no transition at 400A and the
onset of a transition at 500 A). However, in both cases a
significant thermal margin is predicted for a coil operating at
4.2 K, at 50-63% of I, in a field of ~7 T. This thermal margin
is not limited to this relatively low field: even at 15 T the
predicted transition temperatures would be 22 K and 17 K for
an operating current of 50 and 62% of I, respectively, for a
coil operating at 4.2 K.

V. CONCLUSIONS

From a critical current density perspective, Second
Generation High Temperature Superconductors can be
successfully used at 4.2 K and in parallel background fields of
10-25 T. In short samples we demonstrated an overall
(engineering) critical current of 420 A/mm? at 25 T (Byq) in
344 superconductors with 50% copper. The 1¢(Bya)/1c(Byrc)
ratio saturated to around 6 at 25 T.

Thermal stability at 4.2 K and high magnetic fields also
shows significant potential for 344 superconductors. We
characterized several 10 m lengths at 75.5 K and ina 0.52 T
background field and established a relatively high I
homogeneity along the length. We tested a small pancake coil
made with this wire which was provided with a centrally
located heater. The coil could be run in a stable manner at 4.2
K and a background field of 6 T. At a current of 400 A (50%
of 1) the temperature was approximately 29-30 K near the
heater. At 500 A (63% of I.) a voltage onset was observed at a
temperature of 22-23 K near the heater.
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