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Abstract�YBa2Cu3O7�x (YBCO) coated conductors (CCs)
are now capable of carrying very high transport critical current
density Jc over a broad range of magnetic �eld and temperature
space, and as a result, they are receiving signi�cant interest for a
wide range of applications. While many of these applications take
advantage of the high-temperature performance of YBCO CCs,
because the YBCO CC is typically produced on a high-strength
substrate and carries very high Jc at very high magnetic �eld,
there is now growing interest in using YBCO CCs at 4.2 K to
generate very high magnetic �elds. The transition from high-
�eld conductor to high-�eld superconducting magnet, however,
requires that some challenging issues be addressed. One of the
most important challenges remaining is to better understand the
stability and quench behavior at 4.2 K, so that an effective quench
protection system can be developed. Here, we report on measure-
ments of the stability and quench behavior of short YBCO CC
at 4.2 K by inducing a quench via a heat pulse from a heater
mounted on the conductor surface. Through gradually increasing
heater pulse amplitude, the transition from stable to unstable (i.e.,
recovery to quench) is observed through voltage and temperature
measurements. Using these data, the minimum quench energy
(MQE) and normal zone propagation velocity (NZPV) are deter-
mined. It is found that, for the same fraction of critical current
(I/Ic), YBCO CCs have similar MQE and NZPV as Ag-alloy-
clad Bi2Sr2CaCu2Ox wires and signi�cantly higher MQE and
lower NZPV than those of MgB2 round wires of similar Ic (4.2 K).
Furthermore, the voltage and temperature versus time data are
correlated to better understand the quench onset behavior at
4.2 K. It is determined that a normal temperature gradient exists
from the CC surface to the YBCO layer within the conductor,
as well as a directly measured longitudinal temperature gradient.
After the heater pulse has ended but while the transport current
continues, the temperature gradient along the length becomes
dominant. Nevertheless, voltage and temperature measurements
remain problematic for quench detection in large magnets be-
cause of the slow longitudinal propagation velocity. Thus, new
approaches to quench detection and/or protection of high-�eld
YBCO magnets are needed. PACS number(s): 84.71. Mn

Index Terms�Coated conductor (CC), stability and quench,
YBa2Cu3O7�x (YBCO), 4.2 K.
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I. INTRODUCTION

THE UTILITY of a superconducting material is determined
by its ability to carry a significant critical current density

Jc at the temperature and magnetic field required by the ap-
plication. Due to the fundamental limits on the upper critical
field, low-temperature superconductors (LTSs) such as NbTi
and Nb3Sn are not likely to generate magnetic fields greater
than about 23 T [1], [2]. High-temperature superconductors
(HTSs), however, have upper critical fields that are estimated
to be at least 90 T and, therefore, create the possibility for the
generation of much higher magnetic fields [3]. Of the HTS
conductors that have been developed, the potential for low
cost and the demonstrated high Jc in YBa2Cu3O7�x (YBCO)
coated conductors (CCs) indicate the potential for broad use
in a number of applications [4]–[7]. Thus, this technology
is being extensively researched [8]–[17]. While the specific
details of the commercial CC options vary, they all have certain
common features. As implied by their name, CCs are manu-
factured by coating the superconducting YBCO on a textured
substrate, which provides a template for bi-axial texturing in
the YBCO layer. The substrate is typically comprised of a
Ni-alloy (hastelloy or a Ni-W alloy), upon which one or more
oxide buffer layers have been deposited to provide a barrier
that prevents chemical interactions between the YBCO and
Ni. The top surface of the YBCO layer is protected by a
Ag “cap layer,” and the entire architecture is then typically
encased in Cu or another stabilizer material. There are also a
number of options for additives within the YBCO layer that can
improve the superconducting properties [18]–[23]. While the
details of the electrical transport behavior at high field and the
mechanical behavior of the conductor vary with the architecture
and processing details, Jc measurements in magnetic fields
of at least 25 T clearly show that the behavior at 4.2 K is
attractive for high-field magnets [3], [24], [25]. Furthermore,
the length scales of commercial YBCO CC manufacturing
have significantly increased, and kilometer lengths of YBCO
conductor are now available [26], [27]. There has also been
significant progress in the application of YBCO CCs to high-
field insert magnets, including the recent generation of 26.8 T
[26], and dc solenoids generating magnetic fields of as high as
50 T are now being envisioned for nuclear magnetic resonance
and muon collider applications [28], [29].

Significant challenges remain before high-field YBCO mag-
nets can be constructed and operated in functional systems [28],
[30]. One of the most important challenges is understanding
the stability and quench behavior of the YBCO conductor to
protect the conductor and magnet from degradation during a
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Fig. 1. Schematic of the YBCO CC sample mounted for critical current
and quench experiments. Shown are the five voltage pairs (V21–V25) for
section voltages and the end-to-end voltage pair V20. Also shown are the
five thermocouple locations and naming convention, and the location of the
nichrome heater wire, which is wound around the sample. Note that the center
thermocouple TC33 is mounted after the heater wire is wound and that the
heater wire is electrically insulated and is thus a separate circuit.

quench [3], [24], [31]–[53]. Typically, the minimum quench en-
ergy (MQE) and the normal zone propagation velocity (NZPV)
are measured to characterize the primary quench behaviors.
For YBCO conductors, however, most of the reported quench
experiments were performed at temperatures above �30 K,
yet conductor degradation due to quenching is still not well
understood [42], [43], [46]–[50], [53]–[62]. Moreover, the sta-
bility and quench of the YBCO conductor with high transport
currents at 4.2 K are likely to be significantly different than
those at 77 K or under adiabatic conditions (> 30 K). In
this paper, the self-field quench behavior of the YBCO CC is
explored at 4.2 K, where the conductor is bath-cooled in liquid
helium. The transition from recovery to quench is observed by
gradually increasing heater pulse voltages, and the MQE and
NZPV are reported. The voltage and temperature profiles versus
time are evaluated, and finally, the results are compared to those
of Bi2212 and MgB2 at 4.2 K and to the YBCO CC at higher
temperature.

II. EXPERIMENTAL APPROACH

A. CC YBCO Short Sample

A “344” YBCO CC that is �4.3 mm wide, 0.22 mm thick,
and 12.0 cm long is provided by the American Superconductor
Corporation. The conductor, which is described in detail else-
where, has high Ic through a double-coating technology and en-
gineered flux pinning, which also reduces the electromagnetic
anisotropy [24], [63]. After coating, the conductor is slit to a
4-mm width and then laminated with copper stabilizer layers
(via soldering) on each side. The Cu strip and, thus, the final
conductor architecture are �4.3 mm wide.

B. Experimental Setup

An experiment setup for a low-temperature stability test is
shown in Fig. 1 [46], [47]. The YBCO sample is soldered
to current lead terminals. The conductor is divided into five
sections for voltage measurements, i.e., V21, V22, V23, V24,
and V25; V20 refers to the end-to-end (ETE) voltage. As shown
in Fig. 1, the section lengths are not uniform; rather, they are
24, 8, 6, 8, and 24 mm, respectively. A nichrome (80% Ni
and 20% Cr, with 0.203-mm diameter) wire heater is tightly

wound around the center section, i.e., V23. The heater, with
a wire length of 6.56 cm, has a resistance of 4.37 � at 77 K
and 4.34 � at 4.2 K. After being wound around the center of
the conductor, the effective width of the heater area is 4.0 mm.
Thus, considering a width of 4.35 mm and a thickness of
0.22 mm, the effective heater volume is 4.79 cm3. Five type-E
thermocouples, i.e., TC31, TC32, TC33, TC34, and TC35,
are attached to the conductor surface using GE varnish. The
thermocouples are then reglued with Stycast 2850FT (mass
ratio of 100 : 7.5) to ensure that they remain attached during
4.2-K experiments. Lastly, the instrumented probe assembly is
inserted into a vacuum-jacketed cryostat [64].

To properly plan stability and quench experiments and inter-
pret the results, it is necessary to know the conductor critical
current Ic as a function of location. Thus, after inserting the
probe into the cryostat, the conductor is cooled in liquid nitro-
gen to 77 K. The Ic and n value are then measured as a function
of location using electric-field criterions of 1 and 0.1 µV/cm.
The measurements are then repeated at 40, 27, and 16 K in
helium gas during cooling to 4.2 K. Ic is not measured at 4.2 K,
because it is expected to approach 1 kA and the sample may be
damaged.

C. Experimental Protocol

Stability and quench experiments are performed at 4.2 K in
liquid helium. After cooling, transport current I is, first, slowly
ramped to some fraction of the ETE Ic and held for 200 ms to
ensure that a stable equilibrium is established (HP 6681 System
dc power supply). The current is determined from a voltage
signal across a shunt resistor (1000 A–100 mV) that is in series
with the YBCO CC sample. A heater pulse is then generated
by a dc power supply (Kepco BOP 50-4D). The heater energy
is varied through the heater pulse magnitude rather than the
pulse duration, which is fixed at 300 ms. Typically, a relatively
low heat pulse is used in the first run, and it is systematically
increased until the conductor quenches. The sample and shunt
voltages are measured by an array of digital multimeters
(DMMs), except for those across the heater, i.e., V23, V24, and
V25, which are recorded by a digital phosphor oscilloscope
(Tecktronic TDS 5104) with high resolution at 10 µs/data
point. Thermocouple voltages are scanned by an array of four
Keithley 2700 DMMs with a sampling rate of 20 ms/data point,
including channel switching time. All of the instruments are
connected to a personal computer through General Purpose
Interface Bus to Universal Serial Bus and controlled by an
interactive LabView program. Both software and hardware
protection limits are set for turning off the transport current
[46], [48], [51].

III. EXPERIMENTAL RESULTS

A. Critical Current and Current-Sharing Temperatures

The 77-K Ic measurements are repeated three times, and the
results using a 1-µV/cm electric field criterion are shown in
Fig. 2. Note that there is some nonuniformity in the electrical
performance (�10%) along the length. It is possible that the
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Fig. 2. Self-field Ic and n value at 77 K as a function of location on the
sample. The vertical bars show results for the three repeated measurements.
The diamonds indicate the average n value for the measurements.

Fig. 3. Ic as a function of temperature using 1- and 0.1-µV/cm electric field
criteria. The 77-K data are measured in liquid nitrogen, whereas the other
measurements are measured during cooldown in helium. The points connected
by the lines are the measured data, and the lines are fitting curves given in (1)
and (2). The points at 4.2 K are extrapolated from these equations.

reduced Ic at the center section V23 is due to the Stycast that is
used to ensure that the heater is mounted well; thus, there is no
direct exposure to helium.

The ETE Ic’s as a function of temperature are plotted in
Fig. 3 for both a 1-µV/cm criterion and a 0.1-µV/cm criterion.
The data are fit to linear expressions for each criterion [65],
[66], i.e.,

Ic(T ) = �11.85T + 1027.9 A (1 µV/cm criterion) (1)

Ic(T ) = �11.31T + 972.7 A (0.1 µV/cm criterion). (2)

Equations (1) and (2) are extrapolated to 4.2 K, estimating
Ic(4.2 K, 1 µV/cm) = 976.2 A and Ic(4.2 K, 0.1 µV/cm) =
925.2 A. Equations (1) and (2) are inverted to determine the
current-sharing temperature Tcs as a function of I . These are
plotted in Fig. 4, and the Tcs values for the values of I used in
the quench measurements are summarized in Table I.

B. Transition From Recovery to Quench

Fig. 5 plots (a) voltage V23(t) and (b) temperature TC33(t)
for a series of 300-ms heat pulses with increasing amplitude
and a fixed I = 350 A. The temperature increases as soon as
the heater pulse begins, whereas a measureable nonzero voltage
appears hundreds of milliseconds later. When V23(t) becomes
measurably nonzero, temperature TC33(t) has already reached

Fig. 4. Current-sharing temperature as a function of transport current using
the results shown in Fig. 3.

TABLE I
DELAY TIMES BETWEEN THE BEGINNING OF THE HEAT PULSE AND THE

ONSET OF A MEASURABLE NON ZERO VOLTAGE, AND UNTIL THE
CURRENT-SHARING TEMPERATURE IS REACHED, AS A FUNCTION OF THE

OPERATING CURRENT. TWO TIMES ARE GIVEN FOR THE TIME DELAY
BEFORE REACHING THE CURRENT-SHARING TEMPERATURE BASED ON

THE TWO ELECTRIC FIELD CRITERIA, AS SHOWN IN FIG. 4

100 K, which is much higher than Tcs (55 K–57 K), indicating
that the measured surface temperature is higher than local
temperature in the YBCO layer during the heater pulse. Note
that the center thermocouple is embedded in the Stycast, where
the heater is also attached, which contributes to the temperature
gradient. The initial peaks in V23 and TC33, which occur just
after the heat pulse ends, gradually increases with increasing
heat pulse amplitudes. When the heater pulse voltage is 8.65 V,
the maximum of V23(t) is less than 5 mV, although the input
energy of 5.13 J is relatively high. Independent of the heater
pulse energy (for the range used in this experiment), both V23
and TC33 decrease once the heat pulse ends, with the decrease
in TC33 being rapid due to conduction along the length of the
conductor and cooling by helium at the surface.

The transition from recovery to quench occurs when the heat
pulse increased from 10.41 to 10.56 V. In this case, V23(t)
linearly increases from t = 0.72 s to t = 0.83 s, indicative of
current sharing from the YBCO to the stabilizer. It is unclear if,
when V23(t) peaks at t = 1.1 s, the 350-A current is entirely re-
distributed to the stabilizer layers. This cannot be deduced from
the temperature data because of the temperature gradient from
the surface of the conductor to the YBCO layer. The V23(t)
data are linear; however, with no change in slope, which may
imply that current sharing is not complete, a change in slope is
expected when the current is fully redistributed to the stabilizer,
as the slope of V23(t) would mirror the temperature depen-
dence of the resistivity of the Cu rather than the temperature
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Fig. 5. (a) Voltage V23(t) and (b) temperature TC33(t) for a series of
increasing heat pulse amplitudes with I = 350 A. The transition from recovery
to quench is observed. The initial heat pulse causes a rapid spike in the
temperature and voltage from which the conductor initially begins to recover
from, even in the case of a quench. This is followed by a period of slowly
increasing voltage and temperature as the current redistributes from the YBCO
to the stabilizer and the resistive heating is greater than the surface cooling.
Lastly, voltage and thermal runaway begin, and the experiment is terminated.

dependence of Ic. During this period, the surface temperature
rapidly increases to more than 200 K. After the heat pulse ends,
V23(t) slowly decreases to 0.024 V at t = 1.85 s, whereas
TC33(t) rapidly decreases to a local minimum of �85 K. At
this time, more than a full second after the heat pulse has
ended, V23(t) and TC33(t) begin to slowly increase, indicating
a quench. Thus, the resistive heating in the stabilizers due to
current sharing is greater than the surface cooling from helium
and conduction along the conductor. At t = 3.01 s, the transport
current is turned off, because the ETE voltage reaches a set limit
(300 mV). At this time, V23 = 39 mV. A few milliseconds
later, at t = 3.14 s, TC33(t) peaks at 101 K. The results for a
larger heater pulse amplitude, i.e., 10.70 V, are shown in Fig. 5.
In this case, the same trends occur as in the 10.56-V case, but
the second increase in V23(t) and TC33(t) more quickly begins
after the heat pulse ends.

C. Voltage and Temperature Traces During a Quench

If the energy from the heater to the conductor exceeds the
MQE, the normal zone propagates along the conductor, and
nonzero voltages are measured in V22(t), V24(t), and possibly
further along the conductor. Fig. 6 plots the (a) voltage and
(b) temperature versus time for a quench with It = 350 A and

Fig. 6. (a) Voltages and (b) temperatures along the length of the YBCO CC
during a quench with I = 350 A and VP = 10.70 V, which is slightly above
the MQE. Nonuniform propagation along the conductor length is observed.

heater pulse voltage = 10.70 V, which, as shown in Fig. 5, is
�1.5% above the MQE. The heat pulse begins at t = 0.57 s,
and TC33(t) immediately increases while there is a delay
in V23(t), which becomes nonzero at t = 0.72 s. TC32(t)
and TC34(t), which are symmetrically located about TC33,
simultaneously increase at t = 0.71 s, whereas V22(t) and
V24(t) become measurably nonzero at t = 0.75 s. Note that the
time lag between TC33(t) and V23(t) is much longer than that
between TC34(t) and V24(t) and that the slopes of V23(t) and
TC33(t) are much higher than the slopes of any other voltage or
temperature traces. These differences are due to the rapid local
heating due to the heater itself. At t = 0.83 s, although the pulse
is off, V23(t) continues to increase and does not peak until t =
1.01 s. This is due to heat conduction normal to the conductor
surface, where the temperature peaks at over 200 K, into to the
YBCO layer, and is further evidence for a large temperature
gradient in this direction. At t = 2.58 s, V21(t) and V25(t)
become measurably nonzero due to normal zone propagation.
In this case, there is a nearly simultaneous appearance of mea-
surable nonzero voltages and an increase in the local tempera-
ture (TC31 and TC35). Moreover, before the transport current is
terminated, TC32(t) and TC34(t) reach 75 and 200 K, respec-
tively. The asymmetry between V22(t) and V24(t), and T32(t)
and T34(t), results from inhomogeneities along the conductor
length. Note also that TC34(t) is actually higher than TC33(t)
for t > 2.5 s, which corresponds to the time at which V22(t)
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Fig. 7. Peak electric field and temperature along the length of the YBCO CC
at the end of the quench shown in Fig. 6. The dashed line illustrates Tcs for this
experiment.

and V24(t) separate. This may be indicative of inhomogeneity
in the Cu stabilizer or in the solder layer. Lastly, it is interesting
that TC31(t), TC32(t), TC33(t), and TC35(t) continue to
increase shortly after the transport current is terminated. This
is due to heat conduction along the length of the conductor.
Only TC34(t), which is the hottest location at the end of the
experiment, decreases as soon as the transport current ends.

The electric field and temperature peaks at the end of the
350-A quench (the data in Fig. 6) are plotted versus location
in Fig. 7. (Note that the voltage data are converted to electric
field to normalize out the varying tap distances.) The electric
field data are for t = 2.83 s, and the temperature data are for
t = 3.07 s. As expected, the center section has the largest elec-
tric field, but TC34 has a higher peak temperature than TC33.
This is an artifact of the experimental geometry. The TC33 ther-
mocouple is mounted atop the Stycast, whereas that of TC34 is
directly attached to the conductor. Thus, TC33 is insulated from
the heat source (resistive heating in the stabilizer), whereas
TC34 is not, and the electric field profile is more indicative
of the temperature within the YBCO for the center section of
conductor. The time delay between the peak voltages and the
peak temperatures is primarily because the hottest spot in the
conductor is not at the surface, which is exposed to helium.
The peak voltage occurs at the last measurement reading before
turning off the transport current. The temperature slightly rises
after that because of the temperature gradient normal to the
conductor surface. The peak voltages or temperatures in V21
and V22 are below those of V24 and V25 due to inhomo-
geneities in the conductor. Although TC31 and TC35 are well
below the current-sharing temperature (�57 K at I = 350 A,
E = 1 µV/cm), V21 and V25 are measurably nonzero. This
is due to the temperature gradient along the length of the
conductor. TC31 and TC35 measure the temperature at the
middle of sections V21 and V25. These sections are relatively
long, i.e., 24 mm each, and the voltage is measuring the length-
average electric field. Thus, there is a measurably nonzero
voltage as soon as any portion of the 24-mm-long section across
V21 or V25 has local temperature higher than Tcs.

D. MQE

Fig. 5 shows that the MQE for I = 350 A corresponds to
a heater pulse voltage of 10.56 V. The same procedure was

Fig. 8. MQE and MQE density versus I and I/Ic at 4.2 K for the YBCO
CC studied here. Also shown are the MQE versus I and I/Ic at 4.2 K
for Bi2Sr2CaCu2Ox (Bi2212) and MgB2 round wires reported elsewhere
[47], [52].

Fig. 9. NZPV versus voltage criterion for different transport currents.

repeated for I ranging from 400 to 550 A in 50-A intervals.
At each current, the experiment was repeated, and the average
MQE versus I is plotted in Fig. 8. The results are shown in
terms of both MQE and MQE density in terms of I and I/Ic. As
expected, MQE decreases as I increases. Consistent with other
measurements of HTS quench behavior, the MQE values are
very high, i.e., up to 9.0 J, which is higher than what is observed
in LTS by about three orders of magnitude. These values likely
overestimate the MQE, however, in that the ratio of the cooled
surface to the conductor volume is very high, so the conductor is
in a well-cooled geometry. Moreover, at low transport current,
e.g., 350 or 400 A, not only is the MQE particularly large but
the error bars that illustrate the spread in data for the repeated
experiments shown in Fig. 8 are also large.

E. NZPV

To quantitatively characterize quench propagation, the
NZPV is calculated using V24(t) and V25(t). Propagation
distance LV24 is the length of V24, which slightly differs from
how previous authors have defined it [48]–[50], because the
voltage section lengths are different in this experiment. Here,
NZPV is calculated using

NZPV = LV24/(tV25 � tV24) (3)

where tV25 and tV24 are the times when V25(t) and V24(t)
reach a chosen voltage criterion. The calculated NZPV, as a
function of voltage criterion and transport current, is plotted in
Fig. 9. The propagation velocities at low voltage criteria show
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