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Temperature Dependence of Total AC Loss in
High-Temperature Superconducting Tapes

Doan N. Nguyen, Pamidi V. P. S. S. Sastry, David C. Knoll, and Justin Schwartz, Fellow, IEEE

Abstract—A versatile experimental facility was designed and
set up to measure transport ac losses, magnetization ac losses, and
total ac losses in high-temperature superconductors at variable
temperatures. Several sets of measurements were carried out in
the temperature range of 35 K to 100 K. Sample temperature
during the measurements could be controlled within 0.5 K of set
temperature. Temperature dependence of transport losses reflects
variation of critical current density of the tapes with temperature.
Temperature dependence of magnetization losses exhibits an
interesting behavior with a peak, whose position shifts to lower
temperatures as the magnetic field is increased. Experimental
data of ac losses at various temperatures are compared with those
calculated using numerical methods. Generally, the simulated
results reproduce well the experimental data.

Index Terms—Magnetization loss, superconducting tape, tem-
perature dependence, total ac loss, transport loss.

I. INTRODUCTION

H IGH-TEMPERATURE superconductor (HTS) devices,
depending on the application, may operate in a wide

range of temperatures between 4.2 K and 77 K. Supercon-
ducting properties of HTS materials strongly depend on
temperature, including the critical current density and ac losses.
The ac losses are particularly temperature dependent, so under-
standing the temperature dependence is, therefore, crucial for
understanding the basic properties of HTS conductors and for
optimizing device operation.

AC loss measurements by the electromagnetic (EM) [1]�[13]
or calorimetric method [11]�[16] are usually performed in
liquid nitrogen, 77 K, or in a narrow temperature range of 65 K
to 77 K by pumping on liquid nitrogen. Only a few reports
of magnetization loss measurements in variable temperatures
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from 30 K to 77 K using the calorimetric method have been
reported [17], [18].

EM measurements offer higher sensitivity compared to
calorimetric measurements and hence are preferred for variable
temperature total ac loss studies. Variable temperature EM
measurements, however, pose signi�cant design and experi-
mental challenges including:

1) Metallic parts surrounding the sample must be avoided to
eliminate noise from eddy currents that are in phase with
the loss signal. Therefore, maintaining uniform tempera-
ture along the sample during measurement poses a signi�-
cant cryogenic design challenge.

2) During transport current loss measurements, several
hundreds of amperes of current must be passed through
the sample. To protect the sample from overheating and
damage, a heat sink is needed as a stabilizer. Especially
for K, a typical measurement on a YBCO coated
conductor requires currents up to 1 kA.

3) A signi�cant amount of heat is generated in the resistive
current leads that carry current to the superconducting
sample. The heat must be ef�ciently intercepted to prevent
thermal instability and maintain temperature control on
the sample at the set point.

4) For measurements in an external ac magnetic �eld, the
magnet bore must be suf�ciently large to accommodate the
sample holder and the necessary cryogenic environment.
The required large volume with uniform magnetic �eld
makes the magnet inductance large which in turn poses sig-
ni�cant demands on the required power supply. The large
voltages necessary to provide suf�cient current for high
magnetic �eld at high frequencies also must be considered
in designing the magnet.

After taking into account all of the above challenges, a novel
experimental facility was designed and built to enable variable
temperature total ac loss measurements on HTS conductors by
EM techniques at temperatures ranging from 30 K to 100 K.
This paper describes the experimental setup and representative
transport loss, magnetization loss, and total ac loss data in an
HTS sample when it carries a transport current and is exposed
to a perpendicular applied magnetic �eld. All the values of
the magnetic �eld and transport currents referred in this paper
should be understood as their peak values. The ac applied
magnetic �eld and transport current always have identical
frequency (51 Hz) and phase.

II. EXPERIMENTAL APPROACH

A. Experimental Setup
In the EM method, the total ac loss dissipated in an HTS tape,

when it carries an ac transport current in an ac magnetic �eld,
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Fig. 1. Sketch of the cryostat with the sample holder and the magnet for the
variable temperature measurement.

is determined as the sum of the magnetization loss component
(which is delivered by the applied magnetic �eld (or magnet)
and is usually measured by a pick-up coil) and the transport cur-
rent loss component (which is delivered by the transport current
(or its power supply) and is usually measured by a voltage loop
soldered to the sample) [1], [4], [9].

Fig. 1 shows a sketch of the experimental setup. The mag-
netic �eld is generated by a liquid nitrogen cooled double helix
magnet which produces a uniform transverse-magnetic �eld in
a 25-cm-long region across the magnet bore. The sample holder
is accommodated in a G10 tube sealed at the bottom. The tube
is suitable for holding vacuum. The top of the tube is attached to
a rotatable stainless steel CF �ange and the �ange-tube joined
and sealed with epoxy. The rotatable �ange allows for sample
rotation, thus facilitating changes in the sample orientation rel-
ative to the magnetic �eld. Two current leads are anchored to
the cold head with a thin sapphire plate placed between the
cold-head and current leads for electrical insulation. Thus, the
current leads are also used to cool the sample. Further details of
the experimental setup are found in [19].

Fig. 2 shows a photograph and sketch of the sample holder
with an HTS sample soldered between the current leads. There
are two heaters wound around the current leads (one on each
lead). The sample temperature is monitored by 5 to 10 type-E
thermocouples and several temperature sensors mounted along
its length. The heaters are controlled by Lakeshore 340 temper-
ature controllers to ensure that the temperatures at both ends
of the sample are equal, and thus to achieve uniform sample
temperature. The heaters are also used as compensation heat
sources. When the transport current and/or magnetic �eld are
turned ON, ac loss in the sample and heat generated in the cur-
rent leads cause a temperature rise on the sample. The tempera-
ture controllers respond to that temperature rise by reducing the
power through the heaters. To protect the sample during mea-
surements and to improve the temperature uniformity, a sap-
phire plate is placed beneath the sample to serve as a heat sink/

Fig. 2. Photograph and sketch of the sample holder.

Fig. 3. Sample temperature pro�le measured by seven thermocouples, T1
through T7, mounted along the sample for six temperature settings. The helium
pressure inside the measurement chamber is 1.5 bar.

stabilizer for the sample. The sapphire plate is 1 cm thick and
makes good thermal contact to the current leads at both ends.

Helium pressure in the measurement chamber is an important
factor for controlling the sample temperature. As the helium gas
pressure decreases, the thermal exchange between the sample
and the surroundings is reduced. As a result, the sample can be
cooled to lower temperatures but the temperature becomes un-
stable during the measurement. Fig. 3 plots the sample temper-
ature pro�le recorded by seven thermocouples mounted along
its length when the helium gas pressure is 1.5 bar. In order
to generate Fig. 3, a set temperature was �rst established, after
which we observe the time constant required for the temperature
to be stable. This procedure is repeated for several temperatures.
As seen in the �gure, the sample temperature stabilizes in 5 min
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for each temperature setting and good temperature uniformity
with variation of only 0.5 K along the conductor is obtained
for any temperature setting between 30 K and 100 K. Thermo-
couple T5 separated from the tape surface during the experiment
and, therefore, shows higher temperature than other thermocou-
ples, especially at low temperature.

B. Sample Description
Cooling testing and ac loss measurements were performed

on a YBCO coated conductor provided by Superpower. The
sample is fabricated by IBAD technique with hastelloy sub-
strate. The sample is 4 mm wide and stabilized on both sides
with 15- m-thick copper layers. The successful test for this tape
ensures safe measurements for other samples with a thicker sta-
bilizer. The critical current and n-value of the sample at 77 K
are 83 A and 36, respectively.

C. Measurement Procedure
The critical current of HTS conductors increases as the

temperature is decreased below the critical temperature, . For
K, typical values of YBCO coated conductors are

greater than 500 A. Measuring ac loss at such high current must
be performed carefully, especially when cooling is limited. Heat
generated in the sample and current leads causes a temperature
rise, reducing . As a consequence, the conductor may quench,
damaging the superconducting properties.

During a measurement, �rst the temperature is set at a de-
sired value. When the sample temperature is stable, the magnetic
�eld is turned ON. The sample temperature increases momen-
tarily due to the resulting magnetization ac loss, but stabilizes
quickly to the set temperature because of the compensation from
heaters. The transport current is then passed through the sample
and ac loss data is acquired in a time span of 15 s. After the mea-
surement, the current is turned OFF and the sample is allowed
to stabilize at the set temperature. This procedure is continued
with gradually increasing transport current. The magnetic �eld
is kept turned ON continuously at constant amplitude during ac
loss measurements. Only the transport current is turned ON and
OFF to avoid excessive heat dissipation by ac losses that might
damage the sample before the measurement is complete.

Fig. 4 shows results of a cooling test at 45 K. At 45 K and in
a 50-mT dc �eld, the sample has A and . Tem-
peratures shown in Fig. 4 are recorded from thermocouples T1
and T7 mounted at the ends of the sample and from a Cernox
RTD sensor mounted in the middle of the tape. During the ex-
periment, the sample is cooled until the temperature is stabilized
at 45 K. When a 50-mT ac magnetic �eld at 51 Hz is applied,
the tape temperature increases due to the magnetization loss, but
then quickly returns to 45 K because of a compensation from
heater (i.e., the heater power is reduced). An ac transport cur-
rent of 305 A (or ) is then applied, resulting in a rapid
temperature increase to 45.6 K, followed by a steady increase
at 1.2 K/min suggesting insuf�cient cooling power. The sample
transport current is turned OFF and the tape temperature returns
to 45 K. A transport current of 280 A is then applied and a sim-
ilar temperature evolution results but at lower rate, 0.8 K/min.
At 240 A, the tape is stable at 45.5K even when the heaters are
turned OFF. In this case, the total ac loss balances the cooling
power. Since the total ac loss measurements are performed in

Fig. 4. Temperature along the tape when it carries ac transport current in an ac
perpendicular applied �eld of 50 mT, � � �� Hz.

Fig. 5. Temperature versus time for three locations along the tape during ac
loss measurements at � � ��� A, � � �� mT, and � � �� Hz.

15 s after the current is set, the rates of increasing temperature
are suf�ciently slow to perform ac loss measurements with 1 K
during a measurement. Fig. 5 plots the temperature versus time
on the tape during an ac loss measurement in a perpendicular ac
�eld of 50 mT and a 272-A transport current. While acquiring
the ac loss data, the temperature rise on the tape was about 0.6 K.

III. EXPERIMENTAL RESULTS

A. Temperature Dependence of and n-Value
Since ac loss and critical current are closely related, the trans-

port critical current was measured before measuring ac loss. The
n-value reduces from 37 to 25 when temperature decreases from
85 K to 45 K. This behavior is consistent with results reported
elsewhere [20], [21]. There is no accepted explanation for this
phenomenon but it might be related to the temperature depen-
dence of �ux pinning properties in HTS conductors. The tem-
perature dependence of is shown in Fig. 6. The critical current
increases signi�cantly with decreasing temperature. The tem-
perature dependence of in HTS conductors follows the power
law , with � [22], [23] and, in this
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Fig. 6. Experimental data (solid triangles) for critical current at various tem-
peratures. The �tting curve, � � ������ ��� � , is also plotted in a solid
line.

Fig. 7. Temperature-dependent self-�eld loss as a function of the transport cur-
rent, � � �� Hz.

case, is �tted well by function ,
as seen in Fig. 6.

B. Self-Field AC Loss at Variable Temperatures

The transport losses measured at several temperatures are
shown in Fig. 7. For a given transport current, the self-�eld loss
is smaller at lower temperatures as a result of the increase in
critical current. At low , the signal is small and thus it may
be affected by the vibration of the sample holder caused by the
cryocooler. As a consequence, the data is less stable than at 77 K
when .

Fig. 8 shows the normalized self-�eld losses
versus normalized transport current .

For comparison, the ac losses calculated from Norris�s model
[24] for elliptical and thin strip superconducting tapes are also
plotted. As seen in the �gure, the loss curves at all the measured
temperatures are superposed together. This con�rms that, in
these samples, the main contribution in the self-�eld losses is
the hysteresis loss from superconducting material and it changes
with temperature mainly due to the change in the critical current.
Since the loss curves at different temperatures are superposed on

Fig. 8. Normalized self-�eld loss as a function of the normalized transport
current measured at several temperatures is compared with that obtained from
Norris elliptical and strip models for transport loss.

a normalized scale, the self-�eld loss at any temperature there-
fore can be estimated from the critical current at that temperature
and the self-�eld ac loss at 77 K by the following relation:

(1)

This may not be a case for RABiTS1 samples with Ni�W
substrates because there may be a signi�cant ferromagnetic
loss contribution to the self-�eld loss in this type of conductor.
The ferromagnetic loss depends on the substrate properties
and, therefore, would have a different temperature dependence
than the superconducting hysteresis loss. It, therefore, would
be interesting to study temperature dependence of ac loss
in a YBCO tape fabricated by RABiTS method. Some data
on the self-�eld loss in RABiTS YBCO samples at variable
temperature was reported in [23].

C. Magnetization AC Loss at Variable Temperatures

Temperature-dependent magnetization loss is plotted in
Fig. 9. The magnetization loss was measured in the temperature
range of 35 K to 95 K for different values of a perpendicular
ac magnetic �eld at 51 Hz. For a given magnetic �eld ampli-
tude, the dependence of magnetization loss on temperature is
signi�cant, especially for low magnetic �elds. For each loss
curve, the magnetization loss has a maximum at a certain
temperature and decreases more quickly for
than for . When the applied magnetic �eld increases
from 5 to 60 mT, the corresponding decreases from
86 K to 59 K. Information on the temperature dependence of
magnetization loss is important for optimizing the design and
operating temperatures of HTS devices. From the energy ef�-
ciency standpoint, an HTS device should be operated such that
the no conductor in the system operates at or near .
Note that in some cryocooled systems, both the temperature
and magnetic �eld vary spatially, so ac loss minimization is a
design challenge. When (90 K for the YBCO coated
conductor), the magnetization loss is almost independent of

1Registered trademark.
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