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Quench and Normal Zone Propagation Characteristics
of RHQT-Processed ����� Wires Under

Cryocooler-Cooling Conditions
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Abstract—The minimum quench energy � � and normal
zone propagation velocity � � of three kinds of �����
superconductors fabricated by the rapid heating, quenching and
transformation (RHQT) process were measured under various
conditions of applied magnetic field (10–14 T), temperature
(7–11 K), and transport current (80–95% of the critical current),
while cooled by a cryocooler for developing the over 20-T class
cryogen-free magnet. As a result, values were related to the
critical current density � ��; high MQE was obtained for low �.
It is assumed that � has a stronger influence on the than
specific heat, thermal conductivity, resistivity, and other param-
eters of the composite superconductor including the matrix and
the stabilizer. was mainly proportional to the transport
current density varying with applied field and temperature. The
second contribution to is assumed to be heat capacity
depending on the wire configuration.

Index Terms—Cryocooler cooling, �����, superconducting
wire, thermal stability.

I. INTRODUCTION

R ECENTLY, a cryocooler-cooled superconducting magnet
has progressed with developments of 4K-cryocooler and

power lead made by high temperature superconductor (HTSC).
An over 20-T cryocooler-cooled magnet has been designed
for demands of higher magnetic fields as described in [1]. To
fabricate those high-field magnets, it is essential to understand
the thermal stability of the superconducting wires under the
cryocooler-cooling. However, while a lot of studies concerned
with stability under the pool-boiling cooling condition have
been achieved, such as Maddock’s equal area theory [2],
Stekly’s classic cryostatic stability criterion [3], and CCM
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stability criterion [4], fewer have addressed stability under the
cryocooler-cooling conditions.

Previously, there were some reports on thermal stability of
wires under pulsed and external-oriented disturbances

caused by wire-movements and cracks in epoxy in the potted
coil under cryocooler-cooling conditions [5]–[8]. In these cases,
the minimum quench energy behavior was character-
ized by only one empirical equation [8].

has advantages of better strain tolerance over
[9]. The RHQT (Rapid, Heating, Quenching and Transforma-
tion)-processed wires, in particular, have high critical
current density, , (e.g. over 1,000 at 4.2 and 16 T)
and are one of the most promising wires [9]. wires have
different component materials from wires; the matrices
are Ta and/or Nb for and Cu-Sn for . Those dif-
ferences affect the thermal stability, the and the normal
zone propagation velocity .

In this paper we study and discuss the thermal stability of
three types of RHQT-processed wires under cryocooler-
cooling conditions.

II. EXPERIMENTAL PROCEDURE

A. Sample Preparation

Three types, nos. 1, 2 and 3, of RHQT-processed
wires were fabricated for stability measurements [10], [11].
They have a Cu external stabilizer of 45.8%–50% in the volume
fraction. In no. 3 sample Ta and Nb were used for the inter-fila-
ment matrix and for the outer-most matrix, respectively. The Cu
stabilizer was electroplated with a high velocity (5 m per hour)
after 1 -ion-plating. An argon-ion bombardment carried out
prior to copper ion-plating yields a good contact between Cu
and Nb. In no. 1 sample Nb was used for both of the inter-fil-
ament and the outer-most matrix. The Cu electroplating with
slow velocity and the ion-plating process were also used for the
stabilizer fabricating. In no. 2 sample Nb for the inter-filament
barrier and Ta for the outermost and the center-core were used.
The Cu stabilizer was mechanically clad. The specifications of
those sample wires are shown in Table I.

B. Basic Properties Measurements

In the experiment, the sample wire was wound around a FRP
(Fiber-Reinforcement-Plastic; G-10) bobbin with a 36 mm
diameter. The sample wire was wound in the groove on the
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TABLE I
SPECIFICATION OF Nb3Al SAMPLES

FRP bobbin and fixed with grease. Both ends of the wire were
connected to the current terminals cooled by the cryocooler.
The sample bobbin was installed on the second stage of a
GM-cryocooler, which was able to control the temperature
from 4 K to approximately 40 K. For applying the magnetic
field the sample stage was installed into the cryogen-free su-
perconducting magnet, 15T-CSM, in the Institute for Materials
Research, Tohoku University. Voltage taps and temperature
measuring sensors (Cernox) were set on the sample. Signals
obtained from them were recorded by a personal computer and
a digital oscilloscope [5]–[8]. The critical temperature
was measured by the resistance method in accordance with
the international standards of measurement method, IEC
61788-10, in changing the temperature using the cryocooler
under applied magnetic fields. Based on the measurement
standard the transport current was 1 A. The critical current
was measured at temperatures from 7 K to 11 K and at applied
magnetic fields from 10 T to 14 T, using a 100 criterion.
The critical current density was defined as divided by
the cross-sectional area of non-copper.

C. Stability Measurements

The sample was installed in the same way as the basic prop-
erties measurement. Furthermore, a 1.5-mm square thin strain
gauge was used for generating the heat disturbance, which was
put on the sample. Disturbance energy increased by a 0.06-mJ
step was inputted to the sample under a transport current of 80
% to 95 % of . In increasing of the stepped input energy, the
minimum energy that causes quench of the sample wire was
defined as the minimum quench energy, . The
measurements were performed at applied magnetic fields of 10
T–14 T, at temperatures of 8 K–11 K and the normalized trans-
port current (defined as transport current divided by ). The
normal zone generated by the heat disturbance was detected by
the voltage taps and the travel time of the normal zone from one
voltage tap to next one was measured. The normal zone prop-
agation velocity was determined as the traveling ve-
locity of the normal zone from one voltage tap to another. These
thermal stability properties were measured with changing tem-
peratures and applied magnetic fields.

III. RESULTS AND DISCUSSIONS

A. and

Critical temperatures versus applied magnetic fields for nos.
2 and 3 are shown in Fig. 1. They show almost the same results.

versus temperature at 14 T for nos. 1, 2 and 3 are shown in

Fig. 1. Critical temperature �� � as a function of applied magnetic field for
nos. 2 and 3.

Fig. 2. Critical current density at 14 T as a function of temperature for nos. 1,
2 and 3.

Fig. 2. The of no. 2 sample is lower than those of nos. 1 and
3. No. 2 sample has the same as no. 3 but lower . Since the
filament array of no. 2 is the double stack structure, it increases
the matrix ratio against the superconducting filaments.
The non-copper of no. 2 is believed to be lowered by the
filament structure although the intrinsic values are almost the
same.

B. Properties

We obtained a lot of data about properties in various
conditions of applied magnetic field, temperature and transport
current. characteristics of no. 2 sample with the highest

are reported. against the normalized transport cur-
rent in various applied fields from 10 T to 14 T at 8 K and in
various temperatures from 8 K to 11 K at 10 T are shown in
Figs. 3 and 4, respectively. As the normalized transport current
(the loaded current) and the applied magnetic field increased,
the decreased. The typical results of characteris-
tics in the cryocooler cooling, i.e. decrease with increase
of fields, were observed because the in the cryocooler
cooling is determined by the temperature margin [5]–[8]. It is
different from characteristics in the immersed cooling
using the cryogen; i.e. increase with increase of fields,
because Joule heating is dominant. The temperature dependence
of the is also explained by the temperature margin sta-
bility.

The loaded-current dependence of the at 14 T and 9
K for three types of samples, nos. 1, 2 and 3, is shown in Fig. 5.
All samples reveal that the decreases with the increase of
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Fig. 3. ��� as a function of normalized current at 8 K in 10 T–14 T for no.
2.

Fig. 4. ��� as a function of normalized current at 10 T in 8 K–11 K for no.
2.

Fig. 5. ��� as a function of normalized current at 14 T and 9 K for nos. 1,
2 and 3.

the loaded-current, and values of nos. 1 and 3 are smaller
than those of no. 2. As pointed out in sub-clause A, values
of no. 2 are smaller than those of nos. 1 and 3; high
is obtained for low . It is considered that the wire has large
tolerance against quench in the case of low that does not
bring about high energy when the quench occurred. As shown
in Figs. 3, 4 and 5, the s could not approach zero at the
normalized current of 1 by using a linear extrapolation. One of
the reasons may be that the criterion of 100 is not
enough for quench, and a 10 criterion that is hard to be
measured in the measurement apparatus. Another reason is that
linear relationship between and the normalized current
may not show at around 100% of the normalized current.

C. Properties

The dependence of transport current density for the
no. 3 sample on at 9 K in 11 T–14 T is shown in Fig. 6
as one of the typical characteristics. The
increased with an increase of . Since the magnetic field

Fig. 6. ���� as a function of � at 9 K in 11 T–14 T for no. 3.

Fig. 7. ���� as a function of � at 14 T in 7 K–10 K for no. 3.

increased, and decreased and therefore the
decreased. Furthermore, the dependence of for no. 3 on

at 14 T in 7 K–10 K is shown in Fig. 7. As the tem-
perature increased, and also decreased, therefore the

decreased. Specifically, the diminished with
increasing of magnetic fields and temperatures. In other words,
the has an approximately linear relation with . An

equation is given in (1) under pool-boiling conditions.
Variables “ ” and “ ” are defined by a steady-state term (2) and
a transient term (3), respectively [12].

(1)

(2)

(3)

Here, , C, , , and , are volume heat capacity, cross-sec-
tional area, thermal conductivity and resistivity of the wire, re-
spectively. , , and present a cooling perimeter, a la-
tent heat, a heat transfer coefficient, the operation temperature,
respectively. In the cryocooler-cooling condition the term “ ”
is considered to be very small. According to (1), although the

varies roughly linearly with when the temperature
and the magnetic field are constant, the vicinity of is
not defined. Consequently, as shown in Figs. 6, 7, and 8, the

s could not approach zero at by a linear ex-
trapolation. In the case of the temperature change, as shown in
Fig. 7, thermal conductivity, resistivity and heat capacity also
vary. In (1) “ ” is almost constant obeying Wiedemann-Frantz
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Fig. 8. ���� as a function of � at 12 T in 8 K–11 K for nos. 1, 2 and 3.

rule, but the heat capacity increases with almost . Therefore,
at low temperature is slower than that at high tempera-

ture.
vs. characteristics for three kinds of

wires at 12 T in temperatures from 8 K to 11 K are shown in
Fig. 8. Although it is difficult to compare them at the same
conditions for , magnetic fields and temperatures, it is
observed that the of no. 3 is larger than those of no.
1 and no. 2. It is known that the volume specific heat of Ta is
smaller than that of Nb [13]. As shown in Table I, the volume
fraction of Ta for no. 3 is larger than that for nos. 1 and 2. It is
assumed that the wire with large Ta volume fraction has large

as obtained from (1).

IV. CONCLUSIONS

and , thermal stabilities, of three kinds of
superconductors by the RHQT process were measured

under various conditions of the applied magnetic field, temper-
ature, and the transport current cooled by the 4K cryocooler.
Obtained significant knowledge is as follows;

1) values related to the ; high was obtained
for low . It is assumed that has stronger influence
on the than specific heat, thermal conductivity, re-
sistivity, and other parameters of the composite supercon-
ductor including the matrix and the stabilizer.

2) was mainly proportional to the transport current
density varying with applied fields and temperatures.

The second contribution to is assumed to be heat
capacity depending on the wire configuration.
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