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Abstract. The feedback coil is one of the important components to improve plasma
confinement. The feedback coil must be installed near the core plasma and it will be
affected by the heavy D-T neutron irradiation. We proposed MgB, superconducting wire as
the candidate material for the feedback coil around core D-T plasma. MgB, superconductor
is one of the “Low activation superconductors” because the half-life of the induced radio-
activity on the MgB, superconductors is much shorter than that of Nb-based superconductors.
We succeeded to fabricate 100 m class long and higher critical current density (J;) MgB;
mono-cored wire for fusion applications such as the feedback coil around D-T core plasma.
Jc property of long MgB, wire was increased remarkably by the Cu addition using Mg,Cu
compound and its small solenoid coil had 2.62 T of central magnetic field. We found that
MgB; wire became alternative materials to the commercial Nb-Ti wire under the neutron
irradiation environment.

1. Introduction

The International Thermonuclear Experimental Reactor (ITER) project was started in
order to realize deuterium (D)-tritium (T) fusion energy generation. A magnetic
confinement type fusion reactor, such as ITER, requires a higher magnetic field property to
confine the burning plasma and maintain the fusion reaction for longer operation times, so
that the superconducting magnet system is one of the most important components in the
magnetic confinement fusion reactor system. Burning plasma is sure to generate many 14
MeV fusion neutrons during the D-T reaction, and the 14 MeV neutrons will stream and
penetrate the superconducting magnet through plasma heating and/or diagnostic ports [1]. In
future, both radioactivation and degradation of superconducting properties by the streaming
and penetration of neutron irradiation will have to be considered.

A simulation result for the decay time behavior of induced radioactivity of various
superconducting wires in the toroidal field (TF) coils of an ITER design is shown in figure 1
[2]. The superconducting magnets of an advanced fusion reactor will be fabricated by the
Nb-based superconductors such as Nb-Ti, Nb3Sn and Nbs;Al due to the excellent high
magnetic field property. However, Nb-based superconductors require a longer cooling time
than tens of thousand years, if the 10 mSv/h for the remote-handling recycling level is
satisfied [3]. The activity that is maintained during a long time cooling is caused by the
formation of long-lived nuclides such as *'Nb (t;,=2.0x10" vyears), produced by
*Nb(n,y)**Nb reaction, and “°Al (t;,,=7.2x10° years), produced by " Al(n,2n)*°Al reaction. A
dose rate of around 10 mSv/h—100 mSv/h is kept at the magnet near the vacuum wall for a
long time. This means that thicker shielding is necessary in front of the magnet if Nb-based
superconductors are used for the long operation. On the other hands, V-based and MgB,
superconductors show remarkably shorter decay times compared with the Nb-based
superconductors. The dose rates of V-based and MgB, superconductors are reduced to 10
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FIG. 1: The decay time behaviors of the induced radioactivity on various
superconducting wires in the toroidal field (TF) coils of an ITER design

uSv/h for the hands-on maintenance level below 1 year [3]. This suggests that the hands-on
maintenance of these materials is possible because of their short-time cooling. We thought
that the V-based and MgB, compounds could be suitable as candidate materials for a ‘low
activation superconducting magnet’ for a fusion reactor application.

MgB; superconducting compound was discovered in 2001 [4]. Many R&D activities
concerned with MgB, wires and bulk materials were carried out for practical applications
under 20 K operation. The features of the MgB, compound are a higher critical temperature
(Te) of 39 K, simple binary chemical composition, lower specific gravity and relatively low
cost material. For future applications, we investigated the possibility of applying MgB,
superconducting wire in an advanced nuclear fusion power plant system because its
radioactivity property is lower than for Nb-based superconductors, and the lower refrigeration
load on the cryogenic system due to its higher T; property. In the view points of the fusion
reactor applications, the Poloidal field (PF) and feedback coils will be constructed by Nb-Ti
alloy and they require a larger coil radius to correct the position of the plasma. In the
concept of a low activation superconducting coil system for a fusion reactor, MgB,
superconducting wire was an alternative material for Nb-Ti alloy wire for the PF and
feedback coils if the critical current density (Jc) around lower magnetic field region could be
improved. Recently, doping of nanoparticle SiC into anMgB, matrix has been carried out to
improve Jc-B properties [5, 6].  SiC doping into an MgB, matrix was effective at improving
J. properties in high magnetic field due to the improvement of the irreversibility field (Bjr) by
co-substitution of Si and C in the MgB, crystal lattice.

In this work, we investigate Cu addition using Mg,Cu compound in the MgB, phase
synthesized by conventional processes with the purpose of improving J. without lowering T..
The Mg,Cu compound is an intermetallic brittle material, so it is easy to fabricate fine particle
powders by mechanical grinding. The Mg,Cu compound is expected to promote the
diffusion reaction to form higher T, MgB, than SiC-doped MgB, wires at lower temperatures
due to no-oxidation and a lower melting point than metal Mg [7-9]. Furthermore, we also
tried to fabricate 100 m classed mono-cored Ta sheathed wire samples having stabilized Cu in
order to investigate the workability of a Ta sheathed sample for the possibility of application
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in an advanced fusion reactor in order to realize low activation MgB,/Ta sheathed wire for
fusion application.

2. Sample procedure and experiment

Precursor mixture powders were made by metal Mg powder (99.9%, —200 mesh),
Mg,Cu compound and amorphous B powder (99.9%, —submicron). It was difficult to
disperse the Mg,Cu compound homogeneously into the precursor powder due to the hard and
brittle material and large grain size, so that the Mg,Cu compound was only crushed
mechanically into fine powder using a ball-milling process for 3 h. The composition ratios
of precursor powders were adjusted to 1 at.% Cu and 3 at.% Cu composition from the
viewpoint of better results for the J—B performance [6, 7] and these source powders were
mixed in the following two kinds of the molar ratios;

0.98 Mg:0.01 Mg,Cu:1.99 B—(1at.% Cu composition)

0.94 Mg:0.03 Mg,Cu:1.94 B—(3at.% Cu composition)

The mixture powders were tightly packed into metal Ta tubes (purity of 99.99%) with 10 mm
outer diameter and 6 mm inner diameter. The metal sheathed material required not only a
low activation property but also workability, mechanical strength, non-magnetization and
non-corrosion. Thus the metals Ta was selected by these requirements. Wire drawing was
carried out using grooved-roller and cassette-roller dies, and the precursor wires had a final
diameter of about 1.04 mm. The prepared short sample wires were heat treated using a low
temperature diffusion process which used various temperatures and times from 400 to 500°C
and from 100 to 700 h in an Ar atmosphere. After heat treatment, T, and the transport
critical current I; (4.2 K) were measured using a DC four-probe method. J; values of all
samples were defined as the I; values divided by the cross-sectional area of the powder-filled
core, and these J. values were the so-called ‘core J.’. Furthermore, the nuclear heat
generation will be caused by the D-T neutron irradiation in the case of the feedback coil
around D-T plasma. The heat load of the correction coil is increased by the nuclear heat
generation and the coolant temperature will be elevated by the heat load. The temperature
margin between T value and operation temperature is one of the important factors to select
superconducting materials of the feedback coil. In order to evaluate the ambient temperature
dependence of the I.-B performances, |-B measurement as a function of the ambient
temperature was carried out. The ambient temperature of the sample was controlled by a
flow of cold helium gas, a non-inductive heater and cernox thermometer.

We also tried to fabricate 100 m classed long mono-cored Ta sheathed wire samples
having stabilized Cu in order to investigate the workability of a Ta sheathed sample for the
possibility of practical application in an advanced fusion reactor. The stabilized Cu is used to
prevent the thermal running and quench. The small solenoid coil using a part of the long
MgB, mono-cored wire was fabricated, and excitation test of the small coil at 4.2 K was
carried out to investigate the coil performance and reliability of the long wire deformation.

3. Results and discussions
3.1. Tc and J.-B property improvements of Cu addition MgB,/Ta wire

The typical normalized electrical resistivity (R)-temperature (T) curves of MgB,/Ta
sheathed wires synthesized with various low-temperature diffusion processes are shown in
figure 2. In the case of 400°C heat treatment, no superconducting transition was observed
within 20 K. However, sharp superconducting transitions were observed in the samples over
425°C heat treatment, and then the maximum offset T, value was obtained to be about 36 K
in the 475°C sample. It was clear that a high T, MgB, phase was formed by carrying out the



4 FT/P1-18

1.2 e 10000 .
= [ 3at%Cu (094Mg+0.03Mg,Cu) / Ta samples | e ] ] A —100h
5 1.0 F- i S L 4 K _§T: Eh-TifalIny ——t @ —200h -9
< 1=100mA ‘ . 4' v m —300h "]
= F L aat < 1000 'Li( =~ & —500n )
< 1J5: J) S —— . \A E b\ = =3
E : I \\\ l\ B+ il -1
; 0.6 400°cx100h  _w i1 3 ENN NN MgHz’F; SE© 3
s | 425'Cx100h ] S 00 N +J
% i ] 5
s 04 i ® —asocxioon WP e . :;, varre© ]
A [ # —450°C%200h - @ ~/
- 0.2 A - 475°C%100h o \\{\
8 [ ¥ - 500°C X 100h ] o 10 ¥ = -
E 0 ’ i . ) B g " [~ 3at%Cu/Ta s.\amnlesi ___\:_,_“_\\ \\
| 1 L H.T Temp : 450°C BN }
o i i i
=z APPSR PP PP PP PP P P [ P P R B \\.\l\
30 32 34 36 38 0 2 4 6 8 10 12 14
Temperature (K) Magnetic Field (T)
FIG. 2: The normalized electrical resistivity FIG. 3: Typical J—B performances of Ta
(R)-temperature (T) curves of MgB,/Ta sheathed wires when heat treated at 450 C
sheathed wires synthesized by various low- for long time.

temperature diffusion processes.

Cu addition process for a longer time at 450°C, which was lower than the conventional
treatment. Furthermore, longer time treatment, such as 200 h, was effective in improving the
Tc value in low-temperature treatment. We found that the high T, MgB, phase was possible
to form by carrying out Cu addition and a low-temperature diffusion process.

The typical J-—B performances of Ta sheathed samples when heat treated at 450°C
were shown in figure 3. The core J. property under the magnetic field of the Ta sheathed
sample was increased by extending the treatment time: the optimum treatment time was
defined as 200 h in the case of a heating temperature of 450°C. Then the typical present J—
B performances of SiC doped and undoped MgB,/Fe tapes using MgH, as Mg source material
through conventional processes are also shown for comparison [6]. Jc values of the SiC
doped and undoped Fe sheathed samples using MgH, as Mg source material are higher than
those of the samples produced via the metal Mg-B diffusion reaction [6]. The J-—B
performance of the Ta sheathed sample which was heat treated at 450°C for 200 h was higher
compared with that of undoped SiC Fe sheathed samples using MgH,. Furthermore, it is
noteworthy that the core J; value for samples which were heat treated at 450°C for 200 h in a
lower magnetic field than 6 T was improved remarkably in comparison with the SiC doped Fe
sheathed sample. This was why the high purity MgB, phase having a high T; value of 35 K
was promoted to form the core for the low-temperature diffusion process. These suggested
that the J. improvement without lowering T, property of Ta sheathed samples was sufficient
to carry out the low temperature diffusion process in the metal Mg—B diffusion process. On
the other hand, it was noticed that the core J; property of MgB, wire by the low-temperature
diffusion process was almost equivalent to the conventional Nb-Ti wire in the low magnetic
field region and then the MgB, wire was able to be an alternative material for Nb-Ti wires for
a low activation superconducting magnet system in the low magnetic field region of an
advanced fusion application.

3.2. The ambient temperature dependence of the I.-B performance (I.-B-T) of Cu
addition MgB,/Ta wire
The typical |.-B-T propertie of Cu added MgB,/Ta mono-cored wires is shown in
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figure 4. The I.-B properties using liquid He cooling are also shown in figure 4 for the
comparison. We observed that I.-B was decreased with increasing the ambient sample
temperature. And critical magnetic field (Hc2) of MgB,/Ta wire was also decreased with the
ambient temperature. In the case of an ambient sample temperature of 20 K, a transport I¢
value of 100 A was obtained in magnetic field of 1 tesla. This I; value corresponds to a core
J. value of 600 A/mmz, estimated from the MgB, core area for mono-cored wire, this
MgB,/Ta wire could be applied to the low activation superconducting wire in high
temperature and low magnetic region. However, Boron composed with MgB, has two kinds
of the major isotope, which are '°B and ''B (the natural abundance; '°B: 20%, ''B:80%).
Considering of the heat load by the nuclear heat generation in MgB, compound, the nuclear
heat generation of MgB, compound was decreased remarkably from 2.58 to 0.127 mW/cm’ if
the isotope adjustment from '°B to ''B was carried out. This will be able to contribute the
large tolerance of the operation temperature and coil design compared with Nb-Ti and Nb;Sn
wire. It will be necessary to investigate Je-B performance of the MgB, wire using ''B
isotope as the boron source material.

3.3. The manufacture of the 100 m classed Cu addition MgB,/Ta mono-cored wire
having stabilized Cu and its small solenoid coil

We tried and succeeded to fabricate 100 m classed mono-cored Ta sheathed wire
samples having stabilized Cu in order to investigate the workability of the MgB,/Ta sheathed
sample for the possibility of application in an advanced fusion reactor. The typical optical
microscopic photograph of the cross-sectional area in the 100 m classed MgB,/Ta mono-
cored wire having stabilized Cu after the low temperature diffusion process is shown in figure
5. The cross-section ratio of the large-scale wire was 20% of MgB, core, 50% of Ta sheath
(diffusion barrier material) and 30% of stabilized Cu, respectively. It was clear that the Ta
sheathed wire was possible for carrying out large scale wire deformation processing
exceeding 100 m without aberrational deformation. Then we found that Ta sheathed
material with Cu cladding had good workability due to good adhesion between Ta and Cu
cladding. Moreover, the reaction layer between the MgB; core and the metal Ta sheath was
not observed at the interface, and metal Ta was used as the barrier material between MgB,
and stabilized Cu. The small solenoid test coil was also fabricated using a part of the 100 m
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FIG. 4: Typical I.-B-T property of the Cu addition MgB,/Ta mono-cored wire.
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FIG. 5: Typical optical image of the cross- FIG. 6: The photograph of the small solenoid
sectional area of the 100 m length test coil using a part of the 100 m length
MgB,/Ta/Cu mono-cored wire. MgB,/Ta/Cu mono-cored wire.

TABLE. 1: The specification of the solenoid test coil using the MgB,/Ta/Cu mono-cored wire

Item Specification
Coil inner diameter 21 mm
Coil outer diameter 69 mm
Coil height 43 mm
Number of turn 551 turn
Wire length 77 m
Central magnetic field (Bg) 0.0113 T/A
Maximum magnetic field (Bpax) 00117 T/A
Coil inductance 6.4 mH

length MgB,/Ta mono-cored wire, its photograph and specification are shown in figure.6 and
table.1. Before the winding to the coil case, glass sleeve was wrapped to the MgB,/Ta/Cu
mono-cored wire in order to prevent the electrical short circuit in the solenoid coil.

3.4. The excitation test result of the solenoid coil using Cu addition MgB,/Ta/Cu mono-
cored wire

The small solenoid coil was sintered at 475°C for 200 h in Ar atmosphere. This heat
treatment was optimum condition from the Ic-B performance of the MgB,/Ta/Cu mono-cored
wire. The heating rate was very slow, which rate is 200°C/h, because of the homogeneous
heat treatment for the small coil. The excitation test of the solenoid coil at 4.2 K was carried
out several times. I-V curves of the excitation test are shown in figure.7. The ramping
rates were 1 and 5 A/sec in this test. In the excitation tests, coil I, value was obtained to be a
230 A and no coil quench phenomena of the coil was confirmed. It suggested that the Cu
clad materials acted as electrical stabilization due to good adhesion between the metal Ta and
Cu. The comparison between I.-B data of the short sample and load line of the solenoid coil
is shown in figure 8. The coil I value was corresponded to about 88% of the I; value of the
short sample. This suggested the 88% of the high coil load factor was caused by the good
wire deformation. The central magnetic field (Bp) was estimated to be 2.62 T from the load-
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FIG. 8: The comparison between I.-B data of the short sample and the
load line of the solenoid coil

line of the solenoid coil. We found that MgB, superconducting wire was promising to an
alternative material of the Nb-Ti wire under the low magnetic field below 3 T and had the large
potential as “Low activation superconductor” to applying for advanced fusion reactor. In the future,
MgB, is one of the new materials in the superconductors and it will be able to expand to the high
magnetic field application area in fusion reactor if its superconductivity was remarkably improved.

4. Conclusions

MgB; superconductor is one of the “Low activation superconductors” because the
half-life of the induced radio-activity on the MgB, superconductors is much shorter than that
of Nb-based superconductors. We succeeded to fabricate 100 m class long and higher
critical current density MgB, mono-cored wire for fusion applications. J¢ property of long
MgB; wire was increased remarkably and its coil had 2.62 T of central magnetic field. We
found that MgB, wire had the large potential as “Low activation superconductor” to applying for
advanced fusion reactor and became alternative materials to the commercial Nb-Ti wire under
the neutron irradiation environment.
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