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Cryogen-Free 28 T Hybrid Magnet and

25 T Cryogen-Free Superconducting Magnet

The world’s first 28 T cryogen-free hybrid magnet developed by the HFLSM. The
inner double Bitter type water-cooled resistive magnet generates 19.0 T in a room
temperature experimental bore of 32 mm with the electric power of 7.2 MW. The outer
cryogen-free superconducting magnet generates 9.0 T in a 360 mm room temperature
bore. The cryogen-free superconducting magnet generates 25.1 T in 52 mm room
temperature bore by the combination of metallic and high-7, superconductors.



O € Preface <o

This booklet reports the highlights of research and the new improvements during
FY2024 conducted at HFLSM: High Field Laboratory for Superconducting Materials at
Sendai. Topics related to practical superconducting materials and magnets have been
selected. These topics are important not only to the 33T-CSM projects, but also to
various applications, such as fusion. Additionally, two-axis rotating probes are effective.
They can now be combined with various measurements, such as transport, specific heat,
NMR, and so on. Some of the selected topics are related to the two-axis rotation probe.

The hybrid magnet 30T-HM has supported the forefront of high-field research at
HFLSM for more than 30 years, ever since it achieved the world record in 1986. The
cryogen-free hybrid magnet 28T-CHM, incorporating a large-bore cryogen-free
superconducting magnet, is the world’s only cryogen-free hybrid magnet. Together with
dilution refrigerators and *He refrigerators, these magnets have long underpinned
ultra-low-temperature high-field experiments. As the realization of a 33 T cryogen-free
superconducting magnet has become foreseeable, we have decided to conclude the
operation of the hybrid magnets. We continue to advance our user program through the
deployment of high-field cryogen-free superconducting magnets.

We hope that the booklet helps you to see the overview of our activities and
stimulate future research collaborations with domestic and overseas users in HFLSM

and in the High Magnetic Field Co-laboratory of Japan.

25 November 2025
Satoshi Awaji
Director of HFLSM
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Critical Current Correlations and Regressions
Across the Superconducting Parameter Space of REBCO Wires, B||C
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Commonwealth Fusion Systems (CFS) is pursuing the high-field approach to fusion energy, enabled by
magnets composed of 4mm 2G REBCO wire. Most of these magnets will operate in the high field (20
T) and low temperature (~ 20 K) regime and therefore require characterization of the critical current at
those parameters. The industry standard is to use (77 K, self-field) data for rapid characterization of
critical current. However, Ic (77 K, SF) is a poor predictor of performance at high (> 6 T) field, low
temperature applications, and so more predictive correlations are extremely desirable. This study
examines critical current correlations between high temperature (44-77 K) with low field (0-5 T) and
low temperatures (20 K) with high field (6-20 T) from multiple manufacturers. Employing these
correlations will allow for the use of cheaper and simpler critical current test systems that can still
accurately predict high field, low temperature performance. Moreover, they will provide higher
confidence in the predicted performance of magnets. This paper presents the predictive ability of these
correlations and the associated error analysis.

A. Greenberg', JL. Cheng', A. Francis', M. Shepherd', T. Okada?, S. Awaji®, B. Sorbom'
'Commonwealth Fusion Systems, Devens, Massachusetts
> IMR, Tohoku Uni.

Reference: A. Greenberg ef al., “Critical Current Correlations and Regressions Across the
Superconducting Parameter Space of REBCO Wires, B||C”, IEEE Trans.App!l. Supercond. 34 (2024)
6602105



Characterization of In-Field Critical Currents in REBCO Tapes

over Wide Temperature Range by Pulsed Current Source with Supercapacitor
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A pulsed-current system using supercapacitors was developed to measure the critical current
(Ic) of REBCO tapes under high magnetic fields and variable temperatures. The system
generates up to 2 kA pulses, enabling precise /. measurements at 4.2—77 K and up to 19 T.
Such kA-class measurement capability is essential for evaluating full-width REBCO tapes but
has not previously existed. Results agree with DC data within 4%, demonstrating reduced
heat generation and validating this method for high-field /. characterization.

Y. Tsuchiya', K. Mizuno?, Y. Kohama®, A. Zampa®, T. Okada', and S. Awaji'
" IMR, Tohoku Univ., > MTL, * ISSP, Univ. Tokyo

Reference: Y. Tsuchiya et al., “Characterization of In-Field Critical Currents in REBCO Tapes Over
Wide Temperature Range by Pulsed Current Source with Supercapacitor”, IEEE Trans. Appl
Supercond. 34 (2025) 9500207.
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Conduction Characteristics Under Stress of Cu-Nb/Nb3Sn Wires
for 33T Cryogen-Free Superconducting Magnets
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Nbs;Sn wires reinforced with Nb-rod method Cu-Nb exhibit excellent superconducting properties under
stress. For the 33 T cryogen-free superconducting magnet (33T-CSM) under development at Tohoku
University, we designed a high-strength, high-/. wire based on the Cu-Nb/NbsSn wire used in the 25 T
cryogen-free magnet. Enhancements include increasing the Cu-Nb reinforcement fraction from 35% to
38%, Nb content from 20% to 25%, and modifying the bronze composition to Cu-15.7 wt% Sn-0.3 wt%
Ti. These changes improved strength and /., allowing the wire to maintain critical current density
without degradation up to 345 MPa, exceeding the 275 MPa tensile stress expected in 33T-CSM.

R. Tanituchi', M. Sugimoto', H. Fukushima', K. Nakao', K. Hirose', S. Awaji* and H. Oguro®
! Furukawa Electric Co. Ltd., >IMR, Tohoku Univ., * Fac. of Eng., Tokai Univ.

Reference: R. Taniguchi et al., “Tensile/Transverse Compression Stress Characteristics of Cu-Nb
Reinforced Nbs;Sn Wires for 33T Cryogen-Free Superconducting Magnet”, IEEE Trans. on Appl.
Supercond. 35 (2025) 6001605.
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Probing Spin Texture through Nonreciprocal Transport
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Spin textures, where a spin of electron couples with its momentum, play a key role in spintronic
functionality, yet experimental methods to probe them are limited. In this study, we developed an
electrical approach to detect spin textures by precisely measuring nonreciprocal transport, where
resistance changes with current polarity, in the magnetic semiconductor EulrsIn,Ges. The observed
Dresselhaus-type spin texture was confirmed using focused-ion-beam microfabrication combined with
angle-dependent measurements. This technique offers a new way to electrically probe spin textures in
bulk materials and opens paths toward discovering functional quantum materials.

M. Kimata'?, A. Yokoyama', R. Nakachi’, Y. Homma', A. Nakamura', Y. Shimizu', D.X. Li',
A. Miyake', F. Honda®, D. Aoki', Y. Onuki*®, T. D. Matsuda’
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Reference: A. Yokoyama, M. Kimata, et al., "Two-Dimensional Dresselhaus-Type Spin Texture and
Nonreciprocal Magnetoresistance in Magnetic Semiconductor EulrsIn,Ges", J. Phys. Soc. Jpn. 94,
(2025) 023701.
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A High-Temperature Multiferroic Th2(Mo0O4);
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We have demonstrated the high-temperature multiferroicity in a paramagnetic ferroelectric
Tbo(M004); (Fig. (A)). The dielectric constant is sharply enhanced at 7c=432 K (Fig. (B)), below
which ferroelectric polarization emerges as shown in Fig. (C). We show that the ferroelectric
polarization can be controlled solely by a magnetic field as shown in Fig. (D). When the magnetic
field is applied along the [110] or [-1-10] directions, the polarization aligns in the positive direction.
On the other hand, the negative electric polarization is stabilized in a magnetic field along the [1-10]
or [-110] direction. This is the highest operating temperature of magnetic control of ferroelectric
polarization, which is a hallmark of multiferroicity. The figures are taken form the reference paper.

S. Tajima, H. Masuda, Y. Nii, S. Kimura, Y. Onose
IMR, Tohoku Univ.

Reference: S. Tajima et al., “A high-temperature multiferroic Tbo(Mo0Qa)3”, Commun. Mater. 5 (2024)
267.
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High-Field Transport Properties of van der Waals Materials ABTeq
(A/B =Ti, Zr, Hf)
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The van der Waals materials ABTes (A/B = Ti, Zr, Hf) have been predicted to be
two-dimensional topological insulators when reduced to monolayers [Macam et al., APL. 118,
111901 (2021)]. However, detailed measurements of their physical properties using single
crystals had not been reported. Therefore, we grew single crystals of these compounds for the
first time and measured their magnetotransport properties up to 18 T at HFLSM. By
performing multi-carrier analysis on these results, we clarified the properties of the carriers.
Interestingly, we found the presence of carriers with a very high mobility exceeding 1000
cm?V-1s! for HfZrTes.

Y. Hasuo', T. Urata®, M. Araidai'”, Y. Tsuchiya®, S. Awaji, and H. Ikuta'’
! Dept. Mater. Phys., Nagoya Univ., ? Dept. Elec., Electron. & Comp. Eng., Gifu Univ.,
? IMass, Nagoya Univ., “IMR, Tohoku Univ., > RCCME, Nagoya Univ.

Reference: Y. Hasuo et al, “Single Crystal Growth and Transport Properties of van der Waals
Materials ABTes (A/B = Ti, Zr, Hf )”, J. Phys. Soc. Jpn. 93, 014705 (2024).
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Detection of Exotic In-Gap Fermionic Quasiparticle States

in a Kondo Insulator
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Figure 1 (a)-(d) Comparison of magnetoresistance, Hall resistivity, magnetocaloric effect and specific heat
of YbB1: as a function of magnetic field. (e) Specific heat as a function of the magnetic field at indicated

temperature.

In the mixed-valence compound YbBi», thermal-conductivity measurements at low temperatures
reveal highly mobile excitations that carry heat like in a metal but do not conduct electricity. The
Wiedemann-Franz law, which relates the thermal and electrical conductivity, is violated in this
material by many orders of magnitude. This leads to the fundamental question of whether electrically
neutral excitations in an insulator, which nominally do not have a direct orbital coupling to an external
magnetic field, can nevertheless display peculiar thermodynamic signatures characteristic of metals.

In this work, we report a sequence of increasingly pronounced singularities in both the specific heat
and the magnetocaloric effect within the insulating phase of YbBi», as seen in Figure 1(b)-(c). These
features, characterized by a series of double-peak anomalies in the specific heat, suggest an underlying
fermionic density of states (DOS). The Hall resistivity measured at IMR evolves smoothly across these
field values (Figure 1(a)-(b)), ruling out an electronic origin for these anomalies and suggesting a
distinct fermionic contribution to the singular DOS in YbBi,. These observations provide strong
evidence for the existence of the exotic fermionic quasiparticles in the bulk, which is remarkable given
the absence of an electronic DOS in the insulating bulk of YbB5.

Z. Yangl, C. Marcenat’, M. Kimata®, T. Klein®, D. K. Maude*, Y. Kohama'
"ISSP, Univ. of Tokyo, > IMR, Tohoku Univ., > Univ. Grenoble Alpes, * LNCMI-Toulouse

Reference: Z. Yang et al., “Evidence for large thermodynamic signatures of in-gap fermionic
quasiparticle states in a Kondo insulator”, Nat. Commun. 15 (2025) 7801.



Magnetic Field Stability of a HTS Coil
Based on the Robust REBCO Coil Concept
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The Robust REBCO Coil is a HTS coil architecture aiming to enable the development of very high
field magnets. One of its features is the two-tape bundle, two HTS tapes in direct contact in
face-to-back configuration, improving the resilience of the HTS coil towards local thermal runaway.
One drawback of its structure is the existence of coupling currents developing within the bundle,
affecting the quality of the magnetic field, increasing the losses and applying additional mechanical
stress to the coil, such as the screening currents.

At HFLSM, the 33 T Cryogenic-free Superconducting Magnet is under development. We conducted
extensive tests on a large-scale prototype of the future HTS insert. It made it possible to show that the
magnetic field error is resulting from opposite contributions of the screening currents and coupling
currents in certain conditions leading to the magnetic field presenting two successive opposite
directions of evolution when the coil is powered with a constant current. The impacts of several
parameters such as the temperature of evolution, the index of the energization and the energization rate
were assessed. The variation of the latter demonstrated no impact on the magnetic field error, denoting
that the two tapes are fully coupled.

These results are highly valuable to understand the future operation of the 33 T - CSM, especially for
users requiring high magnetic field stability.

A. Zampal, K. Takahashi', Y. Tsuchiyal, T. Okada', S. Awajil, T. Uto®, H. Takewa?, S. Hanai?,
S. Toka® and J. Inagaki *
" IMR, Tohoku Univ., * Toshiba Energy Systems and Solutions Corporation

Reference: A. Zampa et al., “Screening and coupling currents induced fields on a large-scale prototype
REBCO insulated coil”, IEEE Trans. Appl. Supercond. 34 (2024) 4700205.
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