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Abstract

Wuhan National High Magnetic Field Center (WHMFC) at Huazhong University of Science and Technology is one of the top-class research
centers in the world, which can offer pulsed fields up to 90.6 T with different field waveforms for scientific research and has passed the final
evaluation of the Chinese government in 2014. This paper will give a brief introduction of the facility and the development status of pulsed
magnetic fields research at WHMEFC. In addition, it will describe the application development of pulsed magnetic fields in both scientific and
industrial research.
© 2017 Publishing services by Elsevier B.V. on behalf of Science and Technology Information Center, China Academy of Engineering Physics.
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1. Introduction

High magnetic field is an important tool for scientific
research and industrial applications, such as solid state phys-
ics, chemistry, medicine and high-energy physics [1]. Typi-
cally, there are two kinds of non-destructive high magnetic
field: continuous magnetic field and pulsed magnetic field.
Compared with the former, the latter has much higher field
strength, and it will play a more important and practical role in
researches related with high field strength. Up to now, the 100-
T non-destructive magnet at the National High Magnetic Field
Laboratory (NHMFL) can overcome the mega-gauss barrier to
produce 100.75 T field (world record) [2]. The peak field of
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94.2 T was produced in the Dresden High Magnetic Field
Laboratory in Germany [3]. The Laboratoire National des
Champs Magnétiques Intenses (LNCMI) has also developed a
user magnet at the level of 90 T [4].

The pulsed high magnetic field facility at Wuhan National
High Magnetic Field Center (WHMFC) was funded by the
Chinese National Development and Reformation Committee
(NDRC) [5]. After 5 years of intensive work, the construction
of the facility has accomplished all the goals of the research
proposal and the developed high field facility could provide
many opportunities for scientists in research fields including
solid state physics, chemistry, medicine, plasma science and
high-energy physics. This paper will present the performance
of the high magnetic field facility and research work relevant
to magnetic fields at WHMFC.

2468-080X/© 2017 Publishing services by Elsevier B.V. on behalf of Science and Technology Information Center, China Academy of Engineering Physics. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Pulsed high magnetic field facility at WHMFC

As a national research institute, WHMFC is one of the
accomplishments of National Major Science and Technology
Infrastructure Projects in China's Eleventh Five-Year Plan. In
2014, the construction of the pulsed high magnetic field fa-
cility was completed at WHMFC and available for public
users. The facility is composed of three types of power supply,
several pulsed magnets, a control system, four types of
experimental stations and a cryogenic system.

2.1. Power supply

Three types of pulsed power supply, including a 25.6 MJ/
25 kV capacitor bank, a 100 MVA flywheel (pulse) generator
and a new type of lead-acid battery bank, have been devel-
oped. The capacitor bank consists of 24 independent 1 MJ
modules with a short circuit current of 45 kA each and 2 in-
dependent 0.8 MJ modules of 60 kA each. The 26 modules can
be flexibly employed to meet the requirements of different
magnets for 50—90 T magnetic fields with different pulse
durations. The battery bank power supply consists of 900
batteries (model: 12 V/200 Ah/2000 A in 2 s), and a 35 kA
thyristor DC switch has been developed.

2.2. Pulsed magnet

Typical pulsed magnets at WHMEFC are the capacitor bank
driven monolithic coils. They are all made of soft copper or
CuNb wires, internally and externally reinforced by Zylon,
glass or carbon fiber. Note that Zylon, a poly-p-
phenylenebenzobisoxazole (PBO), is a high-performance
fiber developed by Toyobo Corporation. The world's highest
peak field of pulsed magnet made of soft copper is 75 T in a
12 mm bore at WHMFC. In order to reduce the cooling time
after a high field pulse, we introduced cooling channels in the
middle of the winding. For a 60 T pulse in a 21 mm bore, this
technology decreased the cooling time from 160 min down to
35 min [6]. This kind of magnet is now routinely used for
experiments at WHMFC. A dual stage magnet with 12 mm
bore had been designed and it successfully obtained 86.3 T
non-destructively in the experiments. Inspired by the test re-
sults, a duplicate magnet was developed and a peak field of
90.6 T was obtained.

2.3. Control system

The user-friendly control and measurement system has two
parts: the local control-measurement system at the measure-
ment cells and the central control system in the control room.
These two systems are connected via optical fiber transmission
for galvanic isolation. A PLC (Programmable Logical
Controller) system is applied to control the switches, relays
and thyristors of the capacitor bank. The key signals of source
voltage, coil current and magnetic field in the coil center are
measured by a 24 bits, 200 kHz sample rate DAQ (Data

Acquisition) card, in which the field strength is calibrated by
the de Haas-van Alphen effect of polycrystalline copper.

2.4. Experimental station

Experimental stations including electric transport, magneti-
zation, magneto-optics and electron spin resonance (ESR) can
be used in parallel. Equipments such as low temperature cryo-
stats (from 50 mK to 400 K), high pressure cells and various
lasers with associated optical systems have been installed.

2.5. Cryogenic system

The cryogenic system includes cryostats for scientific ex-
periments, a helium recovery system, a system for the supply
of liquid nitrogen and other gases. The main cooling methods
for scientific experiments include helium-4 cryostats, helium-3
cryostats, gas-flow cryostats and a dilution refrigerator. In
addition to these types of cryostats, a cryogen-free cryostat
based on a small GM cryocooler has been developed. The
helium-3 and helium-4 cryogenic systems cover the temper-
ature range from 400 mK to 300 K, and the dilution refrig-
erator system has reached 39 mK.

3. Pulsed magnetic field research at WHMFC

Several types of pulsed magnetic field systems have been
developed at WHMEFC as listed in Table 1 [7]. Three typical
fields are introduced in detail in the following subsections.

3.1. High-strength magnetic field

At WHMFC, a dual-stage coil system has been developed
that so far generated 90.6 T maximum field non-destructively
[8]. The experimental results are shown in Fig. 1. The magnet
bore diameter is 12 mm. The inner coil is energized by the
1.6 MJ/25 kV module (combination of two 0.8 MJ modules)
and the outer coil by eleven 1 MJ/25 kV modules. The inner
coil consists of 8 layers of 2.8 mm x 4.3 mm CuNb micro-
composite wire developed by China Northwest Institute for
Non-ferrous Metal Research of China. The outer coil is made
of 12 layers of 4 mm x 8 mm soft copper that is wound
directly on the inner coil.

Table 1
Developed high magnetic field facilities.
Magnet Power Field Bore Pulse Remarks
type supply strength diameter  duration
Monolithic Capacitor 50—75 T  12—34 mm 20—200 ms User magnet
coil bank
Dual-coil ~ Capacitor 75—90.6 T 12—14 mm ~100 ms Max. 90.6 T
bank
Dual-coil  Pulsed 50T 22 mm 1s 100 ms flat-top,
generator 0.4% ripple
Monolithic Battery 34 T 22 mm Is Stability ~100
coil bank ppm
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Fig. 1. Measured field waveforms of the 90.6 T field.

Magnetic field design targeting at 100 T has been proposed
[9] and the 100 T project is ongoing. The designed magnet
consists of three coils and will be energized by the combina-
tion of three types of pulsed power supply including a
capacitor bank system, a pulse generator system and a lead-
acid battery bank system.

3.2. Long-pulse magnetic field

To obtain magnetic fields with long pulse width, two types
of power systems have been developed at WHMEFC, including
a flywheel generator and a battery power system. As shown in
Fig. 2, a 50 T/100 ms flat-top field in a 22 mm bore was
generated [10], in which the magnetic field ripples of 100 ms
flat-top are less than 0.5%. The 50 T long pulse magnet
powered by the pulsed generator consists of two coaxially
nested coils. The coils are 250 mm in height. Each self-
supporting coil is designed based on the fabrication principle
of monolithic magnets. The two coils are each powered by one
rectifier unit. The inner coil consists of 12 layers of
4 mm x 6 mm soft copper wire and each layer is reinforced by
the Zylon. The inner coil provides 30 T at 14 kA peak current.
The outer coil consists of 18 layers of 5 mm x 10 mm soft
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Fig. 2. 50 T long pulsed magnetic field.

copper. The outer coil will provide a 20 T, 2000 ms back-
ground field at 15 kA current.

As shown in Fig. 3, a peak field of 35.8 T/2 s in 22 mm bore
was achieved using a magnet consisting of a poly-helix inner
coil and a copper foil outer coil [11], in which the two coils are
connected in series. The poly-helix coil has 9 layers and each
layer is reinforced by Zylon-epoxy composite. The outer coil
is wound with copper foil to provide low inductance and
resistance for the magnet. It is externally reinforced by the
carbon fiber.

3.3. High-stability (pulse flat-top) magnetic field

Besides the field strength, the pulse fields with flat-top
(high stability) are desired for scientific research. The mag-
netic field waveform with flat-top in Fig. 4 was obtained using
the PWM (Pulse Width Modulation) controlled bypass circuit.
So far, the fields range from 10 T to 25 T with stability of
100—200 ppm and flat-top of 200—400 ms [12]. The devel-
opment of this facility is still in progress. This project is aimed
at field more than 40 T and flat-top time more than 200ms.

Apart from the above mentioned methods, a new method
for obtaining a flat-top pulsed magnetic field using two
capacitor banks was proposed at WHMFC [13]. Experiments
were carried out to generate flat-top fields of about 10 T, 20 T
and 40 T, and the field curves have 10 ms flat-top at the sta-
bility of 1%, as shown in Fig. 5. More data of test sequences
can be found in our previous work [13]. The technology can be
transferred to all the other pulsed magnets which are now in
operation. It is quite possible to produce fields in the range of
60—80 T with flat-top.

4. Scientific research at WHMFC
4.1. Electrical transport station

The electrical transport stations are able to measure con-
ducting materials by magneto-resistance and/or Hall effect under
extreme conditions: temperature from room-temperature down
to 1.6 K and magnetic fields up to 65 T with regular magnets.
More extreme conditions are available: the temperature could be
lowered to 0.4 K using *He and the magnetic field could reach
90.6 T if requested by users for their specific experiments. We
carry out transport measurements either with direct current (DC)
or alternating current (AC) methods depending on samples. If the
resistance of a sample is 100 mQ—1000 Q, AC method is
implemented with a typical current of 5 mA at around 100 kHz;
and DC is applied once the resistance of a sample excesses
1000 Q. Though we can achieve high accuracy by phase-locking
with the AC method, the contact resistance is the main issue
since it will induce a capacitance between sample and signal
wires, which is harmful to increasing the signal frequency. The
relative accuracy can reach 0.05 mQ in the optimal configuration
by reducing the contact resistance on sample and mechanical
vibration of the probe simultaneously. A sample dimension of
2mm X 1 mm x 0.5 mm is preferred for minimizing the eddy
current.
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Fig. 3. Photo of (a) the magnet and (b) the magnetic field waveform.
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Fig. 4. 25 T/200 ms flat-top with high stability.

50 T T T T T T T T
40 1
=
©
o 30F §
°
© 20 1
o
©
= 10t -

0

0 20 40 60 80 100 120 140 160
Time (ms)

Fig. 5. Measured field waveform with flat-top.

The main researches performed by staff and users in elec-
trical transport stations have been focusing on properties of
superconductors and topological materials. For instance, some
intriguing properties of topological materials have been

revealed by our facility. In Dirac semimetal Cd;As,, Faxian
Xiu extended their magneto-resistance measurement up to
52 T, revealing high magnetic field can tune the Dirac semi-
metal into a Weyl semimetal phase [14]. We refer readers to
references [15—17] for more interesting work on topological
materials. Superconductors, especially with high upper-critical
field (H,), are the majority of the materials studied at our
facility. Their H., which closely links to superconductivity can
only be extracted under high fields. Iron-based superconduc-
tors are frequently studied at our facility for their high H,
[18]. How the 3D electrons behave far beyond their quantum
limit is another intriguing topic being studied in our center.
Fig. 6 shows an example based on an extensive set of angle-
dependent magnetoresistance data, and it is revealed that one
or two electron valleys of bismuth can be totally emptied by
ultra-strong magnetic fields [19]. Notice that, certain topo-
logical materials are also dilute metals. Exotic phenomena
would be also induced by ultrahigh fields, for instance [20].

4.2. Magnetization station

The magnetization station is one of the most important
measurement systems for pulsed high field facilities in the
world. This experimental technique is very popular because
many magnetic materials are of particular interests due to the
field-induced magnetic phase transitions. The transitions often
occur when the external magnetic field can compete with the
exchange interactions, magnetic anisotropy, Dzyaloshinsky-
moriya interaction, electron correlation, etc. in these mate-
rials. A sufficient high magnetic field can change the spin or
magnetic structure of the materials and therefore cause a
dramatic change of magnetic moment in magnetization.

The magnetization in a pulsed field was measured by an
induction method using a well-compensated pick-up coil. The
dM/dt signal from the sample was collected and integrated
after comparison of the results of two different pulse
shots—sample-in and sample-out. Apart from the high
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emptying electron valleys [19].

strength of the magnetic fields, this technique takes two other
distinct advantages in comparison with the measurement in a
steady field. It is very sensitive to detect weak magnetic phase
transitions due to its very short measuring time (6—60 ms) and
the high-speed (>250 k/s sampling rate) data acquisition
system. Further, the field-sweeping rate is very high and some
spin dynamic issues can be studied by tuning the field-
sweeping rate to 10°—10° T7s.

In WHMFC, two magnetization stations are installed with a
short-pulse (6—12 ms) magnet and a long-pulse (40—60 ms)
magnet for insulating and metallic samples, respectively, due
to the eddy current effect on the metallic samples. The peak-
fields of the pulsed fields range from 50 T to 75 T.
Measuring temperatures vary from 400 K to 1.5 K with the
helium-4 system and it is further lowered down to 0.4 K using
a helium-3 system. Our facility also offers opportunity to
study the magnetic properties such as magnetostriction, elec-
tric polarization, magnetic torque, etc. associated with the
field-induced magnetization transitions in magnetic materials.
These unique experimental techniques play an essential role to
reveal the underlying magnetism and to explore novel quan-
tum states in magnetic materials, for instance, perovskite
manganites, multiferroics, Bose-Einstein condensation system,
heavy fermions, etc. Series of high-field magnetization mea-
surements have been performed in the following research
fields: frustrated magnets, spin chains and Bose-Einstein
condensates [21—24]. Fig. 7 shows the high field magnetiza-
tion studies of multiferroic CuFeO, single crystal grown by an
optical floating zone method [22]. We observed a series of
field-induced multi-step-like transitions, in which the critical
magnetic fields were temperature-dependent and magnetic
anisotropic. With a systematical measurement, a complete
magnetic and multiferroic H-T phase diagram is depicted in
fields up to 75 T [22].

4.3. Magneto-optics station

The magneto-optics station has been constructed to realize
the optical spectra measurements including the absorption,
reflection, photoluminescence, magneto-Kerr and Faraday
rotation in pulsed high magnetic fields. The light sources and

M (a.u.)

M (a.u.)

B(T)

Fig. 7. Magnetic field dependence of the magnetization behavior of CuFeO,
with the applied field (a) parallel to the ¢ axis and (b) perpendicular to the ¢
axis measured at various temperatures [22].

optical detectors cover the wavelength range from near-
ultraviolet to near-infrared (300—1600 nm). In this region,
various materials including semiconductors [25], rare-earth
fluorescent material [26—28], and ferro- and antiferro-
magnets could be investigated. The magnetic and optical pa-
rameters, such as the optical band gap, the electronic effective
mass and the local crystal field symmetry of the luminescence
centers could be revealed, which are essentially important for
their applications in photovoltaic system, optical display,
LED, and magnetic storage.

The high magnetic field photoluminescence is extremely
suitable for the investigation of rare-earth luminescent crys-
tals. For example, when luminescence ions are doped in
different dielectric crystal lattices, their dopant sites
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environment, which is often concealed by the crystal field
splitting at zero and low magnetic fields, could be easily
revealed from the high field Zeeman splitting. Fig. 8 shows the
clearly distinct high field Zeeman splitting patterns of Eu®"
dopant in different local sites [27]. It is shown that, not only
the site symmetry, but also the local magnetic environments
could be distinguished. The exploration of the site symmetry is
important for the manipulation of optical emission bands and
the design of many optical devices.

4.4. Electron spin resonance station

Electron spin resonance (ESR) is a powerful spectroscopic
technique to study the magnetic materials from condensed
matter physics to biology and chemistry. High field ESR is
particularly favored because of its advantages over low field
ESR as follows: 1) higher absolute sensitivity; 2) some high-
spin systems cannot be accessed at low frequencies; 3)
higher Zeeman resolution (and orientation selection); 4) high-
field phases; 5) higher electron spin polarization; 6) faster

283

timescale, etc. Based on the pulsed magnets developed at
WHMEC, the first high field ESR system in China was
established in 2012 [29]. The facility can achieve a frequency
range of 60—550 GHz, magnetic fields up to 50 T and a
temperature range of 2—300 K.

Using the ESR facility in WHMFC, various kinds of
magnetic materials have been studied, including organic rad-
icals, single molecule magnets, quantum spin systems, and
others. For example, high-field ESR measurements of an
antiferro-magnet CazZnMnQg, isostructure with the Ising-
chain multiferroic Ca3;ZnMnQg, have been carried out. The
zero-field spin gap is derived to be about 166 GHz, originating
from the easy-plane anisotropy and exchange interaction. Our
results suggest that the Dzyaloshinsky—Moriya interaction is
absent (Fig. 9(a) and (2’)) [30]. The axial zero field splitting
parameter was unambiguously determined by the high field
ESR technique and magnetic measurements. The obtained
result shows the first observed single-molecule-magnet
behavior in the square planar coordination geometry of any
metal ions (Fig. 9(b) and (b)) [31].
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respectively.

5. Electromagnetic applications at WHMFC
5.1. Electromagnetic forming

High-performance light-weight sheet and tube parts as well
as their manufacturing technology occupy a pivotal position in
the field of advanced manufacturing, which is an important
safeguard of achieving light-weight equipment for enhanced
performance, energy conservation and environmental protec-
tion. Light-weight materials, represented by aluminum alloys,
have a poor forming performance using the traditional quasi-
static stamping process, such as easy fracture, large spring-
back and poor surface quality. Electromagnetic forming with
features of high-speed, non-contact and single-die is consid-
ered to be one of the most promising methods to solve these
problems [32]. However, the pulsed electromagnetic forces are
not strong enough and hard to be adjusted in the existing
electromagnetic field (EMF) systems due to single-coil and
single-power model, which has restricted its extensive appli-
cations in forming large-scale and complex sheets [33].

To solve the current bottleneck problems of the EMF
technology, a Space-Time-Controlled Multi-Stage Pulsed
Magnetic Field (Stic-Must-PMF) forming and manufacturing
technology has been proposed in our previous work [33].
Strong electromagnetic forces can be generated by introducing
the nondestructive pulsed high field magnet technology to
fabricate tool coils with high strength and long life perfor-
mance. Meanwhile, the distribution of these forces acting on
the workpiece can be well adjusted by using multiple tool coils

and several sets of pulsed power systems, in which each coil is
energized individually by different power supplies with a
precise timing control. To validate the effectiveness of this
improved EMF technology, a three-stage forming system with
three types of pulsed power supply and a timing control sys-
tem had been developed at WHMFC, and several studies were
carried out for large-scale sheet forming [34,35], deep drawing
of sheet metal [36] as well as tube forming [37].

5.2. Post-assembly magnetization

Permanent magnet (PM) motors are widely used thanks to
their outstanding advantages of high efficiency and energy
saving. The permanent magnets are usually pre-magnetized
and then assembled on the motors. The pre-magnetized mag-
nets should be handled with great care during the assembly
process to prevent them from damage or potential dangers for
workers because of the very strong attractive or repulsive
magnetic force. One effective solution to this problem is to
magnetize the permanent magnets after the rotor is assembled
or the motor is completely assembled [38]. Post-assembly
magnetization not only simplifies the assembly process, re-
duces the cost, but also improves the performance of the
motor.

One common method for post-assembly magnetization is to
magnetize the permanent magnets by a pulse of high current
through the stator winding after complete assembly. But this
method mainly aimed at small motors due to the fact that the
magnetizing current is prohibited by the stator windings. We
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focus on magnetizing the motor by a specially designed
magnetizing device or by integrated magnetizing windings.
For the rotor of a 100 kW high speed PM motor, a magnetizing
fixture consisting of three magnetizing coils was specially
designed [39]. The rotor has a total length of 515 mm and an
outer diameter of 80 mm, in which the pole length is 285 mm.
It is designed as a two-pole rotor with parallel magnetization.
The magnetizing fixture energized by two 1MJ capacitor bank
modules can produce a peak field of 6 T to fully magnetize the
assembled rotor. For the surface mounted and insert type PM
motors, the magnetizing windings are directly wound on the
outer surface of the permanent magnet, and then assembled on
the motor. The PM poles can be magnetized and demagnetized
after assembly by the integrated magnetizing windings. Once
the PM poles experience demagnetization fault, the magne-
tizing windings can magnetize the PM poles again without
disassemble of the motor. The integrated magnetizing wind-
ings of a 2 MW PM wind generator and a 20 kW PM syn-
chronous motor were designed. The magnetizing test revealed
that the PM poles could be successfully magnetized and
demagnetized by the magnetizing winding.

5.3. Magnetic manipulation

Manipulation of particle motion by magnetic fields is an
effective technique for localization and transport of micro-and
nano-materials [40]. Due to several advantages including mul-
tifunctionality, targetablity, controllability and noncontact, the
technique has attracted growing interest in various biological and
chemical applications such as drug targeting for medical treat-
ment [41], gene delivery [42] and particle separation [43].

Based on this technique, several numerical and experi-
mental studies have been carried out at WHMFC, including
magnetic drug delivery [44], magnetic separation [45] and
mixing [46] in microfluidics. For example, we have adapted
the principle of magnetic manipulation in the activation pro-
cess of G protein-coupled receptor (GPCR) [44]. In the con-
ventional activation process, the activation efficiency of GPCR
is relatively low due to insufficient contact of drug with target
cells. To solve this problem, a gradient magnetic field gener-
ated by an electromagnetic system has been applied to produce
magnetic force for delivering the drugs carrying magnetic
nanoparticles to the bottom of the plate. Then the drug con-
centration around the cell-surface receptors can be greatly
improved. Experimental results show that the activation effi-
ciency of GPCR can be increased about 6 times with the aid of
the principle of magnetic manipulation.

6. Conclusion

This paper summarizes the development of the pulsed high
magnetic field facility at WHMFC including power supplies,
magnets, control system and experimental stations. The facility
will provide an outstanding research platform and many research
opportunities for the scientific communities in China and abroad.
Meanwhile, the in-house staff of WHMFC has carried out some
research projects on the applications of pulsed power and high

field techniques, such as electromagnetic forming and post-
assembly magnetization of permanent magnet rotor. WHFMC
has the ability to provide high pulsed magnetic fields for scien-
tific research and technological applications.
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