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Status and Development of Pulsed Magnets at the
Pulsed Field Facility-NHMFL

Doan N. Nguyen, Member, IEEE, James Michel and Chuck H. Mielke

Abstract— The National High Magnetic Field Laboratory's Pulsed
Field Facility at Los Alamos National Laboratory is one of few research
centers in the world that can create and use ultra-high pulsed magnetic
field for scientific research. The facility houses several types of non-
destructive pulsed magnets which can provide the peak fields ranging
from 60T to 100 T for users. This paper will report status of user
magnets as well as recent magnet developments to improve the quality
and magnetic fields of our user magnets. On particular, this paper will
present a new cooling technique that significantly reduces the cooling
time without affecting the mechanical performance of the magnets. A
possible upgrade of our facility with a new duplex magnet that is powered
by 4 MJ capacitor bank to deliver 80 T for users will also be reported. In
addition, we will discuss about some valuable lessons learnt from magnet
failures at our facility as well as possible further magnet design
improvements to increase the magnet longevity or peak magnetic fields.

Index Terms— Pulsed field magnet, ultra-high magnetic field,
duplex magnet

I. INTRODUCTION

THE VERY HIGH MAGNETIC FIELD is an important tools for
scientific research in a wide range of interesting physics

phenomena such as high temperature superconductivity,
topological insulators, quantum matter and electronic structure
determination [1-3]. Multi-shot pulsed magnets allow
researchers repeatedly accessing to magnetic fields up to 100
T with pulse lengths typically ranging between 0.01 to 1 s [4-
5]. This magnetic field limit is significantly higher than the
field limit of 45 T generated by the most powerful DC
magnets available. With more and more improvements for
high speed data acquisition, instrumentation and experimental
techniques, most experiments nowadays can be carried out
accurately in very short period of time. This makes pulsed
magnets become more and more practical and economical
tools for research whenever very high fields are needed.

The Pulsed Field Facility (PFF) located in Los Amos
National Laboratory (LANL) operates as one of three
campuses of the National High Magnetic Field Laboratory
(NHMFL) to develop, build and maintain a wide set of high
field, pulsed magnets for users. The facility currently houses
four cells for 65 T short pulsed (SP) magnets, one 60 T
controlled waveform (CW) magnet and one multi-shot 100 T
magnet. Beside these nondestructive designs, PFF is also
equipped with a destructive single-turn magnet to provide
magnetic fields up to 300 T in a very short period (~10s of
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microseconds). Within the scope of this paper, recent
performance and development as well as lessons learnt from
failures of non-destructive magnets of the facility will be
reported and discussed.

Il. THE 65 T WORKHORSE MAGNETS

The 65 T SP magnets consist of two concentric coils, the
inner coil (coil A) and the outer coil (coil B). Each coil has 6
winding layers of glidcop AL60 wire. The design details of
this magnet have been described elsewhere [5]. The magnet
provides 65 T in a bore of 15.5 mm with the total pulse length
of ~60 ms (the raise time is 9.2 ms). These magnets are
powered by a 32 mF, 4MJ capacitor bank.
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Fig. 1. Productivity of the 65T magnets from 2011 to 2014

Fig. 1 depicts the performance of these magnets over the
years from 2010 to 2014. In general, the demand and
performance steadily increase over the years. In 2014, these
magnets delivered totally nearly 7000 shots of which ~2400
shots are 60 T and above. The increase of number of shots
over the years indicated an increased demand from users to
use pulsed magnets and significant improvement in the
magnet productivity. Over last few years, the magnet has been
redesigned considerably compared to the original design. The
most significant change is the use of zylon-fiber/S2-glass-tape
composites to replace for MP35N wraps (wraps of thin Ni-Co
supper-alloy strip developed in NHMFL for this application
[5-6]) in layers 1 to 5 (from inside out) of coil A. This change
not only enhances the mechanical performance of the magnet
but also improves the quality control for the magnet
production and reduces the fabrication time. Therefore the
productivity of the magnet has been improved significantly.
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During each full field shot, the temperature of conductor
winding increases from 77 K to maximum of 360 K, and it
takes about 2.5 hours to cool magnet back to near 77 K for
another full-field shot. Initially, a fast-cooled design using a
mesh of cooling manifolds for liquid nitrogen (LN) to flow
between coils A and B was introduced to significantly reduce
the cooling time to 25-30 munities [5, 7]. This technique
however reduces the stability and therefore the lifetime of the
magnets. Post-pulse compression of the conductors in coil B
due to the thermal expansion applies significant mechanical
load on the cooling manifold. Consequently, the cooling
channels were squeezed and the conductor was fallen into
them, causing the magnet instability and wire insulation
damage. We recently introduced other cooling technique using
small copper wires for conduction cooling. Coil A is wrapped
with a layer of gauged 16, square, insulated copper wires
which are laid along the magnet as seen in Fig. 2. A thin layer
of glass fiber is wet wound outside the cooling wire layer to
keep the wires firmly bonded to coil A. The cooling wire layer
has about 5 cm long sections each end of the magnet to expose
to LN via a gap between coil A and B. This technique has
been proven to efficiently reduce the cooling time to 35 to 40
minutes  without impacting on magnet mechanical
performance. The use of small, insulated cooper cooling wire
will minimize the eddy currents and therefore the Lorentz
forces acting on these wires.

1. THE60 T CONTROLLED WAVEFORM MAGNETS

! B-coil
Cooper wire
cooling layer

Fig. 2. Picture of 65 T winding showing a completed coil A with a layer of
many small, insulated copper cooling wires wrapped around it. Winding for
B-coil on top of the cooling wire layer is in progress

The 60 T controlled waveform magnet is a signature magnet
of the facility [8, 9]. Using a 1430 MW /650 MJ motor-
generator as its pulsed power source, this magnet can provide
magnetic field up to 60 T of 100 ms flat-top duration in a
32mm diameter bore with controllable field waveforms to
meet some special requirements of users. The magnet has 9
concentric coils each consists of several copper alloy
conductor layers reinforced by a stainless steel or Nitronic 40
shell. After a catastrophic failure in 2000 [8], the magnet was
rebuilt and in operation again since 2006. Fig. 3 is the
performance of magnet since then until it failed recently in

December 2014. Totally, the magnet delivered 1453 shots, of
which 144 shots with magnetic field 60 < B < 61T and 888
shots with magnetic field between 55 and 60 T.
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g. 3. Productivity of the 60T CW magnet from 2006 to 2014
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Fig. 4. The mid-plane von Mises stress normalized to the ultimate stress
(Svm/Su) in the conductor winding and reinforcement shell of all 9 coils of
the 60 T CW magnet for a typical 60 T shot.

The magnet experienced a soft failure near the mid-plane of
coil 7. We disassembled the magnet for autopsy and found that
coils 3, 4 and 7 were dilated very considerable in the mid-
plane. This observation agrees with the results of mid-plane
mechanical calculation for a typical 60 T shot. Fig. 4 plots the
mid-plane von Mises stress normalized to the ultimate stress
(Svm/Su) for all 9 coils (labeled 1 to 9). As seen in the figure,
von Mises stresses in coils 3, 4 and 7 are the highest. The
stresses in conductors of coils 3 and 4 reach ~0.95 of its
ultimate stress while the stress in conductor of coil 7 also
reaches ~0.88 of the ultimate stress. On-going effort to
predict the mechanical performance of the magnet after all the
full-field cycles using both in-house computational code and
finite element simulations implemented in ANSYS package is
in progress and will be reported later.

Since the magnet is a very important, versatile tool for our
users it is scheduled to be rebuilt as soon as possible. In order
to improve the mechanical performance, we proposed to
partially replace the metal reinforcing shell with wraps of
Zylon fibers, especially for coils 3, 4 and 7. For comparison,
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calculation has been done for the case that half of the
thicknesses of the metal reinforcement shells of coils 1 to 8 is
replaced by Zylon fiber wrapped outside the shells. All other
parameters are kept the same. The mechanical load in coil 9 is
quite low, so no change is needed for this coil. Fig. 5 shows
the normalized von Mises stress in the magnet structure with
the metal-Zylon reinforcements for a 60 T pulse (same pulse
calculated in Fig. 4). The stress levels in coils 1 to 8 are
significantly reduced compared to what seen in Fig. 4. The
high modulus and high yield strength of Zylon [10-11] allow it
to take much more load from the conductors than the metal
shells do. More analyses will be carried out for better
optimization. The proposed approach using Zylon fiber does
not require significant structural modifications and would not
affect the lead time to get the magnet back online.
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Fig. 5. The mid-plane von Mises stress normalized to the ultimate stress
(Svm/Su) in the conductor winding, metal shell and Zylon reinforcement of
all 9 coils of the 60 T CW magnet for a typical 60 T shot.

IV. THE 100 T NON-DESTRUCTIVE MAGNET

The 100T non-destructive magnet is another signature
magnet of the facility [1, 5, 12]. This is only pulsed magnet
that can overcome the mega-gauss barrier to reach 100.75 T
nondestructively (world record) [13]. That magnet has been
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g. 6. Productivity of the 100-T non-destructive magnet from 2010 to 2014

used extensively and Fig. 6 summarizes the performance of
the magnet from 2010 to 1024. The magnet delivered 70 shots
higher than 90 T in 2013 and ~50 shots of the same field range
in 2014. The user demand for magnetic field above 90 T is
high but the access to that field range is still limited because of
couple reasons. Firstly, the magnet has to share the power
generator with the 60-T CW magnet. Secondly, the magnet
cooling time for each full field shot is about 3.5 hours.
Therefore, a similar cooling technique proven in our 65-T
magnet will be considered for being implemented into the
insert coil of 100-T magnet to reduce the cooling time to about
2 hours and possibly increase the productivity by 75 %.
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Fig. 7. Microscopic images of cross-sections of CuNb wire in original
condition (left) and when it is wound into 10 mm helix coil for the innermost
layer of 100-T insert magnet

The 100-T insert coil uses Cu-Nb nano-composite wire
which has ultimate strength of nearly 1.2 GPa at room
temperature and 1.4 GPa a 77 K [14]. The wire was
developed via research collaboration between NHMFL and
Bochvar Ingtitute (Russia) and required complicated
manufacturing processes for long length productions. Thus it
is difficult to produce the wire with very consistent
mechanical properties over a long length and between the
production batches. Conductors of our most recent orders in
2010 and 2013 are less ductile than the similar wires in
previous orders. So the wire become significantly weaker and
sometimes is fractured when it is wound on a small mandrel to
form the innermost layer of our 10-mm-bore, 100-T insert
magnet. Therefore conduction deformation due to small radius
bending must be investigated to improve the conductor
development and magnet design. Fig. 7 depicts the cross-
sections of Cu-Nb wire in original, straight condition (left)
and when it is wound into the innermost layer of our 100 T
insert magnet (right) . Niobium filaments are clearly seen in
both cross-sections. The wound wire experienced a
considerable deformation. The original wire has Nb filaments
of nearly same area. However, when the wire is wound into
the 10-mm-bore helix coil, areas of Nb filaments near the
inside surface increase by ~ 16 % while areas of Nb filaments
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near the outside surface decrease by 19 % This indicates that
the wire is compressed 16% in the inside surfaces and
stressed about 19% on the outside surface. More details about
bending effect on the wire deformation can be found in [15].
The impact of the deformation on the wire strength is till
unclear and will be studied for better conductor development
and magnet design.

V. DUPLEX MAGNET

The duplex design using two capacitor banks has been
developed in major pulsed field centers around the world to
achieve magnetic field beyond 90 T [16-17]. By driving two
concentric coils in parallel, this approach provides more
flexibility for magnet design optimization and significantly
reduces the Joule heating in conductors. PFF has been
dedicating to build such a magnet to expand our capability to
support users. The first duplex magnet of our facility is

Fig. 8. Overview of 80-T duplex magnet with coils A and B and their current
lead configurations
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Fig. 9. Magnet field profile for a 80-T shot of the duplex magnet

planned for testing in January 2016. The magnet is designed
to reach the maximum field of 80 T in a 15 mm diameter bore
and will provide 75 T for user in regular operation. An
overview of the magnet is shown in Fig. 8. The magnet
consists of two nested-solenoid cails, the inner coil (coil A)
and the outer coil (coil B) which are powered by two
independent capacitor banks. Both coils A and B have 8
layers of Cu-Nb composite wire that is same as conductors
used in our 100 insert magnet. Coil A is fabricated by poly-
helix technique and each winding layer is self-reinforced by
combination of Zylon fiber composite and MP35N wraps or
S2-glass cloth composite. Coil B is fabricated by traditional
continuous winding technique followed by a thick Zylon-
MP35N reinforcement structure outside the winding.

To power the magnet, our 4 MJ bank is configured into two
independent units, a 8-mF, 16-kV cap-bank for coil A and a
24-mF, 16-kV cap-bank for coil B . The field profiles for an
80 T shot is plotted in in Fig. 9. Coil A generates a maximum
field of 63.8 T with a peak current of 47.2 kKA. Coil B will
contribute 16.2 T (with 14.4 kA) to deliver the total field of 80
T inthe bore. For the 80 T shot, the maximum normalized von
Mises stresses, Svm/Su = 0.8 for conductor and Svm/Su =
0.58 for reinforcement materials. So we expect the magnet can
deliver about few hundreds of shots at 80 T and up to 1000
shotsat 75T.

VI. CONCLUSION

This paper summarizes the development and operation of
pulsed magnets at the Pulsed Field Facility (NHMFL) in
LANL. Overall, our records indicated an increasing demand
from users to use high magnetic field. The 4 cells of 65 T
workhorse magnets delivered over 7000 shots in 2014, thanks
to key improvements in design and cooling technique. The 60
CW magnet has also been used extensively until it
experienced a soft failure at coil 7 in December 2014. Our
disassembling autopsy and mechanical assessment indicated
that coils 3, 4, 7 experience quite high stress levels and
reinforcement shells for these coils must be redesigned to
improve the magnet lifetime. Calculations showed that partial
replacement of Zylon for metal shells would considerably
improve the mechanical performance and this approach will
be implemented in rebuilt coils.

Request from users to use the signature multi-shot 100T
magnets is much higher than its current productivity of 50 - 70
shots above 90 T each year. Cooling time and quality control
of the magnet must be improved to better meet the user
demand.

Development of a 80-T duplex magnet is another on-going
effort of PFF at LANL to extend the facility magnet capability
to serve user. The magnet is scheduled to be installed and
tested in early 2016.
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