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Statement of Task (abbv’ d)

m Assess U.S. research community needs for high
magnetic fields.

= Current science drivers, opportunities and challenges over
the next ten years?

= Current state of high-field magnet science, engineering,
and technology in the U.S.; conspicuous needs?

= Principal facilities outside the U.S.; U.S. roles in developing
them; potentials for further international collaboration?

m Based on this assessment, provide guidance for the
future of magnetic-field research, technology development
in the U.S.; by considering trends in the disciplinary
makeup of the user base, how should infrastructure be
optimized to meet the needs of the next decades?



Definition of High Magnetic Fields

m In line with previous studies, we define a high-field magnet
as one whose construction tests the limits of our current
capabilities.

m Definition takes into account physical size of high-field
region, homogeneity and stability, as well as field strength.

= Report deals with research carried out in high field magnets,
as well as their construction and operation.
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Process
Four Meetings: March — September 2012.

Dear Colleague Letter sent out in May 2012; 23 responses
received total.

Final draft completed, report into review in mid-February
2013.

Report cleared and released in May 2013

Final editing and publication expected this fall.



Report Structure

Introduction/Overview

Science Drivers
m Condensed Matter and Materials Physics Science
= High Magnetic Fields in Chemistry, Biochemistry, and Biology
m Medical and Life Science Studies (MRI, FMRI, MRS)
= Other High Field Magnet Applications

Combining High Magnetic fields with Scattering and
Optical Probes

Magnet Technology Development
International Landscape of High Magnetic Field Facilities

Stewardship of High Magnetic Field Science in the United
States



Presentation Outline

Briet Overview of Science Drivers

Summary of Principal Findings and
Recommendations

Pause for questions

More details on science drivers and examples
cited in the report, as time permits.



Science Drivers

m Condensed Matter and Materials Physics
Materials near a quantum Critical Point
Quantum magnets
Superconductors
Semiconductors and semimetals
Topological phases

Soft condensed matter



Science Drivers

m Chemistry, Biochemistry, and Biology

NMR in chemistry and biology
« FT-ICR Mass spectrometry

= Electron Paramagnetic Resonance



Science Drivers

m Medical and Life Sciences

= Magnetic Resonance Imaging for humans and
large animals.

= Magnetic Resonance Spectroscopy

= Functional |

= What might be learned by going to much higher
fields
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Science Drivers

m Other Applications

= High-energy physics: Accelerators and
detectors.

= Plasma physics: Controlled nuclear fusion
= Particle astrophysics

= Radiotherapy using charged particles
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Science Drivers at NHMEFL

Geochemistry

Condensed Matter Physics
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Research reports resulting from projects using high-field magnets at the National High
Magnetic Field Laboratory NHFML) from 1995 to 2010, classified by field of research. 12



State of High-Field Magnetic
Technology

Non destructive pulsed fields

Hybrid magnets

Resistive magnets
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An overview of magnetic fields available with different technologies, showing the corresponding rise
times for the fields and the times during which experiments in these fields van be performed.
SOURCE: Graph courtesy of Jan Cornelis Maan, Radboud University Nijmegen. 13



Key Findings, Conclusions,
and
Recommendations
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Topics for findings, conclusions,
and recommendations

m Centralized and Distributed Facilities;
m Advancing NMR Spectroscopy;

m Combining magnetic fields with scattering facilities,
THz radiation;

m Specific goals for higher field magnets;
m 20 T research magnet for human MRI;
m Stewardship;

m International cooperation.
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Centralized Facilities

m Conclusion: There is a continuing need for a centralized
facility like the NHMFL because (1) it is a cost-effective
national resource supporting user experiments and thus
advancing the scientific frontiers; and (2) it 1s a natural central
location containing expert staff enabling the development of the
next generation of high-field magnets.

m Recommendation: The National Science Foundation
should continue to provide support for the operations of the
NHMFL and the development of the next-generation of
high-field magnets.
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Distributed Facilities

m Conclusion: In some cases, there are benefits from
decentralized facilities with convenient access to high
magnetic fields for on-going scientific research.

m Recommendation: Taking into account, among other
factors, the estimated costs and anticipated total and
regional demand for such facilities, federal funding

agencies should evaluate the feasibility of setting up some
smaller regional facilities, ideally centered around 32 Tesla
superconducting magnets as the technology becomes
available, and with optimized geographic locations for easy
user access. These would be in addition to the premier
centralized facility, which would remain, with its unique mission
of expanding the frontiers of high magnetic field science.
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Advancing NMR Spectroscopy

m Conclusion: Nuclear magnetic resonance (NMR) spectroscopy is one of the
most important and widely used techniques for structural, dynamical, and
mechanistic studies in the chemical and biological sciences. However, in
recent years, U.S. labs have failed to keep up with advances in commertcial
NMR magnet technology. Continuation of this trend will likely result in loss
of the U.S. leadership role, as scientific problems of greater complexity and
impact will be solved elsewhere.

® Recommendation: New mechanisms should be devised for funding and
siting high-field NMR systems in the United States. To satisfy the likely
demand for measurement time in a 1.2 GHz system, at least three such
systems should be installed over a two-year period. These instruments
should be located at geographically separated sites . . . and planning for the
next generation instruments, likely a 1.5 or 1.6 GHz class system, should be
under way now to allow for steady progress in instrument development.
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Recommendation —

Combining magnetic fields with scattering facilities

Recommendation: New types of magnets should be
developed and implemented that will enable the broadest possible
range of x-ray and neutron scattering measurements in fields in
excess of 30 T. Recommended steps :

1) procure modern 10-16T magnet/cryostat systems for US
facilities;
2)develop a 40 T pulsed field magnet with a repetition rate of

30 seconds or less;

3) develop a wider-bore 40 T superconducting DC magnet
specifically for use in conjunction with neutron scattering
facilities.

New partnerships will likely be required to fund, build, and
operate these magnets 19



Recommendation —
Combining magnetic fields with THz radiation

® Recommendation: A full photon spectrum, covering at least all
of the energies (from radio-frequency to far-infrared)
associated with accessible fields, should be available for use
with high magnetic fields for diagnostics and control. At any
point in the spectrum, transform-limited pulses of variable
amplitude, allowing access to linear and non-linear response regimes,
should be provided. Consideration should be given to a number
of different options including (1) providing a low-cost spectrum
of THz radiation sources at the NHMFL, (2) construction of
an appropriate FEL at NHFML, or (3) providing an all-
superconducting, high-field magnet at a centralized FEL
facility with access to the THz radiation band.
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THz Phenomena in Strong Magnetic Fields
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Goals for Higher —Field Magnets

m Recommendation: A 40 T all-superconducting magnet

should be designed and constructed, building on recent
advances in HTS magnet technology.

m Recommendation: A 60T dc Hybrid Magnet should be
designed and built that will capitalize on the success of the
current 45 T hybrid magnet at the NHMFL-Tallahassee.

m Recommendation: Higher-field pulsed magnets should be
developed, together with the necessary instrumentation, in

a series of steps, to provide facilities available to users that might
eventually extend the current suite of thermal, transport, and
optical measurements to fields of 150T and beyond.
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Magnetic Resonance Imaging

m Recommendation: A design and feasibility study should be
conducted for the construction of a 20 T, wide bore (65 cm
diameter) MRI magnet suitable for large animal and
human subject research. The required homogeneity is 1
ppm or better over a 16 cm diameter sphere. The
appropriate sponsorship might be multiple agencies (e.g.,
NIH, NSF, and DOE). In parallel, an engineering
feasibility study should be undertaken to identify
appropriate RF, gradient coils and power supplies that will
enable MRI and MRS and an extension of current health

and safety research currently being conducted at lower
fields.
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Stewardship Issues: Recompetition of
NHFML

m Conclusion : Recompetition on time scales as short as 5 years places at

risk the substantial national investment in high field research that is
embodied in a national facility like NHMFL, and could have disastrous
effects on the research communities that rely on uninterrupted access
to these facilities. Though this committee believes that recompetition of
facilities 1s appropriate, it also believes a flexible approach should be taken in
the implementation of this resolution to fulfill the role as a steward and to
avoid potential negative consequences of a short time interval between
recompetitions of the NHMFEFL.

Conclusion: This committee strongly endorses the consideration given
to this matter by the Subcommittee on Recompetition of Major

Research Facilities. The committee endorses the need for evaluating the
long term strategy and direction of national facilities, as well as for effective
periodic reviews of their scientific programs. Report of the Subcommittee on
Recompetition of Major Research Facilities, NSF Business and Operations Advisory
Committee, January 5, 2012
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Other Stewardship Issues

B Recommendation: The NSF, the NHMFL, and other interested entities
that benefit from the use of high magnetic fields should adopt the steward-
partner model as the basis for defining the roles in future partnerships in
high magnetic field science. For magnets not sited at NHMFL, the host
institution is in most cases the natural steward (especially for significant

facility-specific infrastructure required for magnet operations). For magnets
sited at the NHMFL, NSF should be the steward, although the partner
organization could fund the construction and operation of these
facilities.

= Recommendation: A High-Field Magnet Science and Technology
School should be established in the United States.

25



International cooperation:
Recommendations

= Recommendation: High-field facilities wotldwide should be
encouraged to collaborate as much as possible to improve the quality of
magnets and service for users. This can be accomplished through the
establishment of a global forum for high magnetic fields that consists of
representatives of the large magnetic field facilities from all continents.
Such a forum would further stimulate collaboration and the exchange of
expertise and personnel, thereby providing better service to the scientific
community and magnet technology development. The forum should establish
a roadmap for future magnets and stimulate the realization of the defined
targets on this roadmap.

® Recommendation: Large high magnetic field facilities should also have
sttong collaborations with smaller regional centers, providing them
with support and expertise. Users of these regional centers may need the
higher fields available in the large facilities, while users of the large facilities
could be referred to the regional centers if their proposed experiments are

better suited for those centers.
26



Questions?



Examples of Condensed Matter
and Materials Research in High
Magnetic Fields

28



Quantum Critical Matter

Quantum critical
matter

Temperature

Tuning parameter

Antiferromagnet Quantum critical Heavy fermion metal
matter

m Phenomena near a quantum phase transition at T=0.

m  Magnetic fields may be used as a tuning parameter, and/or as a measurement
device (as to study reconstruction of a Fermi surface via Shubnikov-deHaas).

AS



Low-Dimensional and Frustrated Quantum
Magnets

m Many unusual phases including “quantum spin
liquids”— strongly interacting spin systems which show
magnetic order down to very low temperatures.

B Quantum effects are most important in systems with
S=1/2, and small magnetic moments. Need large fields
to produce changes of state .

30
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= Note kink at H ;>40T. May signity onset of “spin nematic”
phase. ( Material is quast 1D. Spins form an incommensurate

spiral at low field.)
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m Phase transitions observed by Faraday rotation,
up to in flux-compression device.
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Organic Magnets

® Quast 1D and 2D organic magnets, conducting
and insulating, show wide variety of exotic
phases and transitions, affected by strong
magnetic fields.

m Example: ABETS),FeCl, : Antiferromagnetic
below 18T, superconducting between 18T and
41T, superconductivity disappears above 41T.
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High Temperature Superconductors

m Very high magnetic fields are necessary to suppress
superconductivity in high Tc cuprates and pnictides.
Have played a vital role in unraveling the normal-state
physics of cuprates as well as their superconductivity.

m High Tc superconductors are the key to higher-field
magnets of the future. Studying their performance in
very high fields is essential for developing the best

materials.
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Quantum Hall Effects in 2D Systems

m High magnetic fields are useful particularly 1f
one wants to study quantized Hall effects in new
materials, with high electron density and/or
poor mobility.

m [n graphene, fields of 30T — 45T have been used
to produce an integer quantized Hall effect at
room temperature, and to produce fractional
quantized Hall plateaus at low temperatures.

35



Graphene at 35T and 0.3 K

From Dean et al., 2011
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Topological Insulators and Topological
Superconductots
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m Conductance oscillations from the surface state of a
topological insulator, measured up to 45 T.
From Xiong etal., 2012 (Princeton group)
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Soft Condensed Matter

m High magnetic fields can be used to align molecules and
nanoscale objects.

- This can be used to facilitate measurements by x-ray
scattering or other probes. Orientation can also be
used to control crystal growth, or produce desired
material properties in polymers.

m Hioh magnetic fields with strong gradients can be used

to counteract gravity, levitate objects.

38



Application of Magnetic Levitation
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Figure 2.16. An image of the growth plume of growing. Lysozyme protein crystals at effective gravity G=1
(normal gravity) and in a very high magnetic field gradient showing that with field induced effectively zero
gravity (G=0) convection can be suppressed and that gravity can even be inverted (G=0.08). SOURCE:

Growth plumes of lysozzyme proteins. From Hetjna et al 2007
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New technical developments will extend the
ability to make use of pulsed fields for
scientific measurements

m Example is use of micron-scale samples prepared by FIB
techiques to reduce eddy currents and equilibration times. -

40
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Community Input: Dear Colleague Letter

A broad call for community input to the committee was issued in spring 2012 as a dear
colleague letter, shortly after the committee” s second meeting. The announcement was
sent by email to the users of the NHMFL, colleagues of committee members, and
appeared on the committee s public Web page. A portion of the dear colleague letter is
excerpted below.

..With this message, the MagSci committee invites you to send it any information or opinions you feel should
be taken into account during its deliberations. ..Specifically, how have high magnetic fields had an impact on
your research? What scientific advances might your research lead to? How have you taken advantage of
facilities at the National High Magnetic Field Laboratory (NHMFL) or other high-field magnet centers?
Have you utilized international high magnet field facilities for your research? What new facilities or new
capabilities would be most valuable to you? In what new areas of research are high magnetic fields likely to
have a large impact? Are the challenges related to the current status of high magnetic field science impacting
your research? Do you have any other comments? How does support for magnetic field research compare
with support elsewhere?...”

The MagSci committee is distributing this message to as many members of the high

magnetic field community as possible, using several different organizations, because it
wants to be sure that all voices have been heard before it issues its report. We apologize if
you have received multiple copies of this letter.
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