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DIRECTOR’S DESK by Greg Boebinger

A big year for 1,127 scientists

We are pleased that Professor Jan
Musfeldt of UT Knoxville has been reelected by our users to chair the MagLab
User Committee through the balance of
the two-year renewal proposal process.
Jan has been an extraordinarily active
and effective chair, helping to involve
users in the MagLab’s strategic planning
and renewal proposal development and
developing user surveys that have confirmed that the MagLab is a “user-run”
facility, responsive to users in developing
prioritizations, delivering services and fixing problems. We welcome Professor Ian
Fisher of Stanford as our new Vice Chair
of General Field Facilities and Professor
Tatyana Polenova of the University of
Delaware as our re-elected Vice Chair for
Resonance Facilities. Service on the User
Committee, and especially service in these
leadership roles, represents extra work,
extra travel, and extra commitment to the
community of MagLab users. Our facility
and high magnetic field research are the
better for their service.
As 2011 draws to a close, the MagLab
user community has two new major magnet systems for its experiments. This summer, the long-planned 25 T Split Magnet
was constructed and commissioned in our
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DC Magnet facility and began welcoming users’ optical scattering experiments
from day one. In August, a new record of
97 T for non-destructive pulsed magnets
was achieved while running the first user
experiments in this latest addition to our
Los Alamos facility. Early data to 95 T
on a Shastry-Sutherland compound (one
of the few exactly solvable quantum spin
systems) is presented on page 16 in this
issue. This steady development of new
and uniquely-capable magnet systems by
MagLab engineers and scientists opens
new opportunities for both longtime users
and for new users, who account for ~20%
of our visiting scientists each year.
But why such a large facility for high
magnetic field research? Not an unreasonable question to ask when evaluating
our renewal proposal. The MagLab’s two
new magnet systems serve as illustrative examples. The 25 T Split Magnet is
revolutionary in offering unprecedented
direct optical access to samples in a high
magnetic field. This magnet depends
upon the 28 MW offered by the uniquely
large DC power supply at the MagLab
(upgraded over a six-year period using
funding from Florida State University and
the State of Florida). The 95 T data in this
issue reaches to roughly 25% higher field
than data from smaller pulsed magnet installations. This magnet, as with the 85 T
magnet system that preceded it, achieves
its reliability for user operations due to
the massive 1.4 GW motor-generator set
located at the MagLab (purchased by Los
Alamos National Laboratory). Leading
research in high magnetic fields requires a
certain minimum infrastructure, infrastructure that happens to be uniquely big
on a national scale.
As such, the MagLab’s consortium of
three institutions is more effective for high
magnetic field research than, for example,
a network of a dozen smaller installations:
First, virtually every magnet system the
MagLab offers to users already pushes
the limits of our existing large facilities.
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(Why build a magnet system that does
otherwise?) Second, because the MagLab
develops and builds its own infrastructure, rather than relying on commercially
available magnets and instrumentation,
our facilities require a critical mass of
engineering and scientific talent, half
supported by the NSF core grant and half
by grants from the DOE, NIH and other
research institutions. Third, the MagLab
seeks to be uniquely valuable to a large
and continually evolving community of
high-magnetic-field experimentalists, with
a very reasonable metric being whether
scientists will come. As the “airline chart”
on page 14 shows, the MagLab’s facilities
attract users from across the nation and
from most parts of the globe. In many
cases, users who are closer to other magnet laboratories find reason to do their
science at the MagLab’s large facilities.
With our 2013-2017 renewal proposal
under review by the NSF, this issue of
Mag Lab Reports features a user research
highlight from each of our user programs
as well as an update on our latest strides
in developing magnet technologies to
exploit high-temperature superconductors
and potentially double the magnetic field
achievable by superconducting magnets.
These technologies could potentially
double the field achievable by superconducting magnets. Research using test coils
is keeping us on track to complete our
NSF-funded 32 T all-superconducting
magnet project. Perhaps, one day, this
work by the MagLab will help establish a
regional network of 30 T superconducting
magnets around the country, while the
MagLab realizes the 60 T hybrid magnet
that high temperature superconductors
would also enable. But that is a 2020-andbeyond vision, while we work on the
2013-2017 renewal proposal now!

workshop report

New Frontiers in High Field Condensed
Matter NMR Workshop
by A. P. Reyes, W. G. Moulton, P. L. Kuhns, and W. P. Halperin
A workshop bringing together a community carrying out
high field nuclear magnetic resonance (NMR) in condensed matter/materials research was held at the Magnet Lab on October 13.
The workshop brought together experts, users, and prospective
users of Magnet Lab facilities to identify problems related to performing Condensed Matter NMR spectroscopy in high magnetic
fields, and in particular, explore the exciting new science that the
new Series Connected Hybrid (SCH) will generate. There were 52
international participants, 10 invited talks and 4 contributed talks
representing researchers from diverse countries including the US,
France, Germany, United Kingdom, Japan, Russia, and Estonia.
Magnet Science and Technology Director Mark Bird opened
with an overview of the characteristics of the SCH. Bill Brey then
described the shimming design for high resolution NMR. The
magnet is a unique new design in that the superconducting (SC)
outsert is connected in series with the resistive inner magnet, instead of the parallel connection in conventional hybrid design. An
important advantage of this configuration is the low power and
smaller current requirement to reach maximum field allowing
longer hours of usage. This allows measurement of samples with
very long spin lattice relaxation times or weak signals. The magnet
is designed to have resolution of 1 ppm DSV and maximum field
of 37 T which will bridge the gap between the current resistive
magnets, the hybrid, (fields to 45 T) and 10 to 40 ppm DSV, and
the very high resolution SC magnets (up to 22 T) and 1ppb DSV.
An additional important advantage of the series connection is that the large inductance of the SC outsert will reduce the
short-term temporal fluctuations endemic to resistive magnets, by
perhaps an order of magnitude. These fluctuations appear as noise
in NMR experiments when long time signal averaging with phase
resolution is required. The short-term stability will also make
spin-spin relaxation (T2) measurements possible in high magnetic
fields for the first time. The work will require the development of
new high frequency probes utilizing the larger bore of the magnet.
The Magnet Lab and Grenoble group demonstrated at the workshop that with their 20 years or more experience in very high field
NMR research in resistive magnets, that they have the unique
capability to expertly carry out this development.
The general consensus of the attendees is that the SCH will
provide an important new asset to the international Condensed
Matter NMR community for exploration of many new materials
not now accessible for this kind of research. The workshop has
identified a variety of scientifically interesting systems which the
NMR technique could help elucidate using the availability of high
magnetic fields. These are new phenomena that are still hitherto
unknown and field-induced phases of materials that have been

observed by other experimental techniques. Other methods such
as diffusion measurements could improve upon application of
high magnetic fields and high field gradients and would benefit
from the new capabilities that the SCH offers.
Here are a few selected examples of the current and projected
high field research presented at the workshop:
M. Horvatic (LNCMI, Grenoble, France) presented the
scientific and technical issues of recent high-field NMR activities
at Grenoble. These included the development of high field probes
and other facilities. Studies of the development of stripes in high
field superconductor at high fields, exotic Bose-Einstein condensation in BaCuSi2O6 and broken symmetry plateaus in azurite
Cu3(Co)3(OH)6 were presented.
M. Takigawa (ISSP, Kashiwa, Japan) focused on frustrated
spin systems having complex ground states where field-induced
phases appear up to and beyond 34 T. He talked about the incommensurate phases and anomalous magnetization plateaux in
SrCu2(BO3)2.
H.-H. Klauss (Technical U., Dresden) discussed their experiments in spin- ½ Heisenberg chain (CuPzN) quantum critical behavior magnetic field control of the quantum critical point up to 30
T, separating Luttinger liquid from ferromagnetic state, with plans
to carry out this experiment to higher fields and higher resolution.
The effect of high fields on the zero-temperature-limit
pseudogap state and the doping evolution of hole-doped cuprate
superconductors were presented by G.-Q. Zheng (Okayama U.,
Japan). Using the 45 T Hybrid magnet up to 44 T, he obtained a
complete phase diagram of Bi2Sr2-xLaxCuO6+δ that spans from an
antiferromagnetic insulating state, to a pseudo-gapped superconducting state, and into a conventional metallic state.
Ricardo Urbano of the Magnet Lab discussed the unexpected discovery in iron pnictide BaxK1-xFe2As2, that the Fe
electronic moments remain robust and exhibit strong magnetic
field dependence up to 45 T. This effect has not been theoretically understood, but is ascribed to a modification of the complex
Fermi surface of this material.
The Halperin group at Northwestern University and the
Magnet Lab Condensed Matter NMR group discussed important information about the vortex structure and dynamics in the
cuprate superconductors. This work required extensive use of the
45 T hybrid. Halperin introduced ideas for measuring diffusion
with application to molecular and ionic solids, which are best
performed in SCH due to its short-term stability.
In summary, this workshop was very successful in suggesting
new avenues of research to be made possible by the completion of
the Series Connected Hybrid.
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superconductor science

35.4 T field generated at the Magnet Lab using a layer wound
superconducting coil made of REBCO coated conductor

Figure 2. Plot of the quench currents vs. magnetic field for two bath temperatures: 4.2 K and
1.8 K. Helium gas trapping close to the terminal
of the coil caused some heating and reduced
quench currents in the field region above 20 T.

Figure 1. (left) Image of the layer wound coil mounted on the probe. The coil is 64.5 mm long, with
an inner diameter of 14.3 mm, and an outer diameter of 38 mm. The total length of conductor used is
~100 m. (right) View of the instrumentation taps: Voltage taps are used every 5 – 10 layers to map the
contributions of the various coil sections to the total coil voltage, and for quench protection.

Ulf Peter Trociewitz, Matthieu
Dalban-Canassy, Muriel Hannion,
David Hilton, Jan Jaroszynski, Patrick
Noyes, and Youri Viouchkov supported
by the broader HTS R&D team: Dima
Abraimov, Valeria Braccini, Hom
Kandel, Jun Lu, Anatolii Polyanskii,
Michael Santos, Huub Weijers, Andrew
Whittington, and David Larbalestier
Summary
A new world-record magnetic field
of 35.4 T inside a superconducting coil
has just been reached using a single piece
of about 100 m of REBCO tape conductor wound in layers and nested in a 31 T
background magnet.
Background
The cuprate base high temperature
superconductor (RE)Ba2Cu3O7-x (REBCO,
RE = rare earth), has the capability to
substantially transform the technology
of high field magnet systems. So far the
low temperature superconductors Nb-Ti
and Nb3Sn have been used for virtually
all superconducting high field magnets.
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Their maximum field, however, is limited by their upper critical fields (Hc2) of
about 15 T for Nb-Ti and 30 T for Nb3Sn.
The highest field generated by a Nb-base
superconducting magnet is about 23.5 T.
This limit is imposed by the rapid decrease of critical current density as Hc2 is
approached. By contrast REBCO has an
Hc2 that exceeds far beyond 100 T at 4 K,
removing the limit that restricts usage of
Nb3Sn in high-field magnet systems.
A series of small test solenoids have
been wound using REBCO coated conductor tape made by SuperPower Inc. One
of these coils was recently tested in a 31.2
T resistive magnet system at the Magnet
Lab, generating an additional and steady
magnetic field of 4.2 T for a total of 35.4
T. This demonstrates that layer winding
a very high field superconducting coil,
working at high stress levels >340 MPa
and conductor current density Je > 500 A/
mm2 is possible1. The coil was quenched
safely multiple times without any measurable degradation of its performance.
This layer-wound coil and earlier prototype pancake-wound coils1 demonstrate
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that REBCO coated conductors have
developed into a suitable basis for a new
superconducting magnet technology that
allows major advances in magnetic field
generation at 4.2 K.
Because of its low anisotropy and
high irreversibility field at temperatures
well above 50 K, this REBCO conductor may also allow a cryocooled magnet
technology for generating fields of 5 – 15
T in the 30 – 50 K range. Pancake wound
variants of this technology are currently
used for an all-superconducting 32 T user
research magnet now under construction
at the Magnet Lab. This magnet is aimed
to be in service in 2013.
References
1. U. P. Trociewitz, M. Dalban-Canassy, M.
Hannion, D. K. Hilton, P. Noyes, Y. Viouchkov, J. Jaroszynski, H.W. Weijers, and D.C.
Larbalestier, 35.4 T field generated using
a layer-wound superconducting coil made
of (RE)Ba2Cu3O7-x (RE = rare earth) coated
conductor, Applied Physics Letters, in
press (2011).
2. H.W. Weijers; U.P. Trociewitz; W.D. Markiewicz; J. Jiang; D. Myers; E.E. Hellstrom; A.
Xu; J. Jaroszynski; P. Noyes; Y. Viouchkov,
and D.C. Larbalestier, High Field Magnets
With HTS Conductors, IEEE Trans. Appl.
Supercond., 20 (3), 576 (2010).

user SCIENCE: Nuclear magnetic resonance

High-Field NMR of Paramagnetic Li-Ion Battery
Materials with Shift Anisotropy > 1 MHz
by Ivan Hung1; Lina Zhou2; Frédérique Pourpoint2; Clare P. Grey2; Zhehong Gan1
1. National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida, USA 32310
2. Department of Chemistry, University of Cambridge, Cambridge CB2 1EW, UK

The use of lithium-ion batteries has
grown dramatically, especially in portable
electronic devices such as laptops and cell
phones. These batteries offer high volumetric, high gravimetric energy density
and long cycle life. Further development
is needed to improve both their capacity and charge/discharge rates for use
in transportation applications and load
leveling on the electrical grid. Solid-state
NMR of lithium is a powerful tool for
monitoring the changes of the lithium
local (structural and electronic) environment during the charge and discharge
processes, and in fact has already played
an important role in the development of
improved positive and negative electrodes1-3. Unfortunately, the most abundant and NMR-sensitive lithium species,
7Li, is not well suited to high field NMR,
and battery scientists have had to resort to
working with 6Li or working at low field.
Here we report a new technique to enable
high resolution 7Li NMR spectroscopy of
battery materials for high magnetic fields,
developed in collaboration with long-time
Magnet Lab user Clare Grey of Cambridge
University in the UK.
Many Li-ion electrode materials are
paramagnetic either in their pristine or
charged and discharged states. Because
the strong nucleus-electron spin dipolar
interaction gives rise to so-called ‘paramagnetic shift anisotropy’, magic-angle
sample spinning (MAS) alone may not
be sufficient to resolve individual lithium
sites. This problem is further intensified
at high magnetic fields as the electronnuclear dipolar interaction scales linearly
with field. To alleviate this problem, low
magnetic fields and the less sensitive
(γ7Li/γ6Li = 2.6) and abundant (7.4%) 6Li
isotope are often used for but at the costs
of lower sensitivity and, more important,

Figure 1. A. Schematic of the projection-MATPASS experiment. b. A comparison of the 7Li MAS (νr
= 30 kHz) NMR spectra of LiMnPO4 acquired with one-pulse excitation, rotor-synchronized Hahn-echo
and stimulated-echo experiments. c. 7Li MATPASS (νr = 33.3 kHz) spectrum of Li2MnO3 (prepared by
heat-treatment of Li2CO3 and Mn2O3 at 650°C for 12 h, then at 850° C for 24 h). The inset shows
the isotropic projection and an expanded view around 760 ppm.

the requirement of isotope enrichment. To
get around this problem we introduce a
new experiment designated “MATPASS”
which obtains isotropic NMR spectra with
apparently infinite MAS spinning rates
and is capable of covering paramagnetic
shift anisotropy greater than 1 MHz. This
development enables the use of high magnetic fields for NMR studies of Li-ion battery materials and also addresses a general
problem of increasing shift anisotropy for
solid-state NMR high magnetic fields that
requires very fast MAS. The collaborative work was carried out using the 19.6
T 31 mm superconducting magnet and a
home-built 1.8 mm fast MAS probe by the
rf group at the Magnet Lab.
The new NMR technique combines
the ideas of magic-angle turning (MAT)4
and reported phase-adjusted sideband
separation (PASS)5 experiments. As il-

lustrated in Figure 1, the stimulated echo
using a pair projection pulses has a much
broader bandwidth than the conventional
Hahn-echo. The projection-MAT pulse
sequence uses exclusively short projection
pulses to cover the large shift range and
anisotropy for paramagnetic system. The
incorporation of MAT with PASS allows
the acquisition of a 2D spectrum with only
a few t1-increments for separating spinning sidebands in F1 according to their
order. A spectral shear along F2 aligns
all the sidebands at the isotropic peak
positions. Subsequent addition of the F1
slices yields a quantitative, purely isotropic
spectrum as demonstrated with Li2MnO3
in Figure 1. The single peak at ~1500 ppm
corresponds to Li sites in the [Li⅓Mn⅔]
“honey-comb” layers of this material;
the absence of other peaks at this position indicates that these layers are well-
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FiGuRE 2. A. Expansion of the isotropic resonances from 0 to 720 ppm from the B. isotropic
7Li spectrum and c. 2D MATPASS spectrum (ν = 34 kHz) of charged Li FeSiO following four
r
2-x
4
charge-discharge cycles.

ordered. Resonances in this shift region
are a signature of Li in the transition metal
layers of xLi2MnO3-yLi(Ni0.5Mn0.5)O2
and xLiCoO2-yLi(Ni0.5Mn0.5)O2 (NMC)
systems, an indicator of a class of defects
in these materials, which has been strongly
correlated with function3. In contrast, the
group of sites at ~760 ppm shows more
than two peaks expected from the crystal structure of this material indicating
disorder in the stacking of the honey-comb
layers. Even for samples like Li2MnO3
with partially resolved spinning sidebands,
the identification of the center band (the
isotropic shift) is a non-trivial task for
paramagnetic battery materials due to the
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strong temperature dependence of the
hyperfine shift6. The conventional method
of varying the spinning frequency to locate
the center band is complicated by the fact
that a change of spinning frequency also
induces a change of sample temperature7,8,
thus a shift of the whole spectrum. The
MATPASS experiment yields the assignment of isotropic peaks and the measurement of chemical shift in a straightforward
manner of a constant spinning frequency
without this complication.
Figure 2 demonstrates an application
of MATPASS to a cathode material with
an associated 7Li spectrum in which no
individual isotropic resonances can be
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resolved due to overlap of multiple broad
resonances (the sharp spinning sidebands
are from Li in the diamagnetic fraction
of the solid — an impurity). The sample
has been extracted from a cell comprising
the cathode material Li2FeSiO4, following 4 charge cycles and a final charge to
3.7 V to yield a composition of approximately LiFeSiO49. The MATPASS isotropic projection (Figure 2a and 2b) clearly
demonstrates that the broad featureless
resonance centered at ~300 ppm in Figure
2c is actually comprised of multiple
isotropic resonances that spread over a
range of about 800 ppm. The resonances
at 600 to 800 ppm are assigned to lithium
environments near Fe3+, while the resonances at 200 ppm are environments that
are observed during the transition of the
material from its initial structure to the
final more stable structure. It is noteworthy that the span of these resonances is
greater than 250 kHz, far above the fastest
MAS frequency available today. The ability
to resolve these broad resonances and the
quantitative nature of the MATPASS experiment allow for monitoring the change
of lithium chemical environment during
charge-discharge processes.
Figure 3 shows an application of
projection-MATPASS to the 31P nuclei
in Li3Fe2(PO4)3, which possess a high
gyromagnetic ratio and large hyperfine
shifts exceeding 1 MHz. The cumulative
projection from two MATPASS spectra
shows three isotropic resonances with
linewidths of 40, 43 and 51 kHz at 14160,
15020 and 15800 ppm, respectively. Notably, using the 2D MATPASS experiment
at a single B0 field and MAS frequency, the
information on how many resonances and
their isotropic shifts are obtained from
a single experiment. This contrasts with
the multiple experiments varying the B0
field and the MAS frequency necessary to
resolve the interplay between the effects
of sample heating and spinning sideband positions upon change of spinning
speed8. The straightforward acquisition of
isotropic spectra using MATPASS should
greatly facilitate the use of 31P NMR as an
additional probe for the characterization
of phosphorus-containing Li-ion battery
materials.
The projection-MATPASS experiment
excels in two aspects which have generally

tion of the acquired data.
In conclusion, the MATPASS experiment can be used effectively to obtain
quantitative isotropic NMR spectra of
paramagnetic materials with large shift
anisotropy in excess of 1 MHz. This
development addresses a general problem
of high-field solid state NMR that requires very fast sample spinning to cover
increasing shift anisotropy especially for
paramagnetic systems like Li-ion battery
materials. The experiment can be similarly applied to other paramagnetic systems,
from those found in biology to those in
materials chemistry (e.g., in catalytic systems or in metal organic frame-works).
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user SCIENCE: Ion CycLotron Resonance

FT-ICR MS Identification of Water-Soluble
Atmospheric Organic Matter in Fog
by Lynn R. Mazzoleni1 , Brandie M. Ehrmann2, Xinhua Shen3, Alan G. Marshall2,4, and Jeffrey L. Collett, Jr.3
1. Michigan Technological University, 1400 Townsend Drive, Houghton, MI 49931 USA
2. Florida State University, 95 Chieftain Way, Tallahassee, FL 32306 USA
3. Colorado State University, 1371 Campus Delivery, Fort Collins, CO, 80523 USA
4. National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, FL 32310-4005 USA.

Figure 1. Reconstructed negative-ion ultrahigh-resolution FT-ICR mass spectra of atmospheric organic matter isolated from radiation fog water collected in Fresno, CA.

Abstract
Detailed molecular composition of the
water-soluble atmospheric organic matter
(AOM) of fog water was studied by use of
electrospray ionization Fourier transformion cyclotron resonance mass spectrometry (FT-ICR MS). Over 1350 individual
molecular masses in the range of 100-400
Da were identified from the negative-ion
spectra. The detected organic anions are
multifunctional with a variety of oxygenated functional groups. The compound
structures range from highly aliphatic to
slightly aromatic with DBE (double bond
equivalents = number of rings plus double
bonds to carbon) values of 1-11. The O:C
ratios varied from 0.2 to 2 with an average
value of 0.43. Several CH2 and C3H4O2
homologous series of compounds and
multifunctional oligomers were identified
in this AOM. The observed complexity ap-

pears to represent atmospheric processing
of primary and secondary compounds.
This work has been published in
Environmental Science and Technology,
DOI: 10.1021/es903409k, Publication Date
(Web): April 16, 2010. Reprinted with permission from Mazzoleni, L. R.; Ehrmann,
B. M.; Shen, X.; Marshall, A. G.; Collett, J.
L. Jr. “Water-Soluble Atmospheric Organic
Matter in Fog: Exact Masses and Chemical
Formula Identification by Ultrahigh-Resolution Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry,” Environ.
Sci. Technol. 2010, 44, 3690-3697. Copyright 2010 American Chemical Society.
Introduction
Atmospheric organic matter (AOM)
in the form of organic aerosol or dissolved
organic species in suspended cloud or fog
droplets is a complex mixture. Its compo-
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nents account for a significant fraction of
the total mass of fine particulate matter in
the atmosphere1. Identification of watersoluble organic compounds presents a very
challenging task. Many have multiple polar
functional groups (e.g., carboxyl, hydroxyl,
carbonyl, nitro, nitrooxy, and sulfate) and
are not well separated by traditional chromatographic techniques. Despite decades of
effort water-soluble organic compounds are
still not well characterized on a molecular
level2. It is desirable to characterize these
compounds because they may play essential
roles in fundamental environmental processes, such as chemical reduction/oxidation
mediation, sorption, complexation, solubilization, and aerosol water-uptake. Electrospray ionization coupled with FT-ICR MS
provides detailed molecular characterization
of organic matter due to its extremely high
resolution and mass accuracy3,4.

FiGuRE 2. van Krevelen plots with color-coded analyte relative abundance A. All 1,368
CcHhOoNnSs compositions B. 715 compounds containing only C, H and O atoms c. 487
compounds containing only C, H, N and O atoms D. 166 compounds containing only C, H
O and S or C, H, N, O, and S atoms.

Experimental
Fog samples were collected in Fresno,
CA. The bulk collectors operate by pulling
droplet-laden air across a bank of stainless steel strands where cloud/fog drops
are collected by inertial impaction. The
collected drops flow down into a stainless
steel collection trough, through a stainless
steel tube, and into a pre-baked glass bottle.
Solid phase extraction was used for sample
preparation of fog water samples. Samples
were analyzed with a hybrid 7 T FT-ICR
MS (LTQ FT Ultra, Thermo Scientific)
equipped with a chip-based direct infusion
nanoflow electrospray ionization (nESI)
source (Triversa Nanomate, Advion Biosciences, Ithaca, NY). Selected-ion monitoring (wide SIM mode) allowed isolation of
an m/z 600 window in the LTQ before FTICR analysis. Mass resolving power was set
at 200,000 (at m/z 400) for all spectra. Ap-

proximately 370 transients recorded in the
time domain were co-added with Predator
v. 3.54.345. Co-addition of numerous time
domain data sets prior to Fourier transformation enhances the signal-to-noise
ratio6,7. The molecular formula calculator
(Sierra Analytics Composer) was used to
assign chemical formulas to the masses of
singly-charged ions of 100 < m/z < 400 and
relative abundances (RA) ≥1%.
Results
Over 3000 individually measured
masses were identified in the m/z range
of 100 < m/z < 400 (Figure 1). This great
complexity observed in atmospheric fog
water results from the several sources of
AOM including primary and secondary
components formed in either gaseous and/
or aqueous secondary reaction pathways.
In this study, we analyzed a natural sample

with unknown numbers of precursor
compounds which may have been exposed
to a variety of potential reaction pathways.
We observed low molecular weight AOM
compounds with a range of 3-26 carbon
atoms per molecule with a number of homologous series of CH2 and C3H4O2 were
found by Kendrick mass defect analysis8.
The origin of the high number of homologous series is unknown; however it is
consistent with organic matter (OM) from
other natural systems.
The assigned AOM molecular formulas are presented in abundance-weighted
van Krevelen diagrams9, shown in Figure
2. Each diagram is a plot of the atomic
ratio of H:C vs. O:C for each assigned molecular formula with analyte isoabundance
in color. Aliphatic compounds have low
O:C ratio and high H:C ratio. Likewise,
aromatic compounds typically exhibit low
O:C ratio and low H:C ratio. Consistent
with the range of elemental ratios, the DBE
values determined from the neutral molecular formulas range from 1 to 11. The
prominence of the diagonal lines indicates
an aliphatic predominance. The observed
aliphatic character cannot be explained
solely by the presence of alkanoic monoand di- carboxylic acids, but might also be
in the form of alkyl substituents. Alternatively, the appearance of homologous series
may be a result of the sample complexity.
The isolated water-soluble AOM
identified has a range of O:C ratios from
0.2 to 2.0 with an average value of 0.43.
The identified AOM appears to result
from oxidized variations of aliphatic and
aromatic precursor compounds. AOM has
variable mass ratios of organic matter to
organic carbon (OM/OC) ranging from
1.25 to 3.5. Despite the high number of
compounds with very high oxygen content
60% of assigned chemical formulas have
OM/OC ratios ≤ 2.25. Because the results
reported here are not quantitative, an average OM/OC ratio for mass closure10 cannot
be determined. The origin of the highly
prevalent homologous series of 5 to 18 CH2
groups remains unknown. The high occurrence of homologous series observed here
could result from the oxidation of primary
aliphatic components from biopolymers
as hypothesized by Poschl11 and observed
in Fresno fog water previously12. Further
work is needed to identify the primary re-
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action pathways involving additional types
of primary aerosol and bio-aerosol.
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Coexistence of Magnetism and
Two-dimensional Superconductivity
at Oxide Interface
Lu Li1,2, C. Richter3, J. Mannhart4, R. C. Ashoori1
1. Massachusetts Institute of Technology, Cambridge, MA 02139 USA
2. University of Michigan, Ann Arbor, MI 48109 USA
3. University of Augsburg, Augsburg, Germany
4. Max Planck Institute for Solid State Research, Stuttgart, Germany

Figure 1. LaAlO3 thin film on a Ti-O2 terminated
atomic flat SrTiO3 substrate. Taken from Ref. 1.

Transition metal oxide has been a
rich field for many intriguing physical
phenomena, including high temperature
superconductivity and colossal magnetoresistance. Interface devices of semiconductors are the driving force of current
modern technology, such as transistors
in computer chips, solid state lasers, and
solar panels. We cannot help but wonder
what novel effects will appear by combining interface fabrication and transition
metal oxides. In this work atomic flat
interface made between two nonmagnetic
band insulators LaAlO3 and SrTiO3 (see
the structure sketch in Figure 1) turns out
to be magnetic as well as superconducting2, a coexistence never observed in twodimensional systems.
We resolved the magnetic moment
by measuring the torque on the interface
sample under an external magnetic field.
Figure 2 compares the magnetic field
dependence of the resistance and magnetization of the sample. The magnetization
curve resembles that of a soft ferromagnet.
On the other hand, the zero resistance
demonstrates that the interface is indeed
superconducting.

Figure 2. Low field dependence of magnetization (red) and resistivity (blue) at 20 mK at interface
LaAlO2 /SrTiO3. Taken from Ref. 2.

Such unusual coexistence of superconductivity and magnetism would probably
lead to an exotic superconducting ground
state. On the practical side, our discovery
leads to a new way to realize two dimensional magnetic material, a crucial step for
“spintronics”, which uses the “spin” property of the electron to make ultrahigh density
hard drives and faster computer chips.
Facilities utilized: Millikelvin lab,
superconducting magnets, dilution fridge,
and 3He insert. (SCM 1 and SCM 2).
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Magnetostriction studies reveal novel magnetic
textures in SrCu2(BO3)2 up to 97.4 tesla
Marcelo Jaime1,2*, Ramzy Daou3, Scott A. Crooker1,2, Franziska Weickert2, Atsuko Uchida1,2, H. Dabkowska4 and B. Gaulin4,5.
1 NHMFL, Los Alamos National Laboratory, Los Alamos, New Mexico, USA
2 MPA-CMMS, Los Alamos National Laboratory, Los Alamos, New Mexico, USA.
3 Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany
4 Brockhouse Institute for Materials Research, McMaster University, Hamilton, ON, L8S 4M1, Canada
5 Department of Physics & Astronomy, McMaster University, Hamilton, ON, L8S 4M1, Canada
*e-mail: mjaime@lanl.gov

SrCu2(BO3)2 is a spin-gapped quantum magnet and the only realization of a
spin-1/2 Heisenberg antiferromagnet in
the Shastry-Sutherland (orthogonal spin
dimer) lattice1,2 (see Figure 1 inset). It is
known to exhibit numerous magnetization plateaus due to the formation of
stripe-like magnetic textures in high magnetic fields. However, the fine structure of
these plateaus remains controversial on
both experimental and theoretical fronts
because of the existing limits for achiev-

able fields in the laboratory, the sensitivity
of present-day magnetization techniques,
and the uncontrolled nature of available theoretical approaches for modeling
highly frustrated magnetic lattices.
We probe magnetic textures in
SrCu2(BO3)2 via a recently-developed
magnetostriction technique based on optical fiber Bragg gratings (FBG)1. An FBG
is based on a modulation of the refractive
index in the core of an optical fiber over
some length. The spatial period of this

Figure 1 A. Longitudinal magnetostriction ∆L/L vs magnetic field for SrCu2(BO3)2 with H//c-axis,
measured at the indicated initial temperatures. The curves develop structure and superstructure as
the temperature is reduced: Inset: orthogonal dimer structure for Cu atoms in the crystal structure
of SrCu2(BO3)2. B. Sample temperature vs. magnetic field measured simultaneously with magnetostriction. The sample temperature shows changes at the closing of the spin gap at 20 T, and at the
field corresponding to 1/3 of magnetization saturation.

16 MAG LAB REPORTS Volume 18 No. 4

modulation determines the wavelength
of reflected light (the Bragg wavelength).
Slight changes in the fiber length (due,
eg, to strain) are detected as a shift in the
wavelength. In our setup, we use a superluminescent LED broadband light source
with an output power of 30 mW in the
wavelength range 1525–1565 nm, which is
sent down a single-mode optical fiber furnished with a 1 mm long FBG at the sensing end. The light that is reflected back up
the fiber is dispersed in an Acton Spectra
Pro 500i spectrometer equipped with a
600 lines/mm grating. The centerpiece of
the data acquisition system is a Goodrich
47 kHz 1024 pixel InGaAs line array
camera that records a single spectrum
every twenty microseconds. Spectra are
transmitted to the control computer using
a NI 1428 camera link interface. With this
setup we achieve microstrain (ΔL/L ~ 10-6,
or nm-resolution) sensitivity in ultrahigh
pulsed fields to 97.4 T using a variety of
the Magnet Lab Pulsed Field Facility’s
pulsed magnets, including a 50T/250ms
magnet, a 65T/25ms magnet and the 100
T multi-pulse magnet system2.
The longitudinal magnetostriction
(ΔL/L) data obtained for SrCu2(BO3)2
with the magnetic field applied along the
crystallographic c-axis reveal detailed
structure at cryogenic temperatures
(T < 4 K) that becomes sharper as the
sample temperature is reduced. Figure 1A
displays ΔL/L of a single crystal sample
measured in the Pulsed Field Facility’s
50T/250ms magnet at T = 2.2 K, 1.30 K
and 0.58 K. Here data acquired during
the magnetic field upsweep, and data
taken during the magnetic field downsweep, are displayed as red and blue lines,

Figure 2. A. Magnetostriction vs magnetic field measured in a 50 T long pulse magnet (red:field upsweep, blue:field downsweep, for H < 45 T) and in
the new Pulsed Field Facility 100 T repetitive–pulse magnet system (blue: upsweep and downsweep, H > 40 T). A clear feature is observed between approximately 73.6 T and 82 T. Note that, since the FBG sensing element is 1mm long, a strain resolution of 10 -6 corresponds to a sample length change
of one nanometer. Inset: Magnetic field vs time produced by the Pulsed Field Facility 100 T magnet system. B. Experimental probe displaying the optical
fiber attached to sample #1, a Cu coil for dHvA and magnetization measurements, in which a second sample is mounted, a second copper coil for dB/dt
measurement, and a bare chip Cernox thermometer. C. Spin structures showing the arrangement of spin singlets (green dimers) and spin triplets (blue
dimers) corresponding to the 1/8, 1/4, 1/3 and 1/2 of magnetization saturation.

respectively. At the lowest temperature the
dominant features are a gradual expansion of the sample that starts at H = 20 T,
signaling the field-induced closing of the
spin gap, and steps followed by plateaus at
approximately 27, 32 and 40 T. These features are remarkably similar to magnetization plateaus measured in a sample from
the same batch using a sample extraction
technique5. Furthermore, the downsweep
curve obtained at 0.58 K shows clear fine
structure between 27 T and 32 T, a region
where similar superstructure was first
seen with torque magnetometry6 in a DC
33 T resistive magnet. Figure 1B displays
the temperature of the sample measured
simultaneously with magnetostriction by
attaching a bare chip Cernox® thermometer directly on the sample. The three
sets of curves correspond to magnetic

field upsweep and downsweep for data
displayed in Figure 1A. The changes in
the sample temperature are caused by the
magnetocaloric effect, i.e. quasi-adiabatic
magnetization of the sample. We see that
at 2.2 K the temperature vs. field shows
reversible changes at H = 20 T due to the
closing of the spin gap, as expected. At
lower temperature we also see some irreversible change in the temperature at 40
T, the field at which 1/3 of magnetization
saturation is reached, with the concomitant formation of spin stripes.
Theoretical models have predicted
the existence of magnetic structures
beyond 1/3 saturation, and a magnetization step was hinted in early measurements to 85 T6, hence we extended our
measurements to 97.4 T in order to test
the effects of magnetic texture through

the lattice. As shown in Figure 2A a sharp
lattice response at 82 T is observed for the
first time, very close to the only previous
observation6 as well as to predictions for
the 1/2-saturation plateau7, confirming
the existence of such structure. We also
observe a new unexpected feature at 73.6
T, that is presently being investigated8 via
a density matrix renormalization group
approach to identify candidate magnetic
superstructures. Figure 2C depicts the
magnetization structures of spin singlet
and spin triplet states that have been
proposed for the magnetization plateaus
in SrCu2(BO3)2.
With these experiments, we have
completed the first nanometer resolution magnetostriction measurements in
SrCu2(BO3)2, at sub-Kelvin temperatures
in pulsed magnetic fields to 45 T with
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simultaneous measurement of the magnetocaloric effect. We also performed
the first magnetostriction measurements
at superfluid 4He temperatures in magnetic fields up to a record of 97.4 T. Our
new technique, based on FBGs, enables
magnetostriction measurements in pulsed
magnetic fields with a resolution comparable to that often achieved via traditional
capacitive dilatometry and strain gauge
techniques in DC fields. Furthermore,
we found unambiguous evidence for a
significant lattice response in SrCu2(BO3)2
to the long-predicted 1/2 magnetization
plateau. Our data also suggest additional
magnetic structure between the 1/3 and
1/2 plateaus, that is presently being investigated with controlled numerical modeling
approaches8.

Acknowledgements
We thank C. Swenson, D. Rickel,
D. Roybal, M. Gordon J. Martin and
Y. Coulter for the commissioning and
operation of the Pulsed Field Facility’s
repetitive-pulse 100T magnet, J. Betts and
F. Balakirev for assistance with cryogenics
and data acquisition during pulsed field
experiments, and N. Harrison for determination of magnetic field with the de
Hass-van Alphen effect in Cu coils. This
work was supported by the Los Alamos
National Laboratory, National Science
Foundation Department of Materials Research, the US DOE office of Science BES
program, and the State of Florida.

REFERENcES
1. B.S. Shastry, B. Sutherland, Physica B+C
108, 1069-1070 (1981).
2. H. Kageyama, et al., Phys. Rev. Lett. 82,
3168-3171 (1999).
3. R. Daou, et al., Rev. Sci. Instrum. 81,
033909 (2010).
4. J.R. Sims, et al., IEEE Trans. Appl. Supercond. 18, 587-591 (2008).
5. G.A. Jorge, et al., Phys Rev. B 71, 092403
(2005).
6. S.E. Sebastian, et al., Proc. Nat.l Acad. Sci.
105, 20157-20160 (2008).
7. S. Miyahara, and K. Ueda, Jou. Phys. :
Cond Matt. 15, R327 (2003).
8. M. Jaime et al., submitted

JANUARY 9-13, 2012
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at the Magnet Lab

The Magnet Lab will hold its first
Theory Winter School on January 9–13,
2012. This year, the lectures will focus on
Computational Approaches for Electronic/
Magnetic Materials, a subject of great
relevance for the budding Materials
Synthesis and Characterization Program,
currently under very active development at
the Magnet Lab.
This program primarily targets advanced
graduate students and post-docs who can
apply from any institution worldwide. Their
expenses will be partially covered by funds
provided by ICAM together with the Magnet
Lab and FSU, which act as co-sponsors of
this Winter School. We hope to have 30-40
junior participants.
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Novel Fractional Quantum Hall Effect in
Two-Dimensional Electron Systems
by W. Pan1 , J.S. Xia.2,3, N. Masuhara2,3, N.S. Sullivan2,3, K.W. Baldwin4, K.W. West4, L.N. Pfeiffer4, and D.C. Tsui4
1. Sandia National Labs
2. University of Florida
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4. Princeton University

Abstract
The fractional quantum Hall effect
(FQHE) in the second Landau level, in
particular the 5/2 FQHE, has attracted a
great deal of interest due to its potential
applications in fault-resistant topological
quantum computation (TQC)1. In this
report, we present our results on the 5/2
state, obtained in the Magnet Lab’s High
B/T facility in Gainesville, FL.
Introduction
Among all observed FQHE states in
the second Landau level, the ν=5/2 FQHE
state remains the most exotic one. This
state has been at the center of current
quantum Hall research due to the possibility of it being a non-Abelian FQHE state
and, thus, having potential applications in
fault-tolerant topological quantum computation. Our long-term research program
carried out at the High B/T facility has
grown from confirming the 5/2 state being
a true FQHE state to recent results on the
impact of disorder on the 5/2 energy gap.
Experimental
Specimens used in our experiments are
high-quality GaAs/AlGaAs heterostructures.
The two-dimensional (2D) electron density
and mobility are normally established after
illumination of the devices with a red light
emitting diode at low temperatures.
The ultra-low-temperature experiments are carried out in a demagnetizationdilution refrigerator combination. In order
to cool the electron system to ultralow
temperatures, we use specially designed
sintered silver heat exchangers each having
an estimated surface area of ~ 0.5 m2. These
heat exchangers are soldered directly to the
indium contacts of the sample using indium as a solder, and they provide electrical contact and simultaneously function as

large area cooling surfaces. Figure 1B shows
a picture of this arrangement. Sample and
heat exchangers are immersed into a cell
filled with liquid 3He. The liquid is cooled
by the PrNi5 nuclear demagnetization stage
of a dilution refrigerator via annealed silver
rods that enter the 3He cell. This brings the
electron temperature down to below 4 mK.
Results
About 12 years ago, we took the thenhighest-quality GaAs/AlGaAs heterostructure to the High B/T facility and performed
the facility’s first-ever 2D electron physics
experiment. Figure 1A shows the Hall resistance Rxy and the longitudinal resistance
Rxx between Landau level filling factors ν =
3 and ν = 2 at the electron temperature of
4 mK. In this specimen of electron density
n=2.3x1011 cm-2 and mobility μ=17x106
cm2/Vs, the primary minima at ν = 5/2,
ν = 7/3, and ν = 8/3 show well developed
Hall plateaus. In particular, the 5/2 plateau
is extensive, allowing its value to be measured to high precision. Rxy was found to
be quantized to h/e2/(5/2) to better than
2x10-6 when using the Hall plateaus at ν=2
and 3 as standard resistors. The observation of the precisely quantized Hall plateau
at ν=5/2 establishes unequivocally for the
first time that this even-denominator state
is a true fractional quantum Hall liquid2,3.
This observation has impacted and stimulated a great deal of recent development
in theoretical physics and in fault tolerant
TQC research.
Later on, in an ultra-high mobility quantum well sample, in which the
electron mean free path is about ~0.3
mm, more complex state of affairs are
discovered in the second LL4. At very low
temperatures of 9 mK in this very highmobility specimen, we observed several new FQHE liquid states, as shown in

Figure 1. a. Hall resistance R xy and longitudinal resistance R xx at an electron temperature Te
≈ 4.0 mK. Vertical lines mark the Landau level
filling factors. The inset shows a schematic of
the sample with attached sintered silver heat
exchangers (gray) to cool the 2DES. b. A picture
showing the inside of the 3He cell with silver
heat exchangers and sample.

Figure 2. For example, the well quantized
FQHE states at ν= 2 + 1/3 and 2 +2/3 in
coexistence with the so-called re-entrant
integer quantum Hall effect5 and, quite importantly, a new, clearly quantized FQHE
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FiGuRE 2. R xx and R xy between ν = 2 and ν =
3 at 9mK. Major FQHE states are marked by
arrows. The horizontal lines show the expected
Hall value of each FQHE state. The dotted line
is the calculated classical Hall resistance.

state at ν= 2 + 2/5, the nature of such a
state being intensely explored theoretically. It could be a so-called parafermionic
FQHE state6, whose excitations also obey
the non-Abelian statistics. Compared to
the 5/2 state, the 12/5 state is believed to be
superior in quantum computation in that
one can perform universal TQC using the
12/5 state. Finally, there is evidence for the
presence of a second even-denominator
FQHE at a filling of ν= 2 +3/8 in our data
whose origin is also enigmatic.
The evolution of the FQHE features
from the sample of mobility 17x106 cm2/
Vs to the sample of 31x106 cm2/Vs clearly
shows that the disorder play an important
role in the 5/2 state and, in general, the
FQHE states in the second LL. To help
understand in detail the nature of disorder
in the 5/2 FQHE and the interplay between
the disorder and electron-electron interaction in the 5/2 FQHE, we compare the
activation energy gap data obtained in two
types of samples: symmetrically modulation doped quantum well samples and undoped heterojunction insulate-gated fieldeffect transistors (HIGFETs)7. As shown in
Figure 3, in modulation doped quantum
well samples, where long-range Coulombic disorder dominates, the energy gap
drops quickly with decreasing mobility (or
increasing disorder). On the other hand, in

FiGuRE 3. A. normalized 5/2 energy gap, ∆ν =5/2/e2/εlB, as a function of μ; and B. as a
function of 1/μ for HIGFET (triangles) and modulation doped quantum well samples (red
symbols). The two lines in b. are guides to the eye.

HIGFET samples, where the short-range
neutral disorder dominates, the 5/2 energy
gap shows only a weak mobility dependence. Our results clearly demonstrate that
the two types of disorder play very different
roles in the stability of the 5/2 state.
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Tryptophan radicals revealed by
EPR at 25 T and 700 GHz
S. Stoll1 , Hannah S. Shafaat2, J. Krystek3, Andrew Ozarowski3, Michael J. Tauber2, Judy E. Kim2, R. David Britt4
1. Department of Chemistry, University of Washington, Seattle
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3. National High Magnetic Field Laboratory, Tallahassee
4. Department of Chemistry, University of California Davis

Figure 1. Location of the two tryptophan radicals in azurin. A. Trp48, radical in the core pocket, B. Trp108, radical close to the surface. Green: tryptophan
radical. Ochre: copper ion. Yellow: phototrigger.

Tryptophan, one of the amino acids
constituting proteins, is redox-active. Its
one-electron deficient form, the paramagnetic tryptophan radical, is a strong
oxidant. Nature harnesses the reactivity of
protein-embedded tryptophans in several
important processes. Tryptophans serve
as intermediaries in long-range electron
transfer over more than 1 nm within
enzymes that repair DNA, and they are
used in difficult enzymatic transformations
like the biodegradation of lignin. Clearly,
proteins are able to control the properties
and reactivities of tryptophans, probably
by controlling their nanoenvironments, but
little is known about the specific mechanisms of this control. We studied two
tryptophan radicals using EPR in order to
determine the difference in their nanoenvironment and gain insight into how proteins
regulate tryptophans2.
The radicals were generated in two
different variants of the copper protein
azurin1 using UV laser photolysis. One
of the radicals is situated in a pocket

in the hydrophobic core of the protein,
without access to solvent or hydrophilic
amino acids, whereas the other one is
located close to the protein surface and is
partially solvent exposed (see Figure 1).
High-field high-resolution EPR spectra of
the two radicals were measured at 25 T
in the Keck Bitter magnet at the Magnet
Lab, using a 700 GHz microwave source.
The magnetic field was calibrated using
an atomic hydrogen standard specifically
developed for high-field EPR3. At the
uniquely high field and frequency, the gtensors of both radicals could be completely resolved (see Figure 2). The recorded
spectra constitute the first fully g-resolved
EPR spectra of tryptophan radicals and
the highest field EPR spectra of organic
radicals recorded to date.
As shown in the figure, the spectra reveal g-tensors with very small anisotropies
that are clearly different2. These indicate
differences in the nanoenvironment of the
two radicals. Potential variations in the
nanoenvironment include hydrogen bond-

ing to the nitrogen of the tryptophan side
chain, pi stacking, changes in the dielectric constant, and side chain conformation.
Supporting ENDOR measurements at low
fields provided evidence that the surface
radical is hydrogen bonded, whereas no
such evidence was obtained for the core
radical. This suggested that hydrogen
bonding is a major determinant of the gtensor anisotropy.
Theoretical modeling with density
functional theory (DFT) revealed that the
g-tensor anisotropy is indeed sensitive
to hydrogen bonding. The calculations
confirmed the experimentally observed
trend that the anisotropy is largest in the
absence of a hydrogen bond (radical in the
core pocket) and decreases with increasing
strength of the hydrogen bond (surface-exposed radical). Other modifications of the
nanoenvironment, such as chances to the
dielectric constant or the orientation of the
tryptophan side chain, did not substantially
affect the g-tensor. Therefore, the g-tensor
of tryptophan radicals is a specific reporter
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FiGuRE 2. Experimental 700 GHz EPR spectra of two tryptophan radicals in azurin (solid
lines), including simulations (dashed lines) and g values. Inset: structure of a neutral
tryptophan radical.

on the absence, presence and strength of a
hydrogen bond.
In conclusion, the g-tensors of
tryptophan radicals are uniquely sensitive to the nanoenvironment and provide
valuable insight into how proteins control
tryptophan reactivity. Only with the high
magnetic fields and frequencies available
at the Magnet Lab is it possible to resolve
the very narrow EPR spectra of tryptophan
radicals and get access to this information.
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Update on the Series-Connected Hybrid Magnets
These new systems will extend MagLab-developed technology
into new fields of scientific research

Figure 2. The Magnet Lab SCH will allow scientific investigation of regions of phase-space previously unavailable to the scientific community.

Figure 1. The Series-Connected Hybrid Magnets for the Helmholtz Zentrum Berlin (left) and the
National High Magnetic Field Laboratory (right).

While fifteen resistive-superconducting hybrid magnets have been
constructed to date, only one, the Magnet
Lab’s 45 T hybrid, has employed CableIn-Conduit Conductor (CICC) technology
for the superconducting outsert. The 45
T has been so successful that today there
are an unprecedented five hybrid magnets
under development worldwide and four of
them use CICC technology. Two of these
(Figure 1) are being designed and built
by the Magnet Lab. These magnets are
the first to connect the resistive inserts
electrically in series with the superconducting outserts, hence the name SeriesConnected Hybrid (SCH). With such an
approach, interactions between the insert
and outsert are reduced resulting in more
compact, more efficient magnet systems.
While previous hybrid magnets were

designed for the traditional condensedmatter physics communities, these magnets
will be provide novel scientific capabilities.
The one for the Magnet Lab will provide a
unique combination of field and homogeneity (36 T at 1 ppm in a 40 mm roomtemperature bore, see Figure 2) which will
enable low resolution NMR measurements
at an unprecedented high field.
The second system will be installed
at the Helmholtz Zentrum Berlin and
be used for neutron-scattering experiments at fields up to 25 T. Figure 3 shows
worldwide magnets for scattering.
Superconducting magnets for neutron
scattering have not exceeded 16 T to-date
while the Magnet Lab’s 25 T split magnet
requires 28 MW of DC power. The hybrid
magnet concept enables high fields and
large solid angles more cost-effectively

than with other design concepts, enabling
the Magnet Lab/HZB SCH to provide 25
T with nearly 0.4 steradians of solid angle
while only consuming 14 MW of power.
Recent Progress
A major milestone was reached this
summer with the successful completion
of fabrication of the 10 CICCs required
for the two hybrids. They consist of highJC RRP Nb3Sn/Cu wires twisted into a
multi-stage cable and compacted inside
of a stainless steel conduit, as shown in
Figure 4.
This type of conductor has two
primary advantages, strength and stability. The stainless steel jacket is the main
structural component of the coil that contains the electro-magnetic loads, which
approach 80 kN (18,000 lb) on one turn
of conductor. Inside the steel jacket, the
space not taken up by the cable represents
about 30% of the internal volume. This
will be filled with supercritical liquid
helium during magnet operation. Having
helium in direct contact with the super-

MAG LAB REPORTS 23

Magnet science & technology

Figure 4. Cross-section of CICCs for the SCH
magnets (HF, MF, LF: left to right).

Figure 3. Parameters of Magnets for Scattering Experiments.

conducting strands provides a very stable
superconducting environment. Heat
generated through losses or friction can
be efficiently swept away allowing the
magnet to ramp from zero to full-field in
less than 100 seconds.
The superconducting outsert coil
design is the same for both magnets and
they both contain three grades of CICC
(designated as high [HF], mid [MF], and
low field [LF]) with decreasing amounts
of Nb3Sn with decreasing magnetic field.
There are three piece-lengths of LF CICC
(LF1, LF2, and LF3) making five total
lengths of CICC per coil and a total conductor length of 1800 m.
The impact of these magnets will not
only be felt in their respective science
communities but in the technology used
in the construction of the mid-scale to
large-scale superconducting coils. The
jacketing and compaction of the supercon cables with the steel tubes was an
international collaborative effort. The
activities were conducted at a new CICC
fabrication facility setup by part of the
Italian Consortium for Applied Superconductivity (ICAS) group, with technical
support by the Magnet Lab and HZB,
primarily for the fabrication of CICC
related to fusion technology, particularly
the International Thermonuclear Experimental Reactor (ITER). The conductors
for the SCH magnets were the first long
length CICCs produced in the jacketing

line. Thus the SCH conductors provided
a platform for ICAS to demonstrate the
capabilities of their CICC fabrication
process, equipment, quality controls,
and procedures prior to fabrication of the
ITER CICC.
Coil fabrication has commenced with
the winding of the HZB outsert coil. The
first three layers were wound from the HF
CICC which was then spliced to the MF
CICC prior to winding layer four. Three
more layers will be wound with MF
CICC before it is spliced to the first of
three LF CICCs. Eventually eighteen layers will be wound. Winding of the coil
is shown in Figure 5. Following the coil
winding, the coil-reaction heat-treatment
and vacuum/pressure impregnation (VPI)
with epoxy will occur in the scaled-up
coil processing facility at the Magnet
Lab. The ability to wind and process
large Nb3Sn CICC coils is not commonplace throughout the world. The Magnet
Lab’s capabilities have brought interest
in potential coil construction for future
CICC magnet projects at the High Field
Magnet Lab (HFML) in Nijmegen, the
Netherlands and ENEA in Italy. In addition the Chinese Academy of Sciences
is developing a 40 T hybrid using Nb3Sn
CICC.
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Figure 5. Winding of a CICC coil at the Magnet
Lab.
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Fall Outreach Programs
01 T allahassee’s Barnes & Noble transforms into a science haven once a

02
03

month, when educators from the Mag Lab’s Center for Integrating Research & Learning roll in their carts packed with fun science doodads.
Doing Science Together is an opportunity for kids and grown-ups to
experience science in unexpected (and classroom-free) ways.
U
 sing goldenrod paper, baking soda, and vinegar, students write
secret messages during the October 19 Magnet Mystery Hour
Halloween event at the Magnet Lab.
Here, Halloween-ready K-12 Outreach Education Coordinator Carlos
Villa prepares to demonstrate his homemade air cannon over the
heads of Magnet Mystery Hour participants.

04 To students’ delight, Jose Sanchez of the Center for Integrating
05
06

Research and Learning prepares to place marshmallow Peeps in a
vacuum during the Halloween Magnet Mystery Hour event.
Mag Lab Director Greg Boebinger demonstrates superconducting
levitation to an attentive crowd at a Science Café event held at
Grassroots Coffee House in Thomasville, Georgia.
D
 uring Magnet Mystery Hour’s kid-oriented Halloween event,
students learned that glow-sticks, that mainstay of trick-or-treaters,
change in brightness when exposed to changes in temperature.

Get involved For more information on upcoming events with
the Magnet Lab’s Center for Integrating Research and Learning, visit
www.magnet.fsu.edu and select the “Education” tab.
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MagLab News Briefs
COMING & GOING
Yuriy Sakhratov, an Associate Professor from Russia’s Kazan State Power
Engineering University, joined the Nuclear
Magnetic Resonance- Condensed Matter group as a Fulbright visiting scholar.
Sakhratov is studying a special class of
compounds, called delafossites, which
are interesting in many respects, particularly in terms of thermoelectric application.

worth noting

Scholar-Scientist Ryan Rodgers, Director of Environmental and Petrochemical
Applications for the Magnet Lab’s Ion
Cyclotron Resonance Program, has been
appointed to the Editorial Board of Energy
& Fuels, and Assistant Scholar-Scientist
Amy McKenna, ICR Environmental and
Petrochemical Applications and ICR User
Program Manager, has been appointed to
the Editorial Advisory Board of the same
journal. Energy & Fuels is published by
the American Chemical Society, and is the
most-cited journal in its field.

Condensed Matter Science Associate
Professor Irinel Chiorescu authored a
News & Views piece to the October 13
issue of Nature. The piece described
the development of electronic technologies based on the principles of quantum
mechanics, such as quantum computing,
requires coupling and integration of quantum objects of various
kinds on the same electronic chip. Zhu et al. make progress in
this direction by successfully demonstrating coupling between
two quantum systems: a superconducting flux quantum bit
(qubit) and an ensemble of identical, highly coherent quantum
spins. The authors show that the two systems exchange quanta
of radiation, allowing quantum information encoded in the quanta to be reliably transferred between them. See the article at:
http://qsd.magnet.fsu.edu/nature_nv2011.pdf.
Michael Hoch’s book, Statistical and
Thermal Physics: An Introduction, was
published this year. Hoch is a visiting scientist at the Magnet Lab and an emeritus
professor and honorary professorial research fellow at the University of the Witwatersrand. This comprehensive introduction provides insight into basic concepts
at an advanced undergraduate level. It
introduces the concepts of temperature,
internal energy, and entropy using ideal
gases and ideal paramagnets as illustrative models. It also discusses quantum
gases in depth and presents advanced
topics, including the Legendre transform,
the density matrix, chemical reactions,
and irreversible thermodynamics.
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Lab Director Greg Boebinger (top) shows the cable-in-conduit
coil winding area, with George Miller at work, to the Florida State
University Board of Trustees during a tour of the Magnet Lab’s
Tallahassee facility. The tour was conducted during the board’s
October 31 workshop, which featured a talk from Dr. John
Fogarty, Dean of the FSU College of Medicine. FSU President
Eric Barron and Boebinger also spoke at the workshop.

Science Starts Here
NAME

Soren Prestemon
POSITIONS

•G
 raduate Research Assistant,
Magnet Lab 1994-2001
•Staff Scientist/Engineer,
Lawrence Berkeley National Laboratory

RESEARCH
“My research focuses on magnet systems for a
broad range of applications including accelerators,
storage rings, and specialty magnets for condensed
matter physics experiments. Permanent magnet,
resistive magnet, and superconducting magnet technologies are developed and implemented depending
on the application. Much of my current research is
focused on developing undulators for storage rings
and free electron lasers.”

How do you think your experience at the Lab has helped
to shape your scientific careeer?
The Magnet Lab provided an excellent training ground for
advanced magnet engineering. I had the good fortune to participate in the lab's development from a very early stage, when
leading scientists from around the world were lured to the magnet lab to develop a world-class facility; I visited the laboratory
and worked with Yehia Eyssa and Hans-Jorg Schneider-Muntau
on the first simulation codes used to design the first resistive
magnets in 1991/1992, and then joined the Magnet Lab in 1994
to do my graduate studies.
During the following ~7 years, I witnessed, and participated in, the maturing of the Magnet Lab from a fledgling new
laboratory to a state-of-the-art user-facility. The experience
gave me insight into the critical role played by leading scientists
and managers, the significance of quality laboratory facilities,
and the importance of a structured and rigorous approach to
engineering design. Furthermore, while working on my Ph.D.
I was given the opportunity to work on a variety of challenging
external projects, including, for example, cable-in-conduit coil
analysis with colleagues from Indian Institute of Plasma Physics and magnetic design optimization for the Muon-Electron
Conversion Experiment under the guidance of John Miller and
Cesar Luongo, and magnetic design of the National Superconducting Cyclotron Laboratory sweeper magnet with Mark Bird.

The combination of scientific freedom associated with my thesis work, together with hands-on, schedule driven project work,
resulted in professional experience that has served me greatly
since starting my career at LBNL.
What is the most important lesson you took away from
this period of work or study?
Science and Engineering at the best laboratories are characterized by the intentional mixing of experienced professionals with highly driven new talent. The importance of having a
deep appreciation for ones area of research was a key lesson I
took with me from the Magnet Lab. The energy, inquisitiveness,
and expertise of my mentors at the Magnet Lab served to foster
such an appreciation. I have since realized the extraordinary
value of having developed a solid technical foundation in my
area of expertise, which has allowed me to develop novel magnet technologies for new interdisciplinary applications.
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