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The Neutron

Exhibits both Particle & Wave Behavior

. Mass: 1.674927351(74)x10-27 kg

- * NetCharge: ~0

« Magnetic Dipole Moment: -0.96623647(23)x107%6J-T-1

 Electric Dipole Moment: <2.9x10726 e-cm

* Neutron Decay: 885.7 s mean life time
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Major Neutron Research Facilities — World Wide

Asia and Australia — 7 Facilities

Bragginstitute, Australian NuclearsScienCe andgiechnologyi@rganjzation, Lucas Heights, Australia
China Advanced Research Reactor, Fangshan; Beljing

High=flux?Adyanced Neutron ApplicationfReactor (HANARO)FKorea

JapantAtomic’Energy Research Instittite (JAERI); Tiokai; Japan

Japan Preton Accelerator/ResearchiComplexi(J-PARE); Tokaisdapan

KyotorUniversity Research Reactorinstitite (KURRI); Ky otodapan

Reactoriniga Puspati (RTR);Malaysian'NuclearsAgency, Malaysia

Europe — 13 facilities

BudapestiNeutron Centre; AEKIFEBUdapest; Hungary.

BerliniNeutron 'ScatterngiCenter, Helmholtz=zentrumiBerlin,,Germany.

FrankilLaboratory efiNeutron Physics,Jointidnstitute ofiNuciear Research, Dubfa; RuUssia
ERMEIIFREsearchtReactor; Garching, Germany/

InstitutsLaue lfangevin; Grenoble, France

ISISIRulsediNeutreniandMuon Facility, Rutheriord=Appletonilfaboratory, Oxferdshire; UK
JEEPR:IIFReactor; IEE; KjellerssNorway

[faboratoire Leon Brillouin, Saclay, France

LjubljanaiiRIGATMARKSIIIReESearch Reactor,; J- Stefantinstitute; Slovenia
NuclearPhysicsinstitute (ASCR), Reznr Prague; Czech Republic

Reactor Institute Delft; Delft:University offliechnology; Netherlands

St. PetersburgiNuclearsPhysics. Institute; Gatchina, Russia

SwissiSpallationiNeutron Seurce (SINQ); VilligeniSwitzerland

North and South America — 11 facilities

CentrorAtomicorBariloche, Rio*Negro, Argentina

CanadianiNeutron Beam. Centre, Chalk River;"@©ntario, Canada

High Elux:Isetope Reactor(HEIR)NO@akiRidgeNational ilaboratory MIIENNESSEERUSA'
LLos AlamosiNeutron Science Centen(LANSECE) S NEWIMeEXIiCoUSA

LLow Energy: Neutron 'Source (LENS)IndianaUniversity CyclotrontkacilityfUSA
VicMaster:NuclearsReactors Hamiltony@ntarnio; Canada

MITF Nuclear Reactor: llaboratony; Massachusetis; USA

NIST Center for Neutron'Researchy Gaithersburg; Maryland fUSA

Peruvian Institute ofiNuclearEnergy (IREN); Limas Peru

Spallation'Neutron Source, @ak:Ridge:Nationalllfaboratory; lennessee; USA
University ofiMissouritResearchReactor, Columbia; Missouri; USA



Neutrons as Metrological Probes

* Neutrons are NEUTRAL charged particles
highly penetrating ... compared to typical x rays
yet are useful for mapping surface properties
are nondestructive probes for structure
are used to study samples in severe environments
(hot, cold, pressure, vacuum, dynamic conditions
... or a combination of environments)

» Neutrons are available in a wide range of ENERGIES
similar to the elementary excitations in solids
or molecular vibrations,
or lattice modes,
or the dynamics of atomic motion

* Neutrons have a MAGNETIC moment
used to map magnetic structure of matter
Profile magnetic domains covering multiple dimensions
Measure dynamic magnetic fluctuations



Neutrons Properties Continued

» Neutrons have SPIN (1/2) properties
Polarized neutron beams are available
used to study nuclear (atomic) orientation, and
used for coherent and incoherent scattering

« Neutron have WAVELENGTHS (0.1 A to 1000 A)
are comparable to atomic sizes
and the inter-distance spacings of materials
for the determination of structural variations

* Neutrons may be CAPTURED by nuclei
to detect up to 74 elements — most of the periodic table
detection limits of 107 g/g to 101> g/g (with caveats)
notably sensitive to several of the light atoms



Scale of Structure and Dynamics
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Magnetic Vortices
“Imaged” by Neutron Scattering

Christian Pfleiderer (TUM)
and his team had discovered
a novel form of magnetic
order consisting of magnetic
vortices using neutrons at the
FRM II. While this work
triggered high

A second discovery of his
group soon followed. Using
neutron scattering, they
showed that the magnetic
vortices could be altered
using a very low electric
current.

The magnetic vortices are
promising candidates for
applications to information esciencenews.com/articles/2010/12/17/electric.current. moves.magnetic.vortices
technology.




Understanding the role of oxygen vacancies
In spintronics semiconductor

Polarized neutron reflectivity data and
model calculations as a function of oxygen

deficiency.

Electron-doped europium oxide (EuO) is a
semiconductor which undergoes a
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Neutron Transmutation Doping (NTD) Needs (2012)
Materials for NTD are Si, Ge, GaAs, GaN, GaP, InP, InSe, HgCdTe, etc.

NTD float-zone Si produces highest quality (most uniform) product among all
doping methods, devices with IGBTs are used to control electric traction motors

in hybrid electric vehicles (HEV). 303 18— (B) — %+
I+ N — %3 — () - *P

HEV and other Green Technologies continue to drive the demand for NTD Si
and the demand is expected to out pace production.

Ge doped by the NTD method is used for the far-infrared p-Ge laser and sensors including extremely low
temperature devices like germanium cryogenic thermistors.
. ¢ - °Ge +n — "1Ge — (EC) — "1Ga

GaAs NTD with Se has some superior electronic properties over silicon for microwave frequency
integrated circuits, infrared light-emitting diodes, laser diodes and solar cells.

GaN is transmuted into an n-type semiconductor by NTD with Ge

HgCdTeSe is converted by NTD into p-type material “Se + n — Se — (B7) — ™As

http://www-pub.iaea.org/MTCD/Publications/PDF/TE_1681 web.pdf



Neutron Reflectometry

JAERI researchers examine semiconductor structures and their properties
with neutron reflectometry at JRR-3. They are able to interrogate the
Interface between a semiconductor substrate and a monatomic hydrogen
yer introduced to facilitate lattice mismatched crystal growth. The H serves
an interfacial buffer layer that has less bonding energy than that between
substrate and the growing crystal. Findings feed back into improved
facturing methods of thin films.
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Neutrons vs. X-rays

Relative magnitude of x-ray and thermal neutron
scattering cross sections for select elements
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Updated version of fig. by D. Jacobson



Very few techniques directly measure the nanometer-scale swelling
at diffuse soft interfaces — but neutron reflectometry does.
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Q,

Specular Reflectivity (Neutrons or X-rays)

NR provides detailed information about the structure of the sample
surface, including the thickness, density, roughness, or magnetic make-
up of any thin films layered on the substrate — notably H, C, N, O, ...
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Spin-polarized Neutron Reflectometry

Superconductivity and ferromagnetism rarely coexist. In work performed at NIST, researchers
observed long-range spin-triplet supercurrents in Josephson junctions containing
ferromagnetic(F) materials, ... They showed that the spin-triplet supercurrent is enhanced up
to 20 times after samples were subjected to a large in-plane field. ... direct experimental
evidence was obtained for the spin-flop transition using both scanning electron microscopy
with polarization analysis and spin-polarized neutron reflectometry. These results suggest
experimental control of spin-triplet supercurrents are possible.

Nb (200 nm)
f SiOy SiOy
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lon of Spin-Triplet Supercurrent in Ferromagnetic Josephson Junctions, Carolin Klose,
tt. 108,127002 (2012)




Discovery of Novel Quantum Spin-“Liquid”

“In this particular structure the copper atoms exhibit 2 {2 " a
unusual properties generally associated with LA WA T g
liquids. Specifically, their magnetic orientation 00800_' @(@i‘c}
remains in a constant state of flux... Magnetic ;, WEE SOEE "
neutron scattering gave us a clear indication of 1, " @ " @ ¢ %
some sort of quantum mischief in this compound," EERAS "@‘Xgo
Broholm says. "The data show the spins don't &,@» ¢ .°
develop static long-range order, but instead behave 5 ol g} .°; :
as a magnetic quantum fluid ... This could provide i ol

new opportunities in materials science and Credit, H. Sawa/NageieiiEEEN,
engineering "

o

hu)intevgrated '
| over 1to 9 meV

The NIST findings were among the first to be
made with the NCNR's multi-axis crystal
spectrometer (MACS), which is supported in part
by the National Science Foundation

*S. Nakatsuiji, K. Kuga, K. Kimura, R. Satake, K. Katayama, E. Nishibori, H. Sawa, R. Ishii, M. Hagiwara, F. Bridges, T. U. lto, W.
Higemoto, Y. Karaki, M. Halim, A.A. Nugroho, J.A. Rodriguez-Rivera, M.A. Green, and C. Broholm. Spin-orbital short-range order on a
honeycomb-based lattice. Science, May 4, 2012: Vol. 336 no. 6081 pp. 559-563 DOI: 10.1126/science.1212154




Neutron Depth Profiling
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« Determine concentration vs depth profiles throughout the first few micrometers of surface

- Few nanometer depth resolution depending on the depth, reaction, and material




Fluctuations measured in a biological membrane for the first time directly.
Neutron spin echo spectroscopy to experimentally reveal such
fluctuations in a pure, fully saturated, phosphocholine lipid bilayer system.

The amplitude of the thickness fluctuations is 3.7 A + 0.7 A which agrees
well with theoretical calculations and molecular dynamics simulations
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Lithium Battery Development

ompanies, universities and
leral laboratories seek
alytical techniques to assist in
development of powerful and
2r lasting lithium ion
es.
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Delayed Neutron Activation
Analysis (DNAA) Principle
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Delayed Neutron Activation Analysis
Linear Response (mg to pg range)
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Advantages of DNAA

Rapid

— Approximately 5 min analysis time per sample

Highly Selective

— Responds only to fissile materials, e.g. 23°U

Non-destructive

— Samples can be analyzed multiple times or by alternative techniques

Matrix-independent
— Ceramics, raw materials, polymers, adhesives, etc.

Sensitive
— Potential for measuring sub-nanogram levels in up to 30 mL of material



Key Points to Take Away

Neutron techniques compliment other metrological techniques

Nondestructive multi-dimensional probe of electron spin,
chemical composition, magnetics structure, crystal
structure, lattice stress — even man-made nano devices

Relatively inexpensive, but beam time is limited

Proprietary research & measurements

The number and quality of neutron instruments
are in constant development —world wide.
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