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Your next speaker: guy get here?
Barry Winn

HYSPEC Instrument Scientist (since 2009)

« Work with users (you!) to pitch, prepare for & execute experiments
« Sometimes tricky or unusual

« Work with a great extended team

(1.5 other instrument scientists, a scientific associate, many sample environment & instrument-
related support teams, engineers & developers, & accelerator support teams)

« Co-develop fun new polarization optics,
& keep the polarization nerds talking

_ ]
& Soft x-ray
microscopy

* Never-ending quest to reduce background

- (never hurts to) request various sample environments
& engage with magnet development groups & companies

« Pitch & prepare concepts for innovative neutron scattering
instruments
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Presenter Notes
Presentation Notes
For our next speaker, we have Barry Winn, an instrument scientist at the HYSPEC instrument at the SNS.  He grew up in Tennessee and got his bachelors in Physics not far from here.  He later got his PhD on Long Island.  When he was in high school, he got a chance to visit a sister user facility at Brookhaven National Lab called the National Synchrotron Light Source, and later he did his graduate work there developing soft x-ray capabilities.  Wanting to raise his family back in Tennessee, he changed emphasis to neutron scattering, where he helped build both the CTAX instrument at HFIR and the HYSPEC instrument at the SNS.  He now works with experiment teams, and helps to build new capabilities, including polarization related capabilities.


Polarized neutron scattering enables a researcher
to answer important questions related to either the

nuclear spin or magnetism in materials


Presenter Notes
Presentation Notes
Good morning.  This lecture stops early, so you have time to enjoy a mini-poster session in the lobby.  Polarization contrast, like neutron scattering in general, can be used in a variety of ways, to answer a variety of questions, in several science areas.  This talk presents a high-level overview, but the posters drill down to things that YOU care about, and we have people eager to talk with you at each poster.  In addition, some of us will be standing next to some posters that help summarize what’s in these slides.

If you hear nothing else, know that polarized neutron scattering enables a researcher to answer important questions related to either the nuclear spin or magnetism in materials.  That’s right.  Polarized neutrons are not JUST for magnetism.

<click> To help you sort this information out, I’ll emphasize four concepts.  The first two, CHARACTER and CONTRAST, you’ve already heard of in other talks; we’re just putting them together and adding a new dimension or two with vectors.  The latter two will be new for polarization contrast.


Who uses polarized
neutrons at SNS?

Magnetic Moment Contrast
Nuclear Spin Contrast

Enhanced Resolution via ‘Larmor’
Techniques

Studies of the neutron itself
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BASIS - BL-2

NOMAD - BL-1B

USANS « BL-1A

ARCS - BL-18

SEQUOIA « BL-17

VISION - BL-16B

Backscattering Spectrometer
Dynamics of macromolecules, constrained
molecular systems, palymers, biology,

chemistry, materials science

neutrons.ornl.gov/basis

Nanoscale-Ordered

Materials Diffractometer

Liquids, solutions, glasses, polymers,
nanoarystalline and partially ordered

complex materials
neutrons.ornl.gov/nomad

Ultra-Small-Angle Neutron

Scattering Instrument
Life sciences, polymers, materials science,
earth and environmental sciences
neutrons.ornl.gov/usans

Wide Angular-Range
Chopper Spectrometer

Atomic-level dynamics in materials science,
chemistry, condensed matter sciences
neutrons.ornl.gov/arcs

Fine-Resolution Fermi
Chopper Spectrometer

Dynamics of complex fluids, quantum
fluids, magnetism, condensed matter,
materials science
neutrons.ornl.gov/sequoia

Vibrational Spectrometer
Vibrational dynamics in molecular

systems, chemistry

neutrons.ornl.gov/vision

SNAP . BL-3

Spallation Neutrons and

Pressure Diffractometer
Materials science, geology, earth and
environmental sciences

neutrons.ornl.gov/snap

MAGREF - BL-4A

Magnetism Reflectometer
Condensed matter, materials science and
magnetism of interfaces
neutrons.ornl.gov/mr

RN NN NN NN R

LIQREF « BL-4B

Liquids Reflectometer
Interfaces in complex fluids,
polymers, chemistry
neutrons.ornl.gov/Ir

Cold Neutron Chopper

Spectrometer
Condensed matter physics, materials science,
chemistry, biology, environmental science
neutrens.ornl.gov/cncs

EQ-SANS - BL-6
Extended Q-Range
Small-Angle Neutron

Scattering Diffractometer
Polymers, soft materials and colloidal systems,
materials science, life science, earth and
envionmental sciences
neutrons.ornl.gov/egsans

VULCAN - BL-7
Engineering Materials Diffractometer

Mechanical behaviors, materials science, materials processing
neutrons.ornl.gov/vulcan

| Operating instrument in user program

I Under construction

VENUS - BL-10

Versatile Neutron Imaging Instrument

Energy selective imaging in materials science, engineering,

materials processing, environmental sciences and biology
neutrons.ornl.gov/venus

CORELLI - BL-9

Elastic Diffuse Scattering Spectrometer

Detailed studies of disorder in crystalline materials
neutrons.ornl.gov/corelli

il

MANDI - BL-11B

Macromolecular Neutron Diffractometer
Atomic level structures of proteins, macromolecules and DNA
neutrons.ornl.gov/mandi

NSE - BL-15

Neutron Spin Echo Spectrometer
High-resolution dynamics of slow processes,

polymers, biological macromolecules
neutrons.ornl.gov/nse

HYSPEC - BL-14B
Hybrid Spectrometer

Dynamics of quantum materials with optional
polarization analysis
neutrons.ornl.gov/hyspec

FNP « BL-13
Fundamental Neutron Physics
Beam Line

Fundamental properties of neutrons
neutrons.ornl.gov/fnpb

TOPAZ . BL-12
Single-Crystal Diffractometer

Atomic-level structures in chemistry, biology,
earth science, materials science,
condensed matter physics
neutrons.ornl.gov/topaz

POWGEN - BL-11A

Powder Diffractometer
Atomic-level structures in chemistry, materials science, and
condensed matter physics including magnetic structure
neutrons.omnl.gov/powgen

23-G02229_zdh

The Spallation Neutron Source is a facility of Oak Ridge National Laboratory,
managed by UT-Battelle LLC for the US Department of Energy.


Presenter Notes
Presentation Notes
On the left are the four ‘big picture’ ways we use polarized neutrons, color coded to highlight instruments at right.  

Blue and orange are for polarization contrast, which is the point of this talk

Green shows an instrument where polarized neutrons enable resolution enhancement, but that’s discussed in Jason Gardner’s talk about neutron spin echo on Friday, and just one of the posters today.

We also won’t discuss the red stuff, where beamline 13 explores the physics of the neutrons themselves with polarized neutrons.  




Who uses polarize
neutrons at HFIR?

Versatile Intense Triple-Axis

Spectrometer
Low-energy excitations, magnetism,
structural transitions
neutrons.ornl.gov/veritas

Multimodal Advanced
Radiography Station
Transmission imaging of natural and
engineered materials
neutrons.ornl.gov/mars

IIII.

b | y [} EEEEEER
/ GP-SANS - CG-2

General-Purpose Small-Angle
ﬁ Neutron Scattering Diffractometer

Detector Test Station
Reactor Cold Detector development and testing

Pressure Neutron neutrons.ornl.gov/
Vessel Source i developmentbeamlines

Optics Development
Defractometer
Sample alignment and optics
neutrons.ornl.gov/
developmentbeamlines

PTAX « HB-1
Polarized Triple-Axis
Spectrometer
Polarized neutron studies of magnetic
materials, low-energy excitations,
structural transitions
neutrons.ornl.gov/ptax

Materials structure and processing, metallurgy,
polymers, geophysics, high-Tc superconductors,
complex fluids, magnetism and spin textures
neutrons.ornl.gov/gpsans

Magnetic Moment Contrast

Bio-SANS - CG-3
Biological Small-Angle Neutron

Scattering Instrument
Proteins and complexes, pharmaceuticals,
biomaterials
neutrons.ornl.gov/biosans

POWDER « HB-2A ' ¥ My By 4
Neutron Powder Diffractometer |= - |
Structural studies, magnetic structures,

texture and phase analysis
neutrons.ornl.gov/powder

Nuclear Spin Contrast

Enhanced resolution via ‘Larmor’
techniques

Wide-Angle Neutron
Diffractometer

Diffuse-scattering studies of single crystals
and time-resolved phase transitions
neutrons.ornl.gov/wand

neutrons.ornl.gov/tax at cold neutron energies

neutrons.ornl.gov/ctax

structural studies
neutrons.ornl.gov/demand

precession techniques

engineering materials
neutrons.ornl.gov;

neutrons.ornl.gov/

techniques for utilizing polarized neutrons
neutrons.ornl.gov/
developmentbeamlines

Polarized Neutron High Intensity Diffractometer Laue Diffractometer £
Development Station for Residual stress Analysis Medium- and high-resolution inelastic Neutron Diffractometer Development Beamline Spectrometer Atomnic esolution structures in biology, gz:
Development of new components and Strain, texture, and phase mapping in scattering t thermal energies Small unit-cell nuclear & magnetic Development of larmor m High-resolution inelastic scattering chemisiry and complex materials =1
- neutrons.ornl.gov/imagine [&

=

3

idra

- Operating instrument in user program The High Flux Isotope Reactor is a facility of Oak Ridge National Laboratory,
Il Operating development beamline managed by UT-Battelle LLC for the US Department of Energy.
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Presenter Notes
Presentation Notes
At HFIR, in addition to several user program instruments, two beamlines in the bottom row help us develop polarization related techniques.

Polarization and Larmor techniques are used more often at continuous sources like HFIR, making polarization a true strength there.  HFIR instruments have an ‘open floorplan’ which makes adding polarization optics easier, and many polarization optics behave as narrow or incredibly tight wavelength or energy filters, so the monochromatic beams of many HFIR instruments work better there.  


NIST

National Institute of
Standards and Technology

U.S. Department of Commerce

NGB
30m SANS

HOR H i

a1y & / REFL NIOFa h
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NIOF V I 30m SANS
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Presenter Notes
Presentation Notes
Our sister research reactor in Maryland, NCNR, also has polarization capability at a few instruments.  This facility is roaring back to life now and has an open call.


CHARACTER:
Neutrons sometimes behave as particles, and sometimes as waves

P 4
7~ It's a
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Confusion about Light “Solved” with
Quantum
Mechanics

Neutrons
Too!
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Presenter Notes
Presentation Notes
The first Keyword is ‘character’.  Believe it or not, there was a time when smart scientists with strong opinions once disagreed with each other.  This was the case in the 18th century when it seemed like light sometimes acted like a particle, and at other times acted like a wave.

<click> this quarrel was ultimately resolved in the 20th century with the advent of quantum mechanics.  The answer wasn’t either-or, it was both-and!

<click> today, we know this strange duality also applies to neutrons.


® CHARACTER:
Neutrons sometimes behave as particles, and sometimes as waves

Scatter like a wave Scatter like a particle
! e
N ]

“Coherent” scattering “Incoherent” scattering
“Feels” more of a volume all at once, Single point of contact,
Scattering VERY direction dependent scatters in random directions

Examples of coherent scattering: Loses ‘coherence’ via:
Diffraction (feels adjacent scatter planes) Random isotopes
Phonons (feels cgllective wiggles) Random nuclear spin orientations
Index of refraction (feels density) Suppression of coherent scattering
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Presenter Notes
Presentation Notes
This duality plays out in the scattering we do with neutrons.  

<click> first let’s look at the wave character of scattering.  The scientific term for this scattering is ‘coherent’ scattering.  A wave is extended and feels over a volume all at once.  The scattering is very direction dependent.  You’ve probably heard of several kinds of scattering that are coherent already.  Diffraction, reflectometry, and small angle scattering are all leveraging ‘coherent’ scattering.  There’s also some kinds of spectroscopy where we are observing collective shaking or wiggling in a crystal.  

<click> next, let’s look at the particle character of scattering.  The scientific term is ‘incoherent’ and this scattering has no particular direction dependence.  The neutron ‘loses’ its coherence due to either randomness of some kind in the sample being studied, or a suppression of the coherent scattering.


CONTRAST: Neutrons scatter via 2 different forces, too

Nuclear
Strong force

Interaction with nuclei of atoms
Depends on the isotope
Depends on spin of the nuclei
Depends on nuclear resonances

“Sees” |lattice structure via nuclei location
“Sees” phonons & vibrational modes

Includes both scattering and
( is a nuclear reaction, Think

creating a new isotope “Contrast” of
with an additional neutron) the scattering

neutron
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Magnetic force

4

Interaction with the magnetic field
in a region about atoms

“Sees” magnetic structure
“Sees” magnetic excitations

4



Presenter Notes
Presentation Notes
The second keyword for today’s talk is ‘contrast’.  Neutrons use two different forces to interact with materials.  One force is the nuclear strong force, where the neutrons are interacting directly with the nuclei of atoms.  The other force is the magnetic force, because while a neutron is electrically neutral, in a magnetic sense it’s essentially a dipole magnet.    Think of these as two distinct and complementary contrast mechanisms.


CONTRAST: Neutrons scatter via 2 different forces, too

4

Nuclear
Strong force

Magnetic force

4

Real space: scatters off a point Real space: scatters off extended
volume, beyond even electron cloud

Reciprocal space: extends to high Reciprocal space: strongest at low
scatter angle / momentum transfer Q scatter angle / momentum transfer Q

A neutron scatters
Haiku for High Q:  All over, nuclear strong
Not so, magnetic
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Presenter Notes
Presentation Notes
In earlier talks you probably also heard about the difference in structure factors for these two forces


B
Combine Contrast & Character; or Particles, Waves & Forces
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Presenter Notes
Presentation Notes
Now, let’s combine these two, character and contrast, and see what we get.

I snuck in an additional character of neutron interaction, absorption, which is exclusive to the strong force. We see there’s a combination of ‘contrast’ and ‘character’ for each bin, coherent and strong, and so on. Examples where these kinds of scattering are important are shown in the grey fields.

<click> But, we need to add in one more bin of sorts.  Due to the nature of wave-like scattering, there is a chance for constructive or destructive interference in the ‘coherence’ row, and this can cross forces between nuclear strong and magnetism.  Think of adding scatting lengths instead of scattering cross sectional areas.  

Fun fact: whatever you’re looking for in your scattering falls into one of these 6 bins. We could go around to all the instruments at HFIR and SNS, and sort them by which bins and what features they specialize in.


CONTRAST: Vector-ing from the perspective of the 2 forces

Strong force Magnetic force L
Spin: { Dipole moment: ‘
o,= Y w, =—1.913 uy
Nuclear magneton:
Quantum Uy = 5.051E — 27 JT 1
weirdness Uy = 3.15E — 5 meV/T
. ? ﬁgg;gfj L interacting with - . -
Relative \ ~pins of atomic nuclii Relative orien'_ » e “hterials
- |leads to changes in ---

red intensity ReorientatiOMToO P

Enrico Fermi spin or magn8tRhaigeftatiarks dancing
OAK RIDGE |}/ fx of the neutidside each neutron
%
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Presenter Notes
Presentation Notes
Contrast, however has multiple dimensions.  Neutrons are not one, but TWO, amazing vectors.  Each vector interacts with our material system via a different force, so plays with a different kind of contrast.  

<click> For the strong nuclear force, the term ‘spin’ is a bit misleading.  The term was chosen in the early days of quantum mechanics, for lack of a better word.  

<click> It has something to do with quantum mechanics and thermodynamics.  Spins with half integer values are known as ‘Fermions’.  And yes, Fermions don’t like to share the same space.

<click> The spin interacts with the atomic nuclii, or rather the relative orientation of the spins of atomic nuclii, because atomic nuclii can ALSO have spin and are ALSO vectors. 

<click> There’s also a vector associated with the magnetic dipole moment. Its direction is opposite that of the spin. The term ‘dipole moment’ is just a fancy way to describe the strength of that magnet, which for a neutron is ridiculously weak.  Still, its moment is strong enough to enable all the magnetic scattering we can observe with neutrons.

<click> to help you appreciate the magnetic moment, realize that inside the neutron are charged particles known as quarks.  The net charge is zero, but as they dance around, they collectively generate a fixed magnetic moment, the same way that electromagnetic coils do.

<click> the neutron’s magnetic moment interacts with the relative orientation of magnetism in materials. Think ferromagnets and sometimes much stranger magnetic structures, but also magnetic excitations like spin waves.  

<click> So, what does this relative orientation dependence have to do with our scattering?  It can change one of two things:  either scattered intensity or the neutron vectors can change direction.  We’ll illustrate these two changes in the next slide.


®
I ¥0akRIDGE - Changes depend on polarization of incident beam

Scatter from
sample preserves
D) : .
neutron orientation

Scatter from
sample changes
neutron orientation

12


Presenter Notes
Presentation Notes
Let’s say we have a polarized neutron beam to play with, so we can illustrate these changes.  The tennis rackets on the left, and the wordy cyan blobs on the right, both represent the materials we are scattering from.

On the left, the size of the tennis racket represents the amount of scattered intensity.
<click> for example, when the neutron spins are all pointing up maybe only a few neutrons are scattered,
<click> while for and incident beam with neutron spins pointing down, more neutrons are scattered.  
 
On the right we have possible changes in the neutron orientation.
<click> sometimes the neutron orientation is unchanged during a scattering event.
<click> other times the neutron orientation can change.


Yet, with unpolarized neutron scattering alone...

%
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All different kinds
of scattered
intensities get
mixed together

Scattered intensity

Cannot observe

neutron
reorientation

of the neutron
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Presenter Notes
Presentation Notes
And yet, when we just work with an unpolarized neutron beam, where the incident beam has neutron spins and moments pointing every-which-way,

<click> We can’t quantify any changes in scattered intensity because everything gets mixed together, and

<click> there is no way to determine whether a neutrons spin or moment got reoriented after scattering from the sample.


If only we had a way to filter and play with

the neutron spin or magnetic moment...
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Presenter Notes
Presentation Notes
If only we had a way to filter and play with the neutron spin or magnetic moment…



null

14.106062




We could isolate different features

We could reveal different dimensions

We could answer new questions
« (that we'll call ‘CAPABILITIES’)

REACTOR
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Presenter Notes
Presentation Notes
To illustrate what we could do with polarization contrast enhancement, we’ll compare to visible light and consider polarized glasses.  

<click> You may already use polarized glasses to see better under the water while fishing.  Because water surface reflections have only one polarization, the glasses act as a filter to let you ignore the reflection and effectively see underneath.  In a similar way, neutron polarization can isolate distinct kinds of scattering in your experiment.

<click> Next, we have the 3D movie experience.  Modern 3D glasses have separate polarization filters for horizontal and vertically polarized light, for each eye.  They let pass different kinds of light, and then your brain does remarkable calculations with both 2D images to render in 3D.  The first implication is that because magnetism in your materials may have a 3D character, with atomic moments pointing in different directions, polarized neutrons can help flesh that out.  The second implication is that it takes two eyes with two different polarization configurations, to get this effect.  In a similar way, we take several measurements with different polarization modes, then combine them mathematically.

<click> Hopefully, these analogies to light help you glimpse the possibilities of using polarized neutrons to enhance polarization contrast.  In the poster session you can start to explore some example questions, and drill down on different science areas.


=
But beware, ‘polarization’ has 4 meanings for neutron scattering

--------------------
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Presenter Notes
Presentation Notes
But before explore how we play, there are at least 4 meanings we use for polarization.  The first refers to the orientation of an individual neutron.

<click> The second describes the collective polarization state of ALL the neutrons in a neutron beam, while in some orienting magnetic guide field.  The value is between -1 and 1 and we’ll explore what these mean in a future slide. We never get a quite perfectly polarized beam, so this value becomes important as we run experiments.

<click> The third meaning doesn’t deal with either spin or neutron magnetic moment, but you will hear the word ‘polarization’ also used in a totally separate way, for inelastic scattering.  

With this slinky illustration <hopefully in-hand>, waves of different kinds can move along the slinky, and here, the initial wave travels straight down.  The trajectory of the wave, however, can be different from the displacement AT the wave.  For a compression or longitudinal wave, wave direction and displacement are parallel (shake down), like how sound travels in air.  For a transverse wave, on the other hand, the displacement is transverse or orthogonal (shake sideways), like surface waves in a pool or the ocean.  Inside a single crystal, both shaking modes are possible, and we describe these as different ‘polarization’ modes.
Switching from a slinky to a single crystal, and going into reciprocal space, these modes are measurable in different locations with respect to zone centers such as the purple and dark blue circles.  Here, the observable purple excitation has longitudinal so-called polarization, while the blue excitation is transverse.  

<click> While this 3rd definition of polarization is a tangent and can muddy the waters, the momentum transfer Q with the red vector is super important for polarization contrast.  You’ll see this vector later in the talk.


What? ANOTHER meaning for polarization?

This time, we're NOT referring to polarization of the neutron

4 INSTEAD, we're co-aligning either ATOMIC NUCLEI spins or
magnetic moments inside of some material

In this case, the MATERIAL is ‘polarized’ instead of the neutron!

Polarized materials can change scattered intensity of polarized

neutrons f}‘}‘ @ f}‘f
1 B
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Presenter Notes
Presentation Notes
Fourth and final meaning for polarization.  This time we’re not talking about either the neutron or the slinky.  Instead, we’re coaligning something WITHIN the sample we’re studying.  What we coalign are either magnetic moments, or the spins of atomic nuclei. By coaligning or polarizing like this, we shift from the <click> smaller racket to… <click> the larger racket!  In other words, we can change the amount of scattered neutron intensity by somehow polarizing the sample itself.


Ingredients for CONFIGURATIONS: Polarization Optics

Guide fields, Flippers, and Filters
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Presenter Notes
Presentation Notes
Before we consider polarization CONFIGURATIONS, let’s look at how we can manipulate the neutron polarization, using the three main tools of the polarization trade, guide fields, flippers and filters.


Guide fields & Larmor precession

Ice skater Break dancer
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Rope dancer
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Presenter Notes
Presentation Notes
To start talking about guide fields, we need to dig into a fun behavior of neutrons as dipole magnets.  Strangely enough, there’s a way to make the neutron spin, spin!  Or Precess.  To understand this, let’s look at three kinds of athletes.  Each one spins, but with different orientations with respect to gravity.


Guide fields & Larmor precession

|
N
(mostly) parallel Right angle (mostly) antiparallel
P~1 P~0 P~-1
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Presenter Notes
Presentation Notes
Similarly, we have magnetic moments which, when in the presence of an external magnetic field, also like to precess. The left and right represent moments which are mostly parallel to the ambient field, or mostly antiparallel. When we talk about ‘guide fields’, we’re talking the polarization meaning number 2, with polarization values close to 1 or -1, respectively. What’s in between is the break dancer, where the neutron moment is perpendicular to the ambient field. 

<click> We have optics which allow us to invert the neutron orientation, going from parallel to antiparallel, or from antiparallel to parallel.  These come in handy as we try to observe different kinds of scattering.  


Guide fields as ‘nutators’
Steering neutron moment while flying is possible
-IF- we precess fast enough to track the change in field direction

% OAK RIDGE |2 \
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Presenter Notes
Presentation Notes
When our ambient guide field is strong enough to precess the neutron fast enough, that neutron orientation can track with changes in the field direction.  With this trick, we orient neutrons at the sample position in whatever direction we want.  We call this nutation.


A Quantum perspective for Larmor Precession
helps to figure how FILTERS work

Al

-y -
Classical @

T

Quan<um

So, if we could FILTER while the neutron is experiencing an external magnetic
%QAK RIDGE | g fLux field, we could pass through up to half the neutrons!?!
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Presenter Notes
Presentation Notes
The precession view we’ve used so far is a classical perspective, and is shown on the top row.  I’ve added in the ‘unpolarized’ neutron representation with arrows pointing every which way.

<click> Last bit of quantum weirdness for the talk.  A neutron, in the presence of an ambient or background magnetic field, from the quantum perspective, is no longer spinning around, but has a chance to be either fully aligned or fully anti-aligned with the ambient field.  The left and right are mostly parallel or mostly antiparallel, because most of the arrows are pointing either with or against the ambient field.  But, both the two middle classical views, the breakdancer and the so-called unpolarized neutron, have a 50-50 chance of being either up or down.  

<click> If, while in this weird state, we can apply some kind of polarization filter, then we can take up to half the neutrons and make them fully polarized.  It’s a wild effect and I don’t want you to overthink it, but there it is!


Taking changes in scattered intensity to the EXTREME:
From ‘unpolarized’ random directions in a neutron beam
to HALF having single direction

Polarized neutron developers have, over time, found and developed awesome
materials that scatter or absorb selectively just one neutron state

These EXTREME systems are now optics we use as polarization
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Presenter Notes
Presentation Notes
Over many years, the neutron scattering community has discovered a few materials and systems that we can polarize using polarization definition number 4, which have the rare gift of taking ALL neutrons of one polarization state and either scattering or absorbing them, but no neutrons of the opposite polarization.  Let’s see what happens with the most extreme case for a polarized sample scattering the unpolarized beam.  

<click> Here, we see one polarized beam going off in one direction, and the other beam with opposite polarization going in another direction.  Et voila! We have ourselves a polarization filter!


®
I ¥QakRIOGE  Po|grization optics: ingredients for P. Configurations

National Laboratory

Guide fields and nutators Flippers

e ‘Quantum’ has its advantages... e Larmor precession, via torque 7 on ¢ Optionally invert the neutron spin-
_ Uiisslertied dessisel fES ATETE neutron magnetic moment ji by state with respect to the ambient
— In ambient field, though, a quantum 2=[ixXB, w=—yB
superposition N .
= -1.833E4 rad/Gauss-sec B B

of ‘up’ & ‘down’

e Frequency w is INDEPENDENT of
polar angle ¢ between applied field
and moment

— A filter can achieve up to* 50%
transmission

Flipper

3 e Magnetic ‘guide’ fields keep
either aligned or anti-aligned with

B
\1’ 1 1 respect to B
l‘\ ‘ — Keeps w faslwhile changing @

—

Filter

direction of B slowly

*Actual transmission varies widely... B .
—_ /&
Q > \ \\\3 2y
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Presenter Notes
Presentation Notes
This slide summarizes the last few, and uses more words if you want to return to this lesson later.


I ¥0akRIDGE  Po|grization opftics

Guide fields and nutators Flippers

Heusler crystal Polarizing Supermirror Permanent Magnet  Rotatable nutator Mezei Radio-Frequency
Yoked Assemblies

Cryogenic Adiabatic Fast
(Meissner screen) Passage /w 3He
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Presenter Notes
Presentation Notes
And here we show examples of each of these kinds of optics. 


Scattering changes accessed by different
CONFIGURATIONS

Ways to measure changes in scattered intensity and/or changes in neutron polarization orientation
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Presenter Notes
Presentation Notes
If polarization optics are INGREDIENTS for configurations, then scattering changes are measurable OUTCOMES of different configurations.  For this, let’s go back to the grid.
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Presentation Notes
When describing polarization filters just now, I snuck in changes in scattered intensity.  This is one way to observe differences in scattering.  Except for magnetic chiral structures found in some systems, all these so-called ‘half polarized’ experiments require the sample to also be polarized using polarization definition number 4.

<click> Again, I add a sixth bin between coherent strong and coherent magnetic.

The coherent and strong box at top left describes an alternative to deuteration for hydrogen scattering, and will be a powerful new technique for the IMAGINE-X beamline now under construction at HFIR.
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Neutrons can also reorient in different ways with different kinds of scattering.

<click> For coherent nuclear scattering, no spin flip happens.  No change for nonmagnetic diffraction.  Same thing for phonons, or changes in non-magnetic optical density.

<click> Incoherent nuclear scattering comes in two flavors.  The first, spin-incoherent scattering, inverts the neutron spin 2 thirds of the time.  

<click> The second and third kinds of incoherent scattering, isotope incoherent scattering & suppressed coherent scattering, experience no spin flip, just like coherent strong scattering.

<click> For coherent magnetic scattering, the magnetic moment orientation changes in predictable ways, depending in part on the momentum transfer vector Q.

<click> the fourth box concerns paramagnons in the gaseous state.  

<click> Once again, there’s an additional bucket between coherent strong and coherent magnetic, due to fun interference effects, whose flipping behavior also depends on that momentum transfer vector.  

The take-away with these last two slides is, that each scattering mechanism has slightly distinct ways of changing the neutron orientation or scattered intensity, letting us tease out different contributions.  


Formulas on next page leverage lattice periodicity & coherent scattering

Coherence mechanism #1: Coherence mechanism #2:

Leverage lattice periodicity for single  Leverage # density variations

crystals or powders leading into optical density

(think Bragg's law, Block equations, etc.) variations

Useful for diffraction and coherent inelastic Useful for small angle neutron scattering

scatting in comparable Q ranges (SANS) and reflectometry

Leads to ‘Maleev-Blume’ equations with ‘simple’ For e.g. 1D multilayer systems, NOT periodic

formulas relating various contributions to so must directly solve Schrodinger's equation

scattering into changes in neutron scattering

intensity and/or polarization state Similar approach to coherent interference
effects

Will utilize Maleev-Blume vector equations as (here often called ‘contrast matching’)

instructional aid for this introduction
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Presentation Notes
Before we move too far past discussing coherent scattering, we need to point out that there are two significantly different mathematical pathways for two different kinds of coherent neutron scattering.  One, for single crystals and powders, leverages the lattice periodicity and ultimately leads to a set of vector equations we discuss for the rest of this presentation.  

<click> The other route leverages optical density variations, and is used for SANS and reflectometry.  The math there is quite different.

Thankfully for us, the capability statements which riff off the vector equations, are actually the same kinds of intuitive statements for both mathematical pathways.  So, choosing the path of single crystals and powders promises to build your intuition and point you in the right direction concerning what you’d like to do with polarized neutrons, even if you’d rather play with SANS or reflectometry.


.

Maleev-Blume vector equations for single crystals & powders

Add changes to scattered intensity to the Contrast / Character Matrix
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S. V. Maleey, V. G. Bar'yaktar, and R. A. Suris, The scattering of slow neutrons by complex magnetic structures Sov. Phys. Solid State 4, 2533 (1963)
2M. Blume, Polarization effects in the magnetic elastic scattering of slow neutrons, Phys. Rev. 130, 1670 (1963).


Presenter Notes
Presentation Notes
This and the next slide show the equations for the crystal formalism, named after two groups who developed the formulas in parallel, led by Sergey Maleev and Martin Blume.  This first equation represents in mathematical terms the scattered intensity, and all contributing terms are tossed into their respective bins, below.  To make the equation at top less messy, vectors are represented by bold-face variables, while scalars are represented without bold-face, but the arrows ARE included in the binning below. Due to its vector nature, it actually represents multiple linear equations..


B Maleev-Blume vector equations for single crystals & powders

Add Vector Reorientation to the Contrast / Character Matrix
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Presentation Notes
Here’s the equation for neutron reorientation using the crystal formalism, again tossing terms into appropriate bins.  What one can see from both these slides is that the math is different for different kinds of contrast and character, and it’s these differences which enable us to sort them out, and to explore the vector nature of our materials.
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Coordinates of one atom in unit cell for crystal

Which way and how strong a magnetic moment of an ATOM points

A measure of how ‘polarized’ the incident beam is, and average

, ) S . Real space
orientation of those neutrons’ spin (or magnetic moment) at sample
position (definition #2)
The new polarization of the scattered neutrons
Incident neutron momentum s
minus final neutron momentum Qiap = ki- kf
Fourier transform of M,, Reciprocal
space

The component of the Magnetic structure factor perpendicular to the
momentum transfer Q


Presenter Notes
Presentation Notes
Definitions for some of those vectors in the equations are listed here, with the arrows you’re probably more used to.  This is for you to revisit later.
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Presentation Notes
As are the formulas at top left which help you calculate those vectors.  The brown and blue equations are the Maleev-Blume equations and are as important to neutron polarization work as Bragg’s law is to diffraction.  

<click> At right we list different polarization configurations, identify which equation or equations they access, and briefly summarize the kind and number of optics they have.  Note that ‘half polarized’ just accesses intensity, and only has one each of a filter and a flipper.  Longitudinal 1 can only access the polarization state and adds one filter.  And Longitudinal 2 can access both intensity and spin-state and adds a second flipper to the mix.

So!  Configuration!  Spelled out at last.  Using different combinations of polarization optics to access one or both these scattering equations.


CONFIGURATIONS, what they access, and their optics
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Here’s an illustration.  For unpolarized scattering, ignore these equations and there are no optics.

<click> The half-polarized configuration only access changes in scattered intensity, and adds just 1 filter and just 1 flipper.  Here the incident neutron beam is what we call ‘polarized’ and optionally inverted before scattering from the sample.

<click> By just adding only one filter, we change from accessing changes in scattered intensity to changes in neutron orientation.  This we shall call the ‘longitudinal 1’ configuration.  Notice that we now have another definition for ‘analyze’ in a polarization sense, on the scattered beam side.

<click>  Add to that a second flipper, we change to accessing both equations at once.  We call this the ‘longitudinal 2’ configuration.


D
CAPABILITIES truncate those equations
Yes, the Maleev-Blume equations are VERY busy

9D

e Leverage personality flaw found in some scientists

A. Make assumptions about the system you are studying

B. Eliminate terms
C. Simplify / Streamline the math
- Linear algebro
- N equations & N unknowns - solvable problem Q

- Let’s call the solutions to the streamlined equations

"Capabillities™ @ @
« Think word problems in reverse...
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And NOW, we’re also finally ready to discuss capabilities.  Because no one wants to work with really long equations.

<follow the flow>



CONFIGURATIONS, CAPABILITIES and Capability Families

» “Configurations” are specific combinations of polarization optics enabling access to
different Maleev-Blume equations
=  Will show examples of configurations in upcoming slides!
« “Capabilities” are specific solutions to streamlined Linear algebra problems
= Can only be solved utilizing a subset of “Configurations”
= Assume certain terms in Maleev-Blume equations aren’t present
= Polarization-state ‘equation’ is actually several equations
« “Capability families” are intuitive (?) groupings of those specific solutions

Capability Families Color Key

Isolate nuclear scattering N&I, .
Isolate spin-incoherent scattering . Nuclear Scattering (COherent
Leverage dynamic nuclear polarization NS & isotope-incoherent)
50"13 Phase Problem N&M. Spin-Incoherent Scattering
Explore magnetic scatterin M . Z

P ST : = Magnetic Scattering
Explore coinciding of nuclear and N with Mo -
magnetic scattering Dynamic Nuclear
Explore magnetic chirality M, cross terms Polarization

Other
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So to recap on the configurations and capabilities, you can return to the top bullets here.  However, the number of capabilities given the many terms in the Maleev Blume equations gets very high, so we have grouped those many capabilities into seven ‘capability families’.  The individual ‘capabilities’ then provide facets of information concerning this shorter and more manageable list.  To further simplify things, we here color-code these capabilities and capability families, and follow that color scheme through the posters.
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Presentation Notes
In journal papers, you’re generally see some kind of statement describing what is done with neutron scattering and why.  Let’s call that an application statement, and below is a lazy sentence diagram, sort of.  What’s shown is just for unpolarized neutrons.  

<click> To transform this into a polarized neutron application statement, we add configurations, capabilities and maybe capability families.  The science application posters outside have information organized in this way.


B
I %QakRIDGE Y our invitation to take the red pilll -

Active development and community For future reading

e Semi annual meetings / proceedings of PNCMI e Several dissertations
(Polarized Neutrons for Condensed Matter
Investigations)

— See instrument-specific publication lists

~ Proceedings from 2016: e Workshop slides, Polarization for Quantum Materials

https://iopscience.iop.org/issue/1742-6596/862/1 — Ovi, Masa, Yiging & me, every other year

— Proceedings from 2018: e Various online slide decks and tutorials
https://iopscience.iop.org/issue/1742-6596/1316/1 o . ,

— Kathryn Krycka, ‘Neutron Polarization’ slides & video at

— Proceedings from 2022: https://neutrons.ornl.gov/nxs/2021/lectures

https://iopscience.iop.org/issue/1742-6596/2481/1 _ Werner Schweika. httos://iuser fz-
e Aspirations & new directions at ORNL & NCNR juelich.de/record/20415/files/C6_Schweika.pdf
_ Just ask! e Books / chapters

o Actively building user community via training - (Tfop(?(?) ?git\}gr%(gﬁé)ﬁgfgtm” S Hor e gasle Tl
workshops .
— Stephen W Lovesey, Theory of Neutorn Scatteirng from Condensed

Matter V2 (1984) /'ch 10

— G. Shirane, SM Shapiro, JM Tranquada, Neutron Scattering with a
Triple Axis Spectrometer (2002) / ch 8
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Presentation Notes
One hour really isn’t enough to properly introduce you to the use of polarized neutrons.  Return to this slide if you’d like to learn more.

And that’s it for the talk.  People are standing by the posters outside to let you learn how polarization scattering can help your research.

https://neutrons.ornl.gov/nxs/2021/lectures
https://juser.fz-juelich.de/record/20415/files/C6_Schweika.pdf
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