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Outline

- What is SAS and what can it do for you?

- Basic concepts of the technique

* SANS instrumentation

* Planning a SAS experiment and data reduction
* SAS data analysis and interpretation
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SAS

« SAS is a tool for structural characterization of
materials

— X-rays, neutrons and laser light can be used
for SAS

* One of the most widely applicable structural
characterization techniques

— Solids, liquids, gasses

— Amorphous, crystalline or anything in
between

— Pretty much any kind of material
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SAS applications A to Z

Alzheimer’s disease, aerogel, alloys
Bio-macromolecular assemblies, bone
Colloids, complex fluids, catalysts
Detergents, dairy (casein micelles)
Earth science, emulsions

Fluid adsorption in nanopores, fuel
cells, food science (chocolate)

Gelation, green solvents

High pressure, high temperature...,
hydrogen storage, helium bubble
growth in fusion reactors

Implants (UHDPE)
Jelly

Kinetics (e.g. of polymerization or
protein folding), keratin

Liquid Crystals

...anything?

Pretty close!

Magnetic flux lines,
materials science

Nano-anything

Orientational order

Polymers, phase behavior, porosity
Quantum dots (GISAXS)

Rubber, ribosome

Soft matter, surfactants, switchgrass
Time-resolved, thermodynamics
Uranium separation

Vesicles, virus

Wine science

Xylose isomerase

Yttrium-stabilized zirconia (YSZ)
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Difference between SAS and Microscopy

Microscopy uses
lenses to resolve a

: incident
real-space image of cide
beam
the sample
Sample focusing optics

SAS measures the scattering angle
interference of waves | .ijent 9
* Fourier space! ——
* Averaged over beam

volumel! wavelength A

Sample Detector
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SAS is related to diffraction

Bragg: waves with wavelength A reflected by

Wave vector k: |k| =k = sets of lattice planes
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SAS probes density differences

- Incoming waves scatter off the electron cloud (x-
rays) or nuclei (neutrons)

 Interference of scattered wavelets from the
material adds up to a “net scattering” amplitude

— Fourier transform of the structure.

- Measured intensity is the magnitude square of the
amplitude.

I(q)=|(p(F)—p,)e ™" d’r
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SAS - SAXS and SANS

» The fundamental physics of x-ray and neutron scattering
don'’t really differ, but their properties differ a great deal

X-rays

*No charge

*No mass

*|nteracts with electrons

*|nteraction varies with
atomic number

Neutrons

*No charge

Has mass

|nteracts with atomic nucleus
*Has spin

Interaction is a property of the
nucleus

S Mn Z2r GCs

HIGH FLUX | SPALLATION

ISOTOPE
REACTOR

NEUTRON
SOURCE

$OAKRIDGE
National Laboratory




SAS - SAXS and SANS
* SAXS and SANS are very closely related and
provide directly complementary information

* The choice between x-rays and neutrons is dictated
by the problem

X-rays Neutrons

*Readily available Large user facilities only
L ab-based sources *Spallation sources
*Synchrotrons *Reactors

*Massive fluxes possible *No radiation damage
*Time-resolved studies *Contrast variation

*Extremely precious material

There are many experiments that really don’t require
the use of neutrons.
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SAS Instrumentation

Collimating Detector
Optics '
SAS instruments are | |\‘ <f
conceptually simple I Sample —
Monochromator

or Chopper

Source: x-ray generator, synchrotron, spallation source or reactor

Monochromator/Chopper: Defines wavelength(s)

Collimating Optics: Defines the angular divergence of the beam
Determines the maximum size probed
Detector: Collects the radiation scattered by the sample

Large detectors provide better angular coverage
OAK RIDGE
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SAS Instrumentation

B A\ ¢
HFIR guide hall \ e
a few years ago |
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SAS Instrumentation

* The neutron wavelength is related to its momentum

Cold Thermal

h h T (K) 20 300

De Broglie: A=—-= v(m/s) 574 2224

p  my E (meV) 1.7 25.9

» (A) 6.89 1.78
18 -
E 16°
The wavelength- g 141
velocity relationship 3 12
enables time-of-flight  § -
neutron scattering ]
techniques 2 5.
0

Time [ms]
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Wyatt

		

				q = 4pi/lambda sin(theta/2)

				or theta = 2 asin(q lambda/4pi)

				lambda		1				det-dist		2000

				q		theta				r = det-dist*tan(theta)

				0.005		0.05				1.59

				0.5		4.56				159.53

		Light Scattering

				lambda		690		n		1.33

				q		theta				theta		q		Wyatt Det#				from web, however these angles need to be corrected for the refractive index of the solvent used.

				0.002		9.47								1				1 22.5°

				0.005		23.83								2				2 28.0°

				0.01		48.77								3				3 32.0°

				0.015		76.53				26		0.0054		4				4 38.0°

				0.02		111.32								5				5 44.0°

				0.023		143.44								6				6 50.0°

				0.05		0.00								7				7 57.0°

				0.5		0.00								8				8 64.0°

														9				9 72.0°

														10				10 81.0°

														11				11 90.0°

														12				12 99.0°

														13				13 108.0°

														14				14 117.0°

														15				15 126.0°

										143		0.0230		16				16 134.0°

														17				17 141.0°

														18				18 147.0°





SANS

						unit

		wavelength		0.6		nm

		sample todet dist		3.6		m

		q		0.9		1/nm

		theta (scat angle)		0.091		rad		5.2		deg

		r (dist perp to primary beam)		0.328		m		327.7		mm





Sheet3

				Cold		Thermal						k		1.38E-23		J/K

		T (K)		20		300		25				m_n		1.67E-27		kg

		v (m/s)		574		2224		642				h		6.63E-34		Js

		E (meV)		1.7		25.9		2.2						1.60E-19		J = 1eV

		l (Å)		6.89		1.78		6.16






SAS measurements

A SAS measurement, once properly reduced,
provides the scattering cross section per unit volume

dl
D dQ
IO
dl dx dx 1 dI
—=T11 D—— — = [cm-1sterad-]
dQ d() dQ TI D d
dli/dQ2 = Scattered intensity per solid angle
lo = Primary beam intensity
T = Transmission (x-ray absorption, incoherent neutron scattering)
D = Thickness

dx/dQ) = Scattering cross section per unit volume [cm-'sterad-]
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SAS measurements
Plan your experiment well!

What Q-range would | like, and what must | have?
How large is each sample?

How much material do | need?

For how long should | measure my samples?

How can | optimize my sample quality?

What control measurements do | need to perform?
How will | reduce my data?

Less is often more: Do fewer things but those do
right! (especially with neutrons)

Ask your local contact / instrument scientist for
advice well ahead of time!
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SAS Measurements

- Normalization to monitor or time
- Background data sets

« Sample transmission

- Azimuthal averaging

- Absolute intensity scale (cm-1)

* Measure and subtract background very
carefully!

* Do the absolute intensity calibration — it’s
worth the extra effort!
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SAS Analysis

* Analyzing SAS data is far harder than taking
SAS data

- Model fitting is complicated by the sheer
number of models available for fitting the data

- Be patient and be prepared to explore

If you feel like you are floating
off in the middle of nowhere,
you are neither the first, nor
will you be the last, SAS
practitioner to feel that way

Bruce McCandless Il took the first untethered space

walk in February 1984. Here we see him from %OAK RIDGE

National Laboratory
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Scattering from Particles

Discreet particles are often the easiest to
understand

1(g)=nF(q) S(q)

N is the number density of particles
F(q) is the form factor (particle shape)

S (q) IS the structure factor (particle interactions)
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Form Factors
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Structure Factor

N 50 - 2
1(@) = (Ap) V] P(9)S(4) where P(g) = F(q)

N N
S(g)=1+ ZZ g7\

k=1 j=1
Jj=k

O
o r © = l(q) is modulated by
r. S O interference effects between
O o radiation scattered by
O x O o different scattering bodies.

S(q) examples: hard sphere potential, sticky sphere, screened coulomb etc.

S(q):-P(q) is not always valid and useful!
OAK RIDGE
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Guinier Analysis

At small g, anything that could reasonably be considered a
discrete object follows Guinier’s approximation.

In[/(g)]cq’R; /3 gqR, <1; sphere:R= ‘R

Modified Guinier
approximations exist
to determine cross
sectional radius of
rods or thicknesses
of sheets

P(Q)
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Guinier Analysis

Guinier fitting can be applied to scattering data from

discreet particles regardless of the shape of the particle

Ln(P(Q))

0.1

0.2

03

0.4

05

0.6

=
by,

Guinier analysis for compact particles
l;=1 + 6.4344e-06

R,=77.627 + 0.0078715 A

Q0 "R;=0.4301

0 Sphere Data
= Guinier fit
—— Guinier fit

Q

Guinier analysis for compact particles
1,=1.002 £ 0.00022913

R,=78.747 £+ 0.037728 A

*R_=1.2359

max ' g
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Q&M

Precise

250x10°

Guinier analysis for compact particles

0.1

0.2

0.3

Ln(P(@Q))

04

I;=1.0048 + 3.6871e-05
R,=76.96 + 0.034883 A
Q... "R.=0.49062

max ' g

¢ Rod Data
— Guinier fit
= Guinier fit

Guinier analysis for compact particles
1,=0.99866 + 0.00072094

05 Rg=73.29710.1302/f\
Qe Ry=1.1402
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Pair Correlation Function Analysis

P(r) : inverse Fourier transform of
scattering function : Probability of
finding a vector of length r between
scattering centers within the
scattering particle.

3 . 3 . 3 “ 3 8

2 2 2 2

1 1 1 1

0 0 0 0

0 1 ol 02 0 1 03 0 02 04 0 23005 (O 44 00 2 0 5
D

P(r) provides some indication of particle shape
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Example: A Protein Complex

*Protein Kinase A is an important regulatory protein complex that
phosphorylates proteins in response to a cellular signal

« SAXS and SANS with contrast variation, when combined with
structural modeling, made it possible to construct a model that shows
how the subunits in the complex assemble into the holoenzyme
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Example: Proteins in a Porous Material

* Entrapment of bio-macromolecular assemblies: bio-composite,
biomimetic, bio-inspired for catalysts, sensors, functional materials —
for example light harvesting antenna complexes for solar energy

« SANS with contrast variation shows structure of proteins in a
complex gel matrix

60% D,0

) . 4
. L

Intensity (arbitary units)

42% D,0

Scattering length Density (cm™ x 10'%)

0 20 40 60 80 100
D,O (%)

100% D,0

Intensity (arbitary units)

Luo, et al., ACS Appl. Mater. Interfaces 1. 2262-2268
(2009).
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Hierarchical Structures

10um

T SIZE (R) 10um Tum  0.1um 10nm 1nm 0.1nm

1 R MOLECULAR WEIGHT (M) ¢ ¢ ¢ Py Py e
POLYDISPERSITY

M R D,a,Dg.5 b
/ \ GEOMETRY
@ TOPOLOGY LIMITING GUINIER POROD BRAGG

FRACTAL DIMENSION (D)

v v v

=
[N}

PRIMARY PARTICLE (a)

COORDINATION
PERSISTENCE LENGTH

SURFACE

ROUGHNESS (Ds )

1nm SURFACE FRACTAL (S)

log INTENSITY

LOCAL CHEMISTRY

CRYSTALINITY
BOND LENGTH (b) log Q

Adapted from DW Schaefer MRS Symposium Proceeding 1987

0.1nm

Structural information viewed on five length scales. Structural features at larger length scales are
observed at smaller Q.
Scattering analysis that describes hierarchical structures: Mass Fractal (Teixeira), Unified

Fit (Beaucage) combine power law scattering ranges with R, transitions
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Example: Biomass to Cellulosic Ethanol

£4, 7y
Feedstock g rass tO g as

= Corn Stover

Hydrolysis Fermentatlon

2
b T ;
‘h.'.- -
(1) A cellulase
enzyme breaks down -
pretreated cellulose ~
fragments into double glucose
maolecules (cellobiose), which are then
split by another cellulase type (2) into
single glucose residues.
P t t t Cellulose
retreatmen
_— Cellulase enzyme
ignin
//—Cellulose 4 X 14 nm
\l / Microbes ferment
sugars to ethanol,
L g& (' ? which is then
’ J - 1T sl separated from the
. . FI,.a ment Of a mixafetpannl.
The challenge: structu raI compIeX|ty! e llose alectle ond e and
purified through
( - OH oH oH o distillation.
.) Hof\ i i HOZ - oy i .i HO! -~ Al
. < HO OH = “OH !! HO (;H © OH
[ ) L ]
\ Glucose Cellobiose
Hemicellul
e Alternating glucose residues are in an inverted orientation so the
cellobiose (a disaccharide) is the repeating structural unit.
100 nm Adapted from DOE GTL image gallery (genomics.
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Dilute Acid Pretreatment of Switchgrass

SANS of SW|tchgrass in D,O Tame '[ﬁgg}
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Non-particulate Scattering

Debye Bueche Model for Two-Phase System, Each with Random Shape,
Uniform Electron or Scattering Length Density and Sharp Boundaries

Mean Chord Intercepts:

Physical Concept of the Mean Chord
or Inhomogeneity Length

The fluctuations in scattering power at two points A and B, distance r apart, can be
characterized by v(r) <"12>AV = <nang>ay- For random two phase system: y(r) = e—1/a

A
[1 + Q2a2]2

dx
E (Q) =
J. Appl.Cryst., 28, 679 (1957)
ORNL-DWG 92M-9485
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SAS Summary

* SAS probes length scales from 1nm to 100nm

* SAS does not see atoms, but larger, interesting
features over many length scales

- SAS is similar to diffraction but does not require
crystals

* SAS applications are only limited by imagination

* SAS can be used alone, but often complementary to
other methods, such as microscopy, NMR

- SAS data analysis is application dependent, using a
diverse set of approximations, models and software
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Further Reading

Guinier, A., Fournet, G. 1955. Small-Angle Scattering of X-rays. John
Wiley & Sons, New York.

The classical work on SAS. The book focuses on x-rays, but the theory and data
interpretation also applies to SANS.

* Roe, R. J. 2000. Methods of X-Ray and Neutron Scattering in Polymer
Science. Oxford University Press, New York and Oxford.

This book covers the basic scientific principles of SAS thoroughly and is suitable for
the non-expert.

* Higgins, J. S., and Benoit, H. C. 1994. Neutron Scattering from
Polymers. Clarendon Press, Oxford.

A comprehensive description of neutron scattering, particularly SANS, that is focused
on polymers. Itis very useful for anyone interested in SANS.

* Pedersen, J. S., 1997. Analysis of small-angle scattering data from
colloids and polymer solutions: modeling and least-squares fitting. Adv.
Colloid Interface Sci. 70:171-210.

Contains a comprehensive list of form factors and structure factors that are used for
interpreting SAS data.

* Urban, V. S., 2012. Small-Angle Neutron Scattering. In: Characterization
of Materials, edited by Elton N. Kaufmann. Copyright 2012 John Wiley &
Sons, Inc.

A concise introduction to theory and practical considerations of SANS.
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