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Goals

e Develop practical rather than theoretical
understanding of subject

* Active participation is appreciated!

* Feel free to stop me at any time



Basic concepts of SANS

A typical scattering experiment setup
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Probing particle:
Neutron, photon

Scattered particle

Adapted from Yun Liu



Basic concepts of SANS

A typical scattering experiment setup

Scattered particle
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‘ /. ¢ SANS measures the scattering intensity function, I(Q)

When k; = kf =k,
Q = 2ksin (g) = 4THSl'n (g)

Adapted from Yun Liu



Basic concepts of SANS
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Question 1

What components should be included in the model

to explain SANS data?
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Scattering intensity

l(q) = (Ap)* nM? P(q) S(q)

Intensity = Pre-factor * Form Factor * Structure Factor



Pre factor

I(q) = (Ap)zT nM? P(q) 5(q)

@

Pre-Factor given by

« Contrast Factor
 Number of Particles
« Mass of Particles

Adapted from Kell Mortensen, e-neutrons.org



Intra and inter particle interactions

/(q) — (Ap)z N2 P(C]) S(C]) Form factor P(q) represents

T the interference of neutrons
scattered from different
P (q)_ ~/ parts of the same object

o

.,

J

Adapted from Kell Mortensen, e-neutrons.org



Intra and inter particle interactions

I(q) = (Ap)2 N2 P(q) S(q) Structure factor S(q)

represents interference
between different
S(q) objects.

Adapted from Kell Mortensen, e-neutrons.org



Question 2

How to define form factor?

Pre, Form and Structure Factors £ !
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Form factors determined for different shapes
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Credit: Reidar Lund (DOI:10.1007/12 2012 204)



http://dx.doi.org/10.1007/12_2012_204

Form factor of sphere
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P(q) = A%(q) =

3
({[B)) 3

[sin(qR) — qR cos(qR))
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Adapted from Kell Mortensen, e-neutrons.org
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Form factor of sphere - derivation
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P(q) = A%(q) = [ [sin(qR) — qR cos(qR)

Use, that the scattering amplitude from a
homogeneous volume V can be written

_ 1 _
Alq) = — / p(r)exp|—iq- r|dr
. SI)I'( e

to calculate the form factor P(q)
of a homogeneous sphere of radius R.

You may need the integral formula

/ rsinrdr = sinr — rcosr



Form factor for cylinder
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where Ji is the first order Bessel function and «a is defined as the angle between the cylinder axis
and the scattering vector q.
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Adapted from Andrew Jacskon



Core-shell particle
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Adapted from Kell Mortensen, e-neutrons.org



Onion model can be used to model virus capsids

An Example of a SLD Profile w/ # of Shell = 4
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Proteins with the PDB structures

Fab
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Maria Monica Castellanos et al. Analytical and Bioanalytical Chemistry (2018) 410:2141-2159



Form and Structure Factors

Lots of form and structure factors have
already been calculated ....

R —
ADVANCES IN
COLLOID AND
INTERFACE
SCIENCE

l.' ‘.
Zak Advances in Colloid and Interface Science
ELSEVIER 70 (1997) 171-210

Analysis of small-angle scattering data from colloids
and polymer solutions: modeling and least-squares
fitting’

Jan Skov Pedersen
Department of Solid State Physics, Risp National Laboratory, DK-4000 Roskilde, Denmark

Abstract

Analysis and modeling of small-angle scattering data from systems consisting of
colloidal particles or polymers in solution are discussed. The analysis requires applica-
tion of least-squares methods, and the basic principles of linear and non-linear least-
squares methods are summarized with emphasis on applications in the analysis of
small-angle scattering data. These include indirect Fourier transformation, square-root

Adapted from Andrew Jacskon



Form and Structure Factors

Lots of form and structure factors have
already been calculated ....

NIST Center for Neutron Research

NCNR Home Instruments Experiments

SANS & USANS Q7tm Poctentioe ~d A

Visit (he main page

O\

Data Reduction Using Ig: SASFIT

“ ManuaL SASfit is a curve fitting prog

biological chemistry. It featur

Science

Data Analysis Using Sas

Page Discussion

The recommended tool for analyzing small an

Overview

Overview
Get SASfit Contents [hide]
Recent changes 1 About
An upgrade of the reduction and analysis softv Random page 2 A User guide for SASfit
available to our users in order to plan better e  Help 2.1 Introduction
currently possible. 3 Index
~ Toolbox
« All of the SANS and USANS Reduction i
What links here
and updater. About
ion NCNR_SANS_pac Related changes

Installation instructions: Install_Instructic
Watch the installation movie: Install_SAl
A Quick Start guide to the package is hi
movies)

Special pages
Permanent link

SASfit calculates integral sti
radius of gyration, scattering
constant. Furthermore it can
together with several form fe
structure factors.

e s e

» Print/export

» Categories

What's New?

Manuals are included in the download p
o SANS Reduction Help File (PDF)

USANS Reduction Help File (PDF)

Data Analysis Help File (PDF)

Additionally an algorithm has
which allows to simultaneou: ’

° o

curves with a common set of _‘ ‘ o
last option is especially impc
experiments or measuremer
neutrons. The global fit help:
parameters unambiguously wincii vy anayaiy a
single curve would be otherwise strongly correlated.
The program has been written to fulfill the needs at
the Small Angle Neutron Scattering Facility & at the
Paul Scherrer Institute. The numerical routines have
been written in C whereas the menu interface has
been written in Tcl/Tk. There are binary packages for
Windows, Linux and MacOS (see Get SASfit and the
SasView : http://www.sasview.org B

SASFit : https://www.psi.ch/sing/sansii/sasfit
NIST Igor : http://ncnr.nist.gov/programs/sans/data/red_anal.html

Adapted from Andrew Jacskon
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Monte Carlo simulations

When everything fails...

2

Do Monte Carlo stmulations!

Monte Carlo simulations:
Form factors of polymer systems

Adapted from Jan Skov Pedersen



Monte Carlo simulations

 + Ideal for random structures with many degrees of freedom
* + Any parameter or function can be sampled: P(q), S(q)
* — P(q)/S(q) 1s not on analytical form

Simple approach — trial-and-error:

» Choose model and parameters™

.

® Generate random configurations — sample P(q)/S(q)

® Compare with experimental data

*) Simple enough to allow simulations — detailed enough to describe
experimental data
Use efficient simulation algorithm

Adapted from Jan Skov Pedersen



Monte Carlo simulations
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Scattering intensity

l(q) = (Ap)* nM? P(q) S(q)

Intensity = Pre-factor * Form Factor * Structure Factor



Question 3

What should we considere when defining

interparticle interactions?

Pre, Form and Structure Factors T
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Determination of Structure Factor

sin(qr) 20

For an isotropic solution: S(q) =1+4nN / lg(r) = 1]——— o

Diluted ® o g(r)

Concentrated g(r)

Ordered g(r)




Determination of Structure Factor

For an isotropic solution: S(g) =1+4nN, /Ooo[g(r) - l]Sincj(—,,?ﬂf‘Qd'f’
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Models for S(Q) in SasView

I(q) = (Ap)? nM? P(q) S(q)

# Fit panel - Active Fitting Optimizer: Levenberg-Marquardt
Fittage1 (£ I kel
No data loaded

Model | Fit Options I Resolution I Polydispersity I Magnetism ]

—Model . . o .
oy o e Four different type of interaction models:
|Sh'u:ture Factor LI |SphereAndEIhpso|d ;I |None E

hardsphere
hayte
byt s 1. Hardsphere
stickyhardsphere
2. Hayter_MSA
3. Squarewell
4. Stickyhardsphere

—Options (—Fitting details Fitting error
I~ Polydispersity Minrange 0.0005 A
™ 20 view Max range 0.5 A .

r Magnetism Smearing: None
Calculate Fit Help




S(Q) : Hardsphere

[(q) — (AIO)Z nMZ P(q) S(q) Four different type of interaction models:

1. Hardsphere
2. Hayter_MSA
Spherical particles in solutions through hard-sphere i zg_uljrﬁwzll H
Interactions (excluded volume). - Stickyhardsphere
V A 1.2 1
N r<o
()I (4] l>l H’)_{O r>o — 107
= 0.8 1
§ 0.6
0.4
0.2

10~ 102 10-1 10°
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Most colloids are rigid objects: proteins, silicon nano-particle, ...



S(Q): Hayter MSA

[(q) — (AIO)Z nM?2 P(q) S(q) Four different type of interaction models:

1. Hardsphere
Colloidal particles with charge interactions. 2. Hayter MSA
(MSA closure) 3. Squarewell
4. Stickyhardsphere
Screened Coulombic repulsion between
particles
1.2
1.0 A
-'—I’" 0.8 A
£
= 0.6 -
e
- 0.4 1
0.2 A
0 102 10t 10
QA1)

J. B. Hayter and J. Penfold, Mol. Phys. 46, 651 (1981).



S(Q) : Squrewell

Four different type of interaction models:

I(q) = (Ap)? nM* P(q) 5(q)

1. Hardsphere
2. Hayter MSA
Colloidal particles with narrow, attractive Z gg_“irﬁwfj" i
square well potential . Stickyhardsphere
1.05 A
—~ 100 1
;
5 0.95 1
0.90 A
R e
QA1)

Colloidal Interactions in solution
https://cpb-us-w2.wpmucdn.com/sites.udel.edu/dist/4/1563/files/2014/03/ColloidsTutorial final-283hizw.pdf



https://cpb-us-w2.wpmucdn.com/sites.udel.edu/dist/4/1563/files/2014/03/ColloidsTutorial_final-283hizw.pdf

Methods to include structure factor

Monodisperse approximation (spherical symmetric interaction potential,
independent of particle size)

do, N :
d.?z (@) = l/i\'i(l‘ili)ﬂ"(@ ax’-I)dl‘] Si(Q;si)
0

Decoupling approximation (particles with small anisotropies and polydispersities,
independent of particle size and orientation)

dO'i T . 9 1 T . i
n@= / Ni(as ) F2(Qs i, 2)do + [/ Ni(; 1) Fi(Q; ai,r>dr]
0 0

X [51((2\ Si) — 1]
with

o0

n; = /.N’i(z;li)dr.

0
Local monodisperse approximation (particle of certain size is surrounded by the
particles with the same size)

do; OO,, . 27 . .
Q= / Ni(w; 1) F2(Q; 1, ) S:(Q; i, Relay, 2))dz

0




Polydispersity

Types of polydispersity:
e Size - all particles have similar shape but differ in size,
e.g. nanoparticles colloids

* Shape — different shape and size (e.g. oligomeric
mixtures)

e Conformational — particles of identical molecular
mass, which adopt different conformations, e.g.
disordered or flexible proteins



Question 4

How to account for polydispersity?

Pre, Form and Structure Factors £ !

—

0.1

0.01 o

N
0.01

qa"



Size polydispersity

Average intensity for a population of particles that
possess size distributions

The resultant intensity is then normalized by the
average particle volume

al
P(q) = ch ¢ / f(z; z,0)F?*(q, z) dz + background
R

fi(x) For Npts=11 and Nsigmas = 3,
the star points are used to describe the distribution
inthe actual numerical computation.




Shape polydispersity

Ig I(q)
* Mixture of components gives 8 1
combined scattering curve: \
K
I(g) =) vkik(qi) 7.
k=1 — ——  Monomer
U = M Vg volume fractions | W Bllir:tﬁ:e

i(q) = Ik(g)/Vk normalized scattering intensities

e Combined curve can be fitted to
experimental data /,,(q) to
infer v, 5.




Conformational polydispersity

* Flexible and disordered proteins

* The same principle as for shape
polydispersity:

K
(i) =) okik(q:)
k=1

v = mi Vg volume fractions

ir(q) = Ix(g)/Vi normalized scattering intensities

e Large number of parameters = high
risk of overfitting



Summary

* Form factors represents the interference of neutrons
scattered from different parts of the same object

* Structure factors represents interference between
different objects.

* There are different ways to account for polydispersity



What hasn’t been covered

* Rigorous derivations for form and structure factors
(Orstein-Zernike equations)

* Backgrounds

: 2
I(q) sclz;le [aviap - sin(gr) (qf;‘SCOS(qT))} + background

* Resolution smearing
e Orientational and magnetic form factors

e And more...



Take home message

* We are working with low information content data
* Be careful when you add extra parameters

* Optimal experiment design is key to successful data
analysis!



Questions?



