An Introduction to Small Angle-xay Scattering (SAXS)
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The small angle -Xay scattering (SAXS) region
Instrumentation, sample prep, data collection and reduction

Basic data processing with examples from BXDS
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BrockhouseX-ray Diffraction and Scattering (BXDS) sector

The lower energy diffraction and scattering
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WLE beamline WAXS (XRD with area detector) Biopolymers for bandages

Youchao Teng, Yimin Wu, U. Waterloo

Measure WAXS, voltage and current

Highresolution powder diffraction while stretching (& 100 N)

J. Reid. svnthetic bone compound

CMCF U Peak shape analysis
WLE (\ U Complex mixtures q
i Complex structures ‘
4.|9 5.|0 5.|1 e
q (A% ey
U Texture on surfaces
IBM (rapid thermal U Degree of orientation
annealing to 1100C) 3 Z"p‘;gjﬁ!;gy
U Thin film studies: XRD, resistivity,
roughness, under ultraigh purity gas
Ru/Si - 0.7 °Cls
2.0 ! R
2.1
=22 i
% 312 Ru 'RuSi RusSi3 SAXS/WAXS SAXS has been running since February 2021

2.9 L —

3.1 No dedicated SAXS beamline at CLS

100200300400500600 700800
Temperature [°C] 4
S. Dey et al., J. Vac. Sci. Technol. A 35, 03E109 (2017)




X-ray scattering

Collimated,
monochromatic
X-rays

Measure the scattered
intensity at every &

Photoabsorption T=1/l= e H") 0
G9fladA0e aolF GUSNAyY3
no wavelength
change
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From scattering to diffraction

Collimated, <
monochromatic
X-rays I‘-.I

N} 33¢€

Constructive interference channels
/ attered intensity into specific directions

RAFTFNI OGA2Y

X-ray scattering and diffraction reveals structural order within materials
on the atomic to 100s of nanometer length scale
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What is SAXS all about?

<= 2dsin
********* 4.00 keV (0.310 nm)
{GFNIAY3 FNRBY LERSRSN 100 8.04 keV (0.154 nm, Cu Ka)
k 17.4 keV (0.071 nm, Mo Ka)
JUUPE— - AN e | e 30.0 keV (0.041 nm)
’!J' \‘k“ —_
X-ray { > X-ray E 10
source 0.%_ _’I,getecmr ;
i —= |
\ Sample T __’f 1
"1‘ stage A
L1 S
\\‘ __z”
Tem————n - 0.1
0 1 2 3 4 5

20 (degrees)

SAXS is generally 20.05-5°

Probe relatively big things €150 nm) bymeasuring elastic-Kay scattering at small angles
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Thenanoworld

Atomic distances,
spacing between
planes of atoms,

bond lengths




How is SAXS related to otherrdy diffraction techniques?

Metallic NPs 105 4
R. Scott, A. Stevens, U. Sask.
»
D=3 nm c
5 4
10 D=23nm 3
)
~—~~
2 2
c 7
o C 103_
N’ —
2
'<7, s Chocolate
c 1 A.G. Marangoni, U. Guelph
Q |
[t 10¢
c
102 4
Protein and sinle crstal XRD
Q (AY 1072 10 X-ray powder diffraction
d (nm) 62.8 6.28
2' (°) 0.108 1.08

- Intensity vs. Q < 1 1 1 1 1 1 >
- log-log plot ' y . ' ' '
Q (&Y 0.000603 0.00603 0.134 0.67 5.87 9.87
<o0g19A d(nm) 1042 104 4.69 0.938 0.106 0.0637
(15.1kev) 2d(°) 0.0045 0.045 1 5 45 80
Nanoscale Atomicscale
Inter-molecular distances and packing Inter-atomic distances, bond lengths,

arrangements, particle size and shape nearestneighbor atoms

% Canadian Centre canadien Crystal structures with atomic resolution
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Applications

o
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Q Self-assembly
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Amphiphiles
Drug delivery,
Pharmaceuticals
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Doxorubicin
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MPEG-DSPE Liposome

Amphiphiles

Cylinder

Toroid

Bilayer

RSC Adv., 2020, 10, 4288115

Micelles,
emulsions, 3
AdzNF I Ol yiax

Cellulose
Collagen
Chitosan

Proteins
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Food science

_Amorphous

S. Perez and E. BertdBtarch201Q 62, 389- 420

Biomacromolecules

Muscle

Fascia Muscle  Blood
fibers  vessels Filament

lattice

https://www.techexplorist.com/scientistsnvestigatedpork-fillet-x-ray-light/11572/

1) Packing, ordering
2) Size, size distribution
3) Shape

All kinds of nanoparticles

(a) (b)

<« Al/IF —

& PbS-TBAI —>

“— PbSEDT ~

¥~ pDTPBT —
=~ |TO/Glass —> RN

M. Yuan et al., Adv. Mater. 2014, 26, 352319

Nanocporous materials

= Geology
N =

<

Batteries

Zeolites

M. Liu, Z.M Hudson, UBC

K. Lu et al.J. Mat. Chem. 017, 5, 2396023966



SAXS is highly complementary to microscopy

Neutrons

X-rays

Tomography

|sas UltraSAS

Atom Probe

M. Yuan et al., Adv. Mater. 2014, 26, 353319 10 nm® -
1 nm3 -
G.ftAYR YSYy FyR Fy &t 1nm 10nm 100nm 1lum 10pym 100pum  lmm
o Resolution
- FOV decreases as resolution increases
B.R.Pauw J. PhysCondensMatter 25 (2013) 383201

- Observe a small fraction of the complete sample at a time
- Challenging sample prep at smaller size
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U SAXS provides nanoscale informatiweragedover the beam volume (~m#h
U Complementary info: shape, folding/unfolding, assembled state in solution
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Instrumentation, sample prep, data collection and reduction
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How to measure small angle-bay scattering?

Lab source
Anode hole Magnetic lens
Heated cathode = Anode target
cated cathode = - node targe

X-rays

Synchrotron

1) Special instrumentation required for SAXS

% Canadion Centre canadien 2) SAXS instruments are long!
' Light de rayonnement
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SAXS instrumentation basics

||||||Hr\
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Acceleration

A Highly collimated hard-¥ay beam (multiple slits)
- More flux (better SNR), weakly scattering A Large area detector witheamstop
objects (organics/biology)
- Better g resolution A Space for >2 m sample to detector distance
- Time resolvedSAXS mapping A
A

- Choice of many wavelengths Some ability to change detector distance (SAXS/WAXS)

All or most components in vacuum

Canadian Centre canadien
' Light de rayonnement
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Dedicated SAXS beamline, new for 2022

p ST ST S

State of the art instrumentation

P. R. Willmott, 2022

CATERETE beamline @ SIRIUS
Campinas, Brazil

4™ gen synchrotron, 88 m source to sample
Modern large area detector witheamstop
0- 28 m sample to detector distance

All components in vacuum, no windows
from source to detector

Canadian Centre canadien
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SAXS user facilities in Canada

SFU i

"

7 —i |
Tl

SAXSLABanesh800XL+

https:/iwww.4dlabs.ca/ourcapabilities/equipment/smalanglexray-scatteringsystem.html

U. Alberta

U. Toronto

Bruker D8 DISCOVER Plus

https:/iwww.nanofab.ualberta.ca/2023/news/saxs
gi-saxswaxsare-availableon-bruker-d8d-plus/

AntonPaar SAXSpace

https://lab.research.sickkids.ca/sHacility/saxs/
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SAXSLABanesha

http://airen.bcm.umontreal.ca/biostr
uct/scheduling_saxs/

CLS Anton Paar SAXSpoiri2.0

https:/iwww.mcgill.ca/mc2/instrumentatio
n/x-ray-diffraction/saxs

McMaster

MacSANS Commissioning begins mitily 2024

MacSANS Overview
Source-to-Sample 14 m
Sample-to-Detector 2 -10 m continuous
Peak Thermal Flux on Sample  104- 105 neutrons/cm2/s
Neutron Wavelength 2.6-23Aat ANMA~17%
Detector 100 cm?at 0.9 cm

0.005<Q<1.25 A1

0.6-125nm '

15

Accessible Q-range

Structure Scale

https://nuclear.mcmaster.ca/neutrosbeams/




CLS SAXS instrument

detector

A
X-RAY
. SOURCE
3 pinhole layout
Radius R, R, R,
Lt L2 Ls Detector

Figure 4
Schematic layout of a SAXS pinhole camera.
J. Appl. Cryst. (2004). 37, 3880
Canadian Centre canadien
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low parasitic scatter

Cross section of the hybrid blade

hS N
- i t Si (100)

Brass

BEAM_IN

> B
Y. Lietal., J. Appl. Cryst. (2008). 41, £1339
N.M. Kirby et al., J. Apfliryst 46, 167Q1680 (2013)

1) Beam defining slit
+6.1m
(2.00 mm x 1.00 mm)

2) Antiscatter slit
+0.9m
(0.25 mm V x 0.50 mm H)

Small air gap for sample (~35 mm)

16




CLS SAXS instrument

N
1.10164826sharea.S051.N051.068878_012.tif

ok iy
j Just%ir_155.5054.N05

Small air gap for sample (~35 mm)

< r M®HC )E_m_ O pdy e £ D B £ OdzdzY (i-87008) O XK M~
0.658 A (18.8 keV) % 150 n Beamstopwith photodiode
o e -20m
Q ~0.00% 0.5 At i | (4.0 mm)
d~125¢ 1.25 nm ' [

H ‘~0.05¢ 3.7° (see website) ., | -

Canadian Centre canadien
g Light de rayonnement : . - : . L 1lo
Source synchrotron 0 50 100 150 200 250

Image x-axis, mm

MO®pé YILII2Y B6AYR26 OMm
~2100 pounds
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CLS SAXS instrument

New for next cycle (Jalune 2025)

New table
- Easily go between SAXS and WAXS
Oimirn, from 0.005 Al to 0.003 Al

OptionalEiger2 detector
- Strongly scattering samples
- Dynamic processes (siecond)

HPLC system
- Size exclusion chromatographgupled SAXS

Canadian Centre canadien
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Sample preparation and mounting

Transmission Grazing incidence

Freestand|ng, qual’tZ Cap”lanes, or on tape One 30 s exposure for each, not background subtracted

Thinflat films on Si wafers, or glass slides
Min ‘ step = 0.01

(2
10% 4 C\(\’@Q May 17, 2024
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10! 4

100 4

10-2 10-1

q (A

[ £ OdzE 0SS GKS GNlyavyArAaarzy 2F @2dzNJ a4l YLX SX wmkS .
Bring blanks, Bring a range of concentrations

Bring a sample where you know what to expect
Canadian Centre canadien . .
/ Light de rayonnement MUST buy your own Caplllarles

Source synchrotron 19




Sample preparation and mounting Operando solar cells
(sunlight, humidity, temperature) Liquid flow cell and syringe pump In-situ spin coater
(soon with heating)

We are flexible!

Multi-sample transmission

Helium box withLinkamheating and cooling
(-193- +350C)

AutomatedmultisampleHelium box
for GIWAXS, also with mild heatlng




Detector acquisition and calibration

During your beamtime, notehe wavelength, the
approximate detector distance, and detector details

Just%ir_lSs.SOSd.NOS1.101648265harea.5051.N051.068878_012.tif

Acquisition time: 1 s90 s
o 16 bit tif files (33 MB)
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0.5380 1.168

GSAS L RSY23 da/FEftAONFGAZ2Y 2°

W GSAS-Il project: <unnamed project>

File Data Calculate Import Expert | Calibration Integration Parms | Help
- Loaded Data: Image Controls:
- Motebook
Controls Type of image data: | SASD - small angle scattering data | Color bar Greys w | Azimuth offset | 0.0

.. Covariance

. Max intensi
- Constraints K .
- Restraints Min intensity l:l '

Rigid bodl.es Auto scaler ? « | [] Show line scan
= IMG JustAir_15s.5054.N051.1

Comments Calibration coefficients Integration coefficients

mage Controls

Macks Beam center X 154.481 Bin style: Constant step binsin | log(q) ~ [] Pink beam source?
Stress/Strain Beam center ¥ 156.736 Inner/Quter Q | 0.464 | 4,494

MG AgBehenate_calibration : _ 0.0
e [IWavelength™ 118178 S iadeamuth [po [

mage Controls Distance Mo. 2-theta/azimuth bins | 2500 | 1
Masks Show integration limits? | Do full integration?
Stress/Strain (2 2oty Use for allgnew images? Azirnuth atgbin center?
[ Tilt rotation* Apply sample absorption?

] Apply polarization? Value (0.001-0.999) IE
Dark image ~ | multiplier II
Background image ~ | multiplier II

Gain map ~

Calibration controls:

Calibrant | Ag behenate we| Calih linectn ckin (0 ws | Bdin calih d-cnacina | 16 0
Min ring I/lb| 1.0 Calibration  Integration  Parms | Help
ontrols; Copy Controls
Copy Selected
mage data: | SASD - small z Save Controls
nsity | 532 Save Multiple Controls
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Data correction, and reduction to 1D plot

Image x-axis, mm T
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5 tips for a great data collection experience

log(Prog™®' |
1) Know what g range you want, and include it in your propoA&. '
can tune theendstationto your problem. 105
2) Know what your data should look like. Find published examples,
and bring a known good sample
m
3) Getin contact ~2 weeks in advance. § l 9x107 10 2x102
S 10¢] | QA™
4) Choose quality oveguantity: Work up data as you go alongheck = : :
for radiation damage at the start, many blank measurements. @ : Ten 30 s exposures |
2 | |
5) LG Q& @2dzNJ SELISNAYSY (o = . -
- I I
| |
1034 ! |
: Lipidpolymer micelles in solution :
: D. Marquardt, U. Windsor |
|

1072 107!

O!A-l

Canadian Centre canadien
' Light de rayonnement
Source  synchrotron 22




W

Data analysis with examples
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Origins of the SAXS signal

I(Q) = S(Q¥xP(Q)

S(Q)is thestructure factor

- Inter-particle interferences

- High concentrations (>5% vol.)
- Ordering/packing of particles

P(Q)is theform factor

- Intra-particle interferences

- Low concentration (dilute limit)

- Sizelpolydispersity/shape of particles

Canadian Centre canadien
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Intensity (counts)

10° 1

104 4

103 4

102 4

Intensity (counts)

SAXS PXRD

Chocolate
A.G. Marangoni, U. Guelph

105

104

10°

102

T T
107! 10°

O.A_l

Metallic NPs
R. Scott, A. Stevens, U. Sask.

Analyzing the whole curve
d =23 nm Au

102 101

~An extension of PXRD
Looking for and analyzing Bragg peaks
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