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Desire to understand and control structures




Interactions of Probing Particles with Materials
for structural understanding

™ Hierachical structure of matter

Molecule@atom@nucleus@quark Scattering Tools for structural study

X Interactions types

(1) Strong interaction — nucleus distribution
(2) Weak interaction — quark distribution
(3) Electromagnetic interaction

Charge distribution

(4) Gravity — mass distribution

* Sensitivity of Probes
(1) Characteristic length of the probe

(2) Penetration depth (Absorption)
Buried structures (photons, electrons, X-rays)
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small-angle X-ray scattering

(SAXS)
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Basics ofi X-ray & Neutron scattering,

based on the wave properties of the radiation gquanta

\ 4 A 4

Incident Waves exp(ikr)

Illustration of Neutron/X-ray Scattering by a single particle

® Qer — Phase difference between the scattered beams
® Q =4zsin(d?2)/A = Momentum transfer of neutrons/X-rays

® (= scattering angle



“Q- (or angle-) dependent’ Scattering Differential Cross Section,

jeiQ'rV(r)d3r

for the scattering distribution 1(Q) = I, (do(Q)/dQ)
|

o
Scattering Potential (or density distribution of scatterer V(N = Z,— 0;6(r ;)
describes the interactions between the probe and the scatterer

d§§)=<f e”<°fV(r)e—ik"fd3r2>=<

bj . Interaction strength or scattering amplitude (length) of the scatter
(electrons for X-ray, nucleus for neutrons)



Q-dependent Scattering intensity

jeiQ'rV(r)dgr

(@)= e v |

|
(1) When 1(Q) is modulated by periodic phase difference

» Bragg scattering from periodic structures = Q e (ri-r;) = 2nz

Arrange the object to be in an ordered structure
for observation - crystallization



(2) When there is no periodic structure :
1(Q) i1s modulated by the density distribution function only at a
small Q region (small scattering angle region) with slow phase

variation Q e (ri-rj) << 1

doy

I(Q):dQ <ZZbibje'Q0(ri —rj)> :Up(r)e—iQord 3r‘2
I ]

Summation of each individual atoms b; is replaced by an
Integration of an approximated density distribution function p(r)
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Small angle X-:ray scattering for

soft materials, lack of long-range ordering but rich in nanostructures

Q) =i pr)e " rd*|

SAXS or SANS in search of nanostructure described by a mean electron or

nucleus density function p (I)

Practical steps:
(1) Measure the scattering distribution in Q-space, 1(Q).
(2) From I(Q), deduce p (r) by model simulation

(Inverse Fourier transformation for p(r) is hindered by the lack of phase
information)



Correlation between the instruments (Q-range covered).and the

characteristic-length-scale-D probed :+Q ~ 1/L
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X-ray source for scattering

Introduction of
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Traditional X-ray Source
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* Single characteristic wavelength
* Flux~ 10 photons/s
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Synchrotron’Radiation X-ray. Source

Principle of Synchrotron Radiation Emission

[ SMPW-1 (3.5T / 27 pole)
[ | WZ20(1.8T /26 pole)
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Bending Magnet

Storage
(1.51 G

Beam

\ SWLS
Synchrotron 6T / 1 pole)

Radiation

[ Bending

0 5 10 15 20 258 30
Energy (keV)

Advantage of using Synchrotron Radiation X-ray
* High Flux 3x10" photon/s (fime-resolved measurement)

» Tunable wavelength (anomalous scattering for multiphase structure)



B R B Z$BHFIFT T P &

National Synchrotron Radiation Research Center

. . . . . . . .
- —l— ———l e ———( e ——— e ——— e ——— e ——— e —— ] —

TRICERTRAS-SRATH - =2-WE500RE - TR TANAT - dreail
FHEN - TEEREET

ASAT TRUNIT AR - LAV LLE | =it
REFEAT - ARNACIMEs SAE 0D A8E

- T L I’

*
-
Iut-u-ll"'.'.c
. -t-u--"".




0&B DiggrnosticBeam stability
08A SpectrozcopyPES ARPES XP S PAS A1)
07B Planned ¥+av Beamline
07A Planned ¥+ay Beamline

0SB Magnet. study SRPES (B1),PEEM [B2).MCD(B3] s
054 Magnetic soatt. spectroscopy SHES(A1) | &

04B Spectrozcopy:PES PAS(B1)
048 DisgnosticBeam size, Stability

Beamline Humbers

B R B $-$EAFFT R P &

National Synchrotron Radiation Research Center , Taiwan

SpedrJ/Micoscopy SPEM (AT HPS HAS (A2) 094 31.5 Gev Storage Ring
e s, ms w0 120 M CIrcumference

e 12 TOtal 32 beamlines
< 6 Insertion devices

P rotein C rystallogrsphy (B1) 13 B
Protein Crygtallography (1) 13 C

Planned X+ay Beamline 154
Spedroscopy. (M EXAFS (B1) 15B

03A SpectroscopyPES P AS (A1,A2) 1 TD Beamlines

01C EXAFS(C1), P owder Diffraction (€2)
01 B Diffraction, Scattering (B1)
014 Xraylmaging (&1)

+SP12B (5Pring-8)
-SP12U (5Pring-8)

248 Spedroscopy(ARIPES MAS MCD (A1,42)
23B Flanned ¥+ayv Beamline .
23A Planned ¥+ay Beamline =" .--';;""\

21B Atom Molecule (AR IPE S ®P S (B1) P A5 (B2)
21A Chemical Dynamics (A1 ,A42)

-Bending Beamlines :

-Planned Beamlines :

e gl raneaseanne 62 @ 11 X-Fay bDeamlines : - --
1 Gapam - Power X-ray diffraction,

(Japan)

EXAFS,

General X-ray scattering,
X-ray microscopy,
Soft-X-ray scattering

Diffraction, S cattering (A1) 17 A

Scattering Diffraction (B1) P (B2) 17B
Spectroscopy (MIE AFZ (C1) 17C
DiagnosticBeam stabilty 184

Wicro4m achining (B1) 18B

¥ay Lithography (A1) 194

F hoton Stimulated D ezorption (B1) 196
Spectroscopy,PES KPS MCD Xas (A1) 204

PRTAMTHUTHKUXMIEX AFS SA% (B1) 20B

~—— Bending beam lines in operation
—— ID beamlines in operation

~—— Under construction
~—— Planned beamlines

B R/ S 8B HIHT R P < b

National Synchrotron Radiation Research Center

< 3 InAcroma
—-#-——-+-——-——=e—=mm== Syperconducting Wiggler
ﬁ to be installed for X-ray
& applications

{A1,....) End-station




18

-
@
=
qe;
fd
G
D
&
2
e
fd
(p)
=
[®
b
)
q
7
)
X
<
)




ESRF 1D2 SAXS/WAXS beamline scheme
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Small- & wide-angle X-ray Scattering (SWAXS)

end-station‘at BL17B3, NSRRC

Sample

(1682.4 mm) vertical & vertical graphite

horizontal slit collimating filter ~ source
" mirror

18 mrad

vertical
focusing double crystal r— —— I—H—ee—.
mirror monochromator ver'!ical
| | | | | Slllt | %\)
36.0 25.6 23.9 21.9 12.3 109 10.5 Om

Advantage of using Synchrotron Radiation X-ray
* High Flux 3x10' photon/s (fime-resolved measurement)

- Tunable wavelength (anomalous scattering for mulphase structure)
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Schematicview of the SWAXS
setup'at BL17B3, NSRRC
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SAXS Activities at NSRRC _ = -

Polymers

Nanocomposite

Biomolecules

Multiphase
nanoparticle

I A
I.
I-..
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Practical Consideration for Doing SAXS

 What Q-range is interested?
E>Smalleeror Iargerdlmensmn Q 1/L
Rules of thumb —

1. Lamellar spacing of L, Qg = 27/L
For L = 10 nm, Q,., = 0.628 nm- for the first peak.

2. For general aggregate or particle size estimation
Guinier approximation for radius of gyration
1(Q) = 1(0) exp(-Ry*Q?)

(QRy< 1)

For particles (aggregates) of size R, = 5nm

The target SAXS Q-range should include in Q-range smaller than 0.2 nm-!
25



o SAXS Intensity Considerations

|(Q) oc (Ap)2 = (p pmatrlx)2

Ap : contrast, (product of charge density difference and scattering length b)

* For water, scattering length per unit volume or scattering length density p

Molecule number density b

!

- LOL9Tem3] 6 62 «10%[mol./mole] x (10" x 2.82 fm)

~ 18[g/mole]
=9.43x10° A2

No. e-/molecules

» For organic or bio molecules of density close to unity, p ~p e
= Contrast is low
* For polymers of CH, chain mainly, p = p e

Scattering intensity increase when the density changes due to partial crystallization
or density fluctuation 2




Sample geometry con5|derat|ons

* The optlmum sample thlckness

I(Q) = tT® (dZ/dQ)A(AQ)ey,
t: sample thickness, T: sample transmission
dI(Q)/dt =0 = T=exp(-ot)=e?! or ot =1

o: linear absorption coefficient

At photon energy 8 keV,
O\ater = 9-81 ct, 1, =1 mm
Oiojuene = 3:9 CMH, t0 (= 2.6mm

Opye = 6-2 cm- ,tot—16mm

oo =ik .
cypolyethylene 3.4 cmr ! I:opt 2.9 mm

Watch for heady atoms, for instances Cl, embedded in samples
They attenuate X-ray significantly.

* Sample lateral size can be few mm by few mm,
to cover the whole incident beam size, typically 0.5 mm by 0.5 mm

Pt



colleidal solution containing monodisperse particles

1 (Q) =n,P(Q)S(Q)

——a-——--——-f-— ——-f-— — —-f-—— —-f-———f-— — —f—-— — —f—-— — —f—-— — —f— — — —f— —

n,= N/Vs : Number density of particles

P(Q) : § ,p(nd3r, Particle form factor (intra-particle interference)

S(Q) : Structure factor (interference between scattering particles)
1Q-(R: -R .)
1 /NN |
SQ)= <z >ig J >
]

i jo‘” 4712 (g(r) —1)(sin(Qr) /Qr)dr

g(r) = (1/<p(r)>*)p(r')p(r'-r)d’r = pair correlation function
[s(0)]" = (L/kpT)(0LdOny) = 1 + 2 Byn, ; (related to compressibility)

B, = the second Virial coefficient o5
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Guinier approximation for size information

A Partlcles of |rregular shapes

Q) = I, exp(-Q°R?/3)

C60 ionomer aggregate |

Ln(Q) =-(BRAQR2 - ¢ BEERI

(Guinier Approximation)

In(1(Q))

For spheres of uniform density p

R2=47p| (r?)rdr = (3/5)R?

g 0.000 0.005 0.010 0.015

Q%A%

3V



Ceol(CHy),SO;Na]e tix o -HEA7 | B XA YT
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% Pair correlation funciton
d'(r) oc r° = exp(-r/ &)

*  S(Q) for fractal structure
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