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What is small-angle scattering?

Kkf
. O —Tm Je=
U k; Nanometer

L . ) ] Scale science
* Constructive interference from structures in the direction of q

scattering
20=1°,d=401A

— 0 -2°. 4=201A
ﬁ 20 =5°,d = 80.3A
20 =10°,d =40.2A

20=20°,d =202A

small angle scattering:
20 <5°

* Diffraction length scale

20=30°,d=13.5A

20 =60°,d =7.00A
20 = 120°,d = 4.04A

» Scattering is at small angles - non-zero diffraction
but smaller than classical diffraction
angles
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© Towards Nanometer Technolo

Courtesy of S. Choi, KAIST

Natural

1 nanometer
old Neutron ‘ Neutron

1cm 1mm

Microw
“S soft x-ray x-ray

10-2m 10-3m 10“*m 10°m 10m 10'm 10 8m 10°m 10-9m

Electron Microscopy (destructive)

< —)  |n-situ analysis : Neutron & X-ray

Nanotube electronics
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Information obtained by small-angle
scattering experlments

R, (Q); |nformat|on§
ok '

T T T T L._

latex-H/D,0, R = 560 A
latex-H/H,O, R =550 A
m latex-H/H)0O - L con

wH (I ETIT

© Information obtained frofn

Scattering experiments q/A’ Q; “ruler”
Structural Information Ex. SANS function from
size, Ry, Ry, a polystyrene latex (PS)
shape,
volume fraction, ¢
orientation,

domain distance, d
fractal dimension, D
miscibility,

specific surface, S/V
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Methods of nano-structure characterization

Electron microscope
Atomic/scanning microscope
easy,
local structure, surface, ...

o= gJ..iﬂ.l/
—— ]

-

Light scattering
mesoscopic structure,
size distribution

X-ray scattering

(lab.): easy, weak intensity

(SOR): limited-machine time,
radiation damage

s SRR
e 3GeY 70O

Neutron scattering
» Rl P limited-machine time,
Ty T low resolution (SANS),
53&.;:&;;;& SANS (J-PARC/JRR-3) large contrast (H/D, magnetic)
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Why Neutrons ?

‘ Mass No Charge  Spin 1/2 I

O No charge —> Deep penetration

Wavelength ~ 1&, nm —> Atomic length scale
(thermal & cold neutron) & Nano length scale

basic excitations in solids
(solid state physics)

@ ‘ Energy ~meV __, Same magnitude as

* Spin =1/2 . Magnetic structure &
dynamics

(solid state physics)
@ @ Interacts with nuclei —  Contrast variation
(soft matter)
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Incoming plane wave

A

—

Scattered spherical wave

Young’s Double Slit Experiment

Interference Pattern

1. Wavelength of the incident wave, A
2. Distance between the slits, d
3. Distance from the slits to the detector, L

—

»
»

A
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Neutron Scattering

Young’s Experiments with Neutron Wave and Atoms

Incident Neutron Wave Atoms Detector
(counts neutrons)

.>>> ‘
R .>)> /

W >
Letls focus on\herel \

9

12
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f Scattering by a single nucleus Scattered

A wavevector
y 1 k Scattered Spherical Wave
incident out . b =
inciden ik, 7
wavevector / P el Ve =€

—_ _— - r

k in / / e b = scattering length of a nucleus

— > .

\\ )//\'/ X (3) Scattering length
\\TA |
. \ >\ Scattering center F=0)=¢' k0 1
(2) Scattering vector = atr=0 Vine (7 =0) =
\
7 lolE _k_27r Incident Plane wave If scattering center is at 7 = R
in| — |Mow | — ™ T, -
_ ik, T ik, R —b ik, -(F—R)
(elastic scattering) Wine = € Vear — € =€ ™
r
~ (1) Scattering cross section
No. of incident neutrons passing through unit area per second D = V|Winc =V V: Neutron velocity

No. of scattered neutrons passing throu V‘W -

O ol = j £9 40 = 4np?
do  No.of Neutrons Scatrerea pcr STC. IITO Us 2 V‘l//scat dsS _ v b*> dQ B
dq) O1:[@) vdQ vdQ

2 b2 .
dS =v dS =vb dQ

I"

bZ
1




Scattering by Many Nuclei ¢ ,° "

The scattered wave from many nuclei located at Ej

—

W _ Z eikin -I_éj Yy ik (F—R ;) _ ik, T Z o b] e_i(lgout_kin )R,
scat - — . —
) PR, 7 F-R)
(1) Scattering cross-section
Therefore
2
2
do- _ V|wSCle dS _ dS ik - b e_i(Eout_Ein)'Ej

ik, 7 J
0 vae —aaf X e

_ dsS
If we measure far enough away so that r>> R; then ‘? — Ri‘ ~r dQ =—-
r
F 2 — 2
O _ 'iQ‘I_éj . 'ié'(jéi_iéj) Kour T — 1
g0 ije = Zbibje
J Lj
where the wavevector transfer Q is defined as
0= kout — kl_n (2) Scattering vector 14
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(2) Scattering vector

Scattering vector Q

|

=~

in
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Scattering vector Q

(2) Scattering vector

. ~ — For elastic scattering
Q — k out k n - — 2
kin — kout — k = 7
kout e . H
~ Q‘ =2k sin —
0 0 :

. 47\ . (O
ki Q—(ﬂsm@

Note: The dimension of Q = 1/Length

2 27
0=" o d==Z

d O 16
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(1) Scattering cross-section

Differential Neutron Scattering Cross-Section

dG — —i(j-ﬁj
10 (Q) = ije

o = total scattering cross section

(2 = solid angle

O = scattering vector

bj = coherent scattering length of atom |
R . = position of atom |

17
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Neutron Scattering : Fourier Transform

(1) Scattering cross-section
] Differential scattering cross-section

d_(T =S —iQ-fej2
- o]

J

n(r)= Z or — I_é]) : Atomic number density

Dirac delta function
j SE)d7F =1

J 7#)S8E-Rydr = (R)

J —
Paa(r) = Z b;6(r — R,) : Scattering length density
J

FT{py(F)} = [ pus(F)e™@7dF = [ > b, 5GF —R e O dF =3 be "
J J

Z,I_g (Q) = <Hpsld (F)e_ié'?df

)

18
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Scattering Length

(3) Scattering length
(] Neutron Interaction Potentials
Nuclear Interaction 27h?
(Neutron-Nucleus) Vy(r)= - byo(r)

n

Magnetic Interaction
(Neutron-Unpaired Electron) Vi (1) = _lf ' ]i(r)

| \B-field induced unpaired spin

Magnetic moment of neutron

] Scattering length, b

—

Fourier Transform of V(r)

b= V(Q) | |
2 Pauli operator Magnetic form
27Z-h for n(?lzltrotl gfalcttor
| '
b:bN +bi4 :bN +W86'§J_f(Q)

Spin C(I)mponent 19

erpendicular to Q

Nuclear Magnetic
Lecture note; M. Shlbp ayama, AONSA Neutron School, Nov. 2018



© Scattering Length Density

(3) Scattering length

] Scattering length density, p

n

2.5

p— J_
P=7%

b =~ bound coherent scattering length of atom j

)/ = volume containing the n atoms

g 0.65 H.O + D.O ] Contrast variation
= (1:1 volume)
= 3.05
= - bound coherent scattering length (1013 cm)
—
2 | mo by=-3749fm  bp= 6.671 fm
0 .
] 20
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Calculation of scattering lengths

(3) Scattering length
http://www.ncnr.nist.gov/resources/n-lengths/

Ex. benzene CgHg

b = bmolecule = E ribatom,i bbenzene = 6b gt 6bc
i
= 6x(=3.739x107°) + 6 x (6.646 x 1071%)
=17.442x107"°[cm]
[sotope | conc Coh b Inc b Coh xs Inc xs Scatt xs Abs xs
% fm (=10"13cm) fm barn(=1024cm?2) barn barn barn
Scattering
Coh. Scatt. Inc. scatt. Coh. Cross Inc. cross cross Absorption
isotope Conc. length length section section secdtion cross section
H === -3.739 —— 1.7568 80.26 82.02 0.3326
H 99.985 -3.7406 25.274 1.7583 80.27 82.03 0.3326
2H 0.015 6.671 4.04 5.592 2.05 7.64 0.000519
C — 6.646 — 5.551 0.001 5.551 0.0035
N = 9.36 — 11.01 0.5 11.51 1.9
i 5.803 i 4232 0.0008 4232 0.00019
b Ocoh Oinc Og O3

Q: Calculate the scattering lengths of light (H,0) and heavy (D,0) waters?2"

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018

21



;“*z :
b\ http://www.ncnr.nist.gov/resources/n-lengths/
NIST

Mationod insiitute of

NIST Center for Neutron Research DRI o Torhentony
Home ICP Experiments UserProposal Instruments SiteMap

Neutron scattering lengths and cross sections

(3) Scattering length
Neutron scattering lengths and cross sections
Isotope| conc |Cohb | Inc b |Coh xs Inc xs|Scatt xs| Abs xs
5 0 e e H —_ -3.7390 (— 1.7568 |180.26 |82.02 0.3326
=) e 1H 99985 [|-3.7406 |25.274|1.7583 [80.27 (82.03 0.3326
2H 0.015 6.671 1404 |5592 |205 |(7.64 0.000519
SR 31 [(1232a)[4792 104 [289 [014 [303 [0
Ce Pr Nd [CQIumn [Unit[ Quantity
™ Pa U [1 I— [Isotope
’2 ’— [Natural abundance (For radioisotopes the half-life is given instead)
NOTE: The above are only thermal neutron cross secti E—{fm lbound coherent scattering length
dependent cross sections please go to the National Nu [4 ’fm [bound incoherent scattering length
Select the element, and you will get a list of scattering | ’5 ‘barn lbound coherent scattering cross section
Feature section of neutron scattering lengths and cross [6 lbarn [bound incoherent scattering cross section
No. 3, 1992, pp. 26-37. 7 ’barn [total bound scattering cross section
The scattering lengths and cross sections only go throu [8 E)am Labsorption cross section for 2200 m/s neutrons

) : Note: 1fm=1E-15 m, 1barn=1E-24 cm”2, scattering lengths and cross sections in parenthesis are uncertainties
A long table with the complete list of eleniviis arw svwpes B aru avanave.,
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Neutron contrast

D,0
Yo
100 —
J 9 [—
S |-
A 70
&) - J
50 —
\ =/
30
N<a|
N0
0
H,0
labeling Contrast matching
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Coherent and Incoherent Scattering

The scattering length, b;, depends on the nuclear isotope, nuclear spin relative

to neutron spin. For a singl |
0 ncutron sp L ﬁangn% HI}%tcuzﬁ}(l)rsl’due to isotope and spin

b, = <b> + Ob, where 0b, averages to zero
bb, =(b) +(b)(Sh, +5b,)+bSh,
Note: <5bl> =0 and <5b,.ébj> = O unless1 =
Ifizj, (bb,)=(b)

Ifi=j, (bb,)=(b)=(b")=(b)" +(b>) ——>(ob’)=(b")—(b)’

Therefore,

po)-ereafer-en) (@l = (Rl + (&)

;Z'_g _ <Zbibje-ig.(ﬁlﬁj)> _ Z<bibj >e-@.(§i—ﬁj) _ <b>2ze-@.(ﬁi—ﬁj) n N(<b2> —<b>2)

i,j i,j i,]

Coherent scattering  Incoherent scattering

- scattering depends on Q 24

- contains structural information

Lect Nov. 2018
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Scattering from Dilute, Homogeneous Particles

V P o matrix
p scattering density

a\ homogeneous particle O

with scattering density, Pp

d2(Q) a7 g=f
= d
dQO !
Number of particles\;N . | 2

e PO N il et dr
V(/’:" p) Ve ly oS
Contrast Factor Particle Shape
|F (Q)‘ Form Factor
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SANS from oriented dilute particles

(@ o FQf = - [ e s

I(é) probes structure in direction of (3

1
Length

Q- r=0rcosf v}

oC

e C v Ga LK
- - 20

ki =27/4 k,
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SANS from randomly oriented particles

Guinier Approximation for Low-Q Scattering
- / average over orientations

dZ(Q)

1(Q)e jp(r)e'Qfdr

sin(Q[f — 1))
Q-1
= L_[ P(EIP(F) (€4 dF dF’

Vo

= %'U.P(i‘)d'fju [1— %QzRé J}

e

-=Q°Rg
=L 0)e° when QR <1, Guinier law

1 — —=r[2
~1—==(0QF =T +...
S(QF-7)

jp(f)rz dr
J-p (t)dr

where R =

and JP (r)rdr =0

defines
"center of mass"

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018 28



Guinier Radius, R,

Guinier Radius, Rg
- rms distance from "center of scattering density"
1) Spherical Particles

| o(T)r’ dr ‘
» RS;ZQrZ}:I —— =}
"c.m."” J.p( r) dr ~
2) Cylinders (Rods or Disks)
12 q2
Re="0y—
“T127" 8

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018

29



Guinier Radius, R,

3) Ellipsoids (major axes 2a, 2b, 2c)
2b 24

l o 3 l,3 .2 2
2¢ RG:g(a +0" 4¢7)
p.4

4) Gaussian chain

Ré _ l]? ]? _ average square of
6 the end-to-end
distance

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Scattering intensity from ellipsoid of revolution
Sphere (v=1)

Scattered Intensity from Ellipsoids of ’4_.‘
Revolution of Axes 2R, 2R, 2vR 2R

T o L ......... ﬂ ............................. .............................. .......................... = 13

Oblate Ellipsoid (v = 1/10)

06 __ .............................. Guinier .. s —»| le— 24R

:Approximatison r ﬂ
:_ 244 R [
_ \

'

Prolate Ellipsoid
(v=10)

3 34 R

v

———=

? [ «— 34R —¥
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Guinier Approximation

[ 5.z
_-R2Q?
Guinier Appoximation: [(Q) = 1(0)e 3 o

Guinier Plot In[I(Q)] = In[1(0)] - QR /3

|(0)
\\<_slope =-Rg /3
- I(Q) l o Qmax RG < 1
Qmax

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Extrapolationto Q=0

2

1) PR ( | p(r)dr]

dQQ 'V
N 2 v for N uniform particles
vV (Pp - PD) p in volume, V, each with

sld p, and volume, Vp,

Expressing in terms of

¢ (molecular concentration) [mg/ml] = N/O VP
My (molceular weight)= pV,N, N4
d2(0) cM,, 2 N , = Avogadro's number

iQ ~PN, (PrPe)

p =mass density

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Particles having a size distribution

1[(Q) JN(R)Vi(R) F(Q,R)I dR

. Weighed by the square of the particle volume!
N(R) - Number of Particles (Spheres) with Radius R

V,(R) - Particle Volume

Guinier Plots of Scattering from Spherical Particles with
mean radius, R, = 100 K, and a Gaussian Size Distribution.

For Monodispersed Particles: R =(3/5;'2 R°=77.53

AR/R = 0.05, Rg =77.8A

Guinier law still applies, but with ARR=05 R =914

<R8 > — average over N(R) T ......................... I
R? _ 3 - « weighted toward & ' :
=5 <R > larger particles = |
OO L— —
10 — = bt = et = e = =
-5 0 5 10 15 20

2
(QR)
Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Form Factors for Simple Particle Shapes

1) Spheres

(F(Q.R)F) = VLP Vj e dr

P

(Form Factor) ? for Monodispersed Spheres

v Isin(QR)— QR cos(QR) |
F(Q,R) )=9 :
(FQ.R)P) L OR) |

1000 £ } }
100 € , —* Iy
= Guinier region I
A C I
N
_ |
10+ <~ ==
c QR <1
o 9 |
¥ I
1 - — 2 —
slope = -4
0.17F oy~
0.01 = 4
0.1 1 10 100

QR

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Form Factors for rods

‘Fp (Q)|2 = I

0

*T1 2J,(ORsin @) sin((QL cos &)/ 2)
ORsina OLcosa)/?2

(Form Factor) * for Rods of Length, L = 80 nm,
and diameter, d =4 nm

| |
L T L L L L

Guinier region

T

Q) ~ 1/Q exp(-1/16 (dQ)’)

Ni 0.01
-
© I
g 0.001 |
w |
V' 0.0001 |
|
102 | slope
| =4 3
2n / =
10°° T 3
T =
10'? I 1 i 1 IIIIII i i L IIIIII 1 1 L IIIIII
0.01 0.1 10 100

4
Qd

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Form Factors for thin discs

*——= F,©f -]

71 2J,(ORsin @) sin((QL cos &)/ 2)
ORsina OLcosa)/?2

0

(Form Factor)2 for Thin Disks of Diameter, D = 80 nm,
and Thickness, t=4 nm

N

0.1

0.01

0.001

<|F,Q,t,D)[*>

0.0001

| | |
L L} T 1 ] L L lllll ) ) ) 1 lllll L 1 1 N Ll
/ — Slope = -2 j:

Guinier region
10)-~ (1/Q2>exp(—ég2/ j

g

slope = 4

0.01

1 10 100
Qt

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Spherical Core-Shell

s [30.(p. = p)J(OR)  3V.(p, = pus)JL(OR) |
|Fp(Q)‘ - QR T QR

100 —
.10 -
£

an

> 1

£

‘_é 0.1 —

0.01 -

0.001—1 T F P rara 1 | | G B O B P | 1 | 1§ | B 3 |

3 4 567 ! 2 3 4 567 I 2 3 4 S6°7
0.01 o
q(R )
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Inter-
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Interparticle Interference Effects

Scattering Amplitude (Intraparticle):

f@ = [[px () - poor Je'4"dE

particle k

P(q) = (ffi(q)”)

the “Form Factor”

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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The Structure Factor

For monodisperse spheres:

dx _ 2 Np N, ig-(f, —T.)
—(q) = n,(|f 1+ e .
o p<! (Q)| >ﬁ 2 j}l r
Jj=k

< B,
d—Q(q) = n,P(q)-5(q)

If 1sotropic, we can average over orientation:
o0

SIqr 2
qr

(S(@) =S(q) =1+ 4mn, J lg(r) - 1]

0
Note:

- S(q) is proportional to the number density of particles
- S(q) depends on g(r), the pair correlation function

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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The Pair Correlation Function

. npg(r) is a “local” density
of particles

e Spatial arrangement set
by interparticle
interactions and indirect
interactions

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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S(q) and Statistical Thermodynamics

The form of the interparticle potential has a great effect on
the low q value of S(q)

3

=TT T T [ T T Tt T [ T T T 1
% Attractive Square Well

Hard Sphere

S(q)

<«—— Coulomb Repulsion

Cf. compressibility of

1 1 L 1 1 1 | 1 1 1 1 | 1 1 1 1

5 10 15 0 9ases 1(d
q*diameter Br= _T/(d_\/;)r
The low g limit 1s proportional to the osmotic 1(Q) ~1/B;
compressibility
(On) Attractive interactions = more compressible
S(q=0)= kT\ﬁ ) Repulsive interactions = less compressible

n; the number density of the particle (1/volume)
Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018 44



10° E

I(q) = n,P(q)S(q) o |

10" £

P(q), scaled

10°

-1 I~
10 3

102 L
S(q)

Intensity (arbitrary)

10
10
10° &
Example of charged spheres: qA™

development of “interaction peak™
change 1n low-q slope and I(0)

Must fit model to data
know P(q)
?calculate S(q)?

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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Calculation of S(q)

Ornstein Zernike Equation:
h(r) = g(r) - 1 = ¢(r) + nfc(|f - X[)h(x)dX
e ¢(r) = direct correlation function
 Integral = all indirect interactions

e A second relation is necessary to relate c(r) and g(r)
Percus-Yevick Closure - an approximation

c(f) = g(r)[l = e[‘)’“(r)] B=1/kT

e correct closure gives correct results
* in general a difficult problem

o0

(S@) = S(q) = 1+ 47n | J [e() - 1]

0

sinqr
q r2dr
qr

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018
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What Information from SANS ?
: Particulate Systems

I Z% 107
dz . ) s’
o) (Q) = ‘FOU.I‘IGI‘ Transfom of p(r)‘
N , > 1 M iQ(r,—r,)
= O (2222
Number densit(A l" N p \ i J
: : _ Interaction
Shape and dimensions =n, P(O)S(Q)

between particles

of particles
- e . @

. , Intra-Particle interference| | Inter-Particle interference f \‘
QO

: Form factor : Structure factor

Lecture note; M. Shibayama, AONSA Neutron School, Nov. 2018 47



What Information from SANS ?

: Non-Particulate Systems

2 )= ax((ap) ) 1) 9D 12y

d<) / 3 ‘ Qr \
Contrast Correlation Orientation
function average

j (Ap(r")Ap(r'+r))dr’
[(Ap(r)Ap(r))dr

y(r)=

48
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Systems that SANS Can Measure

Meutron  Aperture Apartura
Velocity
Selector

Movable

QLOEOTTo

Source Sample

\ 2D detector
|

* SANS measures the bulk nanostructures of Inm — 100’s nm
in solids, liquids, gel or mixtures.

* Practically, anything that has proper

1) length scale, 2) neutron contrast and 3) sample volume

Neutron scattering length density

—~ 1t D,O
= 6.65
S H,O + D,0O
= (1:1 volume)
= 3.05
= _
7 H,O
-0.56
.

Typical sample volume

A

»

1.0~25cm
(beam diameter)

<
<

[ <
L

0.1 ~10 mm
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@

Applications of Small Angle Neutron Scattering

Magnetism &
Superconductivity

(Kostorz et al)

Matls. Sci. \
15 %

(NIST)
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Temperature control

Low Temperature (CCR)

New (2003) ARS 5K CCR System

Sample Environments for SANS Exp.

Pressure Cell (~60 kpsi)

y | HF Superconducting
' Magnet (9T)

i

" |ONSA Neutron School, Nov. 2018

(NIST Center for Neutron Research)

Plate/Plate Shear Cell i ol R
(Polymer melts) . el
s B\
7 i ~J»..'v.:
\ .c-fu' : S é,’g
':\ ,'h .
. - 3 u
I
I (B
I 1 1
|I . o SANS Rheometer
]
[ :
, b



Polymeric systems:
Radius of gyration: A measure of chain size

the radius of gyration

-I N

RG_NERn
n=1

1 N

R = N2 (Ra=Ro))
1T Q4 2
R = R,-R
g 2N2§%<( m n)>

for a large chain (N >> 1)
<(Rn_Rm)2>z|n_ IT?bZ

B NE
R = op 2, 2In- === [ xdx

n=1m=1

_NE
6

R . = — ideal chain

R/ = _g R? for a spherical object
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Debye fn.: the scattering function for a Gaussian

chain
the segment pair corr. fn.
N ' o 3 3/2 32
R E(é{ “(R,-R )}> <exp[/q.(Rm-Rn)]>=fdé (—Zn\n— n}bz) ex;{——an_ njbz)
N =(expiq,(R,, -R
'lNEQ’ ‘%22“ Ra- R} | F{1( ! im-ni
ot =exp{-§q‘2(Rm -le)l=ex;{— 5 lfqzl
the form factor
FT of Gaussian function
_ [arev gr)= 5 $exdiq (R R
- foredl) N §n§<equq ( D the Debye fn.
Double summation dr) - %2 ;(exr[iq- R,.-R,)])- %2;6”{_@ b2q2]

122[ -(ia-R»-R, >-%Q,%«Rm—R,,)H(Rm—R,,)ﬁ>+..

n=1m=1

122[1—%q2< R+

n=1m=1

-9(0>( R )

(r)=0 (rr

-qR3), R, <<1
2N/q2Rgz, qR,>>1

[

>=<%>5a/3
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Interacting systems (polymer solutions, polymer

Polymer solutions
(B¥ Y- b)) Nac_ 1

blends)

(sz zml(’q) nt

MP(q) +2AC

m; the monomer molecular weight, N, ; the Avogadro number,
Vexs the excluded volume, M; the molecular weight

the second virial coefficient

N, N,b’
A= o= D02 (1-2)

the scattered intensity (Zimm equation)

(avy /v - ao) N,c 1
I(Qn? M

the de Gennes scattering function for polymer

blend
(b-B)° 1 1 1

Wignall (1987).

1+ — R 2q2+

v 19 S9 02992 9,29(32)
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Q?A%0.1C, glem®

© 0.0004 00008 00012 00016 0002
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- > “
N/ o/ Oy S/ /|
32 C ’./ 9 ‘./ ;./ / -
-7/ /
o 28 / »~ ~
2 . o /.
. —
e - [_— g .’ .. v
. ’
§ e .0'. B A ]
a 16 J .o' »
A s O e & e
B— 12 l— . o. o. o'.
4 . L
. 0 ) K
8- o . ' S -
4
7
4 e v’ A dq =0
0 F U I SR SR T— 1
004 008 012 0.16 02
O’(nm‘?) +10C, g/cm:’
Fig. 8.2 Zimm plot of data in Fig. 8.1. The open circles are the result of extrapola-
tion to zero C and zero Q (= q) (Kirste er al. 1975). Reprinted with permission from
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AN . .
w Self-standing nano-emulsion

Kawada, et al., Langmuir, 2010, 26, 2430.

WHITENING
"EMORY WHIT

1 Omm

self-standing

Nano-emulsion Transmission micrograph
About 25% oil droplet

with small amount of anionic surfactant ,
obtained by high-pressure extrusion Kao Co. Ltd. /K&1O
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Rheological behavior

NEl Stock soln '(ca' 25% 011 droplet dlspersmn)

o > NEI -
4l -o- NE125| | C
10 Shear thinning | Y23 -
3 —— NE2
107 —v— NE4 1 o
000 NES
10% + ~ NEI6 | A 10* E §
— —— NE27 Py E v
c;s 101 | O—O—0—— —— NE54 | S C q
& A >
10" T — <o
< —— X
10" - . = 3
< 10°
107
107
107 b s
1074 107 10 mal I I I oo | I L L L ' =
10 | 10°
F T T L | T T T L | B q [nm ]
C ] T T T T T L B T T T ]
L ] L o ]
10°F = g-O ©] (b) ]
- ] 4 -
i ] 3k ® i
2| _
10 S 2r slope ~ -1 T
- A ! O
w : : g 15
g 10’ 3 3 — 10 E o) E
— E E N> L ]
S | e ] = o ]
10° & E E M 4 © ]
v 3r 5 i
i N ] oL S o
>
1 B —
ok |3 I(qg)=KnV°P(q)S(q)
10" & . L
e o 1 10
10" B 10
g [nm™'] Dllutlon ratlo X
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«© 2D SANS Patterns of Shake Gel

Shibayama, et al., J. Chem. Phys., 2007, 127, 144507 .

Tangential
s T T T T 17T] P T T T T TT1T] T
r £ . 0
B - < _ --_- S T L ELLPELEL LD = 10
103 L \ S(Q)_> E
- £ 1
B = 10
\ @ °
-~ F P X — 107
§ 0F | 1 =
. o NES0wt% | |= '\ 1 45
Z ol O HECOAwt%| 1 Z107 2
I3} ~ - P(q) o E =
& ...... S(q) |I \ ]
al | I — -4
10 E | \ E 10
107 £ X 107
0 2000 4000 0 S000 10000 10'3 i 1 1 11l 1 1 q 10‘6
No anisotropic patterns 107! 10°

g (nm)
The shape of the NE and the inter-particle distance are preserved and only
the long-range inhomogeneities increase by shearing.
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Jende

3

AN
" shake gel composed of clay-PEO mixture

Takeda, et al., Macromolecules, 2010,43,7793.

samples
Na,Mg,Ca
eLaponite (XLG) (clay platelet) \I//\\l _ \|V\\| _~ - Qxygen
10 A = 3 X X O OHF
300 1& h O Oxygen

epoly(ethylene oxide) (PEO) I || .
M,, = 400,000 Naio.Ca

FCH,CH,0-- | Q ‘ )‘ ”‘

H,0 and D,0O mixtures for SANS
(contrast variation SANS)

ewater
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R4 Clay Orientation in a flow field
“Gedankenexperiment”

Schematic illustration showing the relationship between the anisotropy

of scattering intensity and clay’s orientation.

tangential radial

4

| vorticity

neutron

neutron

gradient

neutron neutron

radial

tangential _/
radial
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“\pm

"@Rheology and SANS measurements

Cpgn !

1.8
1.6
14

10

sol

shear thickening area

"y 4
C2P08 ¢D20 =1 tage = 3 day “"m — ._4. C%POS
SDD =8 m, 4m
4:‘ I I :I | I :l I I | :‘ 1 I | :l loooo‘l’ooooa
[ 7,5 =3 day - 4 K i
1 - shear! lhl-ckening

o

b

—

E : VOO TOUY : E
af Flow direction
’r i 1 1
y=0s1 | v=1005" 200 s 300 s 400 s 500 s’
10 & 1 1 B 1 ] B 1 | 1 H 1 1 ] H ] L +
0O 100 2000 50 1000 50 100150 O 50 100 150 O 50 100 150
time /s
The scattering pattern changed to anisotropic at 500 s’.
To investigate y 0,100, 500 s'! more prec1selsy CV-SANS was ap pp lied.
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Scattering from three-component systems

I(g) = ApC2SCC (@) + 2ApAPpSp () + ApPZSPP (@)

Self-term
| Sce(q) N
\____ Clay only J
Cross-term

Interaction of clay and PEO
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AN - - 60x10°F | | | ?
‘1 Contrast Variation SANS ol

— ‘%’
a 40k

solvent

,Oi/CIIl

I(g) = ApczsCC(Q) + 2APAPRSp(q) + ApPzSPP (@)

pC c]ay 0 PEO ..................
Q ) .

02 04 0.6 0.8

Apc : P oo 11T
Pw ;‘9_ solvent
2 by

: b
Ao Op @} PEO

singular value
decomposition

& 1; (Q)zIAPCZSCC (@) +21Apc IApPSCP (Q)+1APP25PP (q)
I, (Q)’N"ZAPCZSCC (@) +2°Apc*APpScp (q)+2ApP2SPP (@)

%ﬁ} - (Q)zsApCZSCC @ +23Apc 3Ap pScr(q )+3APP2S pp (@)

I (q) measurements Lecture note; M. Shibayama, AONSA NeutronBar zﬁalzascatt ° fllll ° 63




© 2D scattering Functions for C2P08

Col/SDD=8 m/8 m

ma AONSA Neutron N hool,]XLQWLdireCtion 64
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Summary: SANS

d> . 2
—(Q) = ‘Founer Transfom of p(r)‘
dQ . o
N ] i P O-(r —r
- JEFOf (XX
Number densitKA / N p \ i
— HFP(Q)S’(Q)
/ \ ‘\
Intra-Particle interference| | Inter-Particle interference f ‘
: Form factor : Structure factor “"
Magnetism &
Su peri':-lo nductivity

B %o
' Small-angle neutron scattering is a very
powerful technique to investigate nano-

scale structures in a broad range of science
and engineering.

/Matls. Sei.
/ 15%

S
S
S
S

Complex Fluids
and Gels
39 %
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