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Scattering experiment
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The task is to find pm (1, t)
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Main elements of the scattering setup

Data
Control acquisition
system and storing
system
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Scattering-cross section
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Differential scattering cross-section
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Elastic scattering of thermal neutrons
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Effective interaction

Scattering length

Nuclear scattering length

Element ben, cm12
H -0.374
D 0.667
2 0.665
14N 0.94
0 0.58

Magnetic scattering length
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Element | Term p(0), cm-12
Fe3* 6Ss12 1.35
Fe?* Dy 1.62

Co “Far 1.62
Ni 3Fy 1.35

MY Avdesy (FLNP, JINR, Dubna, Russia), Introdustion 1o Small-Angle Meutron Scattering (SANS). Flash design by Julia Emedina

®



Scattering length

Nuclear scattering length

Effective interaction

"E'

Element ben, cm12
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Small-angle neutron scattering (SANS)

Beam
Monochromator monitor Detector

Collimation Studied
system system

Neutron guide
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Anisotropic case

Prefgrable orientation Long axis is rotated by n/2
in the system in respect to preferable orientation
l? :1'{2 T - —7t/2 {ll /2 T
0 | 0 }
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Isotropic case

Averaging over all orientations ! d {7

d_Q = (Q)A $(Cf) :jfz
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Scattering curve

dz A
9(50)
-
10 1000 A
e y
Maximal particle size Dmax 100 | A I
21 q
Dmax

Dumax ~ 10 - 1000 A g<103-10-1 A
A~1-10A 6<~1.610%-1.610" < 10°
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Homogeneous approximation
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\
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"Solvent"

Differential cross-section per volume
(scattering intensity 7 (g)):

% =nV?Ap? P(q)

n - particle concentration
- particle volume

Ap? - contrast
P(q) - particle form-factor
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Contrast

SANS experiment:
"solution” scattering - "solvent" scattering

Ap? = (P - ps)?

£ - mean scattering length density

<4 ‘ of the "particle"

s - mean scattering length density
of the "solvent"

p for several systems
@ ‘ Element 7+1010 cm2
’ H20 -0.559
D20 6.349
protein in H20 1.9
I ‘ protein in D20 2.95
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Contrast

SANS experiment:
"solution” scattering - "solvent" scattering
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£ - mean scattering length density
of the "particle"

s - mean scattering length density
of the "solvent"
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Diffraction on crystal

dz A
dQ

.D'n,“,r

Task is to find atomic coordinates
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Diffraction on inhomogeneity
N

d=
9(55;)

#/\/\é

2TE q

i

Task is to find scattering length density p( r)
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mo

bo My
by
Mass Scattering length
Mo = 2mr+ mo bi.o =2bu+ bo
Mass density Scattering length density
0 = N M0 P =n bmo
m > () always b may be negative
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Form-factor

Form-factor is the scattering from the shape of the particle.

Debye formule (P.Debye, 1915):

sin g| 71 - 12

dVdV-

gl r-r

P@) =72 || 55 (7)
Vv

P0)=1

~, —. _ 0, outside particle
p(r)y=y.". " -
1, inside particle
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Form-factor from different shapes
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Form-factor from different shapes

Sphere
(R)

Ellipsoid of revolution
(a, a, pa)

Cylinder
(R, H)
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Form-factor from different shapes

Sphere Ellipsoid of revolution Cylinder
(R) (a, a, pa) (R, H)
P () J| (qRWI-x) (qH Vdx, S () SN X
q) = dx, X) =
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Guinier law

A
g (I(q))

—

Ig(q)
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Guinier law

A
Ig (I(a))
Guinier approximation

I(q) = 1(0) exp (-5 ¢ R¢)

e
—

Ig(q)

[(0)=nV?(p- ps)?* -intensity in zero angle

R, -radius of gyration
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Radius of gyration

R =

[rPp(dr

Vo

J

Ip(?)d?

sphere (R) RS =% R?
9 aﬁ 2
ellipsoid of revolution (a, @, pa) | R¢*=— (2+p9)
, R* H
cylinder (R, H) RS = ? B

Radius of gyration

characteristic particle size

MY Avdeay (FLNP, JINR, Dubma, Russia), Introduction to Small-Angle Meutron Scattering (SANS). Flazh design by Julia Emelina

®



Porod integral

@ Q= [gM(q)dq=27p*Vn
0

\Q

V

Porod integral = particle volume
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Porod law
for low-symmetric forms

g0@) | _ 27T
o 1(9) ,3. n- AP 2S

> =5 lim [¢* Ig)]

S - surface area

lgfa}

Porod law = specific area
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Surface fractal dimension
for rough surface

A
Ig(1(a)) 1
I(Q) q:w Lo
q
o = 6 - DS
Ds - surface fractal
dimention
lgﬁ}

Power-law scattering = surface fractal dimension
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Interparticle correlation

No interaction

dX
d()

=nV*Ap?* P(q)

Interaction

dx
6=V Ap? P(9)S(q)

S(g) - structure-factor (F.Zernike, G.Prince, 1927)

©O

M.V Avdeey (FLNP, JINR, Dubna, Russia), Neutron scattering in diagnostics of carbon nanostruciures, Flash design by Julia Emelina



Fractal clusters

Gauss coil, D = 2 (P.Debye, 1947)

A IE?_""' +)E' — 1

S(g) =2

x?

x=C¢, Sq)~q?

Sty)

C - radius of gyration of the coil

Arbitrary mass fractal

1 [
> . Slg)~— 1<D<3
qR 1

v

Structure-factor = mass fractal dimension
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Matching of open pores in natural carbon
(shungites)

SANS

scattering from
pores

shungite
powder

pores

carbon matrix
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Matching of open pores in natural carbon
(shungites)

SANS

scattering from
pores

D20

shungite
powder

pores

carbon matrix
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Matching of open pores in natural carbon
(shungites)

SANS

scattering from
shungite closed pores

powder /

closed pores

open pores

carbon matrix
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Analysis of SANS curves

(Shungite Maksovo, Russian Karelia)

10000
1000

100

I(q), cm™’




Analysis of SANS curves

(Shungite Maksovo, Russian Karelia)

q, nm-'

M.V.Avdeev, et al., Carbon (2006)
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Nanodiamond dispersion

50 nm

Initial stage
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Nanodiamond dispersion

10000

1000

100

I(q), cm™’

om

q, nm-’

100 nm < size 10 nm < size < 100 nm  size < 10 nm

Level Il Level Il Level |

50 nm

Initial stage
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Nanodiamond dispersion

P
50 nm

Dispersing stage
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Nanodiamond dispersion

50 nm

Dispersing stage
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Nanodiamond dispersion

A
50 nm

Clusterization stage
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Nanodiamond dispersion

g, nm""’
10 nm < size < 100 nm size < 10 nm

Level Il Level |

50 nm

Clusterization stage
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Nanodiamond dispersion

50 nm

Concentrating stage
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Concentrating

Nanodiamond dispersion
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50 nm

Concentrating stage
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Nanodiamond dispersion

Evaporation stage > nm
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Nanodiamond dispersion

W

5
E
e} Water in
80 = |
nanopores J
/ |
B0 -
Bulk water
L] ] L] L] 1
=30 -40 -20 0 20 40
L.}
Evaporation T(C)

Evaporation stage > nm
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Contrast variation

D20

0 %
10 %
20 %
30 %
40 %
50 %
259
20
_ match point
= a 157 of dispersion
z = match point
of diamond
5_
0 | — | P —
0 2 4 6
g, nm"’ Psolv * 10" cm
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Non-diamond shell
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3d=0.5nm

thikness of non-diamond shell 8 = 0.5 nm

o = 10.4(5) x 10" cm2

po = E€Pgraph T (1 — E)Pdiam

Pgraf = 7.0 x 1010 Cm'2
Pdiam = 118 X 1010 Cm'2

volume fraction

of non-diamond
component (pgraph)
£=0.3

M.V.Avdeev, et al., J Phys Chem C (2009)
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Nanodiamond cluster structure

liquid dispersion

©O

i 2
Pt =@
e

% - h C —
L P
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20 0P ‘
g,

size > 120 nm

fractal dimension D = 2.3

size ~ 7 nm
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Complex study of nanostructures

Electron microscope

Dynamic light scattering

Static light scattering

Quasy elastic neutron scattering
X-ray and neutron diffraction
X-ray and neutron reflectometry
Small angle X-ray and neutron scattering
Sedimentation analysis
Spectrometry

Photometry

Calorimetry
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