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X-Ray Scattering

Indirect

Global Statistical Information
Non-destructive

Buried Interfaces

Magnetic and Structural
Dynamics

Can use with high pressures, magnetic
fields,etc.



S.R. based research can help

us to understand:

How the constituent molecules self-
assemble to form nanoparticles.

How these self-organize into
assemblies

How structure and dynamics lead to
function

How emergent or collective properties
arise
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Intrinsic Cross Section:
X-Rays
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Intrinsic Cross
Section: X-Rays
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Adding up phases at the detector of the
wavelets scattered from all the scattering
centers in the sample:
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f; — electron coordinates




Wave vector transfer is defined as

q = k- Kk;



X-rays

do = ry’[1+ Cos*(26)] S(q)
dQ 2

S(q) = (X exp[-1q.(ri-ry)D

{r.} == electron positions.



Now, Z; exp[-19.R;] = p.(q) Fourier Transform of electron density

Proof:
Pa(r) =Z; 8(T - R))
pa(@) = pe(r) expl-iq.rldr =] =;8(r - R;) exp[-iq.r] dr

=%, expl-ig.R ]

SO’ for X-rays, S(q) = < pel(q) pel*(q) >



If electrons are bound to atoms centered on &,

=7(@)Y 7R = Zr(g)py (9)
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atomic form factor
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Slg) = {I pw (@) :3 [K 1lq)|’ ]fhr X-Tays
pu (@)= dre™ py ()
= S(q)= [[drare™ T Npy (r)py ()
If {py (F)p oy (")) = Fn. of (r—r’) only,
Slg)=v [dr'e™ " Rlpy (F)py (F - R))

- Jare T R(R)
gl R) = Pair-distribution function

= Vipy (Flpy (F - R))

=+ Probability that given a particle at 7, there is
distance B from it (per unit volume)

¢(R)=8(R)+ g (R)
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Ligquids and Glasses

i}-- ns 2(R) and hence Sig)
Sy) are 1sotropic,
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z4(R) =Reverse FT. of [S(g)— 1]
[ 2 Sin{gR) o
=dn ;] dgq” == 18()-1]
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S(Q) and g(r) for Simple Liquids

+ Note that S(Q) and g(r)/p both tend to unity at large values of their arguments
« The peaks in g(r) represent atoms in “coordination shells”

+ g(r) is expected to be zero for r < particle diameter — ripples are truncation
errors from Fourier transform of S(Q)

Fig. 5.2 The pair-distribution function gir) obisined from the experimenial
resulis in Fig. 5.1. The mean number density is p=2.132 10" atoms m™".
(Afver Yarmell e al, 1973.)

Fig. 5.1 The structare factor 5(x) for *Ar a1 B5 K. The curve through the
experimental points is obtined from a molecular dynamicy calculation of
Verlet based on a Leanard-lones polential. (After Yarnell ot al., 1973.)
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X-rays
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(KK = Different atomic types)
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=» partial structure factor

These can be unscrambled by simultaneous measurements

of d—ﬂ for neutrons, different
(L2

ISDI0pes + X-rays.




In general, in a scattering experiment

g =2k Sin® = ?ﬁin 0

A simple way to see Bragg's Law:

Path length difference between rays reflected from
successive planes (1 and 2) = 2dSm b

- Constructive interference when

nho=2dSn0




Define 3 other vectors:

by =2mlay xas )/vg

by =2mlay xa )/vg vg =y -{a; xas)
= unit cell vol.
= 21‘1:':{_![ X s ]'I."'L’ﬂ

These have the property that &, -E;- = 210

So if we choose any vector ¢ on the lattice defined by
b iy

unit cell , —~ —~ —~
O =y + mabs +myy
The repeating unit of a crystal.
then for any &, R,
Reciprocal Lattice G- R; =2nxinteger — Implies ¢ is normal to sets
. - of planes of atoms spaced
Latice Vectors Ky =mydy + mady + mady - S P
] 2/Goapart.

¢
idy.id7.dy — primitive translation vectors of unit cell. -+ i&ﬁ% -

5K Sinha

OR
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(Introduce e = “Form factor™ for thermal smearing of

/ 2
~{(g.q
atoms = ¢ \25) > = Debye-Waller factor)
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Reciprocal Space — An Array of Points (hkl)
that is Precisely Related to the Crystal Lattice

Gy = 2m/dyy (hK1)=(260)

a* =2m(b x ¢)/V,, etc.

A single crystal has to be aligned precisely to record Bragg scattering



Crystals with Complex Unit Cells
(more than one type of atom/cell)

(Generalization

! \
Ifﬁ I|III Ehll,': hﬂ"‘i’:‘_‘.ﬁil [-IF—E[ +E.Ii. —Err—EE.} I|III
'.III.F:’F:“’ /

where by is coherent scattering length {b) for K-type
atom in unit cell at position & 5.

F (structure factor)



do N-2rP o 20f. A
do)  _NLnf g 25
[{fﬂ ]n'fl'."]”.l"l'.l.l'ﬂ Z |
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dil = iy 'L 2
where
A =2W g il Ry | NCTAY Structure
Fo = Zzﬁfﬁi{ e K e * factor
K

Measurement of Structure Factors — Structure
BUT what is measured is |.i‘?{;|‘E NOT Fi;!
— “Phase Problem™ — Special Methods

3 . i A By — o
Note that |Fy;|” can be written Eu Ll g e iG| Ry =Ry )
KK
so that its F. T, yields information about pairs of atoms

separated by Ry — Rj+ = Patterson Function,



We would be better off
if diffraction measured
phase of scattering
rather than amplitude!
Unfortunately, nature
did not oblige us.

Picture by courtesy of D, Sivia

Figwre 1.3

A graphic illustration of the phase probles: (o) amf b} arse Che
original imeges. (c)] ds Ehe {Fourier} recomsireciien ehich fkasg [he Foinri&f
phaiver af (o) asrd Fourier smplitudes of (B); (d) i dhe reconmbruckon wiLh
the phaves of () and the amplitudes of (&)



2-D Crystals (Adsorbed Monolayers, Films)

If B, are all restricted to say the (x.y) plane, z-component

of ¢ will not affect =+ diffraction is on rods in reciprocal space through the

o ;. and parallel to z-axis

S(g)= Y ¢ (Re-Re) |
" Only g.-dependence

which is thus independent of g of I along rod 15 due to

‘ ‘ la,
L / flg)e™*" (functions
Slg)= {ZEL{" 179 J W ‘ of . but slowly

fl /

varying)

e
where q «

{jl 15 2-D reciprocal lattice vector in plane Powders of 2-D Crystals

f}l 15 (x,¥) plane component of §

\ asymmetric (saw-tooth)
1(4) ! .. powder peak shape
~ {Warren)




1-D Crystals

51 ) independent of g, and g,. Planes of scattering in
reciprocal space.




SAXS

Length scale probed in a scattermg experiment at

Small Angle Scattering [SANS]

g

2w
wave-vector transfer g 1s ~ [_] (E.g-. Bragg

: T
scattering dpp, ~ )
Gigee

Thus small ¢ scattering probes large length scales, not
atomic or molecular structure,

At small ¢, one can consider "smeared out™ nuclear or
clectron density varving relatively slowly in space.

1(g)e< [Jarare™ T Yo, (7)o, (7)

where

Ps (7) = scattering length (average) density for
neutrons

= electron density tor electrons.



Since uniform p, (#) would give only forward scattering,
we use the deviations (contrast) from the average density

1(g)e< [[arare™ "=V zp, (7)ap, (7))

Single Particles (Dilute Limit)

Let py be average s/ (e.g., embedding media or solvent)

P be average /d of particle (assume uniform)

9

] =(py -pa)’ )|

1(g)==(py —Pn]'ZUF dre” 1T

where Vis over volume of particle, /() is determined by
shape of particle, e.g., for sphere of radius R,

Sin (R ) ¢R Cos (4R _ Partic
Jfqu'}={i"u}'m ['!1' J=q 1'?!.:-3[# | 1""r'|:|' Particle
(gR} Volume

ongin of 7 13 taken as centrond of particle.

Expanding exponential,
_imom - I
i |/ _aom N I
J-Fdw =¥y ”’r;’fp”ﬁ 5 Fm (-7 ]'2 +...

BRI RCRE
=y 1_1L

2 Ja

1= 4

' N

rn rg = radius of gyration

_ 2 1 22
so 1(g}e=(p) —PGJEI”:; :{]_Eq 16 +“ approx.

I 22
—_ :jEI::-:-

1)~ Alpy -pp Ve 3

Guinier Approxn.



Determining Particle Size From Dilute Suspensions

Particle size is usually deduced from dilute suspensions in which inter-particle
correlations are absent

In practice, instrumental resolution (finite beam coherence) will smear out
minima in the form factor

This effect can be accounted for if the spheres are mono-disperse

For poly-disperse particles, maximum entropy techniques have been used
successfully to obtain the distribution of particles sizes

. EXPERIMENT SMEARED By 1NSTRUMEMIA
RESOLUTION
d & DESMEARELD CURWE

LN |
A
L nf._ 17 hwill

0 dr m
} = wr
)

Fig. 4. Plot of In 1(Q) vs Q for 398 vol.% monodisperse PMMA-H
spheres (core C1) in D;O/H,0 muxtures.




Size Distributions Have Been Measured
for Helium Bubbles in Steel

The growth of He bubbles under neutron irradiation is a key factor limiting
the lifetime of steel for fusion reactor walls

— Simulate by bombarding steel with alpha particles
TEM is difficult to use because bubble are small
SANS shows that larger bubbles grow as the steel is
annealed, as a result of coalescence of small bubbles
and incorporation of individual He atoms

N 250 _ 825% F /N 9750
| LT W\
1 L | % |
. L 1 |
o 10} - emp awf |
I | | '.l ; | .
1 | | i _"\\__'.
' I I il I.'I \ i I| // \
| | | | 'lIII d | / II'.
[ f i . I'\ ..':r- 1"1'*-_ | i I i 1 f{fﬁ\"u ek | 4 L
S wo 1 ] K e w e W R 10
] R R [Al

SANS gives bubble volume (arbitrary units on the plots) as a function of bubble size
at different temperatures. Red shading 1s 80% confidence interval.
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Contrast & Contrast Matching
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* Chart courtesy of Rex Hjelm

16

A B

Both tubes contain borosilicate beads +
pyrex fibers + solvent. (A) solvent
refractive index matched to pyrex;. (B)
solvent index different from both beads
and fibers — scattering from fibers
dominates
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Small-Angle Scattering Is Used to Study:

Sizes | of particles in dilute solution {Polymers,
Shapes | Micelles, Colloids, Proteins, Precipitates, ...

» (Correlation between particles in concentrated solutions
(Aggregates, Fractals, Colloidal Crystals and Liquids)

¢ Z-component or multicomponent systems ( Binery fluid
mixtures, Porous Media, Spinodal Decomposition)

For colliodal, micellar hquids:

$@)=Y fi (@) (g)ed 1R -Re)

£E
Form {:”’F Structure
Factor _ .i'.'f_ {fﬂ :5“{@} Factor

Spld)= Zﬂﬁ{ﬂf ~Re) _ g F. of centers of particles
FE

— Liquid- or glass-like

Fractals | These are systems which are scale-invarient
(usnally in a statistically averaged sense)

1.e., B — kR, the object resembles itself

(“self-similarity™)
Property: If #(R) 1s number of particles inside a sphere of
radius R
[ = Fractal (HausdorfT)
~RpD
i)~ R Dimension

It follows that

dnR%d Re(R) = CRP-14R - C = constant

(W S S|
nelR)=gP3_E
¢(R) 4m dm pi-D

. _n. D |
Sﬂ.[r:?}=jn’mf MRy (R)= Constx—
q”




Gt l-?.
gt =

r_f.ﬂl;l FRACiAL ql._# =D

LiGiME

"II‘.
inI o TRA fm_ afcmE  slese ~(€=2)

e Ing—

xamples: Apprecates of micelles, colloids, granular
materials, rocks®

' Surface fractals S(q)~ T-D

q




X-Ray Scattering from Surfaces and Interfaces

OCTOBER?2, 1007




Applications of Surface/Interface
Scattering

study the morphology of surface and interface roughness
wetting films
film growth exponents

capillary waves on liquid surfaces (polymers, microemulsions,
liquid metals, etc.)

Islands on block copolymer films

pitting corrosion

magnetic roughness

study the morphology of magnetic domains in magnetic films.
Nanodot arrays

Tribology, Adhesion, Electrodeposition



Scattering Geometry & Notation

Reflectivity:

Ox= 0y =0
d,= (4m/A)SIing




Perfect & Imperfect ,,Mirrors®




Basic Equation: X-Rays

Helmholtz-Equation & Boundary Conditions

AE(F) + k2 ni(F) B(F) = 0



Refractive Index: X-Rays & Neutrons

n2(f) =1+ N-- _, [0

meg wo—wQ—Zi Mo w

_ 2 _, _Mmagnetic
n%<r> =1 2mA V(r)+ part

Minus!! . . Absorption
Dispersion



Refractive Index: X-Rays & Neutrons

n2(f) =1+ N-- _, [0

meg wo—wQ—Zi Mo w

_ 2 _, _Mmagnetic
n%<r> =1 2mA V(r)+ part

Minus!! . . Absorption
Dispersion



Refractive Index: X-Rays

n(z) =1 2)‘72T re 0(2) - 14)‘7 p(z)

re0 (10%m™2) §(107%)  p(cm™) a.(°)

Vacuum 0 0 0
PS (CgHg), 9.5 3.5 4
PMMA (C;H;0,), 10.6 4.0 7
PVC (C,H;Cl), 12.1 4.6 86
PBrS (CsH;Br), 13.2 5.0 97
Quartz (SiO,) 18.0-19.7 6.8-7.4 85
Silicon (Si) 20.0 7.6 141
Nickel (Ni) 72.6 274 407
Gold (Au) 131.5 49.6 4170

0 Q<Z> — <Q<$, Y, Z>>33ay

0.153
0.162
0.174
0.181
0.21-0.22
0.223
0.424
0.570

Electron Density
Profile !

E=8keV A=154A



Single Interface: Vacuum/Matter

B ki, -k,
- Reflected 1,2 £,2
Fresnel Amplitude F= A [
Formulae Lz T Rtz
=1 L Transmitted O 2 kl 2

Amplitude 1= A k1z+ktz

Wave- :
\Vectors ki 7= ksin o
e, = k(n = cos 051)1/2

7




X-Ray Reflectivity: Principle

Visible Light . | n_l_n2

Reflectivity: | y
n,>1 n,

X-Ray n,

Reflectivity:

ﬂ2<1 n2
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Fresnel Reflectivity: R(ot)

= il

__ .\._\ _ﬁ/t’5=G __
- M — —8/6=1/50 :
— Total External ——8/5=1/10 -
i Reflection ' :
N Regime :
i | L .
0-0 0.5 2.0 55




The ,,Master Formula*

Reformulation for Interfaces

1 ¢ dol(z . :
R(g:) = Rp(q:) — J d< >e><p(1 gz2)dz
/ Ye's Z
Fresnel-Reflectivity ‘
of the Substrate

Electron Density Profile



R(0, = Reexp(-a,°c?)

Roughness Damps Reflectivity

10° L — -
107" & =
~ 10721 cSJ'=1OA \\ |
T B A=154A E
= f :
-3
10 3 sharp interface E
i — —error—function (NC) .
1077 = — - —erraor—function (BS) = N =
— “ =
- — - tanh—profile ~. 7
_ N
10—5 IR S S NN TR TN AN T N T SR SR SR NN S SN SR N Lo
O 1 2 3 4 S



10°
X-Ray Reflectivity: .
Water Surface
1072
0 o
g = . 0 0.05 0.10 0.15 0.20
Difference =10 q? (&%)
Experiment- % Fresnel Reflectivity
Theory: /
Roughness !V 107 o«
107’
Braslau et al Measurement .
-8 ; L 1 ) . I . 5
PRL 54, 114 (1965) 10 0 0.15 0.30 0.45

q, (&™)



Example: PS Film on Si/SIO,

Density Profile
10° ———
L EE A=119A d=109A
—~ 10 R Data & Fit
B i
i n
> 107
= 5
C n
{l) -
c 107°F
107° |
O



\

Calculation of Reflectivity

Slicing of Density Profile
6<Z>%Z<6J_6J_1 )//’—\
J

L \
/ \ /
-~ %
N K \
~ 7 N /

N

Slicing
&
Parratt-lteration

Reflectivity
from
Arbitrary
Profiles !

* Drawback:
Numerical Effort !



-Incidence-Diffraction

Grazing




X-Ray Reflectometers

. Q) ./ Laboratory

Setup

("slit 3")
X-ray source
rotating anode

synchrotron

Synchrotron _
Setup detfctor

slit 4

HASYLAB: CEMO



Reflectivity from Liquids |

a'e | 1.
Synch f .. | :
o (1

u
|
|

1
?

r
/
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Coherence of Light

I‘J}}):} e

52



Coherence Lengths

£ =M/ AN
= MAA /)

& =AR/s
(ghor.’ gvert.)
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10 , . r [ — 3
a 3
W ]
— 3
< :
2 10° E
5 ]
-
= LE
101E E
CH: :
OC; i ]
@ : ]
O r ]
0 1 )
I= 103 3 3
3 F 3
o r ]
&) 2_ i
10""—=3% —-01 00 01 02
26 (mrad)

2 Fraunhofer diffraction from a, 2.5-pum and b, 5-pm nominal diameter
wles. Error bars due to counting statistics are smaller than the symbol
.. The solid line represents the calculated diffraction pattern of a circular
rture convolved with the analyser resolution shown by the horizontal
A constant background is included in the fit.



-0.6}

A

~0.2 0.0 0.2 0.4
(26 -20 B)(m"d)

-0.4

IG. 3 Photograph of the speckle pattern in the diffuse (001) peak of Cua
he collimating pinhole is 2.5 um.

IATURE - VOL 352 - 15 AUGUST 1991



Photon Correlation
SpectroscopyL]

Brownian Motion of 100 particles Diffraction Pattern Speckles

i SRR AN
b i e Bt

QuickTime™ and a QuickTime™ and a
Video decompressor Video decompressor
are needed to see this picture. are needed to see this picture.

Intensity-intensity auto correlation - e @
o J
J - W
1.15 - - : 3 4 y SV RN Y
gz(qf) = ] | 2 ‘,) Y 18 a0 i | ’ "‘\-!
(@)l (gt +7)) h i
1.1}

(1(a,1)) ; LAY Y '

Az QuickTime™ and a
Nl L Video decompressor
1.05¢ ] CR] Ry N are needed to see this picture.
S < 4' i v g " v
1 b
1 il + A - oy A
0 1 2 3 BN,
10 10 10 10 GO e
3 N
delay



coherent sample detector X-ray speckle pattern from a static silica aerogel

beam

] Siegert Reln.
1 gZ(q’t) -
] |91 (q.t) | 2

l [T Lo : TR T—




1.04

10" 10° 10" 102

t(s)

-1G. 3. Correlation function g(r) measured for palladium
solloid in glycerol at ¢ = 1.58 X 1073 A~ and T = 279 K.
[he solid line corresponds to a fit with an exponential decay.
-or comparison a correlation function measured for the incident
>eam is shown.

T. Thurn-Albrecht et al., PRL 1996

1078 1072




0 T T T T T v T
0 1 2 3 4

q* (10°A?)
FIG. 4. Rdaxation rates I' determined from the correlation

functions plotted vs ¢>. The linear relationship confirms the
diffusive nature of the process observed [Eq. (3)].

0.8

0.6 1

r(s’

0.24

00 T T T T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0

KT/ (10° A3y
FIG. 5. Rdaxation rates I' determined from the correlation

functions plotted vs kT /7. Thelinear dependence found in this
representation is the expected behavior for a diffusion process

[Eq. (4)].



Statistical Description of Surfaces

— 0 /M\ P _ _

~ ' VARG NG
\/’62(0) Lx/

|t \l
|~‘ C

R |

Ah) = Z+ 0A1)

AR 7)=(5A0)5A R 1))

Surface profile

Height-height correlation function for a homogeneous,
Isotropic and ergodic surface

[C(R)] (actually the Fourier Transform of a function related
to C(R) ) is measured in a surface scattering experiment.

S.K. Sinha et al., Phys. Rev. B 38, 2297 (1988)



Propagatlng Caplllary Waves

Correlation function

l.“ﬁ L\—/\N
1.04 | T

|£"/W
-I .ﬂz L-U'---._'-“-H.!r"-“'--!._"-'..-ﬁ-,-"—-"

1.00

.98

Small contrast !

COx =

—_— 54 108 A-1
—— 4 G 108 A -1

2.8 10° & -1
— %1 108 A -1
—_— 2 108 A -]


プレゼンター
プレゼンテーションのノート
Hexane Dortmund Group


Experiment Setup at Sector 8-
ID-1, APS

"""" SRRy
CCD defining slits
i guard slits J
/4 ' |
monochomator undulator

-

beamstop

| |
D)

N
sample

—

S e o e o o mm s m Em mEm Em Em e mm mm mm =
- mw mw oww o mw oww fes wm mm E e m mw Ee o mw o mm o mw omw W

h coherent
x-ray |
}< 3.5m + 2m + 53 m -{




1.10_ 1 L | IIIIIIII I

| : q=38EE 3 -
Intensity =124.05ec -
Autocorrelation ol

— RN o= 5.87E-3 it
t=36.1sec ]

(1(g,)I (q,t+7))
(1(a.t)’ |
0,(0,7) =1+ e *"

0,(0,7) =

[\ B | | IIIIIII | L1 1iill | 1 1

s %:.28_ I I ||||||| I I ||||||| I I ||||||| i
- g, 892E3 nmt

1=78sec

i I
1.0
1.18 B I I I ]
S q= 1.2362 nm* ]
1.05 : t=15sec _:
. i
1.00_ L 1i1iil |||||. " |-|m
0.1 1.0 10.0 100.0
time delay (sec)

Hyunjung Kim, et.al., PRL 90, 68302 (2003)
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- 106 °C
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time delay (sec)

1.04F T T
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Over-damped Relaxation Time Constants
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2 o | . films (h=160 nm)
3 E «  When Mw>30k g/mol,
- 123k ] surface dynamics are
10 = — dependent on Mw at T>>Tg;
B - T — independent on Mw at near
i i Tg.
_ o' . «  When Mws30k g/mol,
2 E surface dynamics are
- | ] dependent on Mw, and
10' | - single exponential for all
E | | L 1 1 111 | | | 11 111 |E T>Tg
10° 1072 107 « Capillary wave relaxation:
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._ | (q) = _
i Kim, et al. Phys. Rov Lot 90, 68302 (2003 yq [sinh(g; /1) cosh(g /1) — g /1]

» Z. Jiang, et al., Phys. Rev. E 74, 11603 (2006)



“Apparent” Shear Viscosity

» Consistent with bulk values from rheological measurements at T>>Tq.

e Orders of magnitude less than bulk values and independent of Mw near Tg.

* Intersect with reptation theory (nocMw?34) at Mw*
— Mw* =Mc (Mc=31.2k g/mol: critical molecular weight for entanglement).

« Same Mw* found at 106 °C, where surface dynamics are 7 times slower.
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Fig. 1. Schematic of the scattering geometry with the incident,

reflected and diffracted beams at grazing angles, from Munster et
al. [13°®].



Incoherent SAXS
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ensemble averaged structure factor

<S(Q)>=1+n, j (2(r)—1)e'Ydr

radial distribution function

g(r)=4m’ny" < p(0)p(r)>

information on local symmetries is lost



fcc and hcp structures can fill up space
and form crystals

icosahedral structures can not fill space
but may be energetically favored in liquids
“locally favored structures (Isf)”

F. C. Frank, Proc. R. Soc. London A 215, 43 (1952).
P. J. Steinhardt, D. R. Nelson, and M. Ronchetti, Phys.
Rev. B 28, 784 (1983)



two popular glass forming scenarios

(a) general tendency towards icosahedral order,
but locally favored structures cannot fill space

(b) general tendency towards crystalline order,
frustration effect as locally favored structures
prevent crystallization
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Shintani and Tanaka, Nature Physics 2, 200 (2006)
Christian Gutt | Hasylab tuesday meeting | 07.04.2009 | Seite 3



Hard sphere systems — speckle patter

PWochner et 4.
PNAS 2009

Christian Gutt | Hasylab tuesday meeting | 07.1
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Sample

2D detector



5-fold symmetry present in all hard sphere systems
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Why go lensless?

A technique for 3D imaging of 0.5 — 20 pm isolated objects
Too thick for EM (0.5 um is practical upper limit)

Too thick for fomographic X-ray microscopy (depth of focus <1 um at 10 nm
resolution for soft X-rays even if lenses become available)

Goals
<10 nm resolution (3D) in 1 - 10um size biological specimens
(small frozen hydrated cell, organelle; see macromolecular aggregates)
Limitation: radiation damage!

2 nm resolution in less sensitive nanostructures

(Inclusions, porosity, clusters, composite nanostructures, aerosols...)
eg: molecular sieves, catalysts, crack propagation



Image reconstruction from the
diffraction pattern

‘Lenses do it, mirrors do it
- but they use the full complex amplitude!
*Recording the diffraction /ntensity leads to the

"phase problem”

*Holographers do it - but they mix in a reference
wave, need very high resolution detector or
similar precision apparatus

*Crystallographers do it - but they use MAD,
isomorphous replacement, or other tricks
(plus the amplification of many repeats)



Miao, Charalambous, Kirz, Sayre, Nature 400, 342 (1999).

A=1.8 nm
soft x-ray
diffraction
pattern

Scanning
electron
micrograph
of object

Low angle data
From optical
micrograph

Image reconstructed
from diffraction
pattern (0.
corresponds to 80
nm). Assumed
positivity



Basic principles
Single object, plane wave incident,

scattered amplitude is Fourier transform of (complex)
electron density f(r)

F(k) = J f(r) e2mik - rdp

Assume: Born Approximation

Assume coherent illumination:
for object size a, resolution d,
- spatial coherence 50 < AM4a
- temporal coherence OAN/A < d/4a


プレゼンター
プレゼンテーションのノート
Make this into formula


Reconstruction
Equations can still not be solved analytically

Fienup iterative algorithm

Reciprocal space Real space
pFT !
! Impose Impose
IFEL— =" diffraction Finite
L. magnitudes ; support
‘Positivity of .
electron _

density helps! #

11/3/2009 Miao thesis 42



DIFFRACTION IMAGING BY J. MIAO ET AL

* From Miao, Ishikawa, Johnson,
Anderson, Lai, Hodgson PRL
Aug 2002

 SEM image of a3-D Ni
mi crofabricated object with two
levels 1 um apart

* Only top level shows to useful

extent
11/3/2009

» Diffraction pattern taken at
2 A wavelength at SPring 8

from Howells

» 2-D reconstruction with
Fenup-type algorithm

» Both levels show because
the depth of focusis
sufficient

* Resolution = 8 nm (new

record)

43




MIAO ET AL 3-D RECONSTRUCTIONS

a “pr.
e

~ S
=
-l:—'- 8 |
r—— — —

| — -

e Miao et a 3-D
reconstruction of the
same object pair

e aand b are sections
through the /mage

e cis3-D density

* Resolution =55 nm



JCHS 7

Successful reconstruction of image from soft X-ray speckle alone

SEM Image X-ray reconstruction

50 nm diameter Gold Balls on transparent SIN membrane.

No “secondary image” was used
Approximate object boundary obtained from autocorrelation fn.

*How to make an isolated object ? Use AFM to remove unwanted balls.

He, Howells, Welerrstall, Spence Chapman, Marchesini et al. Phys Rev B In press. 03, ActaA.59, 143 (2003).



Imaging of individual nanoparticles at the APS

Ross Harder, University of lllinois, Champaign

Coherent diffraction pattern
from 170 nm Ag patrticle

&

f . h;- Fat . i 7. I : . .
) ’ oo & - inversion of

| diffraction pattern
170 nm silver cubes .. ' lensless imaging’

%

frmrmremem e}
5 x 102 nm1

|.K..Robinson, et al.,"Science 298 2177 (2003)




The Future?

« XPCS with
completely coherent
sources, eg. XFEL's _ _:“‘C&m:?- _
or ERL’s " B
« Downto

microseconds to
nanosecs




Single molecule
imaging?

Atomic resolution
structures known
for few mammalian
membrane
proteins!

Collect many single
molecule diffraction
patterns from fast
X-ray pulses, and
reconstruct?

Lysozyme explodes
In ~50 fsec

R. Neutze et al.,
Nature 406, 752
(2000)
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