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* Motivation
» ‘Small’ Angle Scattering of Coherent X-rays
» Resonant Coherent X-ray Scattering

» What can we use the coherence for
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LCLS- X-ray Free Electron Laser

1012 Photons/ Pulse

100% Transver se Coher e_ﬁge

150 fsec Pulse Length

lmaging with a X-FEL.:

Small Angle Scattering of
Coherent X-rays
for Lensless I maging




Coherence Lenghts
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| ncoherent vs. Coherent Small Angle X-ray Scattering
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* Incoherent superposition of o Scattering from all ‘domains
‘local’ speckle images. adds up coherently.
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Coherence Benefits

Sensitivity to individual sample
beyond statistical information

Same average periodic lattice
Same average deviation from lattice

= sameincoherent SAXS

Different individual configurations
= distinct SPECKLE patterns

Applications
» Sample fingerprint
e Dynamics
 Imaging




How to M ake a Photon Beam Coherent

Synchrotron sources are polychromatic
and incoherent/chaotic

Pinhole:
gpatial filtering — lateral coherence

'] .' I B |,
]|} Monochromator:
}I

gpectral filtering — longitudinal coherence

e
\ | Spatially and spectrally filtered beam
i feh | is coherent

A. Schawlow, Sci. Am. 219, 120 (Sept 1968) Coherence ~ Brilliance - A3

— Undulator source allows to extract
a‘sufficient’ coherent flux




Coherent Illumination Realization
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Magnetic Worm Domain Sample

Top view

MFM (5 pmx 5 pm) S 117 ¢

Magnetic test medium for
resonant coher ent
X-ray scattering

Side view
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Pt

Sample: E. Fullerton, O. Hellwig
J.-U. Thiele, IBM Almaden
SiN, (160 nm) / Pt (20 nm) /
[Co (3nm) /Pt (0.7 nm)]sy/
Pt (2 nm)

perpendicular magnetization




X-Ray Magnetic Circular Dichroism
In Absor ption and Scattering

Absorption

I I
0 t )
NAAAN I AN = e Oapt

Sample density p 1052_ — oM

— o0l M

—
o
w
LLL

Small Angle Scattering

—
o
N
T T TTTT

Absorption and Scattering
Cross-Section (barns/atom)

—
o_;
TTTI] T TTTT

Io \/\/\/\/v'
™ V\N\/\/\/\/\W Ics_ Io 0clea

1-” | I O T |

740

700 720
Photon Energy (eV)

: f + i f L1 11
Sample density p Os=ClT 2 | 680

Data from Jeff Kortright (LBNL)



M agnetic Scattering Contrast
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fully coherent illumination: visibility =1, M =1



Polarization Dependence

Thick Sample (10 penetration lengths)
[ Pinhole >> ¢ (mag. domains)

Transmission
|ntensity
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1) Only same polarization channels can interfere

2) O >> ¢ « No interference between charge and magnetic scattering
» Babinet’'s theorem for contrast inversion = same Speckle pattern
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Polarization Dependent Resonant M agnetic Scattering

J. P. Hannon, G. T. Trammell, M. Blume, D. Gibbs, Phys. Rev. Lett 61, 1245 (1988)

Resonant scattering amplitude (in this geometry):
charge magnetic (XMCD)
f,=(e" -e)F, —i(e'xe)yM, -F

I KN |

Circular polarization: Eigenstate
Linear Polarization: -0 ,0-TT




In plane momentum transfer ( um")

In plane momentum transfer ( um“)
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| nter fer ence of Charge and M agnetic Scattering
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WHAT CAN WE LEARN FROM SPECKLES
1. Finger print
2. lmaging

3. Dynamics

O




Magnetic Return Point Memory

L. Sorensen, Univ. of Washington
S. Kevan, Univ. of Oregon

saturation ~nucl eation

major loop

minor loop
| | 3] a

2 4

Barkhausen Noise

Use speckle pattern as afingerprint for microscopic domain structure

~rem



The Phase Problem in X-ray Scattering

A =M - €® Experiments are intensity measurements, phase information is lost

Fourier Space Real Space

Ol SYHCHNADTROM RADIATION IHETRUMEHTATION
Augusi £25-29, 2002 - Yarkas Baena &rlz Caster, Sax Frasoisce




Object Reconstruction from X-ray Speckle Pattern

Sayre ('52), Gerchberg & Saxton (' 72), Bates (' 82), Fienup ('80's), Miao (' 99)

|dea: Compensate for the missing phases with
extra, non-redundant intensity measurements

Reconstructed object
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J. Miao et al., Nature 400, 342 (1999)

» Works for non-periodic samples

» Tomography
7 nm spatial resolution demonstrated



Object Frame Size and Fourier Transfor mation

Real Space Fourier Space
DFT
N x N Object «—> NxN
Fourier Space
N x N Object
in 2N x 2N
2N x 2N Fourier Space

Container




N x N
Object

N x N Object
In
2N x 2N
Container

‘Oversampling’ Solves Phase Problem
Sampling finer than the Bragg frequency (Shannon sampling)
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Real Space ‘K’ Space

N x N
‘Detector’

2N x 2N
‘Detector’



|terative Algorithm for Phase Reconstruction
Algorithm idea and method devel oped by Sayre, Gerchberg & Saxton, Bates, Fienup, Miao

‘Real’ Space — ‘K’ Space
NXxN FFT
Object in —
2N x 2N
Matrix

Force Intensity

Outside Of Object ——» < tOSgtp Zﬂcz?glltrt:]dee
to ‘Known' Value o
é FFT -1 2N x 2N
~ +— Detector
"\ Pixel

J.Miao et d, Phys. Rev. B 67, 174104 (2003)



Resonant Magnetic Coherent X-ray Scattering

* Domain Structure is ‘ complicated’

* ‘Required’ reference hole too small

« Sample has complex scattering amplitude

* |nterference between charge and magnetic scattering
» Speckle pattern is not centro-symmetric (interference)



How to Obtain More Information?

Reference Beam Holography

No reference hole With reference hole

H. Heetd., PRB 67, 174114 (2003)
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S. Eisebitt et al., PRB 2003




‘Reconstruction’ of a Magnetic Domain Structure

Transmission Reconstruction
X-ray from
Microscope Speckle Intensities

0 5um
(different areas)



Dynamics and Fluctuations of Phase Transitions

\
T>T,| +
\

Incoherent SAXS
= Domain Size (T)

X-ray Photon Correlation Spectr. T=T
= Fluctuation Dynamics (T, t)

Snapshot Imaging
— Correlations

Theory Predicts Divergence of Spin Block Size at Phase Transition

Coherence enables | nvestigation of Fluctuations beyond ‘ Statistical Properties




Summary

» Uniqueness of sampleis preserved in coherent x-ray scattering
» Speckle pattern is fingerprint of scattering object
 Lenslessimaging
« X-ray correlation spectroscopy

«.L CL S has enough coherent photons per pulse for single shot
imaging of magnetic domain structures

 Branchline dedicated to scattering of coherent soft x-rays
at AL S (undulator) and SSRL (EPU)



