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Coherent diffraction

(001) Cu3Au peak

Sutton et al., The Observation of Speckle by Diffraction with Coherent X-rays,Nature,352, 608-610 (1991).



Why Coherence?

Coherence allows one to measure the dynamics of a material
(X-ray Intensity Fluctuation Spectroscopy, XIFS).
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Reference: M. Sutton, Coherent X-ray Diffraction, inThird-Generation Hard X-ray

Synchrotron Radiation Sources: Source Properties, Optics, and Experimental

Techniques, edited by. Dennis M. Mills, John Wiley and Sons, Inc, New York, (2002).



SAXS of Au particles in PS
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Define correlation function:

g(2)(~Q,τ)−1 =
〈I2(~Q,t)〉−〈I(~Q, t)〉2
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Two-time correlation functions
Au in polystyrene
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Brightness

Conventionally brightness has the form:

B(~r, ŝ,ν) =
1
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whereŝ= (sx,sy,1) = (x/z,y/z,1), theσ’s are the beam sizes and angular

spreads andH(ν) is frequency spectrum.

Brightness is coherence:

B(~r, ŝ,ν) = k2 1
(2π)2
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So mutual coherence function is:
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whereρi are coherence lengths andρi = 1/(kσsi).





“Real” Equation of Everything

Langevin dynamics (Models A through J):
∂Ψµ(~x, t)

∂t
= {F,Ψµ(~x, t)}PB − Mµν
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where
〈ηµ(~x, t)〉 = 0

and (generalized Einstein-Stokes/fluctuation-dissipation)

〈ηµ(~x, t)ην(~x
′, t ′)〉 = −2MµνkbTδ(~x−~x ′)δ(t − t ′)

Reference: Section 8.6.3Principles of condensed matter physics,Chaikin and Lubensky(1995).



Equilibrium Time Dependence

In equilibriumF has no linear term inΨ so equation of motion
becomes:

∂Ψ(~x, t)
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Where the structure factor is:
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Signal to Noise

Signal isg2−1 = β and variance of isvar(g2) ∼ 1/(n̄2N). So:
s
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Note 1: This is linear in number of photons (as opposed to
√

n̄).
Note 2: For fixeds/n∼ αI

√

τ/α2. Thus anα-fold increase in
intensity is anα2-fold increase in time resolution.Needvery fast
detectors.
Reference: Area detector based photon correlation in the regime of short data batches: data

reduction for dynamic x-ray scattering, D. Lumma, L.B. Lurio, S.G.J. Mochrie, and M.

Sutton, Rev. Sci. Instr.71, 3274-3289 (2000).



Signal to Noise

More explicitly:
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Note: should be aλ3/8 as normally useλ/2.



Detector Resolution

Speckle size (width ofβ(~κ)) is given by diffraction limit of beam:

∆θ ≈ λ
dcoh

≈ dcoh

Rdet

to resolve on detector. Thus

Rdet =
d2

coh

λ
Problem if horizontal and vertical lengths are too different or if
any coherence length istoo long.
Similarly, don’t want too large a mismatch between speckle size
and the “diffraction width” of sample peak.
Focus for a virtual source, for 1.5Å , a 100µm source at 10m
givesdcoh= 15µm.
Ideally optics could tune coherence lengths.



Scattering strengths

For a small crystal:
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For a correlation volume:
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Typical values of|F̄|
2

vc
are (e2/Å3):

Si(111)–18 Ge(111)–100 Pb(111)–400
NaCl(002)–38 Fe3Al(1/2 1/2 1/2)–.5



For a TDS of 3µm NaCl:

L
1
V

dσ
dΩ

= .001dΩ

= 4×10−13for 22µm pixel at a meter
= 10−11for .1 mR

(1)

But potentially have 4π/(.1mR)2 = 109 speckles.
Reference:Theory of X-ray Diffraction in Crystals, W.H. Zachariasen, Dover (1994).



TDS of Si

Holt et al. PRL83 3317 (1999).



SW Carbon Nanotubes

Manzoni et al., PRL94 207401 (2005).





LCLS

transversely coherent
X-ray beam from LCLS

sample

Exper iment  1:
X-ray Photon Correlat ion Spectroscopy (XPCS)

In mill iseconds -  seconds range:
Uses high average brilliance

t1

t2

t3

monochromator

“movie” of speckle
recorded by CCD

g2 (∆t ) ≡
I (t) I (t + ∆t )
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LCLS

transversely coherent
X-ray pulse from LCLS

sample

Experiment 2:  XPCS Using Spl i t  Pulse

In picoseconds -  nanoseconds range:
Uses high peak  brilliance

sum of speckle patterns
from prompt and delayed pulses

recorded on CCD

I (Q,∆t )

splitter

variable delay ∆t

∆ t

τ
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st Analyze contrast

as f(delay t ime)

10 ps ⇔ 3mm





Strongly-Driven Solid-To-Liquid Phase Strongly-Driven Solid-To-Liquid Phase 
Transition in AluminumTransition in Aluminum

 

T = 0.5 ps T = 1.5 ps 

T = 2.5 ps T = 3.5 ps 

150 shots, ~6000 e/pulse
70 mJ/cm2 

Incident Laser 
Intensity

nex ~2×1023 cm-2



Phase Transition Dynamics: Thermal ActivationPhase Transition Dynamics: Thermal Activation  
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Diffraction P eak
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B. J. Siwick et al.,  Science 302 (2003) 1382. B. J. Siwick et al., Chem. Phys. 299 (2004) 285.

Tl~1500K
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Ultrafast Melting:  An Atomic-Level PerspectiveUltrafast Melting:  An Atomic-Level Perspective
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