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Purpose of WS 6

XPCS with Future Continuous Light Sources ?
Energy Recovery Linac, Ultimate Storage Ring

Broadening awareness of XPCS

wider community
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What’s XPCS

X-ray Photon Correlation Spectroscopy

Time-resolved Measurement of 
Coherent Scattering
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Coherent Diffraction Imaging (CDI)

Speckle image: I(q) ρ(r) with Phase info.
Fourier Trans.

Speckle images: I(q, t)
Time Correlation

Time Corr. of ρ(r)

XPCS
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スペックルの揺らぎ ゴム中でのナノ粒子の揺らぎ

コヒーレントなＸ線 → スペックル散乱像

carbon black in rubber
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散乱X線強度の揺らぎ → 内部構造の揺らぎ
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強度の自己相関関数

relaxation time in system

Autocorrelation

Fluctuation of intensity
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What is XPCS ?
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Dynamic Stricture Factor

van Hove Correlation fn.

Intermediate Correlation fn.

Fourier trans. (space)

Fourier trans. (time)
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XPCS に必要とされる実験条件

• （部分）コヒーレントなＸ線
➡ 大強度なＸ線からコヒーレントな部分をピンホールで抽出して用いる。

空間コヒーレント長 ＞ ビームサイズ

• 高空間分解能・高時間分解能なＸ線検出器
• スペックルサイズよりも高い空間分解能

• 系のダイナミクスよりも速い時間分解能

• 適切な厚みの試料
➡ 試料への制約条件を明確にしてその範囲内で実験する
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Small-Angle X-ray Scattering Using Coherent Undulator 
Radiation at the ESRF 
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A simple approach for producing a high-coherent-flux X-ray beam for small-angle-scattering studies 

used at the Troika beamline of the European Synchrotron Radiation Facility is reported. For such 

small-angle studies it is permissible to reduce the longitudinal coherence .length of the beam, thus 

increasing the energy bandpass and intensity of the beam, because there is only a small optical path- 

length difference. By using mirrors and filters to cut unwanted energies from the undulator harmonic 

structure, a high-flux beam of >109 photons s -~ through a 5 ~tm-diameter pinhole at 8.2 keV with a 

bandpass of 1.3% can be produced. The coherent properties of this beam have been measured by 

analyzing a static speckle pattern from an aerogel sample imaged by a directly illuminated CCD 

camera. The speckle size and contrast are compared with the expected values based on a statistical 

analysis of the intensity distribution of speckle patterns obtained using partially coherent conditions. 

The expected widths of the spatial autocorrelation are found, but there is an apparent incoherent 

fraction of the beam which reduces the measured contrast. The method presented is to be used as a tool 

to optimize conditions for diffraction experiments using coherent X-rays. 

Keywords: coherent X-rays; speckle; intensity fluctuation spectroscopy. 

1. Introduction 

Undulator sources at third-generation synchrotrons provide 

an unprecedented coheren t  X-ray flux, enabling the exciting 

opportunity of measuring the low-frequency dynamics of 

disordered systems down to atomic length scales using 

intensity fluctuation spectroscopy techniques. The possibi- 

lities have been demonstrated by such pioneering studies as 

the observation of equilibrium critical fluctuations in the 

binary alloy Fe3A1 (Brauer et al., 1995), dynamics of 

colloidal systems (Dierker et al., 1995; Thurn-Albrecht et 

al., 1996), and fluctuations in polymer micelle systems 

(Mochrie et al., 1997). These techniques rely on the fact that 

when coherent light is scattered from a disordered system, it 

produces a highly modulated 'speckle' diffraction pattern 

that is uniquely related to the exact spatial arrangement of 

the illuminated material. 

For systems not changing in time, this speckle pattern is 

static and can be used not only as an indication of the spatial 

structure of the sample but also as a tool for analyzing the 

coherence properties of the illuminating X-rays. In this 

paper we demonstrate the use of such a tool to characterize 

the properties of the high-coherent-flux beam produced by 

using simple mirror optics to isolate an undulator harmonic 

at the Troika (ID10A) beamline of the European Synchro- 

tron Radiation Facility (ESRF) for small-angle scattering 

experiments. Such a configuration allows tbc natural 

bandpass of the undulator to determine the longitudinal 

coherence length of the beam, which can be reduced for 

small-angle scattering because of the small optical path- 

length difference (Dierker et al., 1995). 

Fig. 1 shows the time-averaged small-angle scattering 

from an aerogel sample, collected using a charge-coupled 

device array (CCD) to measure the intensity by direct 

detection of the 8.2 keV photons (wavelength k = 1.63 ,~). 

The image covers a range in Q of--~ 0.03 A-l ,  where Q = k t 

- ki is the wavevector transfer of the scattering and Ikf] = ]ki] 

= k = 2rr/k. Good statistics for the intensity are ensured by 

averaging 200 1 s exposures of the CCD. A 5 ~tm-diameter 

pinhole was used to select a nominally coherent part of the 

X-ray beam. The graininess is the speckle pattern for the 

disordered gel, which in principle is directly related to the 

exact position of the scattering material in the illuminated 

volume as well as the coherence properties of the incident 

beam. Static speckle patterns using X-rays were first 

observed by Sutton et al. (1991) from antiphase domains 

in Cu3Au, thereby demonstrating that properly collimating 

an incoherent source such as an X-ray insertion device gives 

coherent radiation. Other systems showing static speckle 

patterns include synthetic multilayers (Robinson et al., 

1995), Au-coated polymer films (Cai et al., 1994), the 

charge-density wave system Ko.3MoO4 (Pindak et al., 1992) 
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and the binary alloy Fe3A1 (Brauer et al., 1995; Bley et al., 

1995). The properties of small-angle speckle patterns from 

gels (Tsui et al., 1998; Mainville et al., 1997) and the alloy 

A1-Li (Mainville et al., 1997) have also been measured. 

There are many other methods of characterizing the 

coherent properties of synchrotron radiation. Diffraction 

from grating structures (Salditt et al., 1994), imaging using 

phase contrast (Snigirev, 1996; Cloetens et al., 1996), 

interference from Fresnel mirrors (Fezzaa et al., 1997) and 

the time response of nuclear excitations in a moving 57Fe 

foil (Baron et al., 1996) have all been used recently to 

quantify the transverse coherence of X-ray radiation. The 

method presented here has the advantage for measurement 

and optimization of the coherence for X-ray intensity 

fluctuation spectroscopy (XIFS) that the sample can be 

mounted exactly as those to be used for dynamic studies, 

thus including effects of the sample environment. The 

detection system is the same as for XIFS, so that the entire 

chain of data collection is characterized. In addition, as we 

shall see from the statistical analysis, the longitudinal 

coherence and any incoherent part of the beam can also be 

analyzed. 

Extracting meaningful information from a static speckle 

pattern about the exact arrangement of the sample is a 

daunting task (Robinson et aL, 1995), but by analyzing the 

intensity distribution for a speckle pattern one can learn 

about the properties of the radiation that produced it, 

including the illuminated volume size and degree of 

coherence. Properties of the beam, such as the monochro- 

maticity, source size and nature of the optical elements in the 

path, all come into determining the statistical properties of 

m 

/ 

Figure 1 
Speckle pattern from an aerogel using coherent X-rays produced by 
selecting an undulator harmonic with mirrors at the ESRF Troika 
beamline. Units are 22 jam pixels relative to the direct beam 
location. The minimum Q used in the analysis, indicated by the 
black semicircle, was 0.007 A -1. The image extends to Q _~ 
0.03 A - 1  . 

the speckle intensities. In particular, the effects of the 

sample thickness on the speckle width and contrast are 

measured as well as the change in the statistics due to an 

incoherent part of the beam. We can use static speckle 

patterns to characterize the beam, thus allowing the 

optimization of the coherence for studies of dynamics. 

2. Experimental methods 

2.1. Beamline description 
The experiments were performed at the Troika (ID10A) 

beamline of the ESRF, a multi-station beamline typically 

operating with transparent monochromators (Griibel et al., 

1994). The undulator source used in this study, located at a 

high-fl straight section, is a standard ESRF 1.6 m-long 

46 mm-period undulator with a 20 mm minimum gap. The 

storage ring of the ESRF currently operates with a 

horizontal emittance of 4 nm rad, calculated using root- 

mean-square (r.m.s.) values, and a vertical coupling of 1%, 

giving an electron beam full-width-at-half-maximum 

(FWHM) source size for the Troika beamline of 760 ~tm 

(H) and 53 ~tm (V), with FWHM divergences of 28 ~trad (H) 

and 4 prad (V). The beamline arrangement is given 

schematically in Fig. 2. Radiation from the undulator passes 

through a front end consisting of a 0.25 mm graphite filter 

and a 0.50 mm unpolished Be window at 23 m from the 

source. The primary slits of the beamline, located at 27 m 

from the source, were used to limit the X-rays to the central 

cone from the undulator and to control the effective source 

size. After a second unpolished 0.50 mm Be window and 

secondary slits, the beam was incident on a 50 x 25 z 

7 mm 3 water-cooled Si mirror placed at the usual mono- 

chromator position 44 m from the source. After specular 

reflection, the beam passed through a 0.30mm-thick 

diamond-film exit window. A lead beamstop in air after 

this window stopped the remaining unreflected beam, thus 

cutting the background in the experimental hutch to 

acceptable levels. After passing two evacuated flight paths 

with 0.08 mm Kapton windows, a nominally coherent part 

of the beam was selected by a 5 lam-diameter pinhole 

aperture in an 80 ~tm-thick gold foil at a distance Rs = 46 m 
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Figure 2 

' O 
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Schematic diagram of the beamline configuration showing major 
optical components and definitions of distances used in evaluating 
the static speckle pattern. Lines are guides to the eye indicating 
possible photon paths from the source to the detector. 
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Y. Shinohara, et al., Macromolecules, 43, 9480-9487 (2010).
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主要な研究例

Colloidal Suspension

Surface Dynamics

Slow Dynamics of Glassy Materials

etc.

See G. Grübel, A. Madsen, A. Robert, Soft-Matter Characterization, 
pp. 953-995 Springer-Verlag (2008)
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XPCS with Future 
Continuous Light Sources ?

high brilliance ??
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高輝度光源 (ERL & USR)を用いた XPCS の可能性

• High S/N

• Time-resolution

• Coherence fraction --> high intensity
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High S/N

M. Sutton, C. R. Physique 9 (2008) 657-667.

from Jakeman (1974)

Count rate (Incident)
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Time Resolution
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Time resolution

2nd.

3rd. 

g (q, t) S (q, ω)

ERL / USR
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Coherence

Beam Size Transverse Coherent Length<

Path difference Longitudinal Coherent Length<
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Purpose of WS 6

XPCS with Future Continuous Light Sources ?
Energy Recovery Linac, Ultimate Storage Ring

Broadening awareness of XPCS

wider community
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Workshop Program

• General Description

• D. Bilderback (Cornell Univ.): ERL & USR

• S. Gruner (Cornell Univ.): X-ray Detector

• M. Sutton (McGill Univ.): Review of XPCS
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Workshop Program

• Beamlines etc.

• A. Sandy:  8-ID @ APS

• M. Sprung: P10 @ PETRA III

• A. Fluerasu: NSLS II
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Workshop Program

• Sciences

• S. Mochrie (Yale Univ.): Biophysics & soft matter

• Y. Shinohara (Univ. of Tokyo): Soft Matter

• W. Burghardt (Northwestern Univ.): Shear

• L. Lurio (Norther Illinois Univ.): Surfaces & Interfaces

• M. Pierce (APS): Surfaces
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Workshop Program

• Sciences

• M. Rheinstädter (McMaster Univ.): nanobiology

• C. Gutt (DESY, Univ. Dortmund): XCAA

• K. Ludwig (Boston Univ.): non-eq. Physics

• B. Sepiol (Univ. of Vienna): Atomic diffusion

• S. Kevan (Univ. of Oregon): Magnetic Systems
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Frontier Sciences

• High-angle XPCS

• Heterodyne

• Time-evolution

• X-ray Cross-Correlation Analysis (XCCA)

• Biophysics

• non-equilibrium physics
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density wave (SDW), with wavelength l5 6–8 nm—along one of the
three equivalent cubic (100) directions. A single crystal chromium
sample cooled below the Néel temperature, TN5 311K, sponta-
neously breaks (see Fig. 1) into three types of magnetic domains
characterized by the three different choices for the SDWpropagation
direction (for a review of SDWs in Cr, see ref. 6). The SDW is accom-
panied by a charge density wave (CDW), a combination of both
itinerant and ionic charge modulation.

X-ray microdiffraction reveals that the typical size of the SDW
domains in bulk Cr samples is of the order of 1–30 mm (ref. 7).
Fluctuations of domain walls at fixed temperature have been studied
via random electrical telegraph noise in thin Cr films for tempera-
tures above 140K (ref. 8). Even though the measurements were done
for mesoscopic samples, the effects on the electrical resistance (R) of
the switching dynamics were small (dR/R< 1025) and the interpreta-
tion difficult because R is an indirect probe of the underlying SDW
and CDW order.

We report the first direct observations of domain wall fluctuations
in bulk Cr using X-ray photon correlation spectroscopy (XPCS),
which overcomes the limitations of the classic bulk and laser probes
in that it accesses directly the short wavelength structure associated
with the SDW. A coherent beam illuminating a partially ordered
system (in our case consisting of SDW/CDW domains) produces
an interference pattern, also known as speckle9,10. Owing to the high
sensitivity of speckle to minute changes in domain wall configura-
tion, the time variation of the speckle pattern directly reveals the
dynamics of domain structure. Figure 2a is a diagram of the experi-
mental configuration, and Fig. 2b shows a speckle pattern of the (200)
Bragg peak for the b.c.c. Cr lattice. Interference fringes arising from
partial coherence of the X-ray beam are clearly seen in the image, as
well as in the line scans (Fig. 2c). Incoherent diffraction would pro-
duce the gaussian-like profile represented by the black line in Fig. 2c.

The lattice Bragg speckle pattern is static over 5 h, indicating the high
level of stability for our instrumentation and the sample.

We turn next to the speckle pattern for the [222d, 0, 0] CDW
superlattice reflection, displayed for 17 K at a variety of times in
Fig. 3b. The patterns in subsequent frames, separated by 1,000 s, grow
increasingly dissimilar for longer time lags—patterns within frames
collected more than 3,000 s apart appear completely uncorrelated.
Thus, the CDW speckle evolves with a characteristic time of a few
thousand seconds or less,much shorter than the.20,000 s relaxation
time for the b.c.c. Bragg speckle of Fig. 2c. This indicates that the
changes in the CDW speckle are indeed due to changes in the mag-
netic domain configuration, rather than some experimental artefact.
For example, drift of the X-ray beam or the cryostat, motion of
crystalline defects within the Cr sample, or any other effect not
related to magnetic domain dynamics would inevitably cause
changes in both the CDW and (200) Bragg speckle.

The spatial sensitivity of the speckle to domainmotion is described
by two distinct lengths: the first is 1/DQ< 100 Å, where DQ5
1022 Å21 is the total size of visible speckle pattern in reciprocal space
(see Figs 2b, c and 3b) and represents the minimum size of domains
with a visible impact on the speckle pattern. The second is the domain
wall displacement necessary to produce a speckle pattern that is
highly dissimilar (or uncorrelated) to the original one. A combina-
tion of X-ray microdiffraction images of domain configurations and
speckle simulations indicate that this second length is 1 mm (see
Methods and Supplementary Information).

Beyond revealing that domain walls are moving by distances of the
order of 1mm, the data provide several other important quantities.
For example, we can evaluate the autocorrelation function, g2(t):

g2(t)~
I(t)I(tzt)h it

I(t)h i2t
~1zA F(Q,t)j j2 ð1Þ
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Figure 2 | X-ray speckle measurements. a, Diagram of the experimental
set-up. b, CCD image of the X-ray speckle observed for the [200] lattice
Bragg reflection. c, Intensity distribution for a line scan across the region
between the dashed lines in b. Five differently coloured and nearly identical

lines represent line scans of the portion of speckle pattern shownbetween the
red dashed lines in b, taken one hour apart. The black line is a simulated
statistically averaged gaussian profile, expected for a completely incoherent
beam.
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Shpyrko et al., Nature, 447, 68-71 (2007).
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where I(t) and I(t1 t) are the intensities in a given pixel for frames
taken at times t and t1 t respectively, F(Q,t) is the intermediate
scattering function, A describes the beam coherence9,10, and the aver-
aging is performed over times t and pixels corresponding to wavevec-
tor Q. Figure 3a shows jF(Q,t)j2 for several temperatures calculated
from the CDW speckle atQ5 [222d, 0, 0]. For large time delays the
speckle patterns become uncorrelated, resulting in g2(t)5 1, corres-
ponding to jF(Q,t)j25 0. The dynamics are strongly temperature-
dependent: on cooling, the domain fluctuation times increase by
nearly two decades. Surprisingly, below 40K the times remain finite,
rather than diverging as expected for thermally driven fluctuations.

Two distinct fluctuation timescales are visible in most data sets
presented in Fig. 3a. The measured jF(Q,t)j was therefore modelled
by a double exponential form:

jF(Q,t)j~a exp { t=tFð Þb
! "

z(1{a)exp { t=tSð Þb
! "

ð2Þ

where tF and tS represent the characteristic fast and slow fluctuation
timescales, respectively. A small value of a5 0.03–0.10 indicates that
the time dependence of jF(Q,t)j is mainly due to slow fluctuations.
The value of the stretching exponent bwas found to be greater than 1,
manifested by the ‘compressed’ shape of the jF(Q,t)j. Compressed
exponential relaxation has been observed for a variety of soft matter
systems undergoing ‘jamming’ transitions, which result in arrested,
solid-like collective dynamics11–13 with b. 1, instead of liquid-like
fluctuations with b# 1. Extended to our system, this points to elast-
ically coupled dynamics between blocks of spins, similar to elastic
collective depinning dynamics observed in CDW conductors14, an
observation also consistent with the weakly pinned nature of SDW/
CDW domains15–17. Furthermore, the fit value of b at T, 100K is
approximately 1.5 (Fig. 4, left inset), a universal value for dynamics of
soft condensed matter systems in a jammed state18.

Figure 4 shows the T-dependence of the slow relaxation times tS
obtained from fits to autocorrelation functions in Fig. 3a. The 20%
uncertainty in fitting parameters tS arises primarily from counting

statistics of the autocorrelation function g2(t) (see Supplementary
Information). Standard thermal activation (tS

215 foexp(2DE/
kBT), blue line) with a single attempt frequency fo and activation
barrier DE/kB5 2406 50K accounts for the data at high T. The
thermal picture fails spectacularly at low temperature for T, 40K,
and a switching mechanism which is temperature-independent in
this range is required. The simplest possibility is that switching
between low-energy domain wall configurations occurs via
quantum tunnelling, rather than classical thermal activation (Fig. 4,
right inset). A fit to the data that combines a thermally activated
model and a quantum tunnelling contribution represented by a
temperature-independent residence time tQT, tS

215 tQT
211

tR
21exp(2DE/kBT) is shown by the red solid line in Fig. 4 for

tQT5 5,000 s and tR5 15 s (confidence limits obtained from the fits
are tQT5 5,0006 1,000 s and tR5 4–60 s). In analogy with a and b
relaxation observed in glasses, supercooled liquids and jammed soft
matter systems, faster fluctuations represent local relaxation, while
slower fluctuations are due to collective relaxation modes.

The relaxation times observed here are similar to those associated
with magnetization switching in ferromagnets first observed by
Barkhausen1 and studied since then in systems ranging from bulk
materials to magnetic molecules5,19–22. Antiferromagnets have more
complex order than ferromagnets because they break translation as
well as spin rotation invariance, which has forced us to formulate a
very crude physical picture in order to understand our data at a
semiquantitative level. We start with the realization that to minimize
the very large exchange energy (.0.4 eV)23,24 associated with domain
walls, it is clearly advantageous for the domain walls to lie on the
nodal planes25 (where the spin polarization vanishes). Such an
assumption is further supported by the previously observed pref-
erence for the formation of SDW nodes at Fe/Cr interfaces26. This
implies that the fundamental switching unit (grey shaded region in
Fig. 1a) has volume VS< (l/2)3, where l is the underlying period of
the SDW. In the simplest gaussian model where underlying units are
switching randomly at typical times tU, we would conclude that the
switching time for a volume ofV5 1 mm3would be (V/VS)

2tU. Using
our experimental value for the attempt frequency tR

21, we therefore
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Figure 3 | Autocorrelation of speckle images. a, Intensity autocorrelation
data for the [200] lattice Bragg peak, as well as for the CDW superlattice
[222d, 0, 0] peak, at temperatures T (in K) 150, 100, 70, 40, 30, 17 and 4.
Error bars, standard deviation calculated for a region of interest within the
CCD typically containing n5 43 104 pixels. Two distinct timescales are
clearly present in the CDW autocorrelation function. Solid lines represent
theoretical fits to the data. See text for further details. b, Time sequence of
CDW speckle pattern evolution at 17K. Subsequent images are taken 1,000 s
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for tS and b represent the range of parameters obtained from fitting the
autocorrelation data in Fig. 3.
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X-ray intensity fluctuation spectroscopy by
heterodyne detection

F. Livet,a* F. Bley,a F. Ehrburger-Dolle,b I. Morfin,b E. Geisslerb and M. Suttonc

aLTPCM-ENSEEG, UMR-CNRS 5614, INPG/UJF, BP 75, 38402 St Martin d’Hères, France, bLSP,

UMR CNRS 5588 UJF, BP 87, 38402 St Martin d’Hères CEDEX, France, and cPhysics Department,

McGill University, Montreal, Québec, Canada H3A 2T8. E-mail: flivet@ltpcm.inpg.fr

A straightforward way of measuring X-ray intensity fluctuation spectroscopy in
a small-angle X-ray scattering configuration is demonstrated using heterodyne
techniques. Two examples are presented: the Brownian motion of latex spheres
in glycerol, and a Doppler velocity experiment demonstrating the motion and
the relaxation of carbon-black-filled elastomers after uniaxial stretching. In the
latter case the effects of mechanical relaxation can be separated from those of
aggregate diffusion. The results suggest that the dynamics of these filled
elastomers are similar to the universal features observed in disordered jammed
systems.

Keywords: coherent X-ray beams; dynamics of rubbers; heterodyne; small angles; speckles.

1. Introduction

Over the last several years the use of X-ray intensity fluc-
tuation spectroscopy (XIFS) has been shown to be a useful
technique for studying fluctuations in condensed matter
systems. It provides a tool complementary to light scattering
for the observation of small-scale high-q dynamics (see e.g.
references 9–18 of Falus et al., 2004). Even for length scales
accessible to light scattering, it can be used for opaque samples
or where multiple scattering impairs measurements.

For intensity fluctuation spectroscopy (IFS) with visible
light, the signal-to-noise ratio can be increased by using
heterodyne techniques. Heterodyne measurements require
mixing in a reference signal, typically a fraction of the incident
beam, which can easily be overlapped with the scattered beam
using simple optics. Employing a reference signal also opens
the possibility of obtaining phase information. Unfortunately
the lack of suitable X-ray optics makes using a fraction of the
incident beam for a reference signal difficult. This method was
nevertheless used by Eisebitt et al. (2003) for soft X-rays by
splitting the X-ray coherent beam transversally by means of a
small aperture. X-ray heterodyning has also been reported by
Gutt et al. (2003), where the reference signal was obtained
through a fortuitous overlap of the specular and diffuse
reflected scattering. More recently, heterodyning has been
observed by interferences between fluctuating and non-fluc-
tuating amplitudes in smectic membranes (de Jeu et al., 2005).

In this paper we show that, by simply using a static random
scatterer, heterodyning with X-rays can be performed in a
controlled way in a small-angle configuration. We demonstrate
the technique by studying the Brownian motion of latex
spheres in glycerol and also by performing velocity measure-

ments in a model rubber system of ethylene–propylene elas-
tomers filled with carbon-black particles.

2. Description of the experiment

The experiments were carried out at the IMMY/XOR-CAT
(8-ID) beamline at APS (Argonne, IL, USA) (Lumma et al.,
2000). This beamline used flat unfocusing optics. The mono-
chromator was a Ge(111) channel-cut single crystal. The
15 mm ! 15 mm beam size was selected by means of carefully
polished slits placed 0.64 m before the sample. Guard slits
were added, 0.16 m before the sample, in order to limit the
scattering from slit diffraction in the SAXS region. The
sample-to-detector distance was 2.8 m. A direct-illumination
deep-depletion CCD (PI 1152! 1242, 22.5 mm resolution) was
used as an area detector. For the Ge(111) Bragg scattering, the
energy resolution was !"/" = 3.2 ! 10"4 and the longitudinal
coherence length at the wavelength " = 1.62 Å of the
measurements was

!l ¼ "2=2!" ¼ 0:25 mm: ð1Þ

In our experiments, 2# < 10"2 rad, so that the wave pathlength
difference (2e#2) was less than !l for sample thickness e less
than 5 mm. The total thickness of material in the scattering
volume was kept below 2 mm, and interferences from scat-
tering in this volume could be observed. The incident beam
intensity was approximately 109 photons s"1.

A heterodyne signal was obtained from a compacted
powder of fume silica (Aerosil 200), 1 mm-thick, placed
immediately upstream of the sample. The requirement for this
reference sample is that it should occupy the same coherence
volume as the specimen to be investigated. The resulting

x-ray

pinholes (15 µm x 15 µm)

samplereference
(aerogel)

detector
(direct-illuminated CCD)

2.8 m - 109 photons/s
- 1.62 Å

J. Synchrotron Rad., 13, 453-458 (2006).
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rubbers (EPRs) filled with carbon black or fume silica
(Ehrburger-Dolle et al., 2003). The aim of the experiment was
to compare relaxation mechanisms in cross-linked (CL-EPR)
and uncross-linked (UCL-EPR) samples and to distinguish,
during a relaxation process, between ‘macroscopic’ flow (the
scale of the 15 mm pinhole) and ‘microscopic’ random fluc-
tuations. These samples are either opaque to light (carbon
black) or display strong multiple light scattering (silica), and
they are also strong X-ray scatterers. Here we present data
only on the carbon-black-filled samples (carbon-black volume
fraction: 0.20). Samples were manually stretched by 100% in
length, after which the strain was released, and alternating
homodyne and heterodyne measurements were taken as the
sample relaxed. The system was studied for times ranging from
1 min to a few hours after stretch.

Measurements were carried out using full CCD frames, with
an exposure time of 0.25 s and a recurrence period of 3.95 s.

Fig. 3 shows the average cross section S(q) measured with
the hybrid sample. Units for this sample are counts s!1 pixel!1,
for a 109 photons s!1 beam intensity, which means that with a
0.25 s exposure time the counting rate per pixel varies from 5
to "0.02 in the q range of our measurement. In the same
figure are plotted the corresponding cross sections of the
reference and of the rubber, corrected for monitor intensities
and sample transmission. It can be seen that the degree of
mixing, x!, is significantly larger here than for the latex case.
Roughly speaking, x! decreases from 0.5 to 0.1 in our q
domain. For the very slow processes involved here, the limit
t = 1 is not easy to attain and it is more convenient to
normalize hG2(q, t)iq by hIr + hIsiti2q.

Owing to the relative velocity between the rubber and the
aerosil, the correlation function acquires a phase factor of
exp(iq.v t). We can define ! = q.v = qvcos(’). Heterodyning
allows the effects of mechanical relaxation to be separated
from the effects of diffusion of the filler particles. As the
correlation function now depends on both cos(’) and |q |, the
choice of the domains ! must take account of the anisotropic
character of the dynamics. For the discussion here, the
domains ! correspond to the same q domains as for the latex

samples, but these domains must be subdivided into a set of
values of q cos(’). This means that the q domains are the
intersection of a ring for a chosen set of |q | and a narrow band
perpendicular to the direction of v for the selection of
q cos(’).

Fig. 4 shows typical relaxations obtained from CL-EPR,
20000 s after release of stretching. These results were deduced
from 500 frames, i.e. 125 s of measurement among roughly
2000 s of relaxation. The curves were obtained by averaging
the heterodyne correlations over domains ! centered on a
value |q0 | with 0.833q0 < |q | < 1.17q0. The angular domain (’)
had to be carefully selected. The symmetry constraint of
changing ’ to 180 ! ’ fixes the orientation of v with a preci-
sion of better than 0.2#. The direction of v was within 18# of
the vertical axis, which is close to the direction of stretch.
Although the correlation functions do not depend on the sign
of v, inspection of the speckle movement determines it
unambiguously.

The four top curves (a–d) of Fig. 4 were obtained for the
same q0 = 12$ 10!3 Å!1 with four different values of q cos(’)
(0.57, 0.9, 1.21 and 1.52 $ 10!3 Å!1), and for a very narrow
domain of variation q cos(’) (%0.031$ 10!3 Å!1), in order to
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Figure 3
Isotropically averaged cross sections, normalized to compare the hybrid
sample (aerosil + rubber: open circles) count rate (in photons s!1 pixel!1

for a 1 $ 109 photons s!1 beam intensity) with the rubber sample (closed
squares) and the aerosil (closed circles).

Figure 4
Heterodyne correlations obtained from the CL-EPR sample. (a–d)
Various values of the q projections [q cos(’) = 0.569, 0.899, 1.21 and 1.52
$ 10!3 Å!1] along v for q = 12 $ 10!3 Å!1. (e–h) Various q values for
q cos(’) = 1.21 $ 10!3 Å!1 showing the identical period of the
oscillations. Continuous curves correspond to fits with equation (9).

J. Synchrotron Rad., 13, 453-458 (2006).

29Wednesday, July 13, 2011



@ q = 4.55 ! 10-2 nm-1

Two-time Correlation Fn
nanoparticles in rubber

30Wednesday, July 13, 2011



!I"Q, t# I"Q$ , t$#%

! " " " " e&iQ!"r&s#&i Q$!"r$&s$# g4"r, s, t , r$ , s$ , t$#

dr ds dr$ ds$ [1]

and the associated 4-point correlation function.

g4"r, s, t , r$ , s$ , t$# ! n0
&4!""r, t#""s, t#""r$ , t$#""s$ , t$#% ,

[2]

where !. . .% means a statistical average.

Angular Cross Correlation Function. Here, we introduce a first
simple subset of these new types of higher-order correlations,
i.e., the instantaneous local angular correlations with respect to
a given azimuth '.* They are found by performing the average
in Eq. 1 over # with the vectors Q and Q$ separated by ' on the
intensity ring with modulus Q (see Fig. 3B) and t ( t$. We define
the normalized angular 4-point cross-correlation function
CQ('),

CQ"'# !
!I"Q, ##I"Q, # $ '#%# % !I"Q, ##%#

2

!I"Q, ##%#
2 [3]

with

!I"Q, ## I"Q, # $ '#%# ! !"Q"## "Q
! "##"Q"# $ '# "Q

!"#)'#%#

[4]

"Q"## # ""Q# ! "
coherent volume

""r#eiQr dr. [5]

Fig. 1C shows the result after applying CQ(') (Eq. 3) to data in
Fig. 1A for selected Q values. Most fascinating is that CQ(')
clearly reveals a very pronounced anisotropy with 5-fold sym-
metry specifically for the intensity ring associated with $Q$ ( 0.04
nm&1 (marked in black in Fig. 1A), which points to a so far
hidden local symmetry in the colloidal system. The other Q
values shown in Fig. 1C present a CQ('), which most closely
resembles 4-fold and 10-fold symmetry; and 6-fold symmetry can
also be found (Fig. 2B). The fluctuations of the data points are
(mostly) due to its speckle origin and not due to counting
statistics (see numerical simulation results below). The solid lines
are only guides to the eye to point out the dominant symmetry
in CQ(').

Encouraged by this discovery, we have systematically evalu-
ated the speckle patterns of many different colloidal systems,
which all produced pronounced features in CQ('). We focus in
this report on a hard sphere polymethylmethacrylate (PMMA)
system with radius of 117 nm. Details on the sample preparation
can be found in Materials and Method.

We have made several systematic observations in all colloidal
glass systems. The emerging local symmetries are coupled to
distinct Q values, which do not coincide with the maxima of the
amorphous structure factor. The most prevailing symmetry is
5-fold.† For a basic understanding of these observations we
assume our sample to consist of locally-favored structures with
icosahedral symmetry embedded randomly in disordered re-
gions (19). Then, CQ(') (Eq. 3) has the simple form

CQ"'# ! % $!"Q
i "##"Q

i*"# $ '#%#$2 [6]

with "Q
i (#) as the structure amplitude of the ith LFS. Eq. 6 shows

that CQ(') is a superposition of the angular intensity-
autocorrelation function of individual local structures, each
contributing an intensity pattern $"Q

i (#)$2 as the one in Fig. 4B.
In the coherent speckle pattern produced by the random en-
semble of such clusters, this pattern becomes completely ob-
scured. Only the application of XCCA recovers its symmetries.

*A formalism, which is applicable only to highly diluted solutions studied with incoherent
radiation, was developed in refs. 17 and 18 (see also ref. 10).

†The observation of odd symmetries appears to be in conflict with Friedel’s law (I(&Q) (
I(Q)), which holds for any plane in reciprocal space that intersects the origin. The obser-
vation of odd symmetries in our scheme is due to the deviation from the far-field
(Fraunhofer) limit (13), because the sample is located as close as 20 cm to the 10-&m
entrance slit, thereby adding an imaginary part to the phase factor of each particle.

Incident
Beam

Aperture

Colloid
Sample

2D detector

Scattered
Beam

PMMA
Balls

LFS

ϕ Δ

Q

Q’

B

A

Fig. 3. XCCA setup and principle. (A) A 10-&m partially coherent X-ray beam
with a wavelength of 0.154 nm was defined by a collimating aperture. The
colloidal sample is kept at a distance of * 20 cm in the near field region of the
pinhole. Speckle patterns are recorded by a charge coupled device camera
with 20-&m pixel size in 2,265-mm distance. Series of 1,000 CCD images were
taken with exposure time of 0.15 s and for a diluted sample with 0.4 s. An
additional 50 dark images were recorded. Including CCD readout the time
interval between consecutive images was 1 s. (B) Schematic intensity distribu-
tion with instructional guide for the construction of CQ(').

Fig. 4. Numerical simulation of CQ('). (A) Calculated cross-correlation pat-
tern for a close-packed random ensemble of 8,000 icosahedra made of 12
spheres with radius 100 nm on a simple cubic lattice. For this specific Q value,
CQ(') shows 5-fold symmetry. (B) Intensity distribution of a single icosahedron.
(C) Icosahedral cluster with its 5-fold symmetry axis.

Wochner et al. PNAS $ July 14, 2009 $ vol. 106 $ no. 28 $ 11513
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nm!1. A typical dataset displays the expected isotropic gran-
ular ‘‘intensity rings’’ that are mediated by the random local
order within the system (Fig. 1 A). The deduced angular
averaged structure factor shows the standard radial intensity
distribution (Fig. 1B).

To transcend this information, we must unravel correlations in
the angular distribution of the X-ray speckles. At first sight this

is not evident at all, because the angular variation of the intensity
exhibits an isotropic distribution as anticipated for amorphous
systems (Fig. 1A). However, as we shall show, this is possible by
considering the generic intensity-intensity cross correlation
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Fig. 1. Experimental data and XCCA results. (A) CCD image showing a typical
intensity spectrum with speckle structure. (B) Angular averaged structure
factor of the image in A, which is the standard radial intensity distribution. (C)
Experimental results after applying the cross-correlator CQ(") to the data in A
at different Q values. Solid lines are guide to the eyes.
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Fig. 2. Temporal relaxation behavior of CQ(") and #I(Q,t)I(Q,t$)%. (A) Normal-
ized temporal intensity autocorrelation function #I(Q,t)I(Q,t$)% for different Q
values (black squares: Q & 0.020 nm!1; blue triangles: Q & 0.032 nm!1; red
dots: Q & 0.054 nm!1), "t & t$ ! t. Solid lines are guide to the eyes. (B) The
cross-correlation function CQ(") at Q & 0.04 nm!1 evolves from an initially
6-fold to a 5-fold symmetry. The curves at 600 s and 300 s are averaged over
the subsequent 100-s interval; the one at 100 s is averaged over a 50-s interval.
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Dynamics in Proteins

Miyoglobin
from Wikipedia...

Speckles @ Bragg peaks

Dynamics inside Proteins

density wave (SDW), with wavelength l5 6–8 nm—along one of the
three equivalent cubic (100) directions. A single crystal chromium
sample cooled below the Néel temperature, TN5 311K, sponta-
neously breaks (see Fig. 1) into three types of magnetic domains
characterized by the three different choices for the SDWpropagation
direction (for a review of SDWs in Cr, see ref. 6). The SDW is accom-
panied by a charge density wave (CDW), a combination of both
itinerant and ionic charge modulation.

X-ray microdiffraction reveals that the typical size of the SDW
domains in bulk Cr samples is of the order of 1–30 mm (ref. 7).
Fluctuations of domain walls at fixed temperature have been studied
via random electrical telegraph noise in thin Cr films for tempera-
tures above 140K (ref. 8). Even though the measurements were done
for mesoscopic samples, the effects on the electrical resistance (R) of
the switching dynamics were small (dR/R< 1025) and the interpreta-
tion difficult because R is an indirect probe of the underlying SDW
and CDW order.

We report the first direct observations of domain wall fluctuations
in bulk Cr using X-ray photon correlation spectroscopy (XPCS),
which overcomes the limitations of the classic bulk and laser probes
in that it accesses directly the short wavelength structure associated
with the SDW. A coherent beam illuminating a partially ordered
system (in our case consisting of SDW/CDW domains) produces
an interference pattern, also known as speckle9,10. Owing to the high
sensitivity of speckle to minute changes in domain wall configura-
tion, the time variation of the speckle pattern directly reveals the
dynamics of domain structure. Figure 2a is a diagram of the experi-
mental configuration, and Fig. 2b shows a speckle pattern of the (200)
Bragg peak for the b.c.c. Cr lattice. Interference fringes arising from
partial coherence of the X-ray beam are clearly seen in the image, as
well as in the line scans (Fig. 2c). Incoherent diffraction would pro-
duce the gaussian-like profile represented by the black line in Fig. 2c.

The lattice Bragg speckle pattern is static over 5 h, indicating the high
level of stability for our instrumentation and the sample.

We turn next to the speckle pattern for the [222d, 0, 0] CDW
superlattice reflection, displayed for 17 K at a variety of times in
Fig. 3b. The patterns in subsequent frames, separated by 1,000 s, grow
increasingly dissimilar for longer time lags—patterns within frames
collected more than 3,000 s apart appear completely uncorrelated.
Thus, the CDW speckle evolves with a characteristic time of a few
thousand seconds or less,much shorter than the.20,000 s relaxation
time for the b.c.c. Bragg speckle of Fig. 2c. This indicates that the
changes in the CDW speckle are indeed due to changes in the mag-
netic domain configuration, rather than some experimental artefact.
For example, drift of the X-ray beam or the cryostat, motion of
crystalline defects within the Cr sample, or any other effect not
related to magnetic domain dynamics would inevitably cause
changes in both the CDW and (200) Bragg speckle.

The spatial sensitivity of the speckle to domainmotion is described
by two distinct lengths: the first is 1/DQ< 100 Å, where DQ5
1022 Å21 is the total size of visible speckle pattern in reciprocal space
(see Figs 2b, c and 3b) and represents the minimum size of domains
with a visible impact on the speckle pattern. The second is the domain
wall displacement necessary to produce a speckle pattern that is
highly dissimilar (or uncorrelated) to the original one. A combina-
tion of X-ray microdiffraction images of domain configurations and
speckle simulations indicate that this second length is 1 mm (see
Methods and Supplementary Information).

Beyond revealing that domain walls are moving by distances of the
order of 1mm, the data provide several other important quantities.
For example, we can evaluate the autocorrelation function, g2(t):

g2(t)~
I(t)I(tzt)h it

I(t)h i2t
~1zA F(Q,t)j j2 ð1Þ
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Figure 2 | X-ray speckle measurements. a, Diagram of the experimental
set-up. b, CCD image of the X-ray speckle observed for the [200] lattice
Bragg reflection. c, Intensity distribution for a line scan across the region
between the dashed lines in b. Five differently coloured and nearly identical

lines represent line scans of the portion of speckle pattern shownbetween the
red dashed lines in b, taken one hour apart. The black line is a simulated
statistically averaged gaussian profile, expected for a completely incoherent
beam.
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Active Matter

actin network with embedded force-generating
myosin II motors strongly violates the FD theo-
rem and that it does so because of the con-
tractility of the acto-myosin system.

Actin and myosin are key components in
muscle contraction and cell motility (6, 7). My-
osin motor domains, or heads, bind to actin
filaments (F-actin) and generate force via the
hydrolysis of adenosine triphosphate (ATP), re-
sulting in motion along the polar actin filaments.
At low salt concentrations, myosin II can form
multimeric bipolar structures in vitro (Fig. 1A)
(8). These “minifilaments” can link different
actin filaments and move these filaments relative
to each other (9). In the absence of ATP, these
motor complexes statically cross-link F-actin
and generate bundles that can be seen in a light
microscope (Fig. 1B). In the presence of ATP,
minifilaments generate contractile forces that
can result in actin aggregation and phase sep-
aration (Fig. 1C), a phenomenon known as
superprecipitation (10). To stabilize the net-
works and delay the onset of superprecipitation,
we used F-actin cross-linked by biotin and
neutravidin.

We measured the mechanical properties of
these networks by active microrheology (AMR)
(11–13), in which micrometer-sized embedded
probe particles are manipulated by a sinusoidal-
ly oscillated optical trap, generating a force F at
frequency o. The response function a(o) is
obtained from the measured probe particle
displacement u(o):

aðoÞ ¼ uðoÞ=F ð1Þ

For a simple incompressible and homogeneous
elastic medium, this response function is related
to the shear modulus G or stiffness of the
medium via a generalization of the Stokes rela-
tion (13–17) a = 1/(6pGa), where a is the probe
particle radius. For materials with dissipation,
the displacement u and force F are not in phase,
which results in a complex response function. In
this case, the shear modulus is G = G´ + iG´´,
where G´ is the elastic modulus and G´´ is
the viscous modulus. For cross-linked actin
(1 mg/ml) gels, we found a predominantly elas-
tic response in which G´ is much larger than G´´
in the range of frequencies below 100 Hz. The
measured moduli are consistent both with ex-
periments on similar actin gels (18) and with
theoretical predictions for actin networks with
an average distance of about 2 to 3 mm be-
tween cross-links (13, 19).

To characterize motor-generated activity, we
used passive microrheology (PMR), which
consists of recording the spontaneous displace-
ment fluctuations of a probe particle without
applied forces (13–16). In an equilibrium
system, only thermal forces act on the probe,
and the power spectral density

CðoÞ ¼ ∫〈uðtÞuð0Þ〉 expðiotÞ dt ð2Þ

of the displacement fluctuations u(t) is directly
related to the mechanical response of the
material by the FD theorem,

a´´ðoÞ ¼ o
2kBT

CeqðoÞ ðequilibrium onlyÞ ð3Þ

where a´´(o) is the imaginary part of the
response function, kB is the Boltzmann con-
stant, and T is absolute temperature. Because
we can independently measure the left side of
Eq. 3 with AMR and the right side with PMR,
we can search for signatures of motor activity
in the form of violations of the FD theorem.

As a control, we first verified the FD
theorem as expressed in Eq. 3 for an equilibrium
sample by directly comparing a´´(o) measured
with AMR and oC(o)/2kBT measured with
PMR. For cross-linked actin without myosin,
the agreement with Eq. 3 is shown in Fig. 2A.

Active processes create additional fluctua-
tions and are expected to make the right side of

Eq. 3 larger than the left side, thus violating the
FD theorem. Indirect evidence for this has been
reported in cells (3). We started with experi-
ments at 3.5 mM ATP, where motors are ex-
pected to be active. Interestingly, we saw no
difference between AMR and PMR results for
up to 5 hours (Fig. 2A). At longer times, how-
ever, a clear difference developed in the form
of strongly enhanced fluctuations at frequen-
cies below 10 Hz (Fig. 2B). The appearance of
these nonequilibrium fluctuations after a time lag
can be explained by a switching of the myosin
minifilaments from a nonprocessive mode, which
cannot generate forces between actin filaments,
to a processive tension-generating mode. Such a
transition is expected because the ratio of at-
tached to unattached time (duty ratio) of myosin
increases with decreasing ATP concentration,
when motor release induced by ATP binding
becomes the rate-limiting step in the chemical
cycle (20). Consistent with this, the lag time
increased with increasing initial ATP concentra-

Fig. 1. (A) Schematic of a bipolar myosin filament interacting with two actin filaments. Polarity
of actin is indicated by the +/− signs (myosin moves toward the plus end). (B) Differential in-
terference contrast microscopy image of bundled actin filaments at high salt concentration ([KCl] =
150 mM, actin concentration 1 mg/ml, myosin concentration 170 nM, no cross-links). As ATP
depletes, thick acto-myosin bundles form without phase separation. (C) At low salt concentration
([KCl] = 50 mM), active myosin filaments result in contraction of the actin network to form dense
acto-myosin aggregates (superprecipitation). Scale bars, 5 mm.

Fig. 2. Mechanical response of cross-linked nonactive and active gels (actin and myosin
concentrations as in Fig. 1). (A) The imaginary part of the response function a´´ measured by AMR
(circles) and the normalized power spectrum oC(o)/2kBT measured by PMR (lines). Open circles and
the dashed line denote cross-linked actin without myosin; solid circles and the solid line denote
networks with myosin 2.5 hours after sample preparation. For up to 5 hours, a´´ and oC(o)/2kBT
with and without myosin show good agreement, indicating that myosin activity did not yet produce
observable nonequilibrium fluctuations. (B) The same as (A) but 6.8 hours after sample preparation
(with myosin). Below 10 Hz, nonequilibrium fluctuations are observable as an enhancement of
oC(o)/2kBT relative to a´´.

www.sciencemag.org SCIENCE VOL 315 19 JANUARY 2007 371
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Mizuno et al., Science, 315, 370 (2007).
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Soft Matter
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Soft Matter

Complexity & Flexibility

Hierarchical Structure 
 and

Heterogeneity

XPCS using
Future Sources
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primary particle aggregate agglomerate

surface fractal mass fractal

TEM Image

Time scale ?

100nm

Reinforcement Effect
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Rolling Resistance

~ 10 Hz60 km/h

(Fuel Efficiency)
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Traction Performance
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Dynamics of Particles in Different Time Scales ??
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Speckle Visibility Spectroscopy with FEL

sample

detector
time delay

ps - ns

too fast
 !?

X-ray pulse
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SVS with ERL 5
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FIG. 3: Intensity vs pixel number, ie the profile of the speckle
pattern in the plane of the CCD camera, for the same colloidal
suspension and optical configuration as in Figure 1. The expo-
sure durations T differ by successive factors of ten, as labelled.
Since the speckles change with time, as shown in Fig. 2, their
visibility is smaller for longer exposures. This is the essence
of SVS.

tocorrelation function g1(τ). A subsequent connection
with scattering site dynamics can then be made as per
usual DLS practice in either single- or multiple scattering
limits.

Before carrying out the theoretical aspects of this pro-
gram, we note that our method is not without precedent.
Perhaps the first is a calculation [36] and experimental
verification [37] of the distribution for the photocurrent
as measured by one detector as a function of integra-
tion time. Another precedent is “laser-speckle photog-
raphy” [29], in which the blurring of speckle in a laser-
illuminated scene is taken as a signature of motion [6, 7].
The latter is now being applied to cerebral blood flow,
in particular [38, 39, 40, 41]. One aspect of our con-
tribution here is to simplify and generalize the work of
Refs. [36], and to correct a mistake in the widely-cited
work of Ref. [29].

A. Variance

The variance of intensity across the pixels is a sim-
ple way to quantify the visibility of the speckle pattern
formed at the imaging array. For a given exposure, each
pixel reports a signal that is proportional to the total
number of photons it receives. Thus the signal at pixel i
is proportional to the time-average of the intensity trace
Ii(t):

Si,T =

∫ T

0
Ii(t

′)dt′/T, (4)

where t = 0 defines the beginning of the exposure and T
is the duration of the exposure. The data returned by the
camera, for a single exposure, consists of the set {Si,T }
where the index i ranges from 1 to the total number N of

pixels. All quantities of interest are to be computed from
the N members of this set. For example the nth-moment
of the distribution of pixel signals is

〈In〉T =
N

∑

i=1

(Si,T )n/N, (5)

where the subscript T is a reminder that the result de-
pends on the exposure duration. Note that these mo-
ments represent an ensemble average over pixels for a
fixed time interval.

To compute the variance we focus on the first two mo-
ments of the signal distribution. The first moment is
simply the average intensity, 〈I〉 =

∑N
i=1 Si,T /N , which

is independent of the exposure duration. The second mo-
ment is the average over pixels of the quantity

(Si,T )2 =

∫ T

0

∫ T

0
Ii(t

′)Ii(t
′′)dt′dt′′/T 2. (6)

Since this is an ensemble average, the Siegert relation
Eq. (3) may be invoked: 〈Ii(t′)Ii(t′′)〉 = 〈I〉2{1+β[g1(t′−
t′′)]2}, giving an intermediate result for the second mo-
ment as

〈I2〉T = 〈I〉2
∫ T

0

∫ T

0
{1 + β[g1(t

′ − t′′)]2}dt′dt′′/T 2. (7)

The first term in the integral is one; the second term can
be reduced to a single integral by recognizing that g1(t)
is usually an even function. We now define a normalized
variance, and finish the calculation:

V2(T ) ≡
1

β

[

〈I2〉T /〈I〉2 − 1
]

,

=

∫ T

0

∫ T

0
[g1(t

′ − t′′)]2dt′dt′′/T 2,

=

∫ T

0
2(1 − t/T )[g1(t)]

2dt/T. (8)

This is the fundamental equation of SVS. The top line is
a definition; it quantifies speckle visibility on a scale of
0−1 in terms of the first two moments of the distribution
of pixel signal data, {Si,T }, returned for a given exposure
of duration T . The middle line is an intermediate step
that holds even if g1(t) is not even. The bottom line is
where contact usually is to be made between measure-
ment and the underlying normalized electric field auto-
correlation. Evidently the variance is a weighted-average
of [g1(t)]2 over the exposure interval 0 < t < T , with
heavier weighting for shorter t. This weighting reflects
the distribution of possible time differences within an ex-
posure.

B. Higher-Order Moments

The distribution of pixel signals is typically skewed to-
ward higher values, as seen for example in Fig. 3; there-
fore, it is not Gaussian and cannot be fully specified by

Continuous Source --> XPCS in milli-, micro- & nano-seconds !!

Phys. Rev. Lett. 90, 184302 (2003).
Rev. Sci. Instrum. 76, 093110 (2005)

D. J. Durian et al.,

Changing Exposure Time --> Change in Visibility of Speckle Patterns

important for Soft Matter Science
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Let me introduce..... our detector for XPCS

XPCS in milli-, micro- & nano-seconds

How ??
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Integrated detector

CCD or CMOS

Image Intensifier (MCP)

Coupling Lenses
phosphor (P-46)

X-ray

Y. Shinohara et al., J. Synchrotron Rad., 17, 737-742 (2010).
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Advantage

Exp. time: easily adjustable (Electronic-shutter)

Image sensor: wide selection

high count rate (integrated detector)

(relatively) low-cost !

high compatibility with ERL (??)
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Scattering Study of Soft Matter...

Averaged Structure & Dynamics

SAXS, (conventional) XPCS....

48Wednesday, July 13, 2011



Highly Coherent X-ray

Averaged Structure & Dynamics
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Conventional

Future

Structure

SAXS
(averaged structure)

Coherent Diffraction 
Imaging

Conventional XPCS
(averaged dynamics)

Dynamics

Future XPCS

Local, heterogeneous, detailed distribution...

Dynamical Heterogeneity
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Visualization of Dynamical Heterogeneity

Physics 4, 42 (2011)

FIG. 3: Spatial map of single particle displacements in the

simulation of a Lennard-Jones model of a supercooled liquid in

two spartial dimensions. Arrows represent the displacement of

each individual particle in a trajectory of duration comparable

to the typical structural relaxation time. This map reveals

that particles with different mobilities are spatially correlated.

system composed of N particles via

c(r; t, 0) =
N�

i=1
ci(t, 0)δ[r − ri(0)], (1)

where ri(t) is the position of particle i at time t. The
spatial correlations of the mobility are finally captured
by the correlation function

G4(r; t) = �c(r; t, 0)c(0; t, 0)� − �c(r; t, 0)�2, (2)
which depends only on the time t and the distance r = |r|
as long as the ensemble average, denoted with brackets, is
taken at equilibrium in a translationally invariant system;
G4(r; t) is known as a “four-point” dynamic correlation
function as it measures correlations of motion between 0
and t arising at two points, 0 and r.

The analogy with fluctuations in critical systems be-
comes clear in Eq. (2) if one considers the mobility field
c(r; t, 0) as playing the role of the order parameter for the
transition, characterized by nontrivial fluctuations and
correlations near the glass transition. This analogy is
now exploited in modern theoretical treatments [2].

The above definition of a real-space correlation func-
tion of the mobility represents a vital advance in the char-
acterization of dynamical heterogeneity. For instance,
it allows the language of field theory and critical phe-
nomena to be used in studying dynamical fluctuations
in glassy systems [16, 17]. Like in critical phenomena,
if one assumes the existence of a single dominant length
scale ξ4, then one expects that for large distances the
correlation function G4(r; t) decays as

G4(r; t) ≈ A(t)[exp(−r/ξ4(t))]/rp, (3)

where p is a critical exponent. It is also natural to define
the susceptibility associated with the correlation function

χ4(t) =
�

ddrG4(r; t). (4)

If the prefactor A(t) in Eq. (3) is known, the suscepti-
bility χ4(t) can be used to infer the typical number of
particles involved in the correlated motion shown in Fig.
3. That is, χ4(t) may be interpreted as the “volume” of
the correlated clusters.

Further, χ4(t) can also be obtained from the fluc-
tuations of the total mobility C(t, 0) =

�
ddrc(r; t, 0),

through

χ4(t) = N [�C(t, 0)2� − �C(t, 0)�2]. (5)

In practice, this formula permits an efficient measure of
the degree of dynamical heterogeneity, at least in com-
puter simulations and in those experiments where the
dynamics can be spatially and temporally resolved. As
long as c(r; t, 0) appropriately quantifies atomic motion,
χ4(t) can be measured in a variety of systems, serving
as a basis for comparing the extent of dynamical hetero-
geneity, and has become a central tool in characterizing
dynamic heterogeneity in amorphous materials [7].

Four-point susceptibilities in
molecular, colloidal, and granular
glasses

The dynamical function χ4(t) has now been measured
in computer simulations of many different glass-forming
liquids, by molecular dynamics, Brownian, and Monte
Carlo simulations [18–23]. An example is shown in Fig.
4 for a Lennard-Jones numerical model, but the quali-
tative behavior is similar in all cases [24–26]: as a func-
tion of time, χ4(t) increases at first, it has a peak on
a timescale of the order of the typical relaxation time
of the fluid, and then it decreases at large times. This
time dependence simply reflects the transient nature of
the dynamical heterogeneity.

The peak value of χ4(t) approximately measures the
volume over which structural relaxation processes are
correlated. Therefore the most important result obtained
from data such as those presented in Fig. 4 is the tem-
perature evolution of the peak height, which is found to
increase when the temperature decreases and the global
dynamics slows down. Such data provide evidence that
the approach to the glass transition is accompanied by
increasingly long-ranged spatial correlations of the dy-
namics.

In experiments, direct measurements of χ4(t) have
been made in colloidal [27] and granular materials [14, 15]
close to the colloidal and granular glass transitions, and
also in foams [28] and gels [29], because dynamics is more

DOI: 10.1103/Physics.4.42
URL: http://link.aps.org/doi/10.1103/Physics.4.42

c� 2011 American Physical Society

L. Berthier, Physics, 4, 42 (2011)

Highly Brilliant
Continuous source

Near-Field Scattering
R. Cerbino & A. Vailati, Curr. Opin. 

Colloid In., 14, 416 (2009)

+

Mapping of Dynamics in nm - mm scale !!

ex.)
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Brief Summary

XPCS with Future Light Sources

Dynamics in wider temporal scale

Distribution of Dynamics
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課題

• 検出器＆ソフトウェア

• 一般社会（産業）への応用
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