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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.
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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
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combination of reference and dynamic sample is referred to as

the hybrid sample. Aerosil provides a stable and strong X-ray

scatterer covering a wide range of wavevectors. The sample

holder was mounted on an x–z stage, perpendicular to the

beam. By translating the sample holder, measurements could

be made either directly on the fluctuating sample alone or on

the hybrid sample, thus allowing for an easy comparison of

homodyne and heterodyne results. In the latter case the beam

intensity was reduced by a factor of 12 owing to the absorption

in the reference.

3. Homodyne and heterodyne correlations

IFS allows a direct measure of the fluctuations in a sample.

The expression for the time correlation function of the scat-

tered amplitude Asðq; tÞ (which depends on wavevector and

time) from a sample is

Gðq; tÞ ¼ hAsðt
0
ÞA�s ðt

0
þ tÞit0 ¼ hIsðtÞit � g1ðq; tÞ; ð2Þ

where hIs(t)it is a time average of the scattered intensity at

wavevector q. Partial coherence is taken into account by �,

and g1(q, t) contains the sample dynamics [g1(q, t = 0) = 1]. For

clarity, explicit wavevector dependence is omitted in As and Is.

The (unnormalized) homodyne (G1) intensity correlation

function using (2) is

G1ðq; tÞ ¼ hIsðq; tÞi2t 1þ �jg1ðq; tÞj2
� �

; ð3Þ

where we have defined the ‘zero time intercept’, or the

coherence factor, as � = |� |2. The set-up used in this experi-

ment has been chosen in order that the overall coherence

factor of the detected scattering intensity is � ’ 0.35. This is a

relatively large value for an XIFS experiment. Here we try to

improve the signal-to-noise ratio and to limit sample irradia-

tion. This estimate of � takes into account only transverse

coherence (source, beam size, detection), as longitudinal

coherence effects can be neglected with our monochromatic

beam. This was verified by checking that � is almost inde-

pendent of the diffraction angle � in all our results. For

heterodyning with a static reference signal Ir(q) and a fluctu-

ating sample signal Is the correlation function (G2) becomes

(Geissler, 1993)

G2ðq; tÞ ¼ I2
r þ hIsðtÞi

2
t 1þ �jg1ðtÞj

2
� �

þ 2IrhIsðtÞit þ 2IrhIsðtÞit �Re g1ðtÞ
� �

: ð4Þ

This equation includes first- and second-order terms in the

sample scattering intensity Is, and we have assumed the same

� for homodyne and heterodyne measurements. Since the

reference signal comes from a static disordered sample,

averages over time and averages over wavevectors behave

differently. This treatment extends equation (4) of László et al.

(2003), which demonstrates heterodyning from the static parts

of a gel. We restrict averages to a region of wavevectors �. The

degree of mixing is defined as

x� ¼ hhIsitiq2�= hIr þ hIsitiq2�

� �
: ð5Þ

x� may depend on the region �. The domain � is chosen as a

region where the scattering and correlation functions may be

considered constant. For isotropic scattering, the domains are

defined as rings: jqj 2 ðq� �q=2; qþ �q=2Þ. In our case the

intervals �q increase geometrically (�q/q = a constant)

because the SAXS intensity decreases more slowly for larger q

values, and this improves the statistics for low counting rates.

We now use the average h . . . iq to mean averages over q in �.

For t! 0, equation (4) gives hIr + hIs(t)iti
2
q(1 + �), and as

t!1 it becomes

hIr þ hIsðtÞiti
2
q 1þ �ð1� xÞ2
� �

¼ h Ir þ hIsðtÞit
� �2

iq: ð6Þ

This provides two different methods for normalizing the

correlation functions. In one case we divide by hIr + hIs(t)iti
2
q,

and the decay starts at 1 + �. In the other, dividing by

h[Ir + hIs(t)it]
2
iq makes the correlation function decay to unity.

In either case the correlation function decays with an initial

amplitude that is a fraction of � because the fluctuating signal

is only a fraction of the total signal.

In the same experiment intensities can vary by several

orders of magnitude. A droplet algorithm (Livet et al., 2000)

was used that transforms the CCD into a photon-counting

area detector. This procedure optimizes experiments involving

low intensities and a large number of frames and pixels. On

applying this algorithm to all of our experiments, even where

intensity is not too low, we also obtain a good estimate of the

error bars in the correlation functions.

4. Dynamics of latex spheres in glycerol

As a first comparison of homodyne and heterodyne

measurements, a suspension of latex spheres of diameter

98 nm in glycerol was studied. The suspension was contained

in a 1 mm-diameter quartz capillary next to the reference. The

sample was held at a constant temperature of 283 K, and the

nominal latex volume fraction was 10%. As this system has a

short fluctuation time, the CCD was divided into 18 strips,

each of 64 rows, using the kinetics mode (Lumma et al., 2000).

The slits limited the exposed region of the CCD to about

900 � 54 pixels (horizontal � vertical). Data were recorded

for strip exposure times of 25, 150, 350 and 1000 ms. The total

exposure time was 30 s.

Fig. 1 compares the averaged cross sections of the aerosil

alone, of the latex sample alone and of the hybrid sample.

Intensities are corrected for absorption differences, monitor

counts and measuring times. Clearly the latex sample has a

strongly oscillating SAXS intensity, due to the form factor of

the latex spheres. In the region where the scattering from the

latex sample has a local minimum, intensities are obviously

not constant, but these are so low that no result could be

obtained for q > 7 � 10�3 Å�1. The ratio x defined in (5) is

always smaller than 0.1.

The top four curves of Fig. 2 show the normalized corre-

lations hG1(t)iq /hhIs(t)i2t iq obtained for various values of t and

q. The solid lines in this figure are the fits of the equation
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hG1ðtÞiq=hhIsðtÞi
2
t iq ¼ 1þ � exp �2t=�1ðqÞ

� �� �
ð7Þ

to the normalized correlation functions. This exponential fit is

in good agreement with our results. The fitted values of � lie

between 0.33 and 0.36.

Typical heterodyne results, taken under identical condi-

tions, are shown in the four lower plots of Fig. 2. In this case we

calculate the correlation function hG2(q, t)i, defined in (4),

normalized by the value of (6), so that the result is unity for

large values of t. As x < 0.1, the second-order terms in (4) can

be neglected and accordingly the normalized correlations can

be fit to the following simplified equation,

hG2ðtÞiq=h½Ir þ hIsðtÞit�
2
iq ¼ 1þ b exp �t=�2ðqÞ

� �� �
; ð8Þ

where b ’ 2x�/(1 + �). In the four lower curves of Fig. 2 it can

be seen that the value of b increases with increasing q, reaches

a maximum and then decreases. This is easy to relate to with

the results of Fig. 1, where a maximum of x ’ 0.08 occurs at

q ’ 4 � 10�3 Å�1. This yields an estimate of the maximum of

b ’ 0.04, as observed in Fig. 2. It is clear that simply varying

the thickness of the reference controls the amount of mixing.

We recall that, using the alternative normalization proce-

dure, the correlation functions would start at 1 + � and decay

to [1 + �(1 � x)]. The diffraction patterns have the same

coherence as for homodyne measurements, but do not decay

to 1.0 since only a fraction of the signal fluctuates.

These results provide a simple and direct comparison

between the heterodyne and homodyne techniques. The

physics of latex in glycerol is well described by Lumma et al.

(2000) and we do not address it here. For the volume fraction

studied here, the correlation functions are simple exponen-

tials. Comparing �1(q) and �2(q) shows that the homodyne and

heterodyne estimates are in agreement, as assured by the

factor of 2 in (7), if the error bars of the fits are taken into

account.

We may also compare the precision of the results shown in

Fig. 2. In all cases independent data were assumed in fitting.

Neglecting error cross-correlation in our data seems reason-

able because the time series in each frame of the kinetic mode

is short (only 15 strips were used) and the error bars increase

rapidly with the correlation time for the same series of frames.

For the largest q, the ratio x becomes so small that the short

time fluctuations are difficult to observe. In the intermediate

range, for q < 4� 10�3 Å�1, the error bars for G2 are less than

twice those of G1. This is best seen in Fig. 2 by comparing

results for times greater than 0.3 s, which are obtained from

the 150 ms exposure times. If one takes into account error bars

from fitting and the factor of 2 in the homodyne correlation

function, the heterodyne method gives roughly the same

statistical error as the homodyne method. The intensity of the

beam on the latex sample, however, is reduced by a factor of

12. This will be further discussed in another paper, but we note

that it is advantageous for systems that are prone to radiation

damage. Moreover, control of the relative scattering intensity

is easily achieved by varying the thicknesses of the sample and

of the reference.

5. Relaxation of filled polymers

As a second example, we use heterodyne measurements to

study the microscopic relaxation of ethylene–propylene
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Figure 2
Homodyne (a–d) and heterodyne (e–h) correlations for latex spheres
obtained for four q values. Correlations are plotted as a function of t.
Error bars are calculated from formulae valid for small intensities. Fits
corresponding to equation (8) are also shown, together with fluctuation
times �1 and �2. Note that the last reliable result was obtained for q =
6.7 � 10�3 Å�1 and that �2 ’ �1.

Figure 1
Isotropically averaged cross sections, normalized to compare the hybrid
sample (aerosil + latex: open circles) count rate (in photons s�1 pixel�1

for a 1 � 109 photons s�1 beam intensity) with the latex sample (closed
squares) and the aerosil (closed circles).



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 + hIsiti
2
q.

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).



avoid mixing of oscillations of rapidly varying periodicities. A

strong dependence of the oscillation periods upon q cos(’) is

observed.

The four lower curves (e–h) of Fig. 4 correspond to

geometrically increasing values of q0 (a factor close to 21/2) for

the same q cos(’) = 1.21� 10�3 Å�1. In this case the period of

the oscillations remains the same, but their damping rates are

different.

All fits of this figure use for the normalized correlation

function the expression

g2ðq; ’; tÞ ¼ 1þ �ð1� xÞ
2
þ x2��2

ðt=�Þ

þ 2xð1� xÞ� cosð!tÞ�ðt=�Þ: ð9Þ

This gives a fit with four parameters: �, x, ! and �. The

oscillation frequencies ! in (9) depend linearly on |q | and

cos(’). In Fig. 4 we observe that the period of the oscillations

(i.e. !) can be obtained with very good precision. We note in

passing that the oscillations of the correlation functions, as

seen in Fig. 4, are the Doppler shifts (Berne & Pecora, 2000) of

the X-rays scattered from a material moving with a velocity of

several Å s�1 [the result for Fig. 4 is 14.35 (2) Å s�1].

The discussion on the damping term is somewhat more

complex. We have chosen to fit using the equation �[t/�(q)] =

exp{�[t/�(q)]1.5}. This compressed exponential form is often

preferred to a simple exponential in ‘jammed’ systems

(Cipelletti et al., 2003; Bandyopadhyay et al., 2004). For the

results of Fig. 4, only a small part of the detector is used, and

the domains � contain between 100 and 400 pixels. The

statistics are therefore insufficient to allow a detailed discus-

sion of the various relaxation models. The same compressed

exponential function was used for all ’, yielding the fitting

curves plotted in Fig. 4.

In Fig. 5(a) the estimated values of ! are given at q = 1.4 �

10�2 Å�1 for different values of cos(’). In Fig. 5(b), ! is

plotted versus q for a fixed angle of 123�. The linear behavior

of these curves provides a check of the expected v.q depen-

dence.

Fig. 6 shows the relaxation velocities as a function of time

for both cross-linked and uncross-linked samples. The

relaxation of the velocities measured here (in our 15 mm �

15 mm area) agrees well in absolute value with macroscopic

measurements of the shrinking of extended pieces of the same

filled EPR rubber.

From the results of Fig. 4, rough estimates of � can be given.

For q < 1 � 10�2 Å�1, results are widely scattered between

2500 s and 8000 s. These values are larger than the measuring

time (2000 s for Fig. 4) and this means that damping is difficult

to observe. For larger q, the fitted values of � are decreasing

with |q | and, for instance, the fits of the four lower curves (e–h)

in Fig. 4 yield 2160 s, 1500 s, 1228 s and 480 s for �. We also

observe that the four top curves (a–d) of Fig. 4 should yield

identical � values: the results of the fits vary between 1500 s

and 2100 s.

Further work is underway to understand the relationship

between the correlation functions measured by homodyning

and heterodyning in other similar systems.

6. Conclusion

We have shown that XIFS can be performed under controlled

heterodyne conditions and this gives direct access to phase

information. In particular, it is capable of measuring the phase

shift in the scattering signal by the displacement of a sample

with respect to a fixed reference. By its sensitivity to velocity

distributions, useful insights should be obtained in systems

that exhibit aging (Geissler et al., 2000) or propagating waves

(Gutt et al., 2003). More generally, this type of measurement

should be useful in systems in which viscoelastic effects are

important, especially those displaying slow dynamics. It offers

the possibility of discriminating between, at the scale of the

X-ray beam (10 mm), semi-macroscopic flow from microscopic

fluctuations in ‘jamming systems’. Moreover, by virtue of the

protection provided by a reference sample placed upstream,

this type of measurement may be useful for limiting irradiation

damage.
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