
research papers

786 doi:10.1107/S0909049505022065 J. Synchrotron Rad. (2005). 12, 786–794

Journal of

Synchrotron
Radiation

ISSN 0909-0495

Received 11 March 2005

Accepted 8 July 2005

# 2005 International Union of Crystallography

Printed in Great Britain – all rights reserved

Grazing-incidence scattering of coherent X-rays
from a liquid surface

Anders Madsen,a* Tilo Seydel,b Metin Tolanc and Gerhard Grübeld
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The scattering image produced by coherent X-rays appears grainy and is

denoted a speckle pattern. An analysis of the static and time-dependent

properties of a speckle pattern generated by scattering of a partially coherent

synchrotron beam from a liquid surface is given here. Unique surface sensitivity

is achieved by applying the X-rays under a grazing angle of incidence. The

observed contrast of the speckle pattern depends on the momentum transfer

parallel to the surface, unlike the case of transmission small-angle X-ray

scattering (SAXS), where essentially no q dependence of the contrast has been

observed. The appearance of the speckles and the contrast of the image can be

understood qualitatively by use of geometrical arguments and by the fact that

liquid surfaces are extremely flat.

Keywords: coherent X-ray scattering; speckle patterns; liquid surfaces; X-ray photon
correlation spectroscopy (XPCS).

1. Introduction

Scattering with partially coherent X-rays (Sinha et al., 1998)

has become possible since the advent of brilliant third-

generation synchrotron sources based on undulator devices.

Coherent scattering images from a disordered system

display grainy features, known as speckles, due to inter-

ference between scattered waves with different phase shifts

(Ludwig, 1988; Sutton et al., 1991; Grübel & Abernathy,

1997; Abernathy et al., 1998; Tsui et al., 1998; Lumma et al.,

2000). Grazing-incidence surface scattering with coherent

X-rays has previously been demonstrated experimentally

(Cai et al., 1994; Robinson et al., 1995). Since the static

speckle pattern reflects the exact spatial arrangement of the

scattering object, the profile of the surface may be recon-

structed by use of an inversion algorithm based on over-

sampling (Vartanyants et al., 1997; Miao et al., 1998; Robinson

et al., 1999).

In X-ray photon correlation spectroscopy (XPCS) (Mochrie

et al., 1997; Grübel et al., 2000; Lurio et al., 2000; Lumma et al.,

2001; Sikharulidze et al., 2002; Kim et al., 2003; Madsen et al.,

2003; Thurn-Albrecht et al., 2003; Falus et al., 2005; Robert et

al., 2005) the time variation of a speckle pattern is used to

extract information about the dynamics of the sample by

measuring the normalized intensity–intensity time-correlation

function Gð�; qÞ ¼ hIðt þ �; qÞIðt; qÞi=hIðt; qÞi2. Some years

ago we demonstrated the possibility of detecting lateral

capillary wave motion on a liquid glycerol surface by use of

XPCS (Seydel et al., 2001). In this case, the dynamic is char-

acterized by a relaxation time �0, which can be determined by

fitting Gð�; qÞ to an exponential decay,

Gð�; qÞ ¼ � expð��=�0Þ þ 1; ð1Þ

where � is the q-dependent contrast or coherence factor.

Glycerol is a prototypical glass former and the surface motion

can be arrested by an adequate lowering of the temperature

because the shear viscosity increases exponentially with

decreasing temperature. This is used in the present experiment

to measure a static speckle pattern from which the spatial

intensity–intensity autocorrelation function can be calculated.

Hence, for glycerol it is possible to perform a complete (spatial

and temporal) analysis of the speckle pattern since one can

change from dynamic to static speckles simply by lowering the

temperature.

There are three main purposes of this article: (i) to discuss

the one-dimensional character of the scattering image

obtained from a liquid surface when it is illuminated by X-rays

under grazing incidence, (ii) to discuss the static speckle

pattern and analyze it in terms of the spatial autocorrelation

function and (iii) to discuss the influence of the speckle

image’s one-dimensional character on the contrast of the time

correlation function Gð�; qÞ obtained by XPCS and compare

with the static speckle analysis.

2. The one-dimensional scattering image

Fig. 1 shows the scattering image from a glycerol surface

produced by a partially coherent X-ray beam applied under



grazing angle incidence, �i ¼ 0:08� (Seydel et al., 2003). The

image was recorded by a direct illumination CCD camera with

22.5 mm pixel size. The experiment was performed at the

ID10A Troı̈ka I beamline at the European Synchrotron

Radiation Facility (ESRF), where three undulators operating

in series were set to have coinciding harmonics at 8 keV

(� ¼ 1:54 Å). The emerging beam was diffracted horizontally

from a single-bounce Si(111) Bragg monochromator crystal

(��=� ’ 1:4� 10�4) and vertically from a Pt-coated glass

mirror to obtain monochromatic radiation without contribu-

tions from higher-order harmonics. The source size (FWHM)

was approximately 30 mm� 900 mm (v � h) and the source–

sample distance was 46 m. In the vertical direction, the

synchrotron beam was focused by a cylindrical compound

refractive beryllium lens (Snigirev et al., 1996) in order to

symmetrize the transverse coherence lengths and enhance the

flux. In the horizontal direction the beam was collimated to

achieve a smaller source size. A 10 mm pinhole before the

sample was used to select the ‘coherent’ part of the beam. The

intensity was�2� 109 photons s�1 through the pinhole. Right

before the sample, a guard slit was carefully placed to block

the fringes appearing from the pinhole scattering.

The beam was directed down towards the horizontal

glycerol surface by a simultaneous tilt of the monochromator

and rotation of the mirror. For glycerol, the critical angle �c

for total external reflection is �0:15� at 8 keV. When X-rays

are applied below the critical angle, an evanescent wave

travels in the sample parallel to the surface with very limited

penetration depth � (Marra et al., 1979; Vineyard, 1982), thus

ensuring that the scattering observed is coming from the

surface only. Therefore, �i ¼ 0:08�< �c was chosen.

The glycerol surface was prepared and stabilized in an

evacuated sample cell with appropriate temperature control.

Details concerning the sample environment and sample

preparation are given elsewhere (Seydel et al., 2003). The

scattering geometry is sketched in Fig. 2 and the area shown in

Fig. 1 corresponds to a 200 pixel � 100 pixel ’ 4.4 mm �

2.2 mm section of the CCD chip located in the image plane.

During the experiment, the glycerol surface was held at a

constant temperature of T ¼ 193 K. This is close to the glass

transition temperature TG ’ 186 K, where the shear viscosity

reaches 1012 Pa s, and therefore the surface motion due to

capillary waves is very slow, on the time scale of many hours

(Seydel et al., 2001). The acquisition time of the image was

approximately 1 h, during which the surface was static. From

Fig. 1 it is evident that (i) the scattering profile is highly

elongated along the qx direction and (ii) the image appears

grainy. These features will be explained below.

2.1. The scattering image in reciprocal space

To begin with we attempt to establish a simple picture of the

scattering process and the interference phenomena involved.

For this purpose we sketch in Fig. 2 a coherent X-ray beam, of
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Figure 1
(Left) Static speckle pattern from a glycerol surface (T ¼ 193:0 K)
measured with a CCD camera. (Right) In-plane scattering profile
corresponding to a central vertical section through the left image (Seydel
et al., 2003).

Figure 2
Sketch of the grazing-incidence scattering experiment in real and
reciprocal space. The symbols in the figure are used throughout the text.



dimensions ðd� d Þ and wavelength �, which is directed down

towards a horizontal surface. In the following discussion the

beam is considered to be fully coherent, but all arguments are

still valid for a partially coherent beam with transverse

coherence length d, although a lower speckle contrast is

expected (see discussion later). The surface is assumed to

consist of domains that modify the scattered field by different

phase factors. At grazing incidence the footprint of the beam

on the surface is highly elongated, and it is the scattering

image appearing from this footprint that is sketched in reci-

procal space in Fig. 2. The scattering volume in reciprocal

space can be approximated by an ellipsoid with dimensions

proportional to the inverse dimension of the coherently illu-

minated volume in real space. Therefore the scattering image

will appear highly elongated along qz as a result of the small

penetration depth � of the beam when �i is smaller than the

critical angle for total external reflection. Apart from �, there

are three other dimensions of interest in real space, namely the

beam size d, the domain size W, and the length of the footprint

F ¼ d= sin �i. We assume that F � W and the discussion can

be split into two cases: d<W and d>W. Since F � W the

scattered wavefront is modified by different phase factors

along the footprint (x direction) and therefore, in both cases,

there will be an intensity modulation (speckle) in the qx

direction. This structure arises as a consequence of inter-

ference of partial waves scattered from the different domains.

The speckle separation in reciprocal space is determined by

2�=ðNxWÞ, where Nx is the number of domains illuminated by

the beam in the x direction. In this case, it is identical to the

width of one speckle, given as 2�=F. If d>W there will, in

addition, be a speckle modulation along qy, with a character-

istic period of 2�=d. According to the above discussion, the

scattering volumes in reciprocal space are drawn in Fig. 2 as

ellipsoids with internal speckle structure (Robinson et al.,

1995). The shape of an ellipsoid is highly elongated by a factor

d=�, typically 1000, along the qz direction. This is suppressed

in the figure for clarity. In the qz direction the ellipsoid is

featureless (no speckles) as qz < 2�=� because of the small

value of �. The ellipsoid dimension along qx is 2�=W, whereas

along qy it is either 2�=d or 2�=W for the two cases d<W and

d>W, respectively. From Fig. 2 we predict that along qy a

speckle structure will only appear as a consequence of surface

disorder when W< d. In other words, disorder on small lateral

length scales generates speckles along qy, while disorder on

larger length scales results in speckles along qx. This statement

is in good agreement with the observation that speckles are

confined to the qx axis in Fig. 1, which shows the speckle

pattern from an almost perfectly flat surface [r.m.s. roughness

< 3Å (Seydel et al., 2002)] with large correlation lengths

parallel to the surface.

2.2. The scattering image in real space

To simulate the speckle pattern in the image plane, a

conversion between reciprocal space q coordinates and real

space image plane coordinates is required. A coordinate in the

image plane is defined by the take-off angle �f between the

scattered beam and the surface, and the angle � between the

scattered beam and the specular scattering plane (see Fig. 2).

The components of the momentum transfer are given as

q ¼

qx

qy

qz

0
@

1
A ¼ 2�

�

cos �i � cos �f cos �
cos �f sin �

�ðsin �i þ sin �fÞ

0
@

1
A: ð2Þ

By differentiating the above and using the approximation

� ’ 0, which applies near the specular scattering plane, we

obtain for ��

j�qxj ¼ ð2�=�Þj��j sin � cos �f ’ 0; ð3Þ

j�qyj ¼ ð2�=�Þj��j cos �f cos � ’ ð2�=�Þj��j cos �f; ð4Þ

and for ��f

j�qxj ¼ ð2�=�Þj��fj sin �f cos � ’ ð2�=�Þj��fj sin �f; ð5Þ

j�qyj ¼ ð2�=�Þj��fj sin �f sin � ’ 0: ð6Þ

The interpretation of the above is straightforward: qy and qx

vary with � and �f , respectively. Equation (5) together with the

relation for the speckle width in reciprocal space

j�qxj ¼ 2�=F yield for the angular speckle width

j��fj ’ ð�=dÞ sin �i=sin �fð Þ: ð7Þ

It is important to notice that in the limit �i ¼ 90�, �f ¼ �90�,

equation (7) reduces to the well known approximation

j��fj ’ �=d, valid for the speckle size in small-angle X-ray

scattering (SAXS) transmission geometry. Also note that in

the specular case, i.e. when �i ¼ �f , equation (7) reduces to the

above-mentioned SAXS result as expected, since the surface

then acts like a simple mirror. The axes of the image plane are

denoted y0ð¼ R tan �Þ and z0ð¼ R tan �fÞ (Fig. 2), and in the

small �f limit we find for the real space speckle size

j�z0j ’ ð�R=dÞ sin �i=sin �fð Þ: ð8Þ

This means that the speckles width is decreasing as �f

increases so the speckle image is gradually compressed along

the z0 axis with increasing z0. Along the y0 axis, the speckle

image is not compressed according to equation (4), but in this

direction there are only few speckles visible when the sample

surface is almost perfectly flat and �i <�c (see Fig. 1). In

addition, one notes that equation (8) predicts the speckles to

be elongated in the qx direction (i.e. larger than �R=d) if

�f <�i, i.e. in a grazing exit scattering geometry (Pfeiffer et al.,

2004).

2.3. Numerical simulation

A numerical simulation of coherent scattering from a liquid

surface was carried out to verify the analysis presented above.

In the case of a liquid, the surface does not have real domains,

as sketched in Fig. 2, but the surface is covered by thermally

excited capillary waves. Hence, a liquid surface can be thought

of as a random landscape of peaks and valleys characterized

by a function hðx; yÞ, giving the surface height at each point

ðx; yÞ. A lateral correlation length (or domain size W) is

equivalent to the distance over which hðx; yÞ remains corre-
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lated. Usually the height–height correlation function is

defined as gðRÞ ¼ gð�x; �yÞ ¼ h½hðx0; y0Þ � hðx; yÞ�2i, where

the average is taken over all points of the surface ðx; yÞ with

jx0 � xj ¼ �x and jy0 � yj ¼ �y. Here R ¼ ½ð�xÞ2 þ ð�yÞ2�1=2

and for a perfectly flat surface gðRÞ ¼ 0. For a liquid surface

one finds gðRÞ / �2
h lnðRÞ, where �h is denoted the r.m.s.

roughness caused by the thermally excited capillary waves

(Sinha et al., 1988). We approximate a liquid surface covered

with ‘frozen-in’ over-damped capillary waves by an xy plane

with randomly centered Gaussian-shaped height distortions.

This is known to be a good approximation for the surface

excitations when over-damped waves are concerned (Philips,

2004) and gives approximately the right functional form of

gðRÞ. The intensity scattered from such a surface can be

calculated for different exit angles �f, as shown in Fig. 3. The

calculation is made for every point ð y0; z0Þ in the image plane

by integrating the scattered field amplitude from the surface

and finding the intensity as

Ið y0; z0Þ ¼

���� RF=2

�F=2

Rd=2

�d=2

A exp½ið2�=�ÞDðR; x; y; y0; z0Þ�

� �ðx; y; �i; �f Þ dx dy

����
2

: ð9Þ

In practice, the above integration is performed numerically by

summing the amplitudes from many discrete points on the

surface, and a Monte Carlo procedure was used to select the

points randomly in order to minimize resolution-induced

artifacts in the simulation. A is the amplitude of the incident

field, and we assume it to be constant and normalized

according to

RF=2

�F=2

Rd=2

�d=2

jAj2 dx dy ¼ 1: ð10Þ

In equation (9), DðR; x; y; y0; z0Þ is the distance from the point

ðx; yÞ on the surface to the point ð y0; z0Þ in the image plane,

with R as the sample–image plane distance (see Fig. 2). � is the

phase shift due to the rough surface and is approximated by

�ðx; y; �i; �fÞ ¼ exp½i ð2�=�Þ hðx; yÞ ðsin �i þ sin �fÞ�; ð11Þ

where hðx; yÞ is the height of the surface at the point ðx; yÞ.

The numerical simulation in Fig. 3 verifies the simple analysis

summarized in Fig. 2. The result shown in Fig. 3 was obtained

with �h ’ 3 Å, and the speckles are confined to the z0 axis of

the image plane. The FWHM of one speckle is approximately

j�qxj ’ 3� 10�7 Å�1, in reasonable agreement with the

estimate 2�=F. Fig. 3 resembles the CCD image in Fig. 1 very

much but is more regular, as a result of the simplicity of the

liquid surface model used in the numerical simulation. The

absolute intensities of the speckles in Fig. 3 are largely

determined by the simulation procedure. This fact makes a

more rigorous comparison between the two images in Figs. 1

and 3 difficult, but such a comparison is difficult anyway

because of the limited resolution (22 mm pixel size) of

the CCD.

In Fig. 4, the simulation in Fig. 3 was repeated with

an increased roughness ð�h ¼ 300 Å). Therefore, gðRÞ is

increased and hence the lateral correlation length of the

surface is reduced. As predicted, this gives rise to structure

along qy, which shows up in the image plane as speckles

appearing off the z0 axis (Fig. 4). We conclude that a high

surface roughness effectively decreases the lateral correlation

length and that this effect introduces speckles along qy (Fig. 4),

which are not present in the case of almost perfectly flat liquid

surfaces (Fig. 3).

2.4. Contrast analysis of the static speckle pattern

The static speckle pattern in Fig. 1 can be characterized in

terms of the contrast or the complex degree of coherence. In

this section we calculate the complex degree of coherence

	ðr1; r2Þ between two points r1 and r2 in the image plane,

where j	ðr1; r2Þj
2 is equal to the normalized two-point inten-

sity correlation function. The contrast is then given as

� ¼ j	ðr1 ¼ r2Þj
2 (Born & Wolf, 1959) and the width of 	 is a

measure of the speckle width. The ensemble averaging due to

the detector resolution can be accounted for by replacing

j	ðr1; r2Þj
2 with the convolution

j	ðr1; r2Þj
2
C ¼

RR
Sðr1 � r0ÞSðr2 � r00Þj	ðr1; r2Þj

2 dr0 dr00; ð12Þ

where S is a Gaussian resolution function (Abernathy et al.,

1998). The complex degree of coherence is defined as

	ðr1; r2Þ ¼
R
V

jAj2 exp i qðr1Þ � qðr2Þ
� �

� v
� �

dv; ð13Þ

where the integration is carried out over the whole sample

volume V illuminated by the beam (Abernathy et al., 1998).

Here A is the normalized incident amplitude withR
jAðvÞj2 dv ¼ 1: ð14Þ

Using the image plane vector representation

r1 ¼

0

y0

z0

0
@

1
A; r2 ¼

0

y00

z00

0
@

1
A; ð15Þ

the evaluation of qðr1Þ � qðr2Þ yields

qðr1Þ � qðr2Þ

¼
2�

�

R2

ðR2þz002Þ1=2
1

ðR2þy002Þ1=2 �
R2

ðR2þz02Þ1=2
1

ðR2þy02Þ1=2

Ry0

ðR2þz02Þ1=2
ðR2þy02Þ1=2 �

Ry00

ðR2þz002Þ1=2
ðR2þy002Þ1=2

z00

ðR2þz002Þ1=2 �
z0

ðR2þz02Þ1=2

0
BBB@

1
CCCA

¼

Kx

Ky

Kz

0
B@

1
CA; ð16Þ

where R is the distance from the sample to the image plane,

and thus the integral in equation (13) can be calculated. We

find that the complex degree of coherence can be expressed as

a product of three parameters:

	ðr1; r2Þ ¼ Ix � Iy � Iz; ð17Þ

with
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Ix ¼
1

F

RF=2

�F=2

expðiKxxÞ dx ¼
2

KxF
sin

KxF

2

� �
; ð18Þ

Iy ¼
1

d

Rd=2

�d=2

expðiKyyÞ dy ¼
2

Kyd
sin

Kyd

2

� �
ð19Þ

Iz ¼
1

�

R0
��

expðiKzzÞ dz ¼
1

Kz�
sinðKz�Þ þ i ½cosðKz�Þ � 1�
� �

:

ð20Þ

Owing to the very small penetration depth of the evanescent

wave (� ’ 80 Å for glycerol at 8 keV) when the X-ray beam

is incident below the critical angle, Iz is a very slowly varying

function close to unity, and thus in the following the approx-

imation Iz ¼ 1 is used. This approximation removes any

influence of the probed depth of the sample, which in SAXS

geometry is equivalent to the sample thickness, and marks an

important difference between the present GISAXS case and

the SAXS result, where the sample thickness plays an

important role in limiting the contrast (Abernathy et al., 1998;

Tsui et al., 1998; Lumma et al., 2000).

j	ðr1; r2Þj
2 can now be calculated following equation (17),

and the results are shown in Figs. 5 and 6, where the centers of
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Figure 3
(Left) Calculated scattering image as described in the text with
R ¼ 2:38 m, �i ¼ 0:08� and �h ’ 3 Å. (Right) In-plane scattering profile.
The image center corresponds to �f ¼ 0:37� (qx ¼ 7:74� 10�5 Å�1), as in
Fig. 1.

Figure 4
The same simulation as in Fig. 3 but with �h ¼ 300 Å. The disorder on
small length scales gives rise to speckle structure in the qy direction.

Figure 6
Complex degree of coherence calculated from the model described in
the text with �i ¼ 0:08�. The image center corresponds to qx =
7:74� 10�5 Å�1, as in Figs. 1 and 3.

Figure 5
Complex degree of coherence calculated from the model described in the
text with �i ¼ 0:08�. The image shows the specular case �i ¼ �f.



the images correspond to ð�f; �Þ ¼ ð0:08; 0Þ and ð0:37; 0Þ�,

respectively. The difference between Figs. 5 and 6 is solely in

the z0 direction, where the width of the central peak (the

speckle width) changes. This difference illustrates the

compression of the speckle pattern discussed previously and

expressed in equations (7) and (8). j	ðr1; r2Þj
2, shown in Figs. 5

and 6, is equivalent to the Fraunhofer diffraction from a

source with the dimensions of the footprint as seen from an

exit angle �f , also known as the van Cittert-Zernike theorem

(Born & Wolf, 1959). The peak values at r1 ¼ r2 at the centers

of Figs. 5 and 6 are the same, namely 1, thus indicating 100%

contrast.

Obviously this is not correct and the double convolution in

equation (12) expressing the ensemble averaging defined by

the detector resolution must be incorporated. The double

convolution with a Gaussian resolution function S of variance

�2
S [FWHM l ¼ �Sð8 ln 2Þ1=2] can be performed in the y0

(horizontal) and z0 (vertical) directions of the image plane. If

we let �	ð8 ln 2Þ1=2 denote the FWHM of the central peak

(r1 ¼ r2) of j	ðr1; r2Þj
2 in the y0 direction (the speckle width),

we find for the peak value � of j	ðr1 ¼ r2Þj
2
C; the resolution

convoluted degree of coherence,

� ¼ �	 ð�	Þ
2
þ 2ð�SÞ

2
� ��1=2

ð21Þ

and a similar expression in the z0 direction. The above

expression is based on the assumption that the detector

resolution can be approximated by a Gaussian with variance

�2
S. This is a good approximation when the peak value � is

considered, and thus we will use equation (21) to calculate the

contrast � and compare with the experimental data.

A contrast analysis was performed on the static speckle

pattern in Fig. 1, for which the background (CCD dark-current

and read-out noise) had been carefully subtracted and a flat-

field correction applied. Non-overlapping areas of 1 pixel �

7 pixel corresponding to 22 mm � 154 mm were chosen,

centered at increasing qx, and the pixel–pixel contrast was

determined by calculating

�ðrÞ ¼ ½hIðrÞIðrÞi=hIðrÞihIðrÞi� � 1: ð22Þ

The brackets hi denote averaging over the chosen area. The

result is shown in Fig. 7, together with a model calculation

based on equation (21), where a Gaussian function (FWHM

22 mm equal to the CCD pixel size) was used to describe the

resolution of the CCD. The agreement between model and

experiment in Fig. 7 is good and a decreasing contrast with

increasing qx can be observed. This trend is caused by the

decrease in speckle width with increasing qx that effectively

increases the influence of the detector-averaging and thus

decreases the contrast. The experimental points in Fig. 7 are

quite scattered as a result of the averaging in equation (22)

being performed over a small area, and because of a resolution

problem (the speckle size and the pixel size of the CCD are

almost identical). In general the data points in Fig. 7 seem to

lie slightly below the model prediction, and this is not

surprising since we use an ideal model assuming a fully

coherent incident beam.

3. The dynamic speckle pattern

Using the experimental setup sketched in Fig. 2, a new CCD

image shown in Fig. 8 was taken, this time with a glycerol

temperature of T ¼ 238:7 K. The speckle features that were

so pronounced in Fig. 1 are now almost gone because the

surface motion is much faster than the time it takes to acquire

the image (�60 min). Therefore, the scattered intensity is

effectively averaged over all possible surface configurations,

and thus the image in Fig. 8 resembles what would be obtained

by applying a non-coherent X-ray beam.

With X-ray photon correlation spectroscopy (XPCS), the

time structure of such a dynamic speckle pattern is analyzed

and for this purpose the temporal intensity autocorrelation

function Gð�; qÞ can be calculated [see equation (1)]. The

contrast � of Gð�; qÞ is defined as �ðqÞ ¼ Gð�! 0; qÞ � 1 and

is identical to the contrast previously calculated for the spatial

autocorrelation function of the static speckle pattern.

3.1. XPCS experiment

The scattering geometry was the same as that used to record

the CCD images (Figs. 1 and 8), but now the scattered

radiation was measured by a point detector defined by a set of

slits that could be operated independently in the horizontal

and vertical directions. The detector–sample distance was

R ¼ 2:38 m, as previously, and the correlation function

Gð�; qxÞ was calculated by feeding the detector signal into an

autocorrelator device that calculated G on-line. qx denotes the

momentum transfer parallel to the surface in the scattering

plane and can be calculated from equation (2) with � ¼ 0� and

�i ¼ 0:08�. An intensity autocorrelation function taken at

qx ¼ 7� 10�6 Å�1 is shown in Fig. 9(a). The correlation

function from the incident beam (monitor) shows no features,

but for the scattered beam (detector) it has the simple expo-

nential shape of equation (1).

This result indicates that the surface dynamics is governed

by over-damped capillary wave motion (Madsen et al., 2004;

Seydel et al., 2001). The solid line in Fig. 9 is the best fit of

equation (1) to the data, and a relaxation time �0 (3:65 ms) and

contrast (61.5%) can be determined. The high value for the

contrast indicates that the detection is homodyne, contrary to

other studies where heterodyne mixing has been observed

(Gutt et al., 2003; Sikharulidze et al., 2005; de Jeu et al., 2005).

In Fig. 9(b), correlation functions taken at different values of

�f are shown. The pre-detector slit was kept constant, and the

trend of decreasing contrast for increasing values of �f that can

be observed in the figure is a clear indication of the decreasing

speckle size. When the speckles get smaller the number of

speckles registered by the detector through a given slit aper-

ture increases, and so the contrast of the correlation function

will decrease. A systematic study of the contrast variation as a

function of vertical and horizontal detector slit opening was

performed at fixed qx ¼ 1:1� 10�5 Å�1, corresponding to

�f ¼ 0:15� with a glycerol temperature of T ¼ 265:5 K. In

order to compare with theory, the complex degree of coher-

ence j	ðr1; r2Þj
2 was evaluated at the given qx, and the FWHM

of the central peak at r1 ¼ r2 was determined. Finally, equa-
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tion (21) was used to incorporate the effect of the different

detector slit openings, and in Fig. 10 the result is plotted

together with values of the contrast obtained by XPCS. The

features of Fig. 10 are as expected from the analysis of the

static speckle image; opening the slit in the vertical direction

causes the contrast to drop faster than for a horizontal

opening. This difference is due to the anisotropy of the speckle

pattern discussed previously, and in this case the speckle size is

larger in the horizontal than in the vertical direction by a

factor sin �f= sin �i ¼ sin 0:15�= sin 0:08� ’ 2. At a certain

horizontal opening, the measured contrast does not drop any

more but stays constant, as indicated by the dashed line in

Fig. 10; this effect was tested up to a horizontal slit opening of

l ¼ 3000 mm. This effect is due to the fact that there is no more

scattered intensity to average over in this direction (see Figs. 1

and 8), i.e. the limit of the scattered intensity volume in reci-

procal space has been reached. This situation was also indi-
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Figure 9
(a) Temporal intensity–intensity autocorrelation function measured in
the experiment (T ¼ 265:5 K, qx ¼ 7� 10�6 Å�1) with 15 mm � 15 mm
detector slit. (b) Three correlation functions taken at T ¼ 234 K at
increasing �f values corresponding to qx ¼ 2:9, 4.1 and 5:2� 10�5 Å�1.
The two latter curves have been shifted along the ordinate for clarity. The
pre-detector slit was kept constantly at 100 mm � 100 mm and a
decreasing contrast is obvious for increasing �f .

Figure 10
Contrast variation versus slit opening at T ¼ 265:5 K and �f ¼ 0:15�

(qx ¼ 1:1� 10�5 Å�1). Symbols are contrast values extracted from XPCS
data and the solid lines are model calculations. Red squares and upper
line: horizontal opening. Blue circles and lower line: vertical opening. The
dashed line is explained in the text.

Figure 8
CCD image taken under conditions identical to those used for the image
shown in Fig. 1 but with T ¼ 238:7 K (Seydel et al., 2003).

Figure 7
Contrast versus qx calculated from the model (red line) and determined
from the static speckles of Fig. 1 (blue circles) as described in the text.



cated in Fig. 2, as the shaded regions in the qxqy plane in

reciprocal space.

In Fig. 2 this cutoff along qy was explained either by the size

of the beam d or by surface domains, depending on the

magnitude of the domain size W with respect to d. As stated

earlier, real domains do not exist on a simple liquid surface,

but we have previously shown that increasing the surface

roughness has the same effect as decreasing W (Figs. 3 and 4).

At some point, when the roughness is increased, W gets

smaller than d and then the cutoff along qy is defined by W

(see Fig. 2). Alternatively, the beam size d can explain the

cutoff, and from equation (4) we estimate that this cross-over

will happen at a slit opening of about 35 mm in our experiment.

This is about half the cutoff value estimated from the inter-

section of the dashed line and the upper solid line in Fig. 10,

and so we conclude that at T ¼ 265:5 K the r.m.s. roughness

[measured by X-ray reflectivity (Seydel et al., 2002) to about

3Å] of the highly viscous glycerol surface implies a lateral

surface correlation length of approximately half the beam size,

i.e. about 5 mm.

4. Conclusion

In summary, we have determined the contrast of speckle

patterns generated by a coherent X-ray beam scattered from a

simple liquid surface under grazing angle incidence conditions.

We show that the speckle pattern is highly anisotropic as a

result of the grazing-incidence geometry, with a huge footprint

on the sample. We demonstrate that the speckle size along qx

decreases with increasing qx in GISAXS scattering geometry.

This trend marks an important difference from transmission

SAXS, where the speckle size is almost constant. In GISAXS

we retrieve this result along the qy direction, where only a

small (/ cos �) dependence of contrast on qy is found.

Another difference between the GISAXS and the SAXS

result is that the thickness of the sample does not play any role

in GISAXS [equation (20), Iz’ 1], which is probably respon-

sible for the huge contrast observed in some cases (Fig.9a).

A basic calculation of the complex degree of coherence has

been used to model both the contrast of the spatial correlation

function (static case) and the time correlation function

(dynamic case). The analysis yields good agreement between

experiment and model (Figs. 7 and 10) and demonstrates the

possibility of performing a complete analysis of the speckle

pattern generated by coherent X-rays scattered from a

surface. In the case of visible light, coherent laser sources have

been available for many years, and here static speckle analysis

is already an established technique used in detailed studies of

surface morphology (Goodman, 1984; Lehmann, 1999).

In the future it is expected that grazing-incidence XPCS will

move towards the study of nanostructured surfaces (solid or

soft matter), where the surface sensitivity of X-rays combined

with the possibility of probing slow dynamics at nanometre

length scales is unique. Systems of interest include, for

instance, self-assembled soft matter, glassy materials and hard-

condensed matter surfaces exhibiting critical dynamics. For all

future XPCS studies, however, it is the coherent flux together

with the detector specifications that will set the limits for the

accessible regions of time and space. In addition, the present

work shows that geometrical effects may also play an impor-

tant role when measuring spatial or temporal correlation

functions and hence that this aspect should always be

considered.

The simple model we use to describe the data in Fig. 10 fits

quite well, but the point for the smallest slit opening (12 mm)

lies �18% below the calculated curve. This result shows the

limitations of the model, where losses in contrast due to the

sample, finite source size and finite wavelength spread are not

taken into account. Even if all of these factors do not contri-

bute significantly, an 18% loss in contrast due to optical

components of the beamline is not much and the results

clearly indicate a major improvement compared with an

earlier study (Abernathy et al., 1998). An 18% loss in contrast

indicates that more than 90% of the photons registered by the

detector are participating in the coherent scattering. This limit

is probably close to what one can reach in practice with third-

generation synchrotron radiation, where the source is chaotic

and therefore incoherent by nature (Lengeler, 2001).
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Sprung, M., Grübel, G. & Sinha, S. K. (2003). Phys. Rev. Lett. 91,
076104, 179903(E).

Jeu, W. H. de, Madsen, A., Sikharulidze, I. & Sprunt, S. (2005).
Physica B, 357, 39–44.
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