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Abstract

A dedicated setup comprising an efficient cryogenic device for the in-
situ preparation of large surface areas of prototypical organic glass for-
mers in a wide temperature range (170-340K) is presented. This setup
provides the necessary temperature and vibrational stability for surface
x-ray and neutron scattering experiments including the extremely sensi-
tive technique of x-ray photon correlation spectroscopy (XPCS). XPCS
is an emerging method which is made possible by the high coherent
photon flux produced by 3rd generation synchrotrons. We demonstrate
that microscopic motion at the surface can be studied in a direct way
in the liquid and supercooled state using XPCS. In addition, we have
used a CCD-detector to record 2-dimensional images of static speckle

patterns forming on surfaces in the glassy state.

PACS numbers: 68.03.Kn, 68.15.+¢, 61.41.4¢, 61.10.-i



1 Introduction

Glasses are characterized by the structural disorder known from liquids but
also by microscopic dynamical processes very far from those of a liquid [1].
The transition from a liquid to a glass is characterized by an exponential in-
crease of the viscosity. Little is known about the glass transition at the surface
and there has been much debate about possible differences to the bulk tran-
sition. The rms roughness and long-range correlations of a liquid surface are
essentially determined by thermally activated capillary waves [2, 3, 4, 5]. The
common hydrodynamic theory predicts that the high viscosity near the glass
transition causes capillary waves at the surface to be overdamped. These waves
are expected to gradually freeze due to an exponential increase in the charac-
teristic time 7y of their motion [2, 6]. Only recently, experimental tests of these
predictions have been achieved by x-ray scattering on surfaces of simple glass
formers with bulk properties [7, 8]. In this article we report on the necessary
instrumental pre-requisites for these experiments and give a full scope of ex-
amples. We mainly focus on the technical aspects, while the physical questions
to be resolved and underlying theory are discussed elsewhere, the references
being provided in the course of this text.

Diffraction patterns generated with light from a coherent source can show
a graininess known as speckle. The speckle pattern is caused by phase shifts
of the incident plane wave introduced during the diffraction process by a mod-
ulated spatial arrangement of the sample [9, 10]. Since the advent of high
brilliance synchrotron x-ray sources it has been possible to observe speckle in
x-ray diffraction patterns [11, 12, 13]. Speckle patterns from static surfaces

have previously been recorded using a CCD camera to demonstrate the co-



herence properties of the impinging radiation [12]. The time variation of a
speckle pattern is related to the dynamics of the sample and x-ray photon
correlation spectroscopy (XPCS) has for instance been used to investigate the
complex dynamics of colloidal suspensions [14, 15, 16]. These studies apply a
transmission geometry and hence are sensitive to bulk dynamics. The XPCS
technique is closely related to dynamic light scattering [17, 18, 19], but with
the advantage that the smaller wavelength of x-rays allows access to larger
momentum transfers (g-vectors) and permits to investigate opaque materials.

When x-rays are incident on a surface below the critical angle for total
external reflection the scattered intensity is solely coming from the atoms or
molecules in the near-surface region. Scattering of coherent x-rays incident on a
surface under grazing angles can therefore be used in a direct and unambiguous
way to measure temperature dependent changes in the surface dynamics of
a supercooled liquid or glass. In general, the correlation function measured
by XPCS is related to the so-called intermediate scattering function S(q,t)
[20]. With the lateral length and time scales currently accessible, surface
XPCS can thus be applied to measure capillary wave fluctuations with a high
resolution in wavevector and time [7, 21, 22]. On highly viscous liquids, the
ratio of the viscosity and the surface tension can be determined from XPCS
on micrometer length scales [23]. Although on these length scales XPCS and
visible light photon correlation spectroscopy (PCS) still compete, the advent of
x-ray sources with higher brilliance will make shorter length scales accessible to
surface XPCS. The surface sensitivity below the critical angle and the posibility
of x-rays to penetrate opaque windows of cryostated sample environments and

ultra high vacuum chambers already now renders XPCS superior to PCS.



Further, the very recent discovery of heterodyne mixing effects in surface XPCS
experiments [20, 24] may offer a future perspective to achieve even larger wave
vector transfers.

In addition to the emerging techniques using x-rays with a high degree
of transverse coherence, the well-established scattering experiments measuring
the reflectivity and diffuse scattering of ”incoherent” x-rays from a surface
may be applied. When the x-rays are incident well above the critical angle,
the resulting reflected intensity allows for infering on the rms roughness of a
surface [4, 5, 25]. The off-specular diffusely scattered intensity then contains
information on the lateral correlations of the surface [26]. Such a measurement
may therefore be used to determine the roughness of a liquid n-situ while it
is supercooled and undergoing a glass transition [8]. Hence, it may be tested
if the long-range correlations which are characteristic for capillary waves on a
liquid surface remain unchanged or are altered with the rising viscosity.

For these types of experiments large surfaces of prototypical glass forming
substances have to be prepared and cooled homogeneously through the glass
transition. The samples have to be sufficiently deep to be free of substrate
effects, and crystallization has to be circumvented. Furthermore, the setup
has to provide the possibility to stabilize any desired temperature over several
hours to better than 0.02 K. Our sample environment fulfills these require-
ments, and in the following section 2 we will describe it in detail. Section
3 contains technical notes on the temperature-dependent surface characteri-
zation by (incoherent) x-ray reflectivity and diffuse scattering measurements.
In section 4, the experimental setup and examples of x-ray photon correla-

tion spectroscopy measurements will be presented. Two-dimensional images of



speckle patterns from fluctuating and static surfaces which have been recorded
with a CCD detector will be discussed in detail in section 5. A brief conclusion

is presented in section 6.

2 The sample environment

For the in-situ experiments described in this article a dedicated sample en-
vironment has been developed [27]. The samples with macroscopic thickness
are prepared in a trough of 140 mm diameter and approximately 4 mm depth
inside an aluminum sample chamber (Fig.1). The large diameter of the sam-
ple ensures that the illuminated surface is not affected by a meniscus of the
liquid at the borders of the sample container and that a large footprint of the
incident beam under grazing angles fits on the sample. The trough is filled to
approximately 0.1mm above its upper rim, and a meniscus is created. This is
possible due to the finite surface tension of the liquid. Therefore, the incident,
beam does not hit the upper rim of the trough even at zero incident angle. The
sample chamber and the trough within are machined out of a single piece of
aluminum to achieve a good thermal conductivity and to allow for a thorough
cleaning. The sample chamber is covered with a Viton-sealed top lid that can
be removed for the cleaning of the trough. The filling is done through an inlet
device to reduce the exposure of the sample to the outside air to a minimum.

After filling the trough with the liquid, the sample chamber is evacuated
to approx. 10 mbar in order to reduce the background scattering from the gas
and then hermetically sealed. The pressure inside the sample chamber can be

monitored by a miniature sensor. The remaining pressure above the sample is



essentially the vapor pressure of the liquid. This may yield different levels of
the measured background signal in reflectivity experiments since it is not pos-
sible to control this temperature-dependent parameter. The background level
is important in x-ray reflectivity measurements from bulk liquid surfaces since
isotropic bulk scattering dominates the scattering for large wave-vector trans-
fers [28] and isotropic bulk scattering cannot be distinguished from isotropic
background scattering arising from the remaining vapor. In the case of reflec-
tivity measurements the surface signal has to be determined by subtracting
the separately measured background. However, in the case of scattering ex-
periments with the angle of incidence being always smaller than the critical
angle, the background scattering from the bulk is neglectible.

A vacuum (p < 1075 mbar) is maintained in an outer aluminum cell sur-
rounding the sample chamber for thermal insulation. For this purpose, a tur-
bomolecular pump is connected to the outer cell via a flexible metal tube. It
turned out that even speckle imaging measurements are not hampered by vi-
brations while the pump is running. High-frequency vibrations are apparently
effectively reduced by the large mass (approximately 15 kg) of the cell (i.e.
the sample chamber plus the outer cell) and its rigid mounting on the diffrac-
tometer. An active vibration damping system is also not necessary, since low-
frequency vibrations which may be induced from outside do not affect highly
viscous liquids. Such problems may, however, occur for low viscosity liquids
such as water.

The x-ray beam penetrates both the inner and outer cell walls through
Kapton foil windows (thickness approx. 25pum per layer). For the XPCS

experiments, the outer cell surrounding the sample chamber can be directly



attached with a vacuum flange to the detector flight tube of the diffractometer.
This reduces the number of Kapton foil windows in the beam, which might
affect the degree of coherence of the radiation.

In order to record the temperature of the sample two ceramics-coated
platinum resistor (Pt100) sensors are dipped into the sample approximately
100 mm apart from each other on opposite sides of the beam footprint.

The cooling of the sample is accomplished with a constant flow of liquid
nitrogen evaporating in a heat exchanger underneath the sample chamber.
The heat exchanger has the shape of a hollow disk of 10 mm thickness and a
diameter matching that of the sample chamber. The brass disk has an empty
volume of approximately 53 cm? for the evaporation of the liquid nitrogen. Its
fabrication requires the so-called hard soldering of its components to ensure a
sufficient thermal stress resistance. The disk stands with its bottom face on
small teflon pads in the outer aluminum cell to allow for an evacuated volume
for thermal insulation. The liquid nitrogen is fed through a narrow (5 mm
outer diameter) brass inlet tube from outside the outer cell, and the exhaust
is accomplished by an equivalent outlet tube. The brass tubes are in contact
with the bottom wall of the outer cell solely via Viton vacuum seals in order to
minimize the thermal loss. The connection between the brass inlet and outlet
and, respectiviely, the nitrogen dewar and exhaust gas pump is accomplished
by flexible Teflon tubes.

The sample chamber is attached to the heat exchanger using a bayonet
fixing ensuring a good thermal contact to the disk at both its top face and side.
The thermal contact is further enhanced by an adequate heat sink compound

(e.g. Apiezon N). The nitrogen flow rate is set by a control valve in the exhaust



gas stream. The best stability of the flow rate can be achieved with a mass
flow controller (adjustable flow rate 0 to 30 1/min.). The liquid nitrogen dewar
is kept at nearly ambient pressure and a membrane pump in the exhaust gas
tube generates the flow. The heating of the sample is achieved with an electric
resistor sandwiched into Kapton foil (Minco Products, Minneapolis, MN, USA)
underneath the heat exchanger. The resistor is connected to a Lakeshore
temperature controller allowing for a maximum heating power of 45 W. In
addition, the top lid of the sample chamber can be independently heated. A
temperature stability better than 0.02 K is achieved in a temperature range
from 170 K to 340 K. A third Pt100 sensor is used to separately monitor the
temperature of the heat exchanger. The good stability of the temperature over
a long time is in particular required for the XPCS experiments, as instabilities
may introduce parasitic time correlations in the measurements.

The nitrogen flow rate for a cooling rate of about 1.5 K/min. amounts to
approximately 20 1/min. of gaseous nitrogen (measured at room temperature
and ambient pressure) in the exhaust gas stream. Only taking into account
the heat exchange due to the evaporation of the nitrogen, a heat transfer of
about 5 x 103 J/min. can be estimated. The total mass of the sample cham-
ber (i.e. the inner cell alone) is nearly 1.5kg. Assuming the heat capacity
ca ~ 900J/kgK (at T = 300K) of aluminum to describe the total heat ca-
pacity of the chamber, about 2 x 10®J/min. is therefore exchanged. Thus,
the cooling device is highly efficient under the difficult geometrical restrictions
(large sample surface). The sample may be easily held at T'= —90° C for more
than 24 h, which has proven to be particularly useful for neutron scattering

experiments with long counting times.



3 X-ray reflectivity and diffuse scattering

X-ray reflectivity measurements using the sample chamber described in the
previous section have already been published in Ref.[8]. Here we add some
comments on the technical aspects for performing such a type of experiment.

For liquid surfaces, a particular experimental difficulty in measuring the
reflectivity arises from the necessity to keep the sample surface horizontal.
The incident beam has therefore to be inclined within a large angular range
and with a precision better than one mrad. Using an x-ray tube source, this
may be achieved by rotating the source around the sample or, in the case of
a rotating anode, rather by making use of the large divergence of the emit-
ted radiation through the rotation of a pair of slits around the anode [27].
Recently, liquid surface diffractometers with x-ray tube sources have become
commercially available (D8 by Bruker-AXS), and additionally a number of
individually designed instruments exists at rotating anodes [27]. However, in
order to determine the roughnesses of comparatively smooth liquid surfaces
with high precision, the high flux of a synchrotron radiation source is required,
since the measured reflectivity deviates from the Fresnel reflectivity of an ide-
ally smooth surface only at large ¢,. Only a few diffractometers at synchrotrons
worldwide are optimized for this purpose, one of them being the Harvard /BNL
liquid surface diffractometer at the National Sychrotron Light Source beamline
X22B at Brookhaven National Laboratory (see e.g. [4] and references therein).

The rms roughness measured from a free surface of a deep liquid depends
on the experimental resolution through a logarithmic term when measured by
x-ray reflectivity [25]. A detailed discussion of resolution effects in surface x-

ray scattering experiments can be found in Ref.[29]. At diffractometers using
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x-ray tube sources it is technically less challenging to achieve a good angular
resolution than at diffractometers using synchrotron radiation. This is due to
simple mechanical reasons, because fewer movements are required to tilt the
beam at tube sources. For instance, at the liquid surface diffractometer in
the Physics Department at the University of Kiel (Germany) using a rotating
anode x-ray source, an angular resolution of approximately 0.35 mrad has been
achieved by the special design of the instrument [27]. To illustrate this, an
example of a measurement at this instrument is shown in the figure 2. The
diffuse scattering from a glycerol surface at room temperature around the
specular peak is shown in a log-log plot as a function of the lateral wave
vector transfer ¢, at a fixed ¢, = 0.07A~" (symbols in the figure). Open
symbols denote data taken at ¢, < 0 after the transformation ¢, — |g,|. The
agreement between the data denoted by open and filled symbols, respectively,
is thus an indication of the qualtiy of the alignment of the diffractometer. The
width of the specular peak at ¢, = 0 is essentially given by the experimental
resolution. The resolution at ¢, = 0.07 A~' has been estimated from the
direct beam profile of the instrument according to ¢, = %ozfqz, where o is the
detector take-off angle (dashed line in the figure). The solid line indicates a fit

to the capillary waves model [5].

4 X-ray photon correlation spectroscopy

Whether the capillary wave modes are propagating, overdamped or frozen-in
as a function of temperature and wavevector cannot be distinguished by the

conventional x-ray scattering experiments that have been briefly mentioned in
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the previous section. Coherent x-rays, however, may be used to determine the
dynamics in a direct way [30].

Using the setup described in section 2, we have performed XPCS measure-
ments on glycerol and different polymer surfaces at the ID10 Troika A beamline
of the ESRF with 8keV radiation (wavelength A = 1.548 A) originating from
three insertion devices. The experiment on glycerol has been reported in detail
in Ref.[7]. In this section we add some technical aspects. To tilt the incident
beam down from the storage ring plane, both the Si(111) monochromator and
a Platinum mirror which was located downstream from the monochromator
were aligned to provide adequate angular offsets (see Fig.3). The angle of in-
cidence on the sample was kept constant at about 0.08° well below the critical
angle for total reflection. The envanescent wave penetrates in this case only
the topmost ~ 80A. The alignment of the incident angle was done by making
use of the relative rotating movement of the platinum mirror, the absolute
mirror to sample and sample to detector distances, the relative sample height
movement and the liquid sample surface which can be assumed to be perfectly
horizontal.

The wavelength bandpass from the Si(111) monochromator is AA/\ ~ 10~
yielding a longitudinal coherence length & = A? /A of about 1 yum. A pinhole
with a diameter of 12 um was mounted 278 mm upstream from the sample
in order to obtain a collimated and (partially) coherent beam. The intensity
behind the pinhole amounts to approx. 2 - 10° photons/second. The typical
transverse coherence length at the pinhole is 10 pum. A guard slit in front of
the sample was used to suppress the Fraunhofer diffraction from the pinhole.

The data were collected with a Nal scintillation counter at a distance 2368 mm

12



downstream from the sample. An aperture with an adjustable size of 5 ym—
100 pm was chosen in front of the detector. The adjustable size allowed to
balance between a high speckle contrast (small aperture) and a high flux by
averaging over several speckles (large aperture) [31]. The time-autocorrelation
functions were recorded with a digital ALV5000/E correlator.

The scattered radiation was detected under different exit angles oy within
the scattering plane. Hence the lateral and perpendicular components of the
wavevector transfer, ¢, and ¢,, are given by ¢, = (27/))(cosay — cos ;) and
¢ = (2 /A)(sinas + sine;). From the g,-value the respective lateral length
scale xy that is probed may be obtained by xy = 27/q,. The error in the
determination of z, is related to the error in the measurement of the flight
path lengths which is a few millimeters yielding a relative error on the order
of 1073,

Surface dynamics can be measured in a photon correlation spectroscopy
experiment by evaluating the normalized time-autocorrelation function G(7) =
(I(t+ 7)I(t));/{I(t))? where I(t) is the observed intensity in a detector [17,

18, 19]. We found that our data can be well described by the exponential form
G(7) = goexp(—7/70) + 1, (1)

with 0 < gy <1 and a time constant 75. The constant gy, also denoted as con-
trast, depends on the degree of coherence of the incident beam and the degree
of ensemble averaging for the incident and scattered beam [31]. Equation 1
describes the measured correlation in the case of overdamped capillary waves
[6, 18]. Very recent further experiments and calculations have revealed that a
heterodyne mixing of the diffusely scattered signal and the specular reflected

beam takes place [24, 20]. However, the effect on the determination of the time
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constants of overdamped waves is small.

In the figure 4 two examples of correlation functions that have been ob-
tained from a surface of glycerol are given. In the first example (Fig.4 (a)), a
particularly high contrast C' = (67.6 + 0.2)% has been achieved. The lateral
length scale probed was zy = 90 um and the opening of the exit aperture in
front of the detector was set to 5umx15pum (v x h). The temperature of
the glycerol sample was T" = 265.7 K. The fit of Eq. (1) to the data (solid
line in Fig. 4) yields the relaxation rate 7, ' = (0.253 + 0.01) ms™! and hence
To = 3.95ms, and the contrast quoted above. The total correlation time for
this measurement was nearly 15 minutes and the average count rate in the
detector approximately 100 Hz. In the second example (Fig.4 (b)), a shorter
lateral length scale xq = 5.6 yum was probed. The temperature of the glycerol
sample was 7" = 234.15 K. The aperture in front of the detector was set to
50 umx300 um (v x h). Here, the fit yields C' = 2.52% and 75 = 106.38 ms.
The total correlation time for the second example was 20 minutes and the
average count rate in the detector approximately 150 Hz.

The maximum achievable contrast is partly determined by geometrical con-
ditions [31], and it turns out that with a fixed slit setting it decreases with
rising lateral wave vector transfer ¢,. To measure a correlation function, a
minimum count rate depending on the time scale of the fluctuation to be de-
tected and other factors such as the stability of the setup is required, thereby
limiting the accessible ¢,-range. Up to now, the minimum length scale that
can be tested on our samples is therefore on the order of one micrometer. We
note that a correlation function from our highly viscous liquid samples can be

taken only after waiting for the whole setup to stabilize at a given temperature
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T, which is typically at least one hour and strongly depends on T
Improvements of the storage ring current and the undulators will increase
the available flux incident on the sample in the future. Furthermore, a less
monochromatic incident beam may be considered, as a slightly reduced longitu-
dinal coherence can be allowed in the grazing incidence geometry. In addition,
the stability of our experimental setup might still be further improved. Thus,
we envisage that shorter lateral length scales will be achievable in the future.
A lower limit for the minimum accessible time scale is given by the time struc-
ture induced by the electron bunches in the storage ring. At the ESRF this
time scale is a few nanoseconds in uniform filling mode. Experiments detecting
motion on a time scale of approximately 50 ns have already been performed
[32] using a faster avalanche photodiode (APD) detector instead of the Nal.
It appears that in our XPCS experiment with the angle of incidence of the
x-ray beam being allways smaller than the critical angle of total external reflec-
tion, there are only little difficulties arising from beam damage. By scattering
from surfaces of deep liquids, damage caused by substrate photoelectrons is cir-
cumvented. We have changed the illuminated spot on our samples occasionally

and observed only slight changes in the maximum achievable contrast.

5 2-dimensional detection with a CCD

The direct visualization of a speckle pattern using a two-dimensional CCD
camera gives additional information related to the spacial shape of the speckles
and their ¢-dependence [31]. Furthermore, the CCD experiment can provide

a proof of a surface which is completely frozen-in on a time scale of at least
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several hours at a sufficiently low temperature. In the case of our setup, a time
scale that large is not suitable for XPCS with a point detector. By contrast,
the CCD-experiment using a 2-dimensional detector is well-suited to study
time-averages, as we discuss in this section. The CCD-detector can as well
be used for XPCS experiments to study slow dynamics, as has been shown
by Kim et al. [33] on thin polymer films on silicon substrates. For a detailed
discussion of using a CCD to perform XPCS we refer to Lumma et al. [34].

The same beamline setup as described in the previous section was used to
direct the monochromatic and partially coherent beam downwards to be inci-
dent on a horizontal glycerol surface with an incidence angle o; = 0.08°. The
radiation scattered from the surface was detected using a direct illumination
CCD camera from Princeton Instruments with a pixel size of 22.5 x 22.5 ym?.
The CCD camera was placed instead of the Nal detector and detector aper-
ture described in section 4 to record the two-dimensional off-specular diffuse
scattering image from the surface. The two coordinates of the CCD image
thus correspond to the lateral components (g, ¢,) of the wavevector transfer
within and perpendicular to the scattering plane.

In the example presented here, the slowing down of surface dynamics is
directly visualized by the CCD images obtained at two different temperatures
of a glycerol sample (Fig.5). In the figure, the intensities in the pixels of the
CCD camera along the in-plane diffuse rod (i.e. along ¢, with ¢, = 0) are
given for (a) T = —34.3°C and (b) T' = —80.0°C. These intensities have been
obtained by adding the indicated number of frames, i.e. consecutive exposures
of the CCD. Each frame has been exposed for 50ms for the measurement

at T = —34.3°C, respectively for 20ms for the measurement at —80.0°C.
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Between each two exposures a few seconds elapsed for the read-out of the
CCD. Hence, the total integration time to record the several hundred frames
per sample was on the order of one hour. The data are normalized to equal total
intensity and shifted for clarity along the intensity axis in the plot. Above the
plotted intensities along ¢,, the corresponding two-dimensional CCD images
for the respective maximum number of frames are shown. The rod-like shape
of the scattered intensity [31] and the speckle pattern in the low-temperature
case become apparent.

We note that only two orders of magnitude in intensity difference may
be detected at once along the CCD that we have used. This is related to
the large number of charges created at once in a CCD pixel by a single x-ray
photon. Furthermore, the quantum efficiency of a single CCD pixel is limited to
approximately 30%. In addition, a significant intensity was present in the dark
images. Therefore, when only a few frames are added, both the images from the
low-temperature and the high-temperature sample show statistical noise which
might be mistaken as speckle (Fig.5). However, when a few hundred frames are
added, the data from the frozen-in sample may be clearly identified as a static
speckle pattern, whereas summing the frames from the fluctuating sample
results in a smooth image. The low-temperature sample is therefore static on a
time scale of at least one hour over which the CCD frames have been integrated.
This interpretation is further supported by the strong intensity modulation
along ¢, at small ¢, in the case of the static sample. Here, statistical noise
would have the opposite effect of strongly modulating at large ¢, where the
absolute intensity is low.

For comparison, CCD images have also been taken from a silicon wafer

17



which was placed instead of the glycerol within the sample cell (Fig.6). The
wafer serves as a static reference sample. When illuminated through the usual
12 pm pinhole, a speckle pattern appears in the diffuse scattering (Fig.6 (a)).
We note that the wafer may not be as perfectly aligned as the liquid and frozen-
in glycerol surfaces presumably because it is slighly bent due to its large size.
The silicon wafer has also been used to verify that when deliberately destroying
the coherence of the incident beam by opening the pinhole to 100 ym, a smooth

scattering pattern results similar to the pattern from the fluctuating sample

(Fig.6 (b)).

6 Outlook

We have presented an experimental device which allows for a wide variety of
in-situ surface investigations with x-ray scattering methods. In particular, the
device is adapted to the extremely sensitive XPCS experiments. The device
may as well be used for experiments with neutrons, since the thin (0.25 ym
each) Kapton foil windows cause only negligible absorption even for cold neu-
trons. In addition, the experimental setup has already been shown to be
equally suitable for glycerol and prototypical polymer glasses. In future exper-
iments, it may be possible to test predictions related to the surface dynamics,
viscosity and surface tension of polymers using XPCS in the described setup.

It turns out from the reflectivity measurements that the supercooled glyc-
erol surfaces are surprisingly smooth with an rms roughness of approx. 2 A
in the glassy state. The sample preparation causes no imperfections on the

surface even in the frozen-in state provided that adequate cooling rates to cir-
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cumvent crystallization are respected. Speckle imaging with the CCD camera
provides proof of a surface that is completely static. The main focus on future
developments will be to access shorter lateral length scales in XPCS. So far,

the limits have certainly not yet been reached.
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Figure 1: Sketch of the sample environment (side view, drawn to scale) con-

sisting of an outer cell evacuated to approximately 10~5 mbar for thermal in-

sulation and an inner chamber which contains the trough for the sample. Both

the inner chamber and outer cell have a cylindrical symmetry along the ver-

tical axis. The inner chamber is mounted on the heat exchanger (see text for

details).
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Figure 2: Scattered intensity from a glycerol surface at ambient temperature as
a function of the lateral wave vector transfer in the scattering plane ¢, while
q, was kept constant at ¢, =0.07A! (symbols). The data were taken at a
liquid surface diffractometer using a rotating anode x-ray source. A constant
background has been subtracted, and the data have been corrected for the
variation of the illuminated and detected spot size on the sample as a function
of incidence and take-off angle. The dashed line is an estimation of the resolu-
tion function from the measured direct beam profile according to ¢, = %oz £z,
where oy is the detector take-off angle. The solid line is a fit to the standard

capillary wave model. (See further explanations in the text.)
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Figure 3: Sketch of the setup for the XPCS experiment (not drawn to scale).
The Sil11 monochromator is tilted to bring the incident beam downwards at a
fixed angle. The downstream platinum mirror with its reflecting surface facing
upwards both suppresses the higher order reflections from the monochromator

and is used to align the incident angle (see text for details).
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Figure 4: Intensity-intensity correlation functions G(7) (open circles) from a

glycerol surface at different temperatures and length scales. The solid lines are

fits according to G(7) = go exp(—7/7) + 1 from which the two parameters go

(contrast) and 7y (time constant of overdamped capillary waves) are obtained.

(a) The temperature is 7' = 265.7K and the lateral length scale that was
probed is [, = 90 pm. (b) T'=234.15K and [, = 5.6 pm.
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Figure 5: CCD data of a glycerol surface at (a) T = —34.3°C, (b) T =
—80.0°C'. The intensity in the CCD pixels corresponding to the scattering
plane is plotted for a rising number N of added frames (i.e. consecutive ex-
posures of the CCD camera) with (a) 0.05s (b) 0.02s exposure each. The
data have been normalized to equal integrated intensity after subtraction of
a constant background and then shifted for clarity along the intensity axis.
Above, the 2-dimensional CCD images corresponding to the respective maxi-

mum number of frames are shown.

28



0.9 0.9

0.8 0.8
10.7 10.7
r 0.6 r 10.6

405 r 105

q, AT

r 104 r 104

403 403

0.2 0.2

0.1 0.1

10 20 30 40 50 10 20 30 40 50
y [Pixel] y [Pixel]

Figure 6: 2-dimensional CCD images of a Silicon wafer surface at ambient
temperature using the same experimental geometry as in figure 5. The wafer
has been illuminated through (a) the 12 um pinhole and (b) the 100 gm pinhole.
In both cases, 1000 frames with 20 ms exposure time each have been added.
In the case of the large pinhole, an aluminum attenuator has been placed in
the incident beam. A constant background has been subtracted. It becomes
apparent that the incoherent illumination results in a smooth diffuse scattering
pattern. The shade at the lowest ¢, results from a beamstop for the specular

reflection.
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