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Abstra
t

A dedi
ated setup 
omprising an eÆ
ient 
ryogeni
 devi
e for the in-

situ preparation of large surfa
e areas of prototypi
al organi
 glass for-

mers in a wide temperature range (170{340K) is presented. This setup

provides the ne
essary temperature and vibrational stability for surfa
e

x-ray and neutron s
attering experiments in
luding the extremely sensi-

tive te
hnique of x-ray photon 
orrelation spe
tros
opy (XPCS). XPCS

is an emerging method whi
h is made possible by the high 
oherent

photon 
ux produ
ed by 3rd generation syn
hrotrons. We demonstrate

that mi
ros
opi
 motion at the surfa
e 
an be studied in a dire
t way

in the liquid and super
ooled state using XPCS. In addition, we have

used a CCD-dete
tor to re
ord 2-dimensional images of stati
 spe
kle

patterns forming on surfa
es in the glassy state.

PACS numbers: 68.03.Kn, 68.15.+e, 61.41.+e, 61.10.-i
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1 Introdu
tion

Glasses are 
hara
terized by the stru
tural disorder known from liquids but

also by mi
ros
opi
 dynami
al pro
esses very far from those of a liquid [1℄.

The transition from a liquid to a glass is 
hara
terized by an exponential in-


rease of the vis
osity. Little is known about the glass transition at the surfa
e

and there has been mu
h debate about possible di�eren
es to the bulk tran-

sition. The rms roughness and long-range 
orrelations of a liquid surfa
e are

essentially determined by thermally a
tivated 
apillary waves [2, 3, 4, 5℄. The


ommon hydrodynami
 theory predi
ts that the high vis
osity near the glass

transition 
auses 
apillary waves at the surfa
e to be overdamped. These waves

are expe
ted to gradually freeze due to an exponential in
rease in the 
hara
-

teristi
 time �

0

of their motion [2, 6℄. Only re
ently, experimental tests of these

predi
tions have been a
hieved by x-ray s
attering on surfa
es of simple glass

formers with bulk properties [7, 8℄. In this arti
le we report on the ne
essary

instrumental pre-requisites for these experiments and give a full s
ope of ex-

amples. We mainly fo
us on the te
hni
al aspe
ts, while the physi
al questions

to be resolved and underlying theory are dis
ussed elsewhere, the referen
es

being provided in the 
ourse of this text.

Di�ra
tion patterns generated with light from a 
oherent sour
e 
an show

a graininess known as spe
kle. The spe
kle pattern is 
aused by phase shifts

of the in
ident plane wave introdu
ed during the di�ra
tion pro
ess by a mod-

ulated spatial arrangement of the sample [9, 10℄. Sin
e the advent of high

brillian
e syn
hrotron x-ray sour
es it has been possible to observe spe
kle in

x-ray di�ra
tion patterns [11, 12, 13℄. Spe
kle patterns from stati
 surfa
es

have previously been re
orded using a CCD 
amera to demonstrate the 
o-
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heren
e properties of the impinging radiation [12℄. The time variation of a

spe
kle pattern is related to the dynami
s of the sample and x-ray photon


orrelation spe
tros
opy (XPCS) has for instan
e been used to investigate the


omplex dynami
s of 
olloidal suspensions [14, 15, 16℄. These studies apply a

transmission geometry and hen
e are sensitive to bulk dynami
s. The XPCS

te
hnique is 
losely related to dynami
 light s
attering [17, 18, 19℄, but with

the advantage that the smaller wavelength of x-rays allows a

ess to larger

momentum transfers (q-ve
tors) and permits to investigate opaque materials.

When x-rays are in
ident on a surfa
e below the 
riti
al angle for total

external re
e
tion the s
attered intensity is solely 
oming from the atoms or

mole
ules in the near-surfa
e region. S
attering of 
oherent x-rays in
ident on a

surfa
e under grazing angles 
an therefore be used in a dire
t and unambiguous

way to measure temperature dependent 
hanges in the surfa
e dynami
s of

a super
ooled liquid or glass. In general, the 
orrelation fun
tion measured

by XPCS is related to the so-
alled intermediate s
attering fun
tion S(q; t)

[20℄. With the lateral length and time s
ales 
urrently a

essible, surfa
e

XPCS 
an thus be applied to measure 
apillary wave 
u
tuations with a high

resolution in waveve
tor and time [7, 21, 22℄. On highly vis
ous liquids, the

ratio of the vis
osity and the surfa
e tension 
an be determined from XPCS

on mi
rometer length s
ales [23℄. Although on these length s
ales XPCS and

visible light photon 
orrelation spe
tros
opy (PCS) still 
ompete, the advent of

x-ray sour
es with higher brillian
e will make shorter length s
ales a

essible to

surfa
e XPCS. The surfa
e sensitivity below the 
riti
al angle and the posibility

of x-rays to penetrate opaque windows of 
ryostated sample environments and

ultra high va
uum 
hambers already now renders XPCS superior to PCS.
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Further, the very re
ent dis
overy of heterodyne mixing e�e
ts in surfa
e XPCS

experiments [20, 24℄ may o�er a future perspe
tive to a
hieve even larger wave

ve
tor transfers.

In addition to the emerging te
hniques using x-rays with a high degree

of transverse 
oheren
e, the well-established s
attering experiments measuring

the re
e
tivity and di�use s
attering of "in
oherent" x-rays from a surfa
e

may be applied. When the x-rays are in
ident well above the 
riti
al angle,

the resulting re
e
ted intensity allows for infering on the rms roughness of a

surfa
e [4, 5, 25℄. The o�-spe
ular di�usely s
attered intensity then 
ontains

information on the lateral 
orrelations of the surfa
e [26℄. Su
h a measurement

may therefore be used to determine the roughness of a liquid in-situ while it

is super
ooled and undergoing a glass transition [8℄. Hen
e, it may be tested

if the long-range 
orrelations whi
h are 
hara
teristi
 for 
apillary waves on a

liquid surfa
e remain un
hanged or are altered with the rising vis
osity.

For these types of experiments large surfa
es of prototypi
al glass forming

substan
es have to be prepared and 
ooled homogeneously through the glass

transition. The samples have to be suÆ
iently deep to be free of substrate

e�e
ts, and 
rystallization has to be 
ir
umvented. Furthermore, the setup

has to provide the possibility to stabilize any desired temperature over several

hours to better than 0:02K. Our sample environment ful�lls these require-

ments, and in the following se
tion 2 we will des
ribe it in detail. Se
tion

3 
ontains te
hni
al notes on the temperature-dependent surfa
e 
hara
teri-

zation by (in
oherent) x-ray re
e
tivity and di�use s
attering measurements.

In se
tion 4, the experimental setup and examples of x-ray photon 
orrela-

tion spe
tros
opy measurements will be presented. Two-dimensional images of
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spe
kle patterns from 
u
tuating and stati
 surfa
es whi
h have been re
orded

with a CCD dete
tor will be dis
ussed in detail in se
tion 5. A brief 
on
lusion

is presented in se
tion 6.

2 The sample environment

For the in-situ experiments des
ribed in this arti
le a dedi
ated sample en-

vironment has been developed [27℄. The samples with ma
ros
opi
 thi
kness

are prepared in a trough of 140mm diameter and approximately 4mm depth

inside an aluminum sample 
hamber (Fig.1). The large diameter of the sam-

ple ensures that the illuminated surfa
e is not a�e
ted by a menis
us of the

liquid at the borders of the sample 
ontainer and that a large footprint of the

in
ident beam under grazing angles �ts on the sample. The trough is �lled to

approximately 0.1mm above its upper rim, and a menis
us is 
reated. This is

possible due to the �nite surfa
e tension of the liquid. Therefore, the in
ident

beam does not hit the upper rim of the trough even at zero in
ident angle. The

sample 
hamber and the trough within are ma
hined out of a single pie
e of

aluminum to a
hieve a good thermal 
ondu
tivity and to allow for a thorough


leaning. The sample 
hamber is 
overed with a Viton-sealed top lid that 
an

be removed for the 
leaning of the trough. The �lling is done through an inlet

devi
e to redu
e the exposure of the sample to the outside air to a minimum.

After �lling the trough with the liquid, the sample 
hamber is eva
uated

to approx. 10mbar in order to redu
e the ba
kground s
attering from the gas

and then hermeti
ally sealed. The pressure inside the sample 
hamber 
an be

monitored by a miniature sensor. The remaining pressure above the sample is
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essentially the vapor pressure of the liquid. This may yield di�erent levels of

the measured ba
kground signal in re
e
tivity experiments sin
e it is not pos-

sible to 
ontrol this temperature-dependent parameter. The ba
kground level

is important in x-ray re
e
tivity measurements from bulk liquid surfa
es sin
e

isotropi
 bulk s
attering dominates the s
attering for large wave-ve
tor trans-

fers [28℄ and isotropi
 bulk s
attering 
annot be distinguished from isotropi


ba
kground s
attering arising from the remaining vapor. In the 
ase of re
e
-

tivity measurements the surfa
e signal has to be determined by subtra
ting

the separately measured ba
kground. However, in the 
ase of s
attering ex-

periments with the angle of in
iden
e being always smaller than the 
riti
al

angle, the ba
kground s
attering from the bulk is negle
tible.

A va
uum (p < 10

�5

mbar) is maintained in an outer aluminum 
ell sur-

rounding the sample 
hamber for thermal insulation. For this purpose, a tur-

bomole
ular pump is 
onne
ted to the outer 
ell via a 
exible metal tube. It

turned out that even spe
kle imaging measurements are not hampered by vi-

brations while the pump is running. High-frequen
y vibrations are apparently

e�e
tively redu
ed by the large mass (approximately 15 kg) of the 
ell (i.e.

the sample 
hamber plus the outer 
ell) and its rigid mounting on the di�ra
-

tometer. An a
tive vibration damping system is also not ne
essary, sin
e low-

frequen
y vibrations whi
h may be indu
ed from outside do not a�e
t highly

vis
ous liquids. Su
h problems may, however, o

ur for low vis
osity liquids

su
h as water.

The x-ray beam penetrates both the inner and outer 
ell walls through

Kapton foil windows (thi
kness approx. 25�m per layer). For the XPCS

experiments, the outer 
ell surrounding the sample 
hamber 
an be dire
tly
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atta
hed with a va
uum 
ange to the dete
tor 
ight tube of the di�ra
tometer.

This redu
es the number of Kapton foil windows in the beam, whi
h might

a�e
t the degree of 
oheren
e of the radiation.

In order to re
ord the temperature of the sample two 
erami
s-
oated

platinum resistor (Pt100) sensors are dipped into the sample approximately

100mm apart from ea
h other on opposite sides of the beam footprint.

The 
ooling of the sample is a

omplished with a 
onstant 
ow of liquid

nitrogen evaporating in a heat ex
hanger underneath the sample 
hamber.

The heat ex
hanger has the shape of a hollow disk of 10 mm thi
kness and a

diameter mat
hing that of the sample 
hamber. The brass disk has an empty

volume of approximately 53 
m

3

for the evaporation of the liquid nitrogen. Its

fabri
ation requires the so-
alled hard soldering of its 
omponents to ensure a

suÆ
ient thermal stress resistan
e. The disk stands with its bottom fa
e on

small te
on pads in the outer aluminum 
ell to allow for an eva
uated volume

for thermal insulation. The liquid nitrogen is fed through a narrow (5 mm

outer diameter) brass inlet tube from outside the outer 
ell, and the exhaust

is a

omplished by an equivalent outlet tube. The brass tubes are in 
onta
t

with the bottom wall of the outer 
ell solely via Viton va
uum seals in order to

minimize the thermal loss. The 
onne
tion between the brass inlet and outlet

and, respe
tiviely, the nitrogen dewar and exhaust gas pump is a

omplished

by 
exible Te
on tubes.

The sample 
hamber is atta
hed to the heat ex
hanger using a bayonet

�xing ensuring a good thermal 
onta
t to the disk at both its top fa
e and side.

The thermal 
onta
t is further enhan
ed by an adequate heat sink 
ompound

(e.g. Apiezon N). The nitrogen 
ow rate is set by a 
ontrol valve in the exhaust
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gas stream. The best stability of the 
ow rate 
an be a
hieved with a mass


ow 
ontroller (adjustable 
ow rate 0 to 30 l/min.). The liquid nitrogen dewar

is kept at nearly ambient pressure and a membrane pump in the exhaust gas

tube generates the 
ow. The heating of the sample is a
hieved with an ele
tri


resistor sandwi
hed into Kapton foil (Min
o Produ
ts, Minneapolis, MN, USA)

underneath the heat ex
hanger. The resistor is 
onne
ted to a Lakeshore

temperature 
ontroller allowing for a maximum heating power of 45 W. In

addition, the top lid of the sample 
hamber 
an be independently heated. A

temperature stability better than 0:02K is a
hieved in a temperature range

from 170K to 340K. A third Pt100 sensor is used to separately monitor the

temperature of the heat ex
hanger. The good stability of the temperature over

a long time is in parti
ular required for the XPCS experiments, as instabilities

may introdu
e parasiti
 time 
orrelations in the measurements.

The nitrogen 
ow rate for a 
ooling rate of about 1.5 K/min. amounts to

approximately 20 l/min. of gaseous nitrogen (measured at room temperature

and ambient pressure) in the exhaust gas stream. Only taking into a

ount

the heat ex
hange due to the evaporation of the nitrogen, a heat transfer of

about 5 � 10

3

J/min. 
an be estimated. The total mass of the sample 
ham-

ber (i.e. the inner 
ell alone) is nearly 1:5 kg. Assuming the heat 
apa
ity




Al

� 900 J/kgK (at T = 300K) of aluminum to des
ribe the total heat 
a-

pa
ity of the 
hamber, about 2 � 10

3

J/min. is therefore ex
hanged. Thus,

the 
ooling devi
e is highly eÆ
ient under the diÆ
ult geometri
al restri
tions

(large sample surfa
e). The sample may be easily held at T = �90

Æ

C for more

than 24 h, whi
h has proven to be parti
ularly useful for neutron s
attering

experiments with long 
ounting times.
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3 X-ray re
e
tivity and di�use s
attering

X-ray re
e
tivity measurements using the sample 
hamber des
ribed in the

previous se
tion have already been published in Ref.[8℄. Here we add some


omments on the te
hni
al aspe
ts for performing su
h a type of experiment.

For liquid surfa
es, a parti
ular experimental diÆ
ulty in measuring the

re
e
tivity arises from the ne
essity to keep the sample surfa
e horizontal.

The in
ident beam has therefore to be in
lined within a large angular range

and with a pre
ision better than one mrad. Using an x-ray tube sour
e, this

may be a
hieved by rotating the sour
e around the sample or, in the 
ase of

a rotating anode, rather by making use of the large divergen
e of the emit-

ted radiation through the rotation of a pair of slits around the anode [27℄.

Re
ently, liquid surfa
e di�ra
tometers with x-ray tube sour
es have be
ome


ommer
ially 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 
omparatively smooth liquid surfa
es

with high pre
ision, the high 
ux of a syn
hrotron radiation sour
e is required,

sin
e the measured re
e
tivity deviates from the Fresnel re
e
tivity of an ide-

ally smooth surfa
e only at large q

z

. Only a few di�ra
tometers at syn
hrotrons

worldwide are optimized for this purpose, one of them being the Harvard/BNL

liquid surfa
e di�ra
tometer at the National Sy
hrotron Light Sour
e beamline

X22B at Brookhaven National Laboratory (see e.g. [4℄ and referen
es therein).

The rms roughness measured from a free surfa
e of a deep liquid depends

on the experimental resolution through a logarithmi
 term when measured by

x-ray re
e
tivity [25℄. A detailed dis
ussion of resolution e�e
ts in surfa
e x-

ray s
attering experiments 
an be found in Ref.[29℄. At di�ra
tometers using
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x-ray tube sour
es it is te
hni
ally less 
hallenging to a
hieve a good angular

resolution than at di�ra
tometers using syn
hrotron radiation. This is due to

simple me
hani
al reasons, be
ause fewer movements are required to tilt the

beam at tube sour
es. For instan
e, at the liquid surfa
e di�ra
tometer in

the Physi
s Department at the University of Kiel (Germany) using a rotating

anode x-ray sour
e, an angular resolution of approximately 0.35mrad has been

a
hieved by the spe
ial design of the instrument [27℄. To illustrate this, an

example of a measurement at this instrument is shown in the �gure 2. The

di�use s
attering from a gly
erol surfa
e at room temperature around the

spe
ular peak is shown in a log-log plot as a fun
tion of the lateral wave

ve
tor transfer q

x

at a �xed q

z

� 0:07

�

A

�1

(symbols in the �gure). Open

symbols denote data taken at q

x

< 0 after the transformation q

x

�! jq

x

j. The

agreement between the data denoted by open and �lled symbols, respe
tively,

is thus an indi
ation of the qualtiy of the alignment of the di�ra
tometer. The

width of the spe
ular peak at q

x

= 0 is essentially given by the experimental

resolution. The resolution at q

z

� 0:07

�

A

�1

has been estimated from the

dire
t beam pro�le of the instrument a

ording to q

x

=

1

2

�

f

q

z

, where �

f

is the

dete
tor take-o� angle (dashed line in the �gure). The solid line indi
ates a �t

to the 
apillary waves model [5℄.

4 X-ray photon 
orrelation spe
tros
opy

Whether the 
apillary wave modes are propagating, overdamped or frozen-in

as a fun
tion of temperature and waveve
tor 
annot be distinguished by the


onventional x-ray s
attering experiments that have been brie
y mentioned in
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the previous se
tion. Coherent x-rays, however, may be used to determine the

dynami
s in a dire
t way [30℄.

Using the setup des
ribed in se
tion 2, we have performed XPCS measure-

ments on gly
erol and di�erent polymer surfa
es at the ID10 Tro��ka A beamline

of the ESRF with 8 keV radiation (wavelength � = 1:548

�

A) originating from

three insertion devi
es. The experiment on gly
erol has been reported in detail

in Ref.[7℄. In this se
tion we add some te
hni
al aspe
ts. To tilt the in
ident

beam down from the storage ring plane, both the Si(111) mono
hromator and

a Platinum mirror whi
h was lo
ated downstream from the mono
hromator

were aligned to provide adequate angular o�sets (see Fig.3). The angle of in-


iden
e on the sample was kept 
onstant at about 0.08

Æ

well below the 
riti
al

angle for total re
e
tion. The envanes
ent wave penetrates in this 
ase only

the topmost � 80

�

A. The alignment of the in
ident angle was done by making

use of the relative rotating movement of the platinum mirror, the absolute

mirror to sample and sample to dete
tor distan
es, the relative sample height

movement and the liquid sample surfa
e whi
h 
an be assumed to be perfe
tly

horizontal.

The wavelength bandpass from the Si(111) mono
hromator is ��=� � 10

�4

yielding a longitudinal 
oheren
e length �

l

= �

2

=�� of about 1�m. A pinhole

with a diameter of 12�m was mounted 278mm upstream from the sample

in order to obtain a 
ollimated and (partially) 
oherent beam. The intensity

behind the pinhole amounts to approx. 2 � 10

9

photons/se
ond. The typi
al

transverse 
oheren
e length at the pinhole is 10�m. A guard slit in front of

the sample was used to suppress the Fraunhofer di�ra
tion from the pinhole.

The data were 
olle
ted with a NaI s
intillation 
ounter at a distan
e 2368mm

12



downstream from the sample. An aperture with an adjustable size of 5�m{

100�m was 
hosen in front of the dete
tor. The adjustable size allowed to

balan
e between a high spe
kle 
ontrast (small aperture) and a high 
ux by

averaging over several spe
kles (large aperture) [31℄. The time-auto
orrelation

fun
tions were re
orded with a digital ALV5000/E 
orrelator.

The s
attered radiation was dete
ted under di�erent exit angles �

f

within

the s
attering plane. Hen
e the lateral and perpendi
ular 
omponents of the

waveve
tor transfer, q

x

and q

z

, are given by q

x

= (2�=�)(
os�

f

� 
os�

i

) and

q

z

= (2�=�)(sin�

f

+ sin�

i

). From the q

x

-value the respe
tive lateral length

s
ale x

0

that is probed may be obtained by x

0

= 2�=q

x

. The error in the

determination of x

0

is related to the error in the measurement of the 
ight

path lengths whi
h is a few millimeters yielding a relative error on the order

of 10

�3

.

Surfa
e dynami
s 
an be measured in a photon 
orrelation spe
tros
opy

experiment by evaluating the normalized time-auto
orrelation fun
tionG(�) =

hI(t + �)I(t)i

t

=hI(t)i

2

t

where I(t) is the observed intensity in a dete
tor [17,

18, 19℄. We found that our data 
an be well des
ribed by the exponential form

G(�) = g

0

exp(��=�

0

) + 1 ; (1)

with 0 � g

0

� 1 and a time 
onstant �

0

. The 
onstant g

0

, also denoted as 
on-

trast, depends on the degree of 
oheren
e of the in
ident beam and the degree

of ensemble averaging for the in
ident and s
attered beam [31℄. Equation 1

des
ribes the measured 
orrelation in the 
ase of overdamped 
apillary waves

[6, 18℄. Very re
ent further experiments and 
al
ulations have revealed that a

heterodyne mixing of the di�usely s
attered signal and the spe
ular re
e
ted

beam takes pla
e [24, 20℄. However, the e�e
t on the determination of the time
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onstants of overdamped waves is small.

In the �gure 4 two examples of 
orrelation fun
tions that have been ob-

tained from a surfa
e of gly
erol are given. In the �rst example (Fig.4 (a)), a

parti
ularly high 
ontrast C = (67:6 � 0:2)% has been a
hieved. The lateral

length s
ale probed was x

0

= 90�m and the opening of the exit aperture in

front of the dete
tor was set to 5�m�15�m (v � h). The temperature of

the gly
erol sample was T = 265:7K. The �t of Eq. (1) to the data (solid

line in Fig. 4) yields the relaxation rate �

�1

0

= (0:253� 0:01)ms

�1

and hen
e

�

0

= 3:95ms, and the 
ontrast quoted above. The total 
orrelation time for

this measurement was nearly 15 minutes and the average 
ount rate in the

dete
tor approximately 100Hz. In the se
ond example (Fig.4 (b)), a shorter

lateral length s
ale x

0

= 5:6�m was probed. The temperature of the gly
erol

sample was T = 234:15K. The aperture in front of the dete
tor was set to

50�m�300�m (v � h). Here, the �t yields C = 2:52% and �

0

= 106:38ms.

The total 
orrelation time for the se
ond example was 20 minutes and the

average 
ount rate in the dete
tor approximately 150Hz.

The maximum a
hievable 
ontrast is partly determined by geometri
al 
on-

ditions [31℄, and it turns out that with a �xed slit setting it de
reases with

rising lateral wave ve
tor transfer q

x

. To measure a 
orrelation fun
tion, a

minimum 
ount rate depending on the time s
ale of the 
u
tuation to be de-

te
ted and other fa
tors su
h as the stability of the setup is required, thereby

limiting the a

essible q

x

-range. Up to now, the minimum length s
ale that


an be tested on our samples is therefore on the order of one mi
rometer. We

note that a 
orrelation fun
tion from our highly vis
ous liquid samples 
an be

taken only after waiting for the whole setup to stabilize at a given temperature

14



T , whi
h is typi
ally at least one hour and strongly depends on T .

Improvements of the storage ring 
urrent and the undulators will in
rease

the available 
ux in
ident on the sample in the future. Furthermore, a less

mono
hromati
 in
ident beammay be 
onsidered, as a slightly redu
ed longitu-

dinal 
oheren
e 
an be allowed in the grazing in
iden
e geometry. In addition,

the stability of our experimental setup might still be further improved. Thus,

we envisage that shorter lateral length s
ales will be a
hievable in the future.

A lower limit for the minimum a

essible time s
ale is given by the time stru
-

ture indu
ed by the ele
tron bun
hes in the storage ring. At the ESRF this

time s
ale is a few nanose
onds in uniform �lling mode. Experiments dete
ting

motion on a time s
ale of approximately 50 ns have already been performed

[32℄ using a faster avalan
he photodiode (APD) dete
tor instead of the NaI.

It appears that in our XPCS experiment with the angle of in
iden
e of the

x-ray beam being allways smaller than the 
riti
al angle of total external re
e
-

tion, there are only little diÆ
ulties arising from beam damage. By s
attering

from surfa
es of deep liquids, damage 
aused by substrate photoele
trons is 
ir-


umvented. We have 
hanged the illuminated spot on our samples o

asionally

and observed only slight 
hanges in the maximum a
hievable 
ontrast.

5 2-dimensional dete
tion with a CCD

The dire
t visualization of a spe
kle pattern using a two-dimensional CCD


amera gives additional information related to the spa
ial shape of the spe
kles

and their q-dependen
e [31℄. Furthermore, the CCD experiment 
an provide

a proof of a surfa
e whi
h is 
ompletely frozen-in on a time s
ale of at least

15



several hours at a suÆ
iently low temperature. In the 
ase of our setup, a time

s
ale that large is not suitable for XPCS with a point dete
tor. By 
ontrast,

the CCD-experiment using a 2-dimensional dete
tor is well-suited to study

time-averages, as we dis
uss in this se
tion. The CCD-dete
tor 
an as well

be used for XPCS experiments to study slow dynami
s, as has been shown

by Kim et al. [33℄ on thin polymer �lms on sili
on substrates. For a detailed

dis
ussion of using a CCD to perform XPCS we refer to Lumma et al. [34℄.

The same beamline setup as des
ribed in the previous se
tion was used to

dire
t the mono
hromati
 and partially 
oherent beam downwards to be in
i-

dent on a horizontal gly
erol surfa
e with an in
iden
e angle �

i

= 0:08

o

. The

radiation s
attered from the surfa
e was dete
ted using a dire
t illumination

CCD 
amera from Prin
eton Instruments with a pixel size of 22:5 � 22:5�m

2

.

The CCD 
amera was pla
ed instead of the NaI dete
tor and dete
tor aper-

ture des
ribed in se
tion 4 to re
ord the two-dimensional o�-spe
ular di�use

s
attering image from the surfa
e. The two 
oordinates of the CCD image

thus 
orrespond to the lateral 
omponents (q

x

; q

y

) of the waveve
tor transfer

within and perpendi
ular to the s
attering plane.

In the example presented here, the slowing down of surfa
e dynami
s is

dire
tly visualized by the CCD images obtained at two di�erent temperatures

of a gly
erol sample (Fig.5). In the �gure, the intensities in the pixels of the

CCD 
amera along the in-plane di�use rod (i.e. along q

x

with q

y

� 0) are

given for (a) T = �34:3

o

C and (b) T = �80:0

o

C. These intensities have been

obtained by adding the indi
ated number of frames, i.e. 
onse
utive exposures

of the CCD. Ea
h frame has been exposed for 50ms for the measurement

at T = �34:3

o

C, respe
tively for 20ms for the measurement at �80:0

o

C.

16



Between ea
h two exposures a few se
onds elapsed for the read-out of the

CCD. Hen
e, the total integration time to re
ord the several hundred frames

per sample was on the order of one hour. The data are normalized to equal total

intensity and shifted for 
larity along the intensity axis in the plot. Above the

plotted intensities along q

x

, the 
orresponding two-dimensional CCD images

for the respe
tive maximum number of frames are shown. The rod-like shape

of the s
attered intensity [31℄ and the spe
kle pattern in the low-temperature


ase be
ome apparent.

We note that only two orders of magnitude in intensity di�eren
e may

be dete
ted at on
e along the CCD that we have used. This is related to

the large number of 
harges 
reated at on
e in a CCD pixel by a single x-ray

photon. Furthermore, the quantum eÆ
ien
y of a single CCD pixel is limited to

approximately 30%. In addition, a signi�
ant 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 statisti
al noise whi
h

might be mistaken as spe
kle (Fig.5). However, when a few hundred frames are

added, the data from the frozen-in sample may be 
learly identi�ed as a stati


spe
kle pattern, whereas summing the frames from the 
u
tuating sample

results in a smooth image. The low-temperature sample is therefore stati
 on a

time s
ale of at least one hour over whi
h the CCD frames have been integrated.

This interpretation is further supported by the strong intensity modulation

along q

x

at small q

x

in the 
ase of the stati
 sample. Here, statisti
al noise

would have the opposite e�e
t of strongly modulating at large q

x

where the

absolute intensity is low.

For 
omparison, CCD images have also been taken from a sili
on wafer

17



whi
h was pla
ed instead of the gly
erol within the sample 
ell (Fig.6). The

wafer serves as a stati
 referen
e sample. When illuminated through the usual

12�m pinhole, a spe
kle pattern appears in the di�use s
attering (Fig.6 (a)).

We note that the wafer may not be as perfe
tly aligned as the liquid and frozen-

in gly
erol surfa
es presumably be
ause it is slighly bent due to its large size.

The sili
on wafer has also been used to verify that when deliberately destroying

the 
oheren
e of the in
ident beam by opening the pinhole to 100�m, a smooth

s
attering pattern results similar to the pattern from the 
u
tuating sample

(Fig.6 (b)).

6 Outlook

We have presented an experimental devi
e whi
h allows for a wide variety of

in-situ surfa
e investigations with x-ray s
attering methods. In parti
ular, the

devi
e is adapted to the extremely sensitive XPCS experiments. The devi
e

may as well be used for experiments with neutrons, sin
e the thin (0.25�m

ea
h) Kapton foil windows 
ause only negligible absorption even for 
old neu-

trons. In addition, the experimental setup has already been shown to be

equally suitable for gly
erol and prototypi
al polymer glasses. In future exper-

iments, it may be possible to test predi
tions related to the surfa
e dynami
s,

vis
osity and surfa
e tension of polymers using XPCS in the des
ribed setup.

It turns out from the re
e
tivity measurements that the super
ooled gly
-

erol surfa
es are surprisingly smooth with an rms roughness of approx. 2

�

A

in the glassy state. The sample preparation 
auses no imperfe
tions on the

surfa
e even in the frozen-in state provided that adequate 
ooling rates to 
ir-

18




umvent 
rystallization are respe
ted. Spe
kle imaging with the CCD 
amera

provides proof of a surfa
e that is 
ompletely stati
. The main fo
us on future

developments will be to a

ess shorter lateral length s
ales in XPCS. So far,

the limits have 
ertainly not yet been rea
hed.
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Figure 1: Sket
h of the sample environment (side view, drawn to s
ale) 
on-

sisting of an outer 
ell eva
uated to approximately 10

�5

mbar for thermal in-

sulation and an inner 
hamber whi
h 
ontains the trough for the sample. Both

the inner 
hamber and outer 
ell have a 
ylindri
al symmetry along the ver-

ti
al axis. The inner 
hamber is mounted on the heat ex
hanger (see text for

details).
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Figure 2: S
attered intensity from a gly
erol surfa
e at ambient temperature as

a fun
tion of the lateral wave ve
tor transfer in the s
attering plane q

x

while

q

z

was kept 
onstant at q

z

=0.07

�

A

�1

(symbols). The data were taken at a

liquid surfa
e di�ra
tometer using a rotating anode x-ray sour
e. A 
onstant

ba
kground has been subtra
ted, and the data have been 
orre
ted for the

variation of the illuminated and dete
ted spot size on the sample as a fun
tion

of in
iden
e and take-o� angle. The dashed line is an estimation of the resolu-

tion fun
tion from the measured dire
t beam pro�le a

ording to q

x

=

1

2

�

f

q

z

,

where �

f

is the dete
tor take-o� angle. The solid line is a �t to the standard


apillary wave model. (See further explanations in the text.)
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Si monochromator

Top view:

Side view:

Pt mirrorSample Guard

Pinhole

Detector Slits
Slits

Figure 3: Sket
h of the setup for the XPCS experiment (not drawn to s
ale).

The Si111 mono
hromator is tilted to bring the in
ident beam downwards at a

�xed angle. The downstream platinum mirror with its re
e
ting surfa
e fa
ing

upwards both suppresses the higher order re
e
tions from the mono
hromator

and is used to align the in
ident angle (see text for details).
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Figure 4: Intensity-intensity 
orrelation fun
tions G(�) (open 
ir
les) from a

gly
erol surfa
e at di�erent temperatures and length s
ales. The solid lines are

�ts a

ording to G(�) = g

0

exp(��=�

0

) + 1 from whi
h the two parameters g

0

(
ontrast) and �

0

(time 
onstant of overdamped 
apillary waves) are obtained.

(a) The temperature is T = 265:7K and the lateral length s
ale that was

probed is l

x

= 90�m. (b) T = 234:15K and l

x

= 5:6�m.
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Figure 5: CCD data of a gly
erol surfa
e at (a) T = �34:3

o

C, (b) T =

�80:0

o

C. The intensity in the CCD pixels 
orresponding to the s
attering

plane is plotted for a rising number N of added frames (i.e. 
onse
utive ex-

posures of the CCD 
amera) with (a) 0.05s (b) 0.02s exposure ea
h. The

data have been normalized to equal integrated intensity after subtra
tion of

a 
onstant ba
kground and then shifted for 
larity along the intensity axis.

Above, the 2-dimensional CCD images 
orresponding to the respe
tive maxi-

mum number of frames are shown.
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Figure 6: 2-dimensional CCD images of a Sili
on wafer surfa
e at ambient

temperature using the same experimental geometry as in �gure 5. The wafer

has been illuminated through (a) the 12�mpinhole and (b) the 100�mpinhole.

In both 
ases, 1000 frames with 20ms exposure time ea
h have been added.

In the 
ase of the large pinhole, an aluminum attenuator has been pla
ed in

the in
ident beam. A 
onstant ba
kground has been subtra
ted. It be
omes

apparent that the in
oherent illumination results in a smooth di�use s
attering

pattern. The shade at the lowest q

x

results from a beamstop for the spe
ular

re
e
tion.
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